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SYNOPSIS

Introduction:
Oral cancer is the sixth leading cause of human cancer and is considered to be responsible for
3% to 10% cancer-related mortality worldwide [1]. In India, due to the high prevalence of
tobacco chewing, smoking, and alcohol consumption, 40% of all cancers diagnosed are oral
cancers, and amongst these, most of them are in their advanced stages (stage III and IV) [2].
The single most important causative agent of oral cancer is tobacco. It is used in various
forms, most popular being chewing, either alone or in combination with areca nut and betel
leaves [3]. Oral squamous cell carcinoma is often associated with a lymphocytic infiltrate that
is believed to mount an in vivo immune reaction to the tumor cells. The extent of the
lymphocytic infiltrate has been correlated with clinical prognosis, suggesting the relevance of
the immune response to tumors [4].
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Immune effector cells obtained from the peripheral blood of cancer patients, including oral
cancer is reported to have a variety of functional abnormalities [5], which may vary in
magnitude from patient to patient and may be related to the extent of disease [6]. These
include abnormalities in signaling via the T-cell receptor (TCR) [7], poor proliferative
responses [8], defects in lytic capacity [9], decreased ability for cytokine production [10] and
increased propensity for spontaneous apoptosis [11]. These significant functional defects
have been correlated with decreased expression of the CD3-ζ chain, the key T-cell signaling
molecule which is also observed in T cells from oral cancer patients [12].
The tumor microenvironment apart from malignant cell also includes non-malignant cells,
secreted proteins, and blood vessels that surround and support the growth of the tumor.
Interactions between the various components of the tumor microenvironment are significant
and can affect how a tumor grows and spreads [13]. Many tumors are characterized by the
overproduction of a range of immunosuppressive cells and cytokines. These not only inhibit
the host’s antitumor immune response but also thwart attempts to augment anticancer
immunity through the use of cancer vaccines. The best characterized immunosuppressive cell
subsets are FoxP3+ T regulatory cells (Tregs), tumor-associated macrophages (TAMs) and
myeloid-derived suppressor cells (MDSCs) [14]. MDSCs arise from myeloid progenitor cells
that have failed to terminally differentiate into mature granulocytes and macrophages. They
suppress CD4+ and CD8+ T cells and have high intracellular arginase-1 levels that deplete
arginine, an essential amino acid for T cell activation [15]. MDSC-produced ROS and
peroxynitrite inhibit CD8+ T cells by catalysing the nitration of the TCR and thereby
preventing T cell-peptide-MHC interactions [16]. MDSCs also indirectly affect T cell
activation by inducing T regulatory cells (Tregs), which in turn down-regulate cell-mediated
immunity [17]. Naturally occurring CD4+ Tregs are characterized by the expression of the IL2 receptor α-chain (CD25). These cells naturally arise in the thymus, and after differentiation,
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the naive CD4+CD25+CD45RA+ T cells are exported to the periphery [18]. Tregs inhibit the
proliferative responses of CD4+CD25- T cells and the importance of Tregs in the context of
the antitumor immune response is highlighted by the demonstration that interfering with the
Tregs function promotes rejection of various types of tumors in animal models [19].
Based on these evidences, the focus of the study was to identify factors secreted by oral
tumor that affects the key T signaling events in these patients and to address the crosstalk of
immunosuppressive cells such as myeloid-derived suppressor cells and regulatory T cells in
inhibiting the antitumor immunity and promoting immune evasion of oral tumors.
Aims and Objectives:
1) Analysis of the tumor-derived factors that may be responsible for defective T cell
signaling.
2) To investigate the role of myeloid-derived suppressor cells and regulatory T cells in
immune evasion of tumors.
3) To study the mechanism involved in immune suppression mediated by myeloid-derived
suppressor cells and regulatory T cells.
Methodology
Study Group: The study was approved by the Institutional Ethics Committee (IEC). After
written informed consent, peripheral blood (n=85) and surgically resected tumors (n=52)
were obtained from newly diagnosed oral cancer (OC) patients (stage (I-IV)) before initiation
of treatment. Blood specimens were also obtained from healthy individuals (HIs).
Cell culture: PBMCs isolated by Ficoll-Hypaque gradient were cultured with RPMI 1640
medium supplemented with 10% FCS. Tumor cells were obtained by enzymatic digestion
(0.05% collagenase, 0.02% DNase, and 5U/ml hyaluronidase) (Sigma-Aldrich). Oral tumor
cells, oral tumor-derived cell lines (AW13516, AW8507 and AW9803, SSC29B and SSC40)
and HEK293 cells were cultured in 10% FCS supplemented IMDM and DMEM respectively.
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Magnetic activated cell sorting: MDSCs (HLADR-CD33+), Naïve CD4+ T cells, Tregs and
CD3+ T cells were purified from PBMCs using MicroBeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). The separation procedure was conducted according to the
manufacturer’s instructions. The purity of separated cells was >95% as determined by flow
cytometry (BD Biosciences, San Jose, CA).
Flow cytometry: To characterize MDSCs, TAMs, Tregs, and TH17 cells in freshly isolated
PBMCs and tumor cells, multicolour flow cytometry was done using the following Abs (BD
Bioscience): CD16, CD163, CD68, CD80, CD14, HLADR, CD11b, CD15, CD33, CD34,
CD38, CD66b, CD124, CD62L, CD4, CD25, CD127, Foxp3, IL17, IFN-γ, IL-10, IL12,
pSTAT3, PDL1, PDL2, and their respective isotype controls. Cells were acquired using
FACSaria flow cytometry (Becton Dickinson), and 100,000 cells were collected to obtain
reliable data. The expression of CD3-ζ chain on T cells was checked using anti CD3-ζ chain
Ab (Santa Cruz) by flow cytometry.
Cloning and cell transfection: The cDNA encoding OAS2 gene was amplified by PCR
using forward primer containing Pme1 restriction site and a reverse primer containing Sal1
restriction site. The PCR product was gel purified and by TA cloning inserted into pTZ57R/T
vector. The pTZ57R/t vector was digested with EcoR1 and Sal1 to release the OAS2 cDNA
which was purified and cloned into EcoR1 and Sal1 digested pEGFP-N2 vector.
Small interfering RNA: PBMCs were transfected with small interfering RNA (siRNA)
specific for caspase 3 and fluorescent oligonucleotide control siRNA (Cell signaling
Technology, USA) at a concentration of 100 nM using X-tremeGENE HP transfection
reagent (Roche Diagnostics, Indianapolis, IN).
Western blotting: Cells were washed and lysed using 1% Nonidet P40 (NP 40) lysis buffer
containing 10mM Tris, 50mM NaCl, 5mM EDTA, 1mM PMSF, 10μg aprotinin, 10μg
leupeptin and 1% NP 40. Samples were resolved on SDS-PAGE and then transferred to
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nitrocellulose membrane (Amersham Pharmacia Biotech, Piscataway, NJ). The membrane
was probed with the primary antibodies. Immunostaining was performed using appropriate
secondary antibody and developed with ECL plus Western blot detection system (Amersham
Pharmacia).
Real-time and Semi-quantitative PCR: RNA was extracted from different cells using
Trizol reagent (Invitrogen Life Technologies, N.Y) in accordance with the company’s
instructions. RNA obtained from cells was reverse transcribed into cDNA. The cDNA was
used to probe different targets in different cell subsets.
Mass Spectroscopy (LC-MS/MS): The cell-free supernatant (1 ml) from surgically excised
oral tumors, oral cancer cells lines AW8501, AW13516 and medium alone (control) were
lyophilized. The dried samples were dissolved in 0.5 ml of ammonium bicarbonate buffer
(0.1 M, pH 8.5) and the samples were concentrated on a centricon (3kDa cut-off membrane).
Samples were dried in a lyophilizer overnight and the dried samples were dissolved in
dissolution buffer supplied with the i-TRAQ kit (Applied Biosystem). By differential
labeling, peptides labeled with isotope 117 (3-fold excess) were selected by subtracting the
common peptides found in AW8501 and AW13516 cell lines from cell-free supernatants of
oral tumors. Mascot analysis on them was done to identify the peptide and the protein from
which the peptide was derived.
Statistical Analysis: Results are expressed as the mean ± standard error of mean (SEM).
Statistical analysis was performed using Prism software (Prism Software, Lake Forest, CA)
and the p-value was calculated using the student t-test. Two-sided p-values < 0.05 were
considered statistically signiﬁcant. Densitometry analysis was performed using ImageJ
software (National Institutes of Health, Bethesda, MD, USA)
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Results:
Objective1: Analysis of the tumor-derived factors that may be responsible for defective
T cell
1A) Extracellular 2′5′ oligoadenylate synthetase 2 mediates TCR CD3-ζ chain downregulation via caspase-3 activation in oral cancer
The ability of tumor cells to escape obliteration by immune cells is due to the plethora of
strategies including the production of immunosuppressive soluble factors which affect T-cell
function in the tumor microenvironment. Oral tumors produced immunosuppressive factors
and 2′5′oligoadenylate synthetase 2 (OAS2) was identified using the proteomic approach.
Our results established a causative link between CD3-ζ chain downregulation and OAS2
stimulation. The surrogate situation was established by overexpressing OAS2 in HEK293 cell
line and cell-free supernatant was collected. These supernatants when incubated with T cells
resulted in downregulation of CD3-ζ chain, validates that secreted OAS2 is capable of
regulating CD3-ζ chain expression. Incubation of T cells with cell-free supernatants of oral
tumors or recombinant human OAS2 (rh-OAS2) induced caspase-3 activation which resulted
in CD3-ζ chain downregulation. Caspase-3 inhibition/ downregulation using pharmacological
inhibitor or siRNA restored downregulated CD3-ζ chain expression in T cells induced by
cell-free tumor supernatant or rh-OAS2. Collectively these results show that OAS2 leads to
impairment in CD3-ζ chain expression, thus offering an explanation that might be applicable
to CD3-ζ chain deficiency observed in cancer and diverse disease conditions.
1B) Defining the role of TNF-α in down-regulation of T cell signaling molecule CD3-ζ
chain in oral cancer patients
Chronic exposure of TNF-α has been found to regulate T cell function by promoting T-cell
death and mediating immune escape of tumors. There are two receptors for TNF-α: TNF-RI
or p55, also classified as CD120a, and TNF-RII, also referred to as p75 or CD120b. The
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present study was proposed to directly address which receptor could be responsible for the
downregulation of CD3-ζ chain in T cells induced by chronic TNF-α exposure. TNFR-I
expression is upregulated compared to the TNFR-II in CD3+ T cells of oral cancer patients
while their expression is comparable in healthy individuals. Further serum levels of TNFalpha are higher in oral cancer patients compared to the healthy individuals. To mimic this,
PBMNCs of HIs were incubated with 0.1% PHA to induce TNFR-I levels. Cells were then
stimulated with TNF-α and results showed that there is a selective decrease in the CD3-ζ
chain expression in T cells. On blocking TNFR-I and TNFR-II, it was observed that TNFR-I
blocking abrogates TNF-α induced downregulation of CD3-ζ chain. Stimulation of T cells
with TNF-α increased Ca2+ flux which was also reflected at altered p52shc dependent CD28
signaling. Elevated levels of reactive oxygen species and caspase 3 activity in T cells on
TNF-α stimulation indicates a possible mechanism of TNF-α induced CD3-ζ chain
degradation.
1C) Inhibition of Notch signaling alters CD3-ζ chain expression in human CD3+ αβ Tcells by regulating E3 ubiquitin ligases
The Notch signaling pathway is identified as an important regulator of T cell function.
Effector functions of T cells driven by T cell receptor (TCR) and antigen non-specific signals
(IL2) are known to be regulated by Notch signaling. The point integrating these pathways in
human CD3+ αβ T cells is incompletely understood. This study reported how these signals
are synchronized by Notch signaling in human αβ T cells. Human αβ T cells have differential
expression of Notch receptors, ligands, and target genes which get upregulated on
stimulation with α-CD3/CD28 mAb. Inhibition of Notch signaling appeared to regulate
activation of T cells and affect proximal T cell signaling by regulating CD3-ζ chain
expression. Inhibition of Notch signaling affected protein levels of the CD3-ζ chain by
inducing the expression of an E3 ubiquitin ligase, GRAIL. Further, in the absence of Notch
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signaling, α-CD3/CD28 mAb induced activation of αβ T cells and IFN-γ production was
down-modulated. The absence of Notch signaling prevented αβ T cell proliferative responses
despite strong signaling through TCR and IL-2 receptor. This study shows how TCR
signaling and Notch signaling cooperate with each other to support proliferation and
activation of human αβ T cells.
Objective 2: To investigate the role of myeloid-derived suppressor cells and regulatory
T cells in immune evasion of tumors
To unravel the role of MDSCs in immune suppression, MDSCs were characterized in OC
patients (n=75) and it was found that OC patients have significantly higher MDSCs than
healthy individuals (HI, n=48). The levels of MDSCs correlated with cancer stage.
Monocytic MDSCs (Mo-MDSCs) were prevalent in the periphery while granulocytic subset
(G-MDSCs) was dominant in the tumor compartment. Mo-MDSCs expressed toll-like
receptors (TLR2 and TLR4) that may respond to microbiota and heat shock proteins (HSPs)
and enhance the differentiation and suppressive potential of Mo-MDSCs into macrophages.
Tumor microenvironment was enriched by CD68 and CD163 positive macrophages having
the IL10high phenotype. Increased MDSCs in oral cancer patients was not due to their
increased lifespan as they undergo higher turnover compared to their mature counterparts.
They expressed higher levels of phopho-p53 and BAD. MDSCs also expressed higher levels
of DR5, cleaved caspase 3 and p66shc. Accordingly, the levels of ROS secreted by these
were drastically high which might be regulating the emergency myelopoiesis and thereby
marshalling the accumulation of MDSCs in peripheral blood. Increased Tregs were observed
in OC patients and correlated with stage of the tumor. The levels of Tregs showed no
correlation with the subsite of the tumor of the oral cavity. The Foxp3 expression in the Tregs
of tumor compartment was higher than that of the peripheral blood suggesting that the tumor
microenvironment is highly immunosuppressive. Further, the oral tumors are infiltrated with

Synopsis

Page 8

the effector T cells (CD4 and CD8) but majorly they are terminally differentiated and are
functionally compromised, expressing lower levels of perforin and granzyme. The cytokine
profile of oral cancer patients confirmed that the tumor microenvironment is conducive for
the generation and accumulation of Tregs, MDSCs and TAMs as higher levels of IL-10,
PGE2, VEGF, IL1β, IL-6, TGF-β and TNF-α were present.
Objective 3: To study the mechanism involved in immune suppression mediated by
myeloid-derived suppressor cells and regulatory T cells
MDSCs suppressed T lymphocyte proliferation, decreased CD3-ζ chain expression, and IFNγ production. The effect of Mo-MDSCs on CD3-ζ chain in CD8+ T cells was more prominent
compared to that on CD4+ T cells. However, the CD3-ζ chain was decreased to the same
extent in the T cells of oral cancer patients. Mo-MDSCs expressed Arginase 1 which has the
capability to alter CD3-ζ chain expression and also express higher levels of COX-2 and
STAT3 which are known to regulate Arginase 1. The levels of pSTAT3 in Mo-MDSCs were
higher in oral cancer patients and IL-6 induced pSTAT3 in MDSCs regulated expression of
PDL1, C/EBPα, C/EBPβ and IL-10. The pSTAT3 inhibited C/EBPα expression and may be
dependent on Hes1 to regulate C/EBPα expression. The Hes1 was present in the MDSCs and
might co-operate with pSTAT3 to alter the steady-state myelopoiesis. C/EBPβ was induced
in a pSTAT3 dependent manner which has the proficiency to induce the emergency
myelopoiesis which marks the generation of MDSCs. MDSCs present in the peripheral blood
of oral cancer patients expressed higher levels of IL-10 and PDL1/PDL2 which might aid in
their ability to alter T cell function and also IL-10 secreted would facilitate crosstalk between
MDSCs and regulatory T cells (Tregs). Tregs levels also correlated with the IL-10 levels
produced by MDSCs. It was therefore hypothesized that these two immunosuppressive cell
populations may interact with each other to execute immunosuppression. However, in-vitro
data showed that MDSC inhibits the TGF-β driven generation of iTregs from naïve CD4+ T
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cells. Cytokine profile of MDSCs suggests that they secrete IL1-β, IL-6, and TNF-α apart
from IL-10. These cytokines have the ability to alter the differentiation of naïve CD4+ cells to
Th17 cells and in vitro data showed the same. The IL17 producing cells were higher in oral
cancer patients which correlated with the in vitro data. This suggests that inflammation and
T cell tolerance co-exist in oral cancer patients which might enhance tumor growth.
Further, the possible mechanism by which Tregs accumulate in the tumor compartment was
studied. Tregs from peripheral blood expressed CCR6, CXCR4, CCR4 and CCR7 but Tregs
from tumor compartment expressed higher levels of CCR6 and CXCR4. Oral tumor cells
also expressed their respective chemokines CCL20 and SDF1α. Chemotaxis assay confirmed
that Tregs have the capability to migrate via CCL20-CCR6 and SDF-1α-CXCR4 axis
creating an immunosuppressive tumor microenvironment.
Summary and Conclusion
This study has unravelled different regulators which have the competency to dampen the
antitumor immune response in oral cancer patients. For the first time, a potentially important
function of tumor-derived OAS2 as a paracrine negative regulator of T-cell functions was
identified. The mechanism employed by TNF-α, an important negative regulator of T cell
function was also addressed. Blocking TNFR-II enhanced the TNF-α induced T cell
dysfunction suggesting that use of antagonist ligands aimed at a single receptor, TNFR-II,
might on one hand hold the potential for selectively turning off immunosuppressive
microenvironment. However, at the same time, it might lead to TNF-α induced TCR
signaling defect in antigen encountered T cells via TNFR-I. Therefore, to design the future
therapies using TNF inhibitors these aspects should be taken into account.
The Notch signaling was found to be as one of the positive regulators of T cell signaling and
inhibiting this signaling was observed to affect the proximal as well as distal signaling
molecules. The study provided insight into mechanisms that integrate TCR and cytokine
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signals to determine the outcome of T cell response and identified a central role for notch
signaling in this process. Our data highlight novel molecular targets for the manipulation of
T-cell dependent immunity with important implications for cancer immunotherapy.
MDSCs were elevated in human OC patients and showed that they contribute to immune
suppression and their levels correlated with cancer stage. STAT3 played an important role in
MDSC activation and accumulation in OC patients. OC patients had elevated Tregs and
correlated with IL-10 produced by MDSCs. However, MDSCs do not have the capability to
induce the Treg generation during in vitro conditions. MDSCs induced TH17 generation and
IL17 producing cells were higher in OC patients. This suggests that MDSCs contribute in
enhancing the inflammation as well as inducing T cell tolerance in oral cancer patients.
Understanding the mechanism of action of immune suppressive cell populations in OC
patients is important in designing effective immunotherapeutic protocol for OC patients.
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Introduction
Cancer has emerged as the deadliest disease worldwide. It is the leading cause of death in
economically developed countries and the second leading cause of death in developing
countries [1]. Incidences of cancer are on the rise worldwide due to increase in the growth
and aging of the population, as well as increasing prevalence of conventional risk factors
such as smoking, obesity, and physical inactivity [1]. The most common malignancies in
India are of the breast, uterine cervix, and oral cavity [2]. India has the highest incidences of
oral cancer, accounting for one-third of the total cancers with an estimated 77003 new cases
and 52067 deaths annually [1]. Oral cancer has a multifaceted etiology, but tobacco use
(smoking or smokeless), alcohol use, and HPV infection are the major risk factors for oral
cavity cancer, with a very strong synergistic effect when a person is both a heavy smoker and
drinker [3, 4]. The contribution of each of these risk factors to the oral cancer burden varies
across regions and in India smokeless tobacco products and betel quid with or without
tobacco are the major risk factors [5, 6].
The primary treatment modalities for the management of early and locoregionally advanced
oral squamous cell carcinomas (OSCC) are surgery and radiotherapy. The proven efficacy of
cisplatin-based chemoradiotherapy has replaced radiotherapy as a standard treatment for
patients with locally advanced disease [7]. Chemotherapy, originally used to treat systemic
disease is now utilized as a combination therapy in locoregionally advanced oral cancer with
adverse features or in the setting of distant metastatic disease [8]. Despite many prospective
trials using various combinations of surgery, chemotherapy, and radiotherapy to improve
locoregional control, survival rates for advanced carcinogen-associated OSCC remain
miserable and unchanged over last 15 years [5, 9]. A significant proportion of patients
develop disease recurrence, with up to 60% risk of local failure and up to 30% risk of distant
failure even when treated with site-specific multimodality therapies [10, 11]. Given that many

Chapter 1: Introduction

Page 27

patients with recurrent and/or metastatic OSCC have disease that is no longer responsive to
curative therapy, the subsequent morbidity is high and survival is dismal [12].
Immunotherapy is an attractive option for cancer treatment and there are several reasons to
believe that immune approaches could be effective in OSCC patients. OSCC is often
associated with the infiltration of lymphocytes which are believed to mount an in vivo
immune reaction against the tumor cells. The extent of infiltration of lymphocytes is
correlated with clinical prognosis, suggesting the relevance of the immune response to tumors
[13-15]. Further, anti–programmed death-1 (anti-PD1) based therapy (pembrolizumab) in
head and neck squamous cell carcinoma (HNSCC) patients showed remarkable antitumor
activity and safety ensuring that immunotherapy will be a major focus of future head and
neck cancer research [16]. The effective killing of cancer cells by the immune cells is a
stepwise cyclic process (known as cancer-immunity cycle, Fig. 1.1). This cycle is initiated
and allowed to progress and expand repeatedly [17, 18]. The process starts with the formation
of neoantigens during oncogenesis and the released antigens are captured by dendritic cells
(DCs) for processing. The antigens on MHCI and MHCII molecules are presented to T cells
resulting in their priming and activation. To yield an anticancer T cell response, the antigen
presentation is accompanied by co-stimulatory signals specifying immunity to the tumor
antigens. Finally, the activated effector T cells traffic and infiltrate to the tumor bed where
they specifically recognize and bind to cancer cells and kill them. Killing of the cancer cell
releases more tumor-associated antigens increasing the dimension of this response in
subsequent revolutions of the cycle [17, 18]
The aim of cancer immunotherapy is to maintain the self-sustaining cycle of cancer
immunity, enabling it to enlarge and propagate, but not to the extent that it generates
uncontrolled autoimmune inflammatory responses. However, the tumor microenvironment
also includes non-malignant cells, secreted proteins, and blood vessels that surround and
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support the growth of the tumor, apart from the malignant cells. Interactions between the
various components of the tumor microenvironment are significant and can affect tumor
growth by modulating the cancer immunity cycle [18, 19]. The major problem in the
functioning of the cancer-immunity cycle is the tumor-induced immune suppression [20, 21].
A greater understanding of the dysregulation and evasion of the immune system in the
evolution and progression of OSCC will provide the basis for improved therapies and
outcomes for patients.

Figure 1.1: The Cancer-Immunity Cycle: The generation of immunity to cancer is a cyclic
process with self-propagating potential, leading to an accumulation of immune-stimulatory
factors that in principle amplify and broaden T cell responses. (Source: Daniel S. Chen, Ira
Mellman, Immunity, Volume 39, Issue 1, 2013, 1–10)
Most human tumors have evolved sophisticated means of escape from the host immune
system via the downregulation of key molecules essential for the immune response to precede
and/or deteriorate the functions and survival of immune cells. Moreover, the immune effector
cells (especially T cells) obtained from the peripheral blood of cancer patients, including oral
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cancer are reported to have a variety of functional abnormalities [22], which may vary in
magnitude from patient to patient and may be related to the extent of disease [23]. These
include abnormalities in signaling via the T-cell receptor (TCR) [24], poor proliferative
responses [25], defects in lytic capacity [26], decreased ability for cytokine production [27]
and increased propensity for spontaneous apoptosis [28]. These significant functional defects
have been correlated with decreased expression of the CD3-ζ chain, the key T-cell signaling
molecule, this phenomenon is also observed in T cells of oral cancer patients [29]. The defect
could also be reflected in the inability of T cells to properly home and infiltrate to the tumors.
More importantly, the factors present in the tumor microenvironment suppress the generation
of tumor antigen specific effector T cells [17, 18].
Many tumors are characterized by the overproduction of a range of immunosuppressive
proteins and cells. The detection of immunosuppressive factors from culture supernatants or
body fluids has been practically difficult due to the reason that they are present in very small
amounts which hampers their isolation and detection. However, few of these substances have
been characterized and studied with respect to their biological activity: transforming growth
factor-beta (TGF-beta), interleukin 10 (IL-10), prostaglandin E2 (PGE2), vascular endothelial
growth factor (VEGF), indoleamine dioxygenase (IDO), galectins, and adenosine [30]. These
not only inhibit the host’s antitumor immune response but also impede the attempts to
augment anticancer immunity through the use of cancer vaccines. Oral cavity of OSCC
patients is flooded with microbiota and recently the role of host microbiota during tumor
formation and progression has been established [31, 32]. The microbiome and stromal cells in
oral cancer might be influencing the neighbouring epithelial cells to enhance the production
of factors like IL-6, IL1β and TNF-α which are protagonists of immunomodulation. Thus,
characterization and identification of oral tumor derived factors having immunosuppressive
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function would be important in developing immunotherapeutic protocol aimed at changing
the tumor microenvironment from tumor promoting to tumor rejecting.
T cells control the diverse immune responses through their organized antigen recognizing T
cell receptor (TCR). TCR is a multi-subunit receptor containing CD3-ζ chain dimers which
has six immunoreceptor tyrosine based activation motifs (ITAMs) [33]. These ITAMs on
CD3-ζ chain trigger intracellular signals leading to the proliferation, induction of cytolytic
activity and cytokine production [34]. Due to the key role of CD3-ζ chain in the TCR
signaling, the biological consequence of its low/absent expression is significant, resulting in
the depressed antitumor immunity, poorer prognosis and shorter overall survival. Moreover, a
correlation has been shown between CD3-ζ chain expression in T cells accumulating at the
tumor site and tumor progression [35]. Therefore, part of this study was carried out to
identify the different proteins/cytokines regulating the function of T cells in oral cancer
patients with CD3-ζ chain as end point measurement. Different approaches were employed to
find out the negative and the positive regulators of T cell signaling in oral cancer patients.
For negative regulators, two approaches a) pragmatic approach and b) idealistic approach
were used. For the pragmatic approach, liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) was employed to identify the protein(s) responsible for the
downregulation of CD3-ζ chain in T cells. In case of idealistic approach, the role of proinflammatory cytokine TNF-α in regulating CD3-ζ chain expression was unravelled. In case
of the positive regulator of T cell signaling, Notch signaling was selected. The role of Notch
in regulating effector functions of CD8+ T cells have been described and TCR signaling in
both CD4+ and CD8+ T cells induces the activation of Notch-1 [36, 37]. However, how Notch
regulates the proximal and distal T cell signaling in the human αβT cells is not well
understood.
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Importantly, tumors also promote the accumulation of immune cells which are suppressive to
T effector cells. The best characterized immunosuppressive cell subsets are FoxP3+
regulatory T cells (Tregs), tumor-associated macrophages (TAMs) and myeloid-derived
suppressor cells (MDSCs) [38]. MDSCs arise from myeloid progenitor cells that have failed
to terminally differentiate into mature granulocytes and macrophages. They suppress CD4 +
and CD8+ T cells and have high intracellular arginase-1 levels that deplete arginine, an
essential amino acid for T cell activation [39]. MDSCs produced ROS and peroxynitrite
inhibit CD8+ T cells by catalysing the nitration of the TCR and thereby preventing T cellpeptide-MHC interactions [40]. MDSCs also indirectly affect T cell activation by inducing T
regulatory cells (Tregs), which in turn down-regulate cell-mediated immunity [41]. Naturally
occurring CD4+ Tregs are characterized by the expression of the IL-2 receptor α-chain
(CD25) and arise naturally in the thymus, and after differentiation are exported to the
periphery [42]. Tregs inhibit the proliferative responses of CD4+CD25- T cells and the
significance of Tregs in the context of the antitumor immune response is highlighted by the
demonstration that interfering with the Tregs function stimulates elimination of several types
of tumors in animal models [43]. There are also evidence that OSCC is brought about by
chronic inflammation induced by persistent chemical, bacterial or viral agents [44]. One of
the immuno-inflammatory response is Th17 response which along with MDSCs promote
tumourogenesis, and Th17 levels in colorectal cancer has been associated with poor survival
[45]. The key in this process is activation of tumor-associated myeloid cells to produce IL-23
by microbial products which induces differentiation of Th17 cells [46]. Thus in context of
OSCC progression the dynamic crosstalk between the MDSCs, Tregs and Th17 cells will be
of paramount importance to suggest their role in immune dysfunction and hence development
and progression of OSCC.
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Advances in the understanding of how tumor-cells escape from immunity will transform the
treatment of OSCC patients. Considerate validation of the function of immuno-suppressive
factors/cells in OSCC patients will provide a rationale in designing immunotherapies which
can be used in combination with other therapies to decrease the burden of tumor in the host.
Based on these evidences, in the present thesis we aim to address the following aspects:
1) Characterization and identification of tumor derived factor(s) responsible for CD3-ζ
chain downregulation in T cells of OSCC patients
2) Defining the role of TNF-α in the downregulation of CD3-ζ chain in T cells
3) Role of Notch signaling in regulating the proximal and distal TCR signaling in
human CD3+ αβ T cells
4) Role of myeloid derived suppressor cells, regulatory T cells and TH17 cells in the
observed immune dysfunction of OSCC patients
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2.1 Oral cancer
2.1.1 Oral cancer epidemiology
Globally, oral cancer is the eleventh most common cancer [47]. The incidences vary widely
reflecting geographic differences with approximately two-thirds of oral cancer patients in the
developing countries of Southeast Asia, Eastern Europe and Latin America. According to
World Health Organisation (WHO), 40% of the oral cancers which were diagnosed
worldwide occur in southeast Asian countries like India, Srilanka, Bangladesh, and Pakistan
[48]. Worldwide, India holds highest cases of oral cancer, accounting for one third of the
total cancers. A recent survey of India on cancer mortality shows that oral cavity cancer is the
leading cause of mortality in men responsible for 22.9% of cancer-related deaths [49].
Oral cancer is a subgroup of head and neck malignancies which include cancers of the
lips, tongue, cheeks, floor of the mouth, hard and soft palate, sinuses, and pharynx (throat),
buccal surfaces and other intra-oral locations [50]. In India, the gingival–buccal complex
(gingival–buccal sulcus, alveolar ridge, buccal mucosa) forms the most common subsite for
cancer of the oral cavity, compared to western world were cancer of the tongue is more
common [51].
2.1.2 Etiology
The habits of tobacco smoking, chewing of tobacco/areca-nut betel-quid and drinking alcohol
are established etiological factors worldwide. Other factors associated with the prevalence of
oral cancer are dietary factors, occupational activity, socioeconomic status, exposure to
external agents, and genetic susceptibility [52]. The most important risk factor for the
development of oral cancer is the consumption of tobacco and alcohol [53]. Tobacco is the
single most important risk factor for oral cancer. People smoking <15 cigarettes per day has
5.3 times more chances of developing cancer compared to those who never smoke. While
people smoking ≥25 cigarettes per day have 14.3 times more chances of developing oral
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cavity cancer [54]. In Asian countries, the use of smokeless tobacco products in the form of
betel quid (pan), containing areca nut and lime with dried tobacco leaves, is rampant and this
form of tobacco is shown to be highly carcinogenic [55, 56]. The high prevalence of gingivobuccal cancer is because of the “pan” which is placed and retained in the gingival–buccal
sulcus for prolonged durations. Although drinking and smoking are independent risk factors,
they have a synergistic effect and greatly increase the risk together [57].
In different geographic regions, the role of Human papillomavirus (HPV) in the development
of a subset of head and neck squamous cell cancers (HNSCCs) is now established [58, 59].
The role of HPV in the development of OSCC has received tremendous interest, and
particular attention has been paid to HPV subtypes 16, 18, and 31. Human papilloma virus 16
and 18 are reported in around 22% and 14% of oropharyngeal tumors, respectively,
increasing the risk of OSCC development by 3 to 5-fold [60]. HPV-16 infection is frequently
found to be significantly associated with the risk of laryngeal squamous cell carcinoma [61].
OSCC also results from a multistep process characterized by the amassing of genetic
and epigenetic alterations [62]. The aberrant pathways in OSCC patients are due to genetic
alterations which might be either due to random chance or could be attributed to the lifetime
environmental exposure of tobacco, alcohol and HPV infection. Genetic alterations include
copy number variations (CNV), gains or losses of heterozygosity (LOH) which may cause the
inactivation of tumor suppressor genes and the activation of oncogenes leading to
uncontrolled cell growth and metastasis [63, 64].
TP53 is a tumor suppressor gene, recognized as a frequently mutated gene in HNSCC, with
modern series estimating 46–73% of HNSCC cases having a mutation [65]. There is
homozygous deletion of CDKN2A in nearly 30% of HNSCCs with another 10–20% of the
samples harbouring a mutation [66]. Epidermal growth factor receptor (EGFR) is a member
of the HER/erbB family of receptor tyrosine-kinases which activate signaling cascades like
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RAS/RAF/MAPK, PI3K/AKT/mTOR and/or JAK/STAT [67]. These pathways have a
significant role in proliferation, invasion, angiogenesis and metastasis of tumor cells. Over
expression of EGFR and transforming growth factor (TGF) has been found to be associated
with poor survival of OSCC patients.
2.1.3 Staging
Staging of oral cancer is conventionally performed with the use of the ‘‘tumor, node,
metastasis’’ (TNM) classification system and its variant (pTNM), which are respectively
based on clinical and pathological assessment of tumor size and lymph node involvement.
However, traditional staging is often insufficient and does not always provide correct
prognostic information.
2.1.4 Treatment
Currently oral squamous cell carcinoma (OSCC) is treated largely by surgery and/or
definitive radiation therapy. Patients with advanced-stage oral cancer (stage III and IV)
commonly receive multimodal treatment with surgery and chemoradiotherapy. The best
therapeutic approach for the primary tumor depends on the anatomic site [68]. In patients
with advanced disease, radiation therapy is preferred [69]. Chemotherapy is used more
frequently as a radio-sensitizer for patients with locoregional recurrence or distant metastases.
It is also used as a neoadjuvant preoperative treatment with radiotherapy to improve tumor
resectability for stage IV patients [12].
Despite advances in surgery, radiotherapy and chemotherapy, the long-term survival for
patients with oral cancer remains poor. Standard treatments are increasingly toxic and have
failed to impact long-term survival in these patients. Adjuvant therapy is now considered as a
potential treatment modality to eradicate local, regional and metastatic microscopic disease
[70, 71]. Immunotherapy is emerging as a new option in treating OSCC patients like other
malignancies. There is little doubt that our treatment of OSCC patients is likely to be changed
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by the rapid advances in the understanding how tumor cells escape from immune system.
Initial report on the activity of anti–programmed death-1 therapy, in both HPV positive and
negative head and neck cancers suggest that major focus of future head and neck cancer
treatment will be on immunotherapy [72].
2.2 Immunotherapy
Enhanced understanding of the underlying mechanisms behind control of the development
and progression of malignancies by the immune system has led to the general acceptance of
immune-based treatments as being a viable approach to treat cancer and the development of
new immunotherapeutic strategies [73]. A plethora of immunotherapies are under active
investigation for the treatment of established head and neck malignancies including OSCC.
These include vaccine approaches, adoptive T-cell therapy, and the use of targeted agents
such as immune checkpoint inhibitors [74]. The goal of cancer immunotherapy is to initiate
or reinitiate a self-sustaining cycle of cancer immunity, enabling it to amplify and propagate,
but not so much as to generate unrestrained autoimmune inflammatory responses [18].
However, the tumor antigen-specific or nonspecific immunotherapies had failed miserably
mainly due to systemic and local broad immunosuppression in the tumor-bearing host. Many
recent clinical results suggest that a common rate-limiting step is immunosuppression that
occurs in the tumor microenvironment [20]. Cancer immunotherapies must therefore be
carefully configured to overcome the negative feedback mechanisms. Checkpoints are built at
each step of cancer immunity cycle that oppose continued amplification and can dampen or
arrest the antitumor immune response, therefore, the most effective approaches will involve
selectively targeting these rate limiting step in any given patient [18]. It is now crucial to
make efforts to overcome immune suppression in cancer patients for better responses to
immunotherapy which requires understanding the interaction between the growing tumor and
immune system.
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2.3 Interaction between immune system and cancer
The long-lasting argument about whether the immune system has positive, negative or null
effects on tumor development is now over. In 1909, Paul Ehrlich predicted that the immune
system can repress the growth of carcinomas that would otherwise occur at greater frequency,
thus initiating a contentious debate over immunologic control of neoplasia [75]. Later a
concept of “cancer immune surveillance” was proposed by Burnet and Thomas which
predicted that the immune system acts as a sentinel in recognizing and eliminating nascent
transformed cells [76]. More than 50 years after Burnet proposed his theory, the
immunological scientific community remained largely divided with both supporters [77, 78]
and rivals [79, 80] of the cancer immunosurveillance hypothesis. Despite subsequent
challenges to this hypothesis over the next several decades [81, 82], new studies in the
1990s—fuelled by technologic advances in mouse genetics and monoclonal antibody (mAb)
production—strengthened and ultimately validated the cancer immunosurveillance concept
[83-85] and expanded it to incorporate the contributions of both innate and adaptive
immunity. The theory has been rigorously examined and the accumulation of lymphocytes
around a malignant tumor suggest that cancer cells might be recognized by the immune
system [86]. However, lately it was revealed that this surveillance function of immunity was
only a part of the story which prompted people to refine and extend the concept into a
conceptual framework of ‘cancer immunoediting’ to more accurately describe the many
facets of immune system–tumor interactions [87, 88]. This dynamic process of
immunoediting not only protects against cancer development but also shapes the character of
emerging tumors [89, 90].
2.4 Immunoediting
Contemporary work from many labs has clearly documented that immune system, in fact,
facilitate cellular transformation, prevent or control tumor outgrowth and shape the
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immunogenicity of tumors. These three apparently paradoxical functions of the immune
system are separable based on their temporal occurrence during tumor formation, the nature
of the transforming event, the particular components of immunity involved in each process,
and in the nature of the tumor specific antigens expressed in the transformed cell. Whereas
one body of work has clearly established the capacity of chronic inflammation to initiate and
promote cancer [91], a second set of studies from other laboratories has revealed that an
intact immune system can prevent/control and shape/promote cancer by a process called as
“Cancer Immunoediting” [87, 88]. The evolution of the cancer immunoediting concept from
the older and perhaps more controversial ‘cancer immunosurveillance’ hypothesis has helped
to interpret the predictive and prognostic significance of immune infiltrates into tumors.
Immunoediting was divided into three phases of Elimination, Equilibrium and Escape to
describe the dual nature of the immune system.
2.4.1 Elimination/cancer immunosurveillance
The immune system was believed to monitor and exclude cancer cells in the early phase of
carcinogenesis; however, this was quite difficult to reproduce experimentally using animal
models for a long period. This aspect of tumor immunology got new life after it was shown
that transplanted tumors grew rigorously in mice treated with IFN-γ neutralizing monoclonal
antibodies or in immunodeficient mice lacking either INF-γ responsive components or T cell
compartment [87, 92, 93]. Later in 2001, Schreiber’s group reported that immunodeficient
(lymphocyte-deficient) recombinase activator gene 2 (RAG2) -/- mice (lacks ability to produce
T, B and natural killer (NK) T lymphocytes) developed carcinogen induced tumors more
frequently than wild-type (immunocompetent) mice [87]. Moreover, their study showed that
tumors developed in mice lacking intact immune system are more immunogenic than tumors
developed in immunocompetent mice as they grew progressively in wild-type mice, while
tumors from immunodeficient mice were rejected by wild-type mice [87, 89]. Further, studies
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elucidated the importance of both innate and adaptive immune systems which work together
to detect the presence of a developing tumor and eradicate it before it becomes clinically
apparent. Cells of both innate and adaptive immune system were found to play a critical role
in tumor rejection. Apart from the rag1-/- or rag2-/- mice which lack T cells, B cells and NKT
cells, mice deficient for either αβ or γδ T cells also displayed increased methylcholanthrene
(MCA) induced tumor vulnerability [94, 95]. In continuation, role of immune cells like
CD1d-restricted T cells, NKT, NK and eosinophils has also been validated in different
studies and it has been found that mice deficient in these cells are more susceptible to MCAinduced sarcoma formation than wild-type mice [96-99].
Subsequent studies in different immunodeficient mice unravelled the role of host effector
molecules or their component pathways, such as type I interferons ( IFNα/β), type II
interferons (IFN-γ), IFNγR1, IFNαR1 or IFNαR2 (components of the type I IFN receptor)
perforin, Fas/FasL, TRAIL; NKG2D (recognition molecule); IL-12, TNF-α, and DNAM-1
(DNAX accessory molecule-1). Each of these mice strains displayed enhanced susceptibility
to MCA induced sarcoma tumors.
Another interesting study reported that the chromosomal content is also controlled indirectly,
by an immunosurveillance mechanism that ensures the elimination of hyperploid cells. This
study underscored the relation between immunoselection, hyperploidy, and endoplasmic
reticulum (ER) stress, which can induce calreticulin (CRT) exposure on cell surface and
increase their

cellular

immunogenicity [100].

The immunosurveillance/elimination

mechanism for control of ploidy was dependent on CD4+ and CD8+ T lymphocytes, as well
as both type I and type II interferons [78]. These provoking results unveil an
immunosurveillance system that imposes immune elimination of hyperploidy tumors induced
either by carcinogen or oncogene.
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Accumulating evidence support that immunodeficiency can increase the frequency of tumors
in genetic mouse tumor models. IFN-γ-insensitive mice (i.e., IFN-γ receptor-deficient mice)
developed tumors more rapidly than wild-type mice when bred onto a p53 null background.
IFN-γ-insensitive p53−/− mice also developed a broader spectrum of tumors compared to mice
lacking p53 alone. When tumor cells derived from methylcholanthrene-treated IFN-γinsensitive mice were used, it was found that IFN-γ can act directly on the tumor cell leading
to enhanced tumor cell immunogenicity [93]. Immune surveillance by cytotoxic lymphocytes
against cancer is dependent on the pore-forming protein perforin (pfp) [101]. It is reported
that pfp-deficient mice has increased cancer susceptibility and a high incidence of
malignancy in distinct lymphoid cell lineages (T, B, NKT), indicating a specific requirement
for pfp in protection against lymphomagenesis. The susceptibility of pfp-deficient mice to
lymphoma was further heightened by simultaneous lack of expression of the p53 gene [83].
Similar to Pfp−/−Trp53+/− mice, perforin-deficient mice that are heterozygous for the tumorsuppressor Mlh1 (DNA mismatch repair gene) developed more B cell lymphomas with faster
kinetics than mice that are wild-type for perforin and heterozygous for Mlh1 [102]. Role for
CD1d-restricted T cells in anti-tumor immune response under genetic background of
p53+/− mice established a key role for type I NKT (TCR Jα18−/−) cells in suppressing the
onset of sarcomas and hematopoietic cancers caused by p53 loss [96].
Above outlined evidences revealed that immune components are required for effective
elimination of any given tumor. Although the elimination phase is yet to be directly observed
in vivo, but its existence can be inferred from the earlier onset or greater penetrance of
neoplasia in mice lacking certain immune cell subsets, recognition molecules, effector
pathways, or cytokines and by studies comparing tumor initiation, growth, and metastases in
wild-type versus immunodeficient mice (as reviewed in [103]).
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2.4.2 Equilibrium Phase
Equilibrium phase is envisaged to be the longest phase of the cancer immunoediting
process—perhaps extending throughout the life of the host. Rare tumor cell variants which
survive the elimination phase enter the equilibrium phase. Tumors in the equilibrium phase
are a subset of dormant tumors that are specifically controlled by components of the immune
system [103]. Equilibrium thus represents a type of tumor dormancy or latent tumor in which
outgrowth of occult tumors is specifically controlled by immunity. The first experimental
demonstration for presence of equilibrium phase was reported in a study where low dose
regimen of the chemical carcinogen, MCA was used to monitor the appearance of
progressively growing sarcomas [104]. Treatment of naive wild-type mice with low doses of
MCA led to overt tumors in only a low proportion of mice. It was found that dormant cancer
cells were present in these lesions together with actively proliferating immune infiltrates in
the mice which failed to develop tumors. The components of adaptive immunity namely
CD4+ and CD8+ T cells, IFN-γ and IL-12p40 were found to be maintaining the primary
undetected cancer lesions in an equilibrium phase [104]. These results support the conclusion
that adaptive immunity is responsible for immune-mediated dormancy of fibrosarcoma.
Later, a new perspective was added to the equilibrium phase by showing that the length of the
equilibrium phase during immune control of MCA induced or p53 mutant cancers were
influenced by IL-23 and IL-12 [105]. These two interleukins have critical and opposing roles
in maintaining cancer cells in a state of immune-mediated dormancy. Inhibition of IL-23p19
was shown to reduce the malignant potential of lesions established by MCA inoculation,
whereas inhibition of IL-12/23p40 enhanced tumor outgrowth. However, other cytokines
such as IL-4, IL-17, TNF, and IFNα/β, which are known to play important roles either in
MCA tumorigenesis or in the elimination phase of cancer immunoediting, did not play
critical roles in maintaining the equilibrium phase [105]. Another study which proved the
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existence of equilibrium phase demonstrated that inactivation of the E3 ligase Casitas B cell
lymphoma-b (Cbl-b) led to the spontaneous in vivo rejection of tumor cells that express
human papilloma virus antigens. CD8+ T cells were identified as key players in the
spontaneous tumor rejection response and therapeutic transfer of naïve Cbl-b-/- CD8+ T cells
also led to the significant reduction in the tumor size. Loss of Cbl-b in CD8+ T cells enhanced
antitumor reactivity and mechanistically, cbl-b−/− CD8+ T cells were resistant to T regulatory
cell mediated suppression and exhibited enhanced activation and rapid tumor infiltration
[106] . Cbl-b thus functions as a negative regulator of antigen-specific T cell activation and is
a critical mediator of T cell anergy. This data identified Cbl-b as a key signaling molecule,
whose inhibition would serve as a novel approach to stimulate long-lasting immunity against
cancer.
New insights into CD4+ T cell-mediated control of multistage carcinogenesis was shown in
mice that express T antigen (Tag) under the control of the rat insulin promoter (RIP1-Tag2).
Tag is known to inhibit the tumor suppressor’s p53 and retinoblastoma protein (Rb) [107].
RIP1-Tag2 mice were found to develop islet adenomas with new αvβ3 integrin-expressing
blood vessels of abnormal configuration in 20% of the islets. Within 6 weeks, two to five of
those adenomas progressed into carcinomas [108, 109]. However, on transfer of the Tagspecific CD4+ T cells expressing a T cell receptor (TCR) specific for Tag peptide [110]
directly regulated the multistage carcinogenesis through cytokine signals. Tag-specific Th1
cells induced a state of tumor dormancy [111]. Paradoxically, in the absence of either IFN-γ
signaling or tumor necrosis factor p55 receptor (TNFR-I) signaling the same Tag-specific
Th1 cells strongly promoted multistage carcinogenesis. Later, it was shown that IFN-γ and
TNF induce senescence in cancer cells and treatment of cancer cells with IFN-γ and TNF
arrested most of cancer cells in G1/G0 within 3 days, reducing S-phase cells to 3% which
were more than 25% in untreated cells. Combined stimulation of islets or islet tumors with
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IFN-γ and TNF strongly induced p16INK4a which stabilized the p16INK4a–Rb senescence
pathway in Tag-expressing β cell cancers (β-cancers). However, STAT1- or TNFRI-deficient
β-cancer cells fully resisted senescence induction by IFN-γ and TNF, showing that hypophosphorylation of Rb strictly requires the combined action of the STAT1 and TNFRI
signaling pathways [112].
In another study, immune signature of the dormant sarcomas, which displayed small, stable
masses, and the apparent sarcomas, which exhibited progressive growth was analyzed. The
relative balance of monocytic MDSCs and antitumor immunity cells (especially CTLs, NK
cells and γδ T cells) were found to be involved in maintaining tumor cells in a state of
immune-mediated dormancy. At equilibrium phase, the infiltration of CD3+ T cells into the
tumor tissue was significantly increased while in mice with progressing sarcomas, the levels
of intratumoral and splenic FoxP3+ Treg cells and splenic PMN-MDSCs were significantly
increased [113]. Thus, a promising anticancer therapy will aim to activate patients naturally
occurring anticancer immunity or to inhibit the immunosuppressive immunity to enhance the
elimination of residual tumor cells or to prolong dormancy in disseminated tumor cells. Such
an endogenous immune response plays a significant role in controlling the balance between
dormant tumor cells and tumor escape, and restraining metastases.
2.4.3 Escape Phase as a guide for targeted immunotherapies
Escape of dormant lesions from immune system is a critical gateway to malignancy and
represents their victory over immune surveillance. Immune escape is a central modifier of
clinical outcomes as it affects tumor dormancy versus progression, allowing invasion and
metastasis and impacting therapeutic response. Tumor cells use different strategies to avoid
recognition and destruction by the immune system [85]. One strategy is to escape immune
system
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malignant cells to T cells [114], or via apoptosis of circulating T cells, which seems to be
mediated at least in part by tumor-derived Fas ligand or by tumor associated B7-H1 [115,
116]. Reduced T-cell function linked to abnormalities in the TCR-associated CD3-ζ chain in
T cells is correlated with poor prognosis [117]. Another potential mechanism is secretion of
immunosuppressive factors (cytokines such as VEGF, TGF-β; immunoregulatory molecules
such as IDO, PD-1/PD-L1, Tim-3/galectin-9, LAG-3) [90]. In the past few years a growing
list of new moieties that contribute to tumor-induced immunosuppression, such as CD73,
adenosine receptors, and new B7 family check- point molecules including V-domain Ig
suppressor of T cell activation (VISTA) and B and T lymphocyte attenuator (BTLA) has
been witnessed (Fig. 2.1) [90].

Figure 2.1: Escape phase of cancer immunoediting: The immune system fails to restrict
tumor outgrowth and tumor cells emerge causing clinically apparent disease (Source:
Deepak Mittal, Matthew M Gubin, Robert D Schreiber, Mark J Smyth, Current Opinion
in Immunology, Volume 27, 2014, 16–25)
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Additionally, immune defence can be directly inhibited by immune suppressive cells like
myeloid derived suppressor cells (MDSCs), regulatory T cells (Treg) or the activated tumor
associated macrophages (M2) [118]. These cells accumulate in the tumor mass and contribute
to the formation of the immunosuppressive microenvironment. Ablation or reprogramming of
this aberrant microenvironment might dramatically augment cancer therapies, and this
strategy is currently being deployed in a variety of clinical trials. A better understanding of
the molecular and cellular constituents of tumors and the mechanisms involved in immune
evasion may help to guide the next generation of innovative cancer immunotherapies. Hence,
in the remaining part of this review following aspects of immune evasion used by tumor cells
will be discussed 1) Defects in proximal TCR-mediated signaling; 2) Tumor derived immune
suppressive factors, and 3) Induction of immune suppressive cells (Tregs, MDSCs, and
TAMs).
2.5 Proximal TCR-mediated signaling and its deficiencies in cancer patients
T cells are key effector cells of the adaptive immune system that play a crucial role in
controlling the development of neoplastic lesions in vivo. Activated T cells can bind to the
antigen peptides presented on major histocompatibility complex class molecules (MHCs) via
their T-cell receptor (TCR). Following the recognition of peptides presented by MHC class I
molecules present on target cells, activated CD8+ cytotoxic T cells (CTLs) can efficiently
destroy them using death cell ligands such as TRAIL (TNF-related apoptosis-inducing
ligand) or by execution of the perforin/granzyme pathway [119, 120].
The T-Cell Receptor (TCR) is a complex of integral membrane proteins that recognize
peptide fragments presented by MHC molecules and delivers signals that control T cells
development, homeostasis, activation, acquisition of effector functions and apoptosis [121,
122]. The TCR is a disulphide-linked membrane-anchored heterodimer normally consisting
of the highly variable alpha (α) and beta (β) chains expressed as part of a complex with the
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invariant CD3 chain molecules. T cells expressing this receptor are referred to as αβ T cells,
though a minority of T cells express an alternate receptor, formed by variable gamma (γ) and
delta (δ) chains, referred to as γδ T cells [123].
TCR is associated on the membrane with CD3, to form the TCR-CD3 membrane complex.
The CD3 complex participates in signal transduction after the interaction of TCR with the
antigen. CD3 is a complex of five invariant polypeptide chains that associate to form three
dimers: a heterodimer of gamma and epsilon chains (γε), a heterodimer of delta and epsilon
chains (δε), and a homodimer of two zeta chains (ζζ) or a heterodimer of zeta and eta (η)
chains (ζη). The cytoplasmic tails of CD3 chains contain a motif called the immunoreceptor
tyrosine-based activation motifs (ITAMs), which play an important role in signal
transduction. The γ, δ, and ε chains each contain a single copy of ITAM, whereas the ζ and η
chains contain three copies [124-127].
TCR initiates signaling by recruiting and activating protein tyrosine kinases (PTK) of the Src,
Syk and Tec families [128]. Upon engagement of the TCR by antigenic peptide presented on
MHC molecule on antigen presenting cells, a Src family kinase p56Lck is activated.
Activated p56Lck phosphorylates the ITAMs on the γ, δ, ε and ζ chains. The phosphorylated
ITAMs provide docking sites for another tyrosine kinase ZAP-70, which subsequently gets
activated. The main substrates for antigen receptor regulated tyrosine kinase are adaptors
such as LAT (linker of activated T cells) or SLP-76 [129, 130]. These adapter proteins
provide scaffold to assemble signal transduction molecules in the correct intracellular
location for them to execute their effector function either directly or after allosteric regulation
by co-assembled regulatory proteins. Tyrosine phosphorylation of adapters links antigen
receptors to a cascade of signaling pathways during T-cell activation; the key ones are the
activation of Ras and Rho-family GTPases signaling networks [131]. Antigen receptor
tyrosine kinases also control inositol phospholipid metabolism which regulates both
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intracellular calcium and the activity of diverse serine/threonine kinases, including members
of the PKC family and phosphatidyl inositide-3 kinase (PI3K)-controlled serine kinases
[121].
2.5.1 Significance of CD3-ζ chain in T cell signaling
Of the TCR subunits, the CD3-ζ chain has a key role in receptor assembly, expression and
signaling. Downregulation of CD3-ζ chain expression and impairment of T-cell function have
been shown for T cells isolated from hosts with various chronic pathologies, including
cancer, autoimmune and infectious diseases [132]. CD3-ζ chain is a 16-kDa transmembrane
signaling molecule associated with the TCR-CD3 complex in T cells and Fc receptor for IgG
(FcγRIII) in NK cells. Under normal conditions in both T cells and NK cells, the CD3-ζ
chain has an important role in the expression and signaling functions of these receptors. The
CD3-ζ chain dimers associate with newly synthesized hexameric complex (αβ-γε-δε), and
stabilizes the newly formed TCR to be transported to the cell surface for its expression as a
complete complex of TCR/CD3 (αβ-γε-δε-ζ2) [126, 133]. CD3-ζ is synthesized at ~10% the
rate of other TCR components, and therefore, the amount of CD3-ζ available in a given T cell
is thought to regulate TCR/CD3 expression at the cell surface [134]. CD3-ζ chain is
indispensable for coupling antigen recognition by the TCR to diverse signal transduction
pathways. To ensure that only receptor complexes with the correct stoichiometry reach the
surface of T cells, incomplete complexes are degraded in lysosomes in the case of hexameric
αβγεδε or are processed through degradation in pre-golgi compartments in case of
components lacking other than CD3-ζ chain.
The biological basis for defective anti-tumor T-cell function has been long sought, and
several laboratories have pursued the observation that specific components of the proximal
TCR signaling pathway, CD3-ζ chain and p56Lck, are severely reduced in expression in
tumor infiltrating or peripheral blood lymphocytes in animal models and in patients [135,
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136]. Systemic defect in CD3-ζ chain (and/or p56Lck) expression has been found to be
responsible for various phenotypes in anti-tumor T cells including the following: decreased
proliferation, decreased cytokine secretion, defective lytic function, and counter intuitively,
enhanced apoptosis [137]. The diminished T cell proliferation or cytokine secretion by PBLs
has been correlated with decreased CD3-ζ chain expression [138]. For example, IL-2
secretion in vitro was shown to be decreased (but not extinguished) in a subset of melanoma
patient which were also having reduced levels of CD3-ζ chain expression [23]. These
melanoma patients also had diminished protein levels of p56Lck and phospholipase Cγ-1
(PLCγ-1) compared to healthy volunteers [23]. In sum, there is a good possibility that
defective anti-tumor T-cell functions may be associated with decreased TCR-ζ chain.
Down-regulation of the CD3-ζ chain has been reported in a number of chronic inflammatory
and infectious diseases. Rheumatoid arthritis (RA) is a chronic inflammatory joint disease
categorized as an autoimmune disorder in which auto-aggressive T cells are responsible for
the local inflammatory response. Synovial T cells in RA patients express reduced levels of
CD3-ζ, resulting in a defective TCR-mediated signaling [139]. T cells from patients with
systemic lupus erythematosus (SLE) display multiple abnormalities including decreased
cytotoxic cell function, increased helper activity, abnormal cytokine production, and the
presence of unusual T cell subpopulations. While increased TCR/CD3-initiated protein
tyrosine phosphorylation was observed in T cells from SLE patients, diminished expression
of the CD3-ζ chain in T cells was also observed [140]. T cells from leprosy patients
demonstrated decreased activation and alterations in the molecules mediating signal
transduction. These alterations include decreased expression of CD3-ζ and p56Lck, which are
accompanied by a diminished ability to mobilize Ca2+ in response to activation signals,
decreased cytotoxic function, and decreased production of IFN-γ [141]. Even in

HIV

infected patients, post-translational modification of the T cell signaling molecule CD3-ζ
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chain has been implicated in the impairment of TCR [142]. T cells from patients with aplastic
anaemia expressed decreased CD3-ζ chain and a corresponding abnormal response in the
intracellular calcium following stimulation through the TCR [143].
The decreased expression of CD3-ζ is also reported in different malignancies and the first
report showing downregulation of CD3-ζ chain was in CD8+ T cells of murine colon cancer
model [144] . Later loss of T-cell receptor (CD3-ζ chain) and p56Lck was reported in the T
cells infiltrating human renal cell carcinoma [135]. Loss of CD3-ζ chain has been shown to
correlate with both the stage of cancer as well as proximity of T cells to the tumor. Low
levels of CD3-ζ chain have been detected in tumor infiltrating lymphocytes (TILs) in
colorectal tumors, cervical cancer, ovarian cancer, breast cancer, head and neck cancer,
pancreatic cancer and gastric cancer [25, 29, 35, 145, 146]
2.5.2 Factors responsible for impaired CD3-ζ chain expression in T cells
Various mechanisms have been reported that are responsible for the downregulation of CD3ζ chain expression. Reactive oxygen species (ROS) produced by activated macrophages or
neutrophils have been shown to induce downregulation of CD3-ζ chain in T cells. A direct
correlation between the extent of T cell hyporesponsiveness and the concentration of ROS
produced is reported [147, 148]. Consistent with this, addition of oxidative reagents such as
hydrogen peroxide and diamide to T cells induced the downregulation of CD3-ζ chain
expression. Heat stress is also known to downregulate the expression of the TCR ζ chain in T
cells which was later associated with oxidative stress induced by the heat exposure [149,
150]. Dexamethasone, a potent anti-inflammatory and immunosuppressive agent modulates
the expression of TCR CD3-ζ chain and TCR/CD3-induced early signaling events in human
T lymphocyte [151]. Trichostatin A (TSA), a potent reversible inhibitor of histone
deacetylase, has been shown to suppress the expression of the TCR CD3-ζ chain in T cells
[152].
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L-arginine availability has been linked to the CD3-ζ chain expression in T cells. Human T
cells stimulated and cultured in the absence of L-arginine lose the expression of the TCR
CD3-ζ chain and show an impaired proliferation and cytokine production [153]. Increased
metabolism of L-arginine in tumor microenvironment has been associated with activated
macrophages and MDSCs. These cells produce L-arginine metabolizing enzymes: inducible
nitric oxide synthetase (iNOS) and arginase (Arg) [154]. Additional studies have indicated
the role of caspase-3 and granzyme B in mediating the CD3-ζ chain downregulation. CD3-ζ
chain contains putative cleavage sites for both caspase 3 and granzyme B [155, 156]. NKG2D
signaling in human T cells initiates Fas ligand/Fas-mediated caspase-3/-7 activation which
results in CD3-ζ chain degradation [157].
Loss of CD3-ζ chain expression has been linked to ubiquitination. Ubiquitination refers to the
post translational modification of a protein by the covalent attachment of one or more
ubiquitin monomers. Upon TCR engagement, CD3-ζ chain has been shown to undergo
ubiquitination and lysosomal degradation [158]. E3-ubiquitn ligases like Casitas B-lineage
lymphoma protein (cbl) and gene related to anergy in lymphocytes (GRAIL) can target CD3ζ chain for ubiquitination and thereby its degradation [159]. Src-like adaptor protein (SLAP)
has also been found to recruit c-Cbl to the TCR complex and targeting the TCR CD3-ζ chain
for ubiquitination and subsequent degradation [160]. TNF-α is also known to regulate CD3-ζ
chain expression in human T lymphocytes via Src-like adaptor protein-dependent
proteasomal degradation [161]. Additionally, it has been reported that CD3-ζ chain
downregulation is regulated by the CD3-ζ chain inhibitory protein (ZIP) present in the ascetic
fluid derived from ovarian cancer patients [146].
Correlations made between clinical findings, pathologic results, and CD3-ζ chain expression
in immune cells suggests that low/absent CD3-ζ chain is predictive of poor prognosis and
survival in cancer patients. Thus, CD3-ζ chain is emerging as a clinically relevant signaling
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molecule, which also seems to predict a favourable response to biologic therapies and could
be helpful in a selection of patients for immunotherapy trials. Now, the challenge is to
understand how the different signal transduction pathways control T cell behaviour during an
immune response in cancer patients. One of the major challenges in this field is to
characterize signal transduction events regulating CD3-ζ chain expression in T cells.
2.5.3 Notch as a potential positive regulator of Proximal TCR signaling
The Notch receptor plays a crucial role in embryonic development and specification of cell
fates [162]. In mammals, there are four Notch receptors (Notch-1–4) which are activated by
ligands that belong to either the Delta-like or jagged family (DLL1, 3, 4, jagged 1 and 2) of
proteins [163]. Binding of a Notch ligand to its receptor initiates a series of proteolytic
cleavages leading to the release of the Notch intra-cellular domain (NICD) by γ-secretase
enzyme. This active, NICD migrates to the nucleus and interacts with the transcriptional
repressor, recombination signal binding protein-Jκ (RBP-Jκ). RBP-Jκ is converted to a
transcriptional activator on the recruitment of co-activators such as p300 and master-mindlike (MAML), leading to the expression of downstream target genes regulating T cell
responses. Intra-cellular domain of Notch also uses an alternative way to exert some of its
effects via a RBP-Jκ – independent or “non-canonical” manner [164-166].
Notch signaling is known to be involved in T cell activation. Activation of T cells via TCR
accompanied by co-stimulation generates intra-cellular Notch domain in CD4+ T cells and γδ
T cells while inhibition of Notch signaling with γ-secretase inhibitors (GSI) decreases T cell
activation and proliferation [37, 167, 168]. Upon TCR stimulation, Notch signaling
contributes to regulation of CD4+ T cell immune responses by modulating CD25 expression
[167]. Signaling through the TCR in both CD4+ and CD8+ T cells induces the activation of
Notch-1 [36, 37]. Notch activation has been shown to be important for NF-κB activation and
proliferation as well as IFN-γ production by αβ T cells [37]. Notch signaling is involved in
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cytolytic effector function in CD8+ T cells by regulating the expression of key effector
molecules, perforin and granzyme B [36]. Notch signaling was shown to be required for
potent anti-tumor immunity. Notch-2 was found to be essential for mediating anti-tumor
immunity by CD8+ T cells [169]. This suggests that TCR and Notch signaling pathways
interact with each other to induce proliferation and homeostasis of T cells. However, the
point in the TCR signaling cascade at which Notch signaling converges remain to be
determined.
Notch acts as a critical regulator of TCR signal strength. Stimulating T cells with increasing
concentrations of either anti-CD3 mAb or antigen pulsed APCs, increases the amount of
N1ICD in proportion to increasing TCR signal strength [170]. Thus, inhibiting the Notch
signaling at suboptimal condition will induce a state of anergy by increasing threshold of
TCR stimulation. An anergizing stimulus leads to a sustained increase in intracellular free
calcium, which induces dephosphorylation and nuclear translocation of the nuclear factor of
activated T cells (NFAT) family of transcription factors. This occurs in a calcineurin
dependent fashion in the absence of full activation of activator protein 1 (AP-1) complexes
[171-173]. NFAT proteins play a key role in the induction of tolerance in T cells by driving
the expression of anergy-inducing genes [173]. The specific expression of these genes is
required to inflict a state of functional unresponsiveness through different mechanisms.
Anergizing stimuli majorly upregulate the expression of three E3-ubiquitin ligases: the
Casitas B-lineage lymphoma b (Cbl-b), the itchy E3 ubiquitin protein ligase homolog (Itch),
and the gene related to anergy in lymphocytes (GRAIL) leading to the downregulation of
TCR signaling by inactivation or degradation of signaling molecules [174-177]. During
anergy, caspase 3 an effector member of the caspase family is also expressed. It recognizes
proteins with a common DXXD motif and cleaves after the second aspartic residue [178].
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Caspase 3 in non-apoptotic and anergic T cells induces proteolytic inactivation of signaling
proteins to block TCR signaling to maintain T cell tolerance [179].
Tumors cause global T cell unresponsiveness or anergy, possibly related to paraneoplastic
secretion of immunosuppressive cytokines such as transforming growth factor-β (TGF-β).
Unusual defects in TCR-associated signaling mechanisms have been observed in tumorbearing animals, such as absence of TCR CD3-ζ chain [144]. In part it could be associated
with defective Notch signaling in T cells of cancer patients. Downregulation of Notch
signaling in T cells has been shown to help tumors to evade the immune recognition. The
selective activation of DLL1-Notch signaling pathway in bone marrow precursors to initiate
T-cell activation reduced tumor growth [180]. Notch-2 signaling in CD8+ T cells is required
for generating potent antitumor CTLs, thus providing a crucial target for augmenting tumor
immune responses [169]. However, MDSCs through nitric oxide-dependent mechanisms are
reported to block the expression of Notch-1 and Notch-2 in T cells of cancer patients. Rescue
of N1ICD expression in T cells was found to render T cells resistant to the tolerogenic effect
induced by MDSC in vivo and increase the efficacy of T cell based immunotherapies [181].
This suggests a potential role of Notch signaling in regulating the antitumor immunity
mediated by the T cells. Understanding the dynamic crosstalk between TCR and Notch
signaling will provide new avenues in generating the effective immunotherapeutic protocols.
2.6 Immunosuppressive tumor derived factors
Tumors can evade immune clearance by secretion of immunosuppressive factors which play
an important role in immune suppression. Tumor-secreted factors can inhibit differentiation
of dendritic cells (DCs), induce expansion of immature myeloid cells and impair T cell
activation. Several different tumor-derived factors including VEGF, GM-CSF, IL-10, IL-6,
TGF-β, prostaglandins, gangliosides, tumor-derived soluble MHC class 1 chain related (MIC)
ligands, Indoleamine 2, 3-dioxygenase (IDO), TNF-α
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processes [182-184]. Vascular endothelial growth factor (VEGF) is produced by most tumors
and has a crucial role in the development of tumor neovasculature. Increased levels of VEGF
in cancer patients are involved in tumor-induced abnormalities of DC differentiation and
increase in number of immature myeloid cells [185]. Standard levels of Granulocyte
Macrophage-Colony Stimulating Factor (GM-CSF) are required for normal myelopoiesis and
DC differentiation. However, excessive amounts of this growth factor could exert
immunosuppressive effects by the induction of immature myeloid cells [186].
Various tumor cells, tumor-infiltrating lymphocytes (TILs) and tumor associated
macrophages (TAMs) express and release Interleukin-10 (IL-10), which is a potent modulator
of differentiation and antigen-presenting function of macrophages and dendritic cells [187].
Tumors, through production of IL-1,0 may inhibit a broad range of macrophage functions
including tumor cytotoxicity, production of IL-12 and nitric oxide (NO) [188]. IL-10 can also
suppress T cell proliferative capacity in response to antigens and to the superantigen
staphylococcal enterotoxin B [189]. Macrophage-Colony Stimulating Factor (M-CSF) and
IL-6 inhibits the differentiation of myeloid progenitor cells into DCs and promote their
commitment to weak antigen presenting cells of monocytic origin [190]. Gangliosides are
ubiquitous membrane-associated sialic-acid-containing glycosphingolipid, which are
involved in the regulation of cellular proliferation and differentiation. Most tumor cells
synthesize and shed large amounts of gangliosides into their microenvironment and,
eventually into the circulation. Tumor-derived gangliosides are potent modulators of myeloid
cell proliferation and its differentiation into APCs [191].
Tumor-derived TGF-β has pleiotropic consequences and many tumors are known to secrete
TGF-β, which is the most potent immunosuppressive cytokine described to date. TGF-β has
been described to regulate the immunosuppressive activity of immature myeloid cells [192].
Tumor or stromal cell derived TGF-β also abrogates T cell differentiation, proliferation and
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effector function, in part, through the loss of IL-12 production or by altering the cytolytic
capability of cytotoxic T cells [193, 194]. The production of IL-4 and IL-10 by TGF-β
stimulated cells can also tilt the immune response towards an inappropriate Th2 phenotype
[193].
The release of MIC protein from the surface of tumor cells into the circulation is one
mechanism hypothesized to prevent NKG2D-mediated tumor destruction [195]. Soluble MIC
protein has been identified in many human tumor types including breast, lung, colon, and
ovarian carcinoma, glioma, neuroblastoma, leukemia, and melanoma [196]. A correlation
between the presence of soluble MHC class 1 chain related A (MICA) in the sera of MICA
expressing tumors and the level of NKG2D downregulation on tumor infiltrating and
peripheral CD8+ T cells has been reported [183]. This downregulation of NKG2D leads to the
severe impairment in the responsiveness of tumor-antigen-specific effector T cells promoting
tumor immune evasion. IDO is an enzyme that specifically catabolizes tryptophan, an amino
acid essential for T cell viability and proliferation [184]. IDO causes immunosuppression
through breakdown of tryptophan in the tumor microenvironment and tumor-draining lymph
nodes. The depletion of tryptophan and generation of toxic catabolites renders the effector T
cells inactive and induces immune-suppressive property in dendritic cells [197].
2.6.1 Tumor necrosis factor-α
Tumor necrosis factor-α (TNFα) is a pleiotropic pro-inflammatory cytokine that plays a
central role in inflammation, apoptosis and immune system development. TNF-α is shown to
play a dominant role in rheumatoid arthritis (RA), which is a chronic autoimmune
inflammatory disorder characterized by inflammation of synovial tissue, leading to
progressive damage, erosion of adjacent cartilage and bone and chronic disability [198, 199].
TNF-α has also been implicated in tumor-cell growth and stromal interactions that facilitate
tumor invasion and metastasis. Although TNF-α is capable of initiating a tumor apoptotic

Chapter 2: Review of Literature

Page 57

response, these pathways are frequently deactivated within tumor cells by manganese
superoxide dismutase, which scavenges oxygen free radicals induced by TNF-α [200, 201].
Chronic exposure to TNF-α has been shown to attenuate TCR-signaling and to downmodulate T cell proliferative responses and cytokine production in vivo and in vitro in
patients with RA [202, 203]. In murine models results suggested that the inhibitory effect of
TNF-α is due to its ability to regulate the expression of TCR CD3-ζ chain homodimers and
reduced surface expression of TCR-CD3 complexes [204]. Elevated concentrations TNF-α
are detected in pathologies characterized by chronic inflammation [205]. Administration of
etanercept (TNF-α antagonist) during early chronic inflammatory stages reduces MDSCs’
suppressive activity and enhances their maturation into DCs and macrophages, resulting in
the restoration of in vivo immune functions and recovery of CD3-ζ chain expression on T
cells [206]. Thus, TNF-α has a fundamental role in promoting an immunosuppressive
environment generated during chronic inflammation.
2.7 Induction of immunosuppressive cells
Importantly, tumors also promote the accumulation of immunosuppressive cells which inhibit
T cell effector functions. The most common of these include myeloid-derived suppressor
cells (MDSCs), tumor associated macrophages (TAMs), regulatory T cells (Tregs) [207].
Elevated levels of MDSC and Tregs have been reported in the blood of cancer patients
bearing several types of tumors. Their elimination is thought to be crucial in breaking
immune tolerance to self-antigens, and thus clinical strategies aimed at their depletion are
currently under investigation in cancer patients [208, 209].
The phenotype and function of MDSCs, TAMs and Tregs as well as the cytokines/growth
factors important for their accumulation in the tumor-bearing host will be described
thoroughly in the remaining part.

Chapter 2: Review of Literature

Page 58

2.7.1 Myeloid derived suppressor cells
Hematopoietic stem cells (HSCs) lead to the generation of all mature blood-cell types.
Mature blood cells are majorly classified into two separate lineages: myeloid and lymphoid.
The myeloid lineage includes a number of morphologically, phenotypically, and functionally
distinct cell types including different subsets of granulocytes (neutrophils, eosinophils, and
basophils), monocytes, macrophages, erythrocytes, megakaryocytes, and mast cells. The
lymphoid lineage consists of T, B and Natural killer (NK) cells [210]. Dendritic cells (DCs)
have a unique developmental program that can be activated from either the myeloid or the
lymphoid pathways [211, 212].
In case of myeloid lineage under steady state, myeloid cells develop in a step-wise fashion
from long term HSC (LT-HSC) to short-term hematopoietic stem cells (ST-HSC) to
multipotent progenitor (MPP) cells, which together compose the Lineage -Sca1+c-Kit+ (LSK)
fraction of the BM. MPP mature into common myeloid progenitors (CMP) or lymphoid
primed MPP, that further develop through a series of increasingly committed progenitor cells,
such as the GMP and CDP, to give rise to mature myeloid cells [210]. During inflammation
or

immunologic

stress,

myelopoiesis/haematopoiesis

shifts

towards

emergency

haematopoiesis. This process is co-opted by tumors to enhance the generation of tumorpromoting myeloid cells [213]. Cancer-driven myelopoiesis stimulates expansion of tumor
promoting myeloid populations, mostly myeloid-derived suppressor cells (MDSCs) and
tumor-associated macrophages (TAMs).
Extramedullary haematopoiesis (EMH) and neutrophilia is a characteristic feature of tumor
progression which aid in immune evasion and tumor vascularization [214, 215]. Increase in
circulating myeloid cells in tumor bearing hosts was originally referred to as reactive
neutrophilia/emergency granulopoiesis or emergency haematopoiesis/emergency neutromonocytopoiesis [216]. Naturally, this occurs within the host macro-environment and is
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associated with increased abnormal myeloid cell differentiation. These increased abnormal
myeloid cells were earlier described as veto cells, null cells or as natural suppressor (NS)
cells and they were later reported to inhibit lymphocyte numbers and cytotoxic T lymphocyte
(CTL) functions [217]. In recent years, a concept of myeloid derived suppressor cells was
introduced to reflect the immature myeloid cells and abnormal nature of myelopoiesis in
cancer.
MDSCs are a heterogeneous population of cells of myeloid origin that comprises myeloid
progenitor cells and immature macrophages, immature granulocytes and immature dendritic
cells [218]. Features that are common to all MDSCs are their myeloid origin, their immature
state and a remarkable ability to suppress T-cell response.
2.7.1.1 Phenotype of myeloid derived suppressor cells
MDSCs consist of a heterogeneous population of myeloid cells arrested at early stages of
differentiation bestowed with immunosuppressive activity. They encompass myeloid
progenitors and immature myeloid cells, arising in cases of chronic infection, trauma, sepsis,
or tumor [218] (Fig. 2.2). MDSCs are characterized in mice by the co-expression of the
myeloid-cell lineage differentiation antigen Gr1 and CD11b, also known as αM-integrin and
by the absence of expression of CD11c, F4/80, and MHC Class II (major histocompatibility
complex class II). In humans, however, the cell markers of MDSCs are CD11b and CD33 but
lack MHC class II molecule HLA-DR [219]. Currently, additional phenotypic markers
including CD66b, CD62L, CD16 , CD14 , CD15, vascular endothelial growth factor receptor
1 (VEGFR1; also known as FLT1) expression and S100A9 expression are further used to
classify MDSCs [219, 220]. In both humans and murine models, however, MDSCs can be
divided into two major subsets: granulocytic (Gr-MDSC) and monocytic populations (MoMDSC). MDSCs present in steady-state conditions have lesser ability to induce suppression
of activated T cells and can quickly differentiate into mature granulocytes, macrophages or
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dendritic cells (DCs). In healthy individuals, immature myeloid cells (IMCs) or MDSCs
constitute ~0.5-1% of peripheral blood mononuclear cells but in the blood of patients with
different types of cancer a tenfold increase in MDSC numbers has been detected [221-223].
Though initial observations of MDSCs expansion were documented in cancer bearing hosts,
expansion of immunosuppressive MDSCs is now reported in multiple pathological
inflammatory conditions. The accumulation of MDSC in cancer has been shown to correlate
with an increased clinical cancer stage, increased tumor progression, poor prognosis and
resistance to therapy [224].

Figure 2.2: The origin of MDSCs: Factors produced in the tumor microenvironment and/or
during acute or chronic infections, trauma or sepsis, promote the accumulation of IMCs at
these sites, prevent their differentiation and induce their activation. These cells exhibit
immunosuppressive functions and are therefore known as myeloid-derived suppressor cells
(MDSCs). (Source: Dmitry I Gabrilovich and Srinivas Nagaraj, Nat Rev Immunol, Volume
9, 2009, 162-174)
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2.7.1.2 Expansion of myeloid derived suppressor cells in cancer
MDSCs are expanded in a variety of pathological conditions including infection, trauma, or
the presence of a tumor. Moreover, MDSC expansion has been shown in various organs
including the peripheral blood, spleen, lymph nodes and bone marrow, as well as within the
tumor compartment [225, 226]. MDSC expansion in cancer can be attributed to a number of
factors but, the basic induction process is the myelopoiesis. The unregulated induction of
myelopoiesis in cancer, attributed to the production of granulocyte-macrophage colonystimulating factor (GM-CSF) by tumor cells, leads to their accumulation. In order for these
newly formed myeloid cells to become MDSCs they must be activated. Activation will have
two results: first it will ensure that the cells are kept in a state of immaturity, second they will
gain suppressive function [227]. Activation of MDSCs can result from exposure to multiple
factors, which are produced by T cells, stromal cells, or tumor cells. Some of the factors
which are known to cause the activation of MDSCs include stem cell factor (SCF), IL-1β,
macrophage colony-stimulating factor (M-CSF), IL-6, granulocyte-macrophage colonystimulating factor (GM-CSF), vascular endothelial growth factor (VEGF), transforming
growth factor beta (TGF-β), IL-10, IL-12, and IL-13 [218].
Most of these cytokines trigger signaling cascades that converge into a common signaling
pathway, the Janus tyrosine kinase (JAK) protein family members and signal transducer and
activator of transcription 3 (STAT3), which are signaling molecules that are involved in cell
survival, proliferation, differentiation and apoptosis [228]. STAT3 is a member of the STAT
family of transcription factors comprising of STAT-1,2,3,4,6, and the closely related
STAT5A and STAT5B. Engagement of cytokine receptors activates JAKs which
subsequently recruit and phosphorylate STAT members [227]. STAT3 is constitutively
activated in tumor cells and in diverse tumor-infiltrating immune cells leading to inhibition of
proinflammatory cytokine, reduced chemokine production, and enhances release of factors
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that downregulate the immune response. Hyper-activation of STAT3 is also observed in
MDSCs from tumor-bearing mice and its persistent activation prevents myeloid progenitors
from differentiating [229, 230]. An in vitro study showed that exposure of hematopoietic
progenitor cells (HPCs) to supernatants from tumor-cell cultures results in the accumulation
of Gr-1+CD11b+ MDSCs and diminution of mature DCs. Inhibition of STAT3 activity in the
HPCs restored the ability of MDSCs to differentiate into mature DCs [229]. Thus, hyperactivation of STAT3 in MDSCs promotes their expansion in tumor-bearing animals; however
other potential outcomes stemming from STAT3 signaling in MDSC remain to be elucidated.
The list of inflammatory mediators implicated in MDSC expansion includes the complement
protein C5a, bioactive lipid PGE2, and the family of calcium binding proteins S100A8/A9
[231, 232]. A potent inflammatory mediator produced by many tumors and implicated in
MDSC expansion are PGE2 molecules. Use of Cox-2 inhibitors to block the PGE2 pathway
in tumor bearing mice decreases the numbers of MDSCs and delays progression of cancer
[233]. Myeloid progenitors express receptors for the S100 family members and accumulating
evidence confirms their role in MDSC expansion during infection and inflammation [234].
2.7.1.3 MicroRNAs as potential regulators of MDSCs
In the hematopoietic system, microRNAs (miRNAs) have emerged as important regulators of
myeloid lineage development and differentiation [235]. Recent studies have begun to unravel
the significance of individual miRNAs in MDSC biology. miRNAs are noncoding singlestranded RNAs approximately 22 nucleotides long that regulate gene expression [235].
miRNAs enhance and inhibit MDSC accumulation and suppressive potency. For example,
miRNAs 146a and 223 prevent MDSC accumulation [236, 237]. miRNA-146a blocks
inflammation, while miRNA-223 is needed for the development of granulocytes. In contrast,
miRNAs 494, 155, and 21 facilitate the accumulation of MDSCs. miRNA-494 induces
MMPs 2, 13, and 14 which drive MDSC growth and survival signals, and by inhibiting
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phosphatase and tensin homolog (PTEN), promote STAT3 activation [238]. miRNAs 155
and 21 promote MDSC accumulation by activating STAT3, which, as previously discussed,
drives both MDSC accumulation and suppressive potency [239]. miRNAs also negatively
regulate MDSC suppressive function. These include miRNAs 17-5 and 20a which silence
STAT3, thereby reducing MDSC production of ROS and hydrogen peroxide (H 2O2) [240].
2.7.1.4 Mode of action of MDSC and mechanism of T cell suppression
MDSCs use multiple mechanisms to suppress T cell activation which has been extensively
studied and proven by many research groups [231, 241]. Factors implicated in MDSCs
mediated T cell suppression include ROS [40], regulation of L-arginine metabolism [242],
production of IL-10 [243], TGF-β [244], depletion of cysteine [245], down regulation of Lselectin surface protein on T cells [246] and others.
Increased production of ROS by MDSCs is main immunosuppressive mediator and inhibition
of ROS generation abrogates the suppressive function of MDSCs in vitro [247]. The primary
stimuli promoting ROS production in MDSC is interaction with T cells mediated by the
integrins CD11b, CD18 and CD29. Blocking of this interaction has significantly reduced the
ROS production by MDSCs [248]. The peroxynitrite produced from superoxide and NO
results in the nitration of the T-cell receptor and CD8 molecules, altering specific peptide
binding and rendering T cells unresponsive to antigen-specific stimulation [40]. Although
studies have suggested role of ROS molecules in tumor-mediated immune suppression, the
mechanism leading to generation of ROS by MDSC remains to be elucidated.
Metabolism of the amino acid L-arginine has been implicated in the suppressive activity of
MDSCs by limiting the expansion and function of T cells [249]. L-arginine serves as a
substrate for two distinct but related enzymes arginase 1(Arg1) and inducible nitric oxide
synthase (iNOS). Consumption of L-arginine by MDSC produced Arg1 leads to the
downregulation of the CD3-ζ chain of the T cell receptor [250]. Arg1 expression is induced
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in myeloid cells by exposure to the Th2 cytokines IL-4 or IL-13, TGF-β, and GM-CSF [39,
218, 251]. L-arginine is also the substrate for a family of enzymes known as iNOS. Similar to
Arg1, the production of iNOS by monocytic MDSCs also disrupts T cell activation through
the suppression of CD3-ζ chain. These enzymes catalyse the reaction between oxygen and Larginine, generating L-citrulline and NO and NOS inhibitors were found to reverse immune
suppression mediated by NO [252, 253]. NO operates through various mechanisms to
suppress T cell function, it interferes with the IL-2R signaling pathway by blocking the
phosphorylation of signal-transducing pathways coupled to IL-2R and by altering the stability
of IL-2 mRNA [254-256].
Additional proposed mechanism utilized by MDSCs to regulate immune function of T cells is
deprivation of the amino acid cysteine [245]. Cysteine is essential for T cell activation and T
cells depend on APCs during antigen presentation for cysteine. Macrophages and DCs import
cystine, a cysteine precursor, from their environment and metabolize it into cysteine. MDSC
import cystine at comparable rates as APCs but fail to export cysteine into their surroundings.
Thus, through the competition for cystine, MDSCs make their immediate environment
cysteine-deficient, because of which T cells are unable to synthesize the necessary proteins
for activation [218, 245].
For extravasation, naïve T cells use L-selectin (CD62L) and migrate from the blood and
lymphatics to lymph nodes and inflammatory locales, such as tumor microenvironments
[257]. However, in cancer patients and animal models, circulating naïve lymphocytes
typically express low levels of L-selectin which has been inversely correlated with the levels
of MDSCs in tumor bearing mice [246].
2.7.1.5 Depletion strategies for MDSC in cancer
Due to the critical role of MDSC in the process of tumor-induced immune escape, depletion
of MDSCs in cancer patients has become an increasingly attractive strategy. The suppression
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of MDSC through therapeutic manipulation may promote tumor-specific immunity, foster
activity of innate immune cells, and most importantly, may improve efficacy of existing
therapies. For these reasons multiple depletion strategies have been evaluated including
inhibiting MDSC expansion, promoting MDSC differentiation, inhibiting their suppressive
function, and directly eliminating MDSC [218] .
Treatment of tumor-bearing mice with Celecoxib, a Cox-2 inhibitor has shown decreased
numbers of MDSCs in glioma, mesothelioma, pancreatic adenocarcinoma, and intestinal
tumors [258-260].

Cox-2 inhibitors have also shown some efficacy in suppressing the

function of MDSC in both breast and lung cancer tumor models [261, 262]. The Cox-2
inhibitor was shown to decrease the production of arginase 1 by MDSCs, reduce ROS and
NO production by MDSCs and enhanced T cells anti-tumor immunity [258].
Another strategy utilized to target MDSC is to promote their differentiation into mature
myeloid cells which have antigen presenting capability. The goal of this approach is to force
MDSC to become pro-inflammatory cells, which can then foster tumor immunity. The most
promising compound which has been investigated is the vitamin-A derivative all-trans
retinoic acid (ATRA) [263]. Administration of ATRA has been shown to induce the
differentiation of MDSCs into mature dendritic cells and macrophages both in vivo and in
vitro [223, 264, 265].
Treatment of tumor bearing mice with Sildenafil, a Phosphodiesterase-5 inhibiting agent
decreased the expression of Interleukin 4 receptor α (IL-4Rα), Arg1 and NOS2 by MDSC.
These molecules are linked to MDSC-mediated T cell suppression and their inhibition led to
the increased anti-tumor immunity which was due to both a decreased number of circulating
MDSCs as well as impaired suppressive function [252, 266]. The well-known
chemotherapeutic drug gemcitabine has been shown to eliminate MDSCs in a selective
manner and the observed decrease in MDSCs was followed by an increase in anti-tumor
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immunity [267, 268]. Another chemotherapeutic drug, 5-Fluorouracil (5-FU), has also been
shown to specifically eliminate MDSCs [269]. Interestingly, the use of the tryrosine kinase
inhibitor sunitinib has proven to prevent both the accumulation of MDSC and impede their
suppressive function. It is thought that sunitinib decreases the accumulation of MDSC by
inhibiting c-Kit ligand stimulation, which is required for MDSC accumulation [270, 271]. It
is important to note that not all chemotherapeutic drugs will act to reduce MDSC population.
For example, doxorubicin-cyclophosphamide regimens have been shown to increase the
number of circulating MDSC [272]. People have also used different strategies to block the
mobilization of MDSCs to the tumor site. These include Vemurafenib (inhibitor of
BRAFV600E),

Anti-G-CSF

(Granulocyte-

colony stimulating

factor)

and

anti-Bv8

(prokineticin-2) antibodies, Anti-CSF-1 receptor (CSF1R) (GW2580), Anti-CCL2 antibody
and CXCR2 and CXCR4 antagonists [273]. Immune evasion is a hallmark of cancer, and the
literature provides substantial evidence that MDSCs are important in the biology of tumor
progression and immune evasion. Greater insights into the biology of MDSCs would help in
the development of MDSC-targeting therapy with a potential to greatly enhance the
effectiveness of antitumor immunity.
2.7.2 Tumor associated macrophages
Macrophages are known as the first line of defense against pathogens and the activation of
adaptive immune responses. Macrophages play vital role in many physiopathological
processes including 1) phagocytosis and destruction of pathogens or altered cells; 2)
modulation of inflammation by acquiring different phenotypes or acting in concert with other
immune cells; 3) and antigen processing and presentation [274]. Macrophages are thought to
originate from the monocytes derived from bone marrow haematopoietic stem cells (HSCs),
in the presence of granulocyte–macrophage-colony stimulating factor (GM-CSF) [275].
Monocytes leave the bone marrow and circulate into the bloodstream. Monocytes are
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recruited by different chemo-attractants into various tissues, where they differentiate into
different tissue macrophages, for example alveolar macrophages in lung, Kupffer cells in
liver, osteoclasts in bone, etc. [276, 277]. However, there are reports indicating that some
resident tissue macrophages developed in the embryo before the appearance of HSCs [278280].
The functions of macrophages are largely dependent on the microenvironments in which
they are located. Macrophages are broadly classified into two types- classically activated
macrophages (M1 type) and alternatively activated macrophages (M2 type) [281]. The M1
macrophages

response

to

stimulation

with

the

bacterial

membrane

component

lipopolysaccharide (LPS) and Th1 lymphocyte-derived IFN-γ, both of which result in the
production of cytotoxic mediators such as nitric oxide (NO) and superoxide (O2 - ), and
inflammatory cytokines and chemokines such as IL-12, IL-23 and IL-1β, which play
important roles in pathogen killing and clearance [282]. Generally, it is considered that M1
macrophages mainly drive host immune system to kill pathogens and destroy tumor cells. By
contrast, M2 macrophages when stimulated with LPS alone produce low levels of proinflammatory cytokines, whereas they respond strongly to IL-4/IL-13 to generate antiinflammatory cytokines, most notably IL-10, TGF-β, proangiogenic and matrix-remodelling
factors such as VEGF, matrix metalloproteinases (MMPs) and arginase 1 [283-286]
2.7.2.1 Role of tumor-associated macrophages (TAMs) in cancer
Tumors, in particular solid tumors, are characteristically formed by both tumor and stromal
cells, and the latter constitute a dynamic and complex system, termed the tumor
microenvironment that functions to foster tumor cells, and is comprised of endothelial cells of
the blood and lymphatic vessels, fibroblasts and a diverse selection of immune cells including
neutrophils, basophils mast cells, macrophages, dendritic cells, and MDSCs, etc. [287, 288].
Macrophages present in tumor tissue, termed tumor-associated macrophages, are generally
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the most abundant immune cells present in the tumor microenvironment. Although earlier
studies showed that optimally activated macrophages could kill the cancer cells in vitro [289],
it is now widely recognized that TAMs with an M2 phenotype possess a variety of tumorpromoting functions that support tumor progression. These include inducing tumor
angiogenesis, sustaining the proliferation and survival of cancer cells, facilitating tumor
invasion and metastasis, and generating the immunosuppressive microenvironment that
favours tumor growth [277, 290, 291]. The emerging approaches to polarize macrophages to
M1 phenotype may offer promising and novel strategies for developing cancer
immunotherapy.
2.7.3 Regulatory T cells
Regulatory T cells (Tregs) can be described as a T-cell population that functionally
suppresses an immune response by manipulating the activity of other immune cells. Gershon
was first to report the subset of T cells having suppressive function [292, 293]. However,
Sakaguchi and his colleagues led to the rejuvenation of this field after reporting that a small
group of T cells co-expressing CD4 and the IL-2 receptor-α chain, CD25 maintain selftolerance. Breakdown of this tolerance by interfering with Treg function could lead to
autoimmune disease [294, 295]. These CD4+CD25+ T cells were named “regulatory T cells”
which were earlier termed as “suppressor T cells”. These two terms are used interchangeably
but the term "regulatory T cells" is favoured. The field of Treg cell biology was greatly
enhanced by the unearthing and characterization of the Treg-specific gene, FoxP3 [296].
FoxP3, a key intracellular marker is also crucial for the development and functioning of
CD4+CD25+ regulatory T cells [296-298]. In humans, the CD127, the α-chain of the
interleukin-7 receptor, was used in combination with CD25+, FoxP3+ to better define the Treg
cell population with suppressive function. CD127 expression is reported to be inversely
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correlated with expression of FoxP3 and the suppressive potential of CD4+ Treg cells [299,
300].
In the periphery, naturally occurring Tregs represent around 6–10% of total CD4+ T-cell
population. In order to be sustained, Tregs need uninterrupted TCR triggering and costimulation in the presence of IL-2 [301, 302]. Naturally occurring CD4+CD25+ Treg cells
have been expansively studied in mice and humans and until now, there are at least three
recognized subsets of CD4+CD25+ Treg cells involved in the negative regulation of immune
response, these include CD4+CD25+FoxP3+, type 1 Treg cells (Tγ1) secreting IL-10 and Th3
cells secreting TGFβ [303].
2.7.3.1 Tregs in tumor microenvironment
The primary function of Treg cells was originally defined as to avoid autoimmune diseases
by maintaining self-tolerance [294]. Regulatory T cells are now associated with the
development of allergy, rejection of organ transplants, and the suppression of immune
responses to cancer [304, 305]. There is an increased prevalence of CD4+CD25+ T cells in a
wide spectrum of human malignancies like skin, lung, head and neck, ovarian, and
gastrointestinal. These cells are found in relatively higher numbers in blood, ascites, within
the tumor draining lymph nodes and tumor tissue of cancer patients [304, 306]. Importantly,
the numbers of CD4+ CD25+ FoxP3+ Tregs present in tumors and, in particular, decreased
ratios of CD8+ T cells to CD4+ CD25+ FoxP3+ Tregs in tumors, correlate with poor prognosis
in breast cancer [307], gastric cancer [308] , head and neck cancer [309] and ovarian cancer
patients [310]. In general, Tregs identified from most human cancers possess potent ability to
suppress immune responses in in vitro co-culture assays.
Three different, but not mutually exclusive, modes of Treg accumulation within the tumor
bed can be envisaged: (i) increased trafficking, (ii) preferential Treg expansion and (iii) denovo differentiation, where the latter two can occur either locally within the tumor
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microenvironment. Tregs show an enhanced capacity for infiltration, and accumulation
within the tumor in comparison to T effector cells (Teffs) [311]. The recruitment has been
observed in many malignancies and has been shown to be dependent on chemokine-driven
mechanisms, and several chemokines and their cognate receptors have been associated [312].
The chemokine receptors CCR4 and CCR8 are expressed by Tregs and the CCR4 ligand
CCL22 has been shown to be produced by both tumor cells and tumor-infiltrating
macrophages [313, 314]. Targeting these chemokine receptors may inhibit T reg accumulation
within tumors, however due to the receptor and ligand redundancy and promiscuity within the
chemokine–chemokine receptor system provides a significant hurdle to immunotherapy.
Other possibility is that the large amount of self-antigens provided by proliferating and dying
tumor cells are recognized by Tregs which aid in their recruitment [315]. An inflammatory
condition in tumors also recruits Tregs in CCL20-CCR6 dependent fashion [316]. A second
mechanism could be through expansion of Tregs in the presence of IL-2 and TGF-β within
the tumor mass or in the tumor draining lymph nodes (TDLNs). Presence of IL-2 and TGF-β
within the tumor mass could promote Treg proliferation, development and homeostasis [317319]. A third mechanism involving de-novo conversion of FoxP3– T cells into Tregs may
play an important role in Treg accumulation in tumors [320]. The role of TGF-β in the
induction of Tregs is well established and tumor cell-derived TGF-β can contribute to the
induction of Tregs [321, 322].
A favourable state for effective immunotherapy will be produced in cancer patients after
depleting Tregs. Modulating the function of Tregs represents one aspect to potentially
enhance immunosurveillance. A number of agents affect Tregs in a clinical context, some of
which are designed specifically to target known receptors on Tregs (like anti-CD25 or antiCTLA4 antibodies). The indirect method includes conventional chemotherapeutic drugs like
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low-dose cyclophosphamide or gemcitabine which have modulatory effects on Tregs, but the
exact mode of action is often unknown [323, 324].
2.7.3.2 Mechanism of Treg function
A myriad of mechanisms has been proposed for Treg mediated immune suppression (Fig.
2.3). Tregs majorly utilize the inhibitory cytokines like IL-10, TGF-β, and IL-35 to directly
induce immune suppression [325]. Tregs can also use perforin/granzyme-mediated
cytotoxicity as a mechanism to suppress the function of effector T cells [326]. Tregs isolated
from cancer were found to express Fas ligand (FasL) and mediate killing of CD8 + T cells on
activation via TCR ligation and high-dose IL-2 [327]. Another study suggests that in vitroactivated mouse Tregs can induce apoptosis of CD4+ effector T cells in a TRAIL/DR5 (tumor
necrosis factor-related apoptosis inducing ligand/death receptor 5) dependent fashion [328].
In addition to directly inhibiting effector lymphocytes through inhibitory cytokines or
cytotoxic molecules, Tregs may also suppress immune responses by modulating APCs.
FoxP3 regulated cytotoxic T lymphocyte antigen 4 (CTLA-4) expression on Tregs can
downregulate the costimulatory molecules (CD80, CD86) on antigen-presenting cells to
suppress T cell activation [329, 330]. Besides suppressing the ability of APC to activate other
T cells, CTLA-4 can induce the production of IDO in APCs, which can degrade the essential
amino acid tryptophan leading to an inhibition of T cell proliferation [331]. In addition, IDOmediated degradation of tryptophan can generate toxic metabolites that induce apoptosis in
lymphocytes [332, 333]
Ectoenzymes like CD39 and CD73 preferentially expressed on the surfaces of Treg cells can
catalyse the generation of adenosine from the extracellular nucleotide ATP or ADP [334].
Adenosine inhibits effector T cell function through activation of the adenosine receptor 2A
[335]. Tregs harbour high levels of cyclic adenosine monophosphate (cAMP) which can
potently inhibit IL-2 synthesis and T cell proliferation [336].
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Figure 2.3: Basic mechanisms used by Treg cells: The various mechanisms used by
regulatory T cell are centred on four basic modes of action a) Inhibitory cytokines (IL-10,
TGF-β and IL-35), b) cytolysis, c) metabolic disruption and d) targeting dendritic cells.
(Source: Dario Vignali, Lauren Collison and Creg Workman, Nat. Rev. Immunol, Volume
8, 2008, 523-532)
2.7.3.3 Therapeutic targeting of Tregs
Current strategies to target Tregs in cancer include Treg depletion as well as a blockade of the
Treg immunosuppressive activity and migration. Treg depletion has been widely used to
restore the anti-tumor immunity and to improve the efficacy of vaccination and adoptive
cellular immunotherapy in cancer patients and tumor-bearing mice [337, 338]. Depletion
agents used in clinical and preclinical studies include low-dose chemotherapeutics and antiCD25 antibody (daclizumab) [339, 340]. However, current depletion strategies do not allow a
specific Treg targeting since CD25 is also expressed on activated conventional T cells
(Tcons) [339]. However, these approaches proved instrumental when Tregs significantly
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outnumber activated Tcons in the tumor microenvironment. Therefore, Treg depletion might
restore the activation, migration, proliferation and activity of remaining Tcons [337].
The high proliferation rate of Tregs makes them more sensitive to chemotherapy than
effector T cells [339]. Therefore, certain chemotherapeutic regimens have led to a selective
Treg depletion. Metronomic (low-dose) cyclophosphamide (CTX) administration has shown
to improve anti-tumor immunity and vaccination efficacy through Treg depletion [341].
Several groups showed that prophylactic Treg depletion with anti-CD25 mAb in mice
triggered the rejection of syngeneic tumors, although such treatment after the tumor
inoculation was less effective. However, tumor rejection was substantially facilitated when
the anti-CD25 mAb administration was combined with the DC vaccination, CTLA-4
blockade or glucocorticoid-induced TNFR-related protein (GITR) stimulation [340]. Since
CD25 is expressed not only on Tregs but also on activated CD4 and CD8 T cells, anti-CD25
therapy may entail concomitant deletion of effector T cells.
FoxP3 is a “master regulator” transcription factor of Treg development and function, the
vaccination against FoxP3 might lead to efficient Treg depletion, representing an interesting
approach to neutralize the tumor-associated immune suppression [342]. Similar to many other
markers, CTLA-4 expression is shared by regulatory and activated T cells [343]. There have
been some conflicting data on the specific role of CTLA-4 expression in either subset. Mice
with Treg-specific CTLA-4 knockout succumb to lympho-proliferation and autoimmune
diseases similar to FoxP3 deficiency [344]. Nude mice reconstituted with splenocytes with
CTLA-4-deficient Tregs showed an enhanced survival and decreased tumor growth as
compared to the recipients of control splenocytes [344]. On the other hand, it has been
demonstrated that although antibody-mediated CTLA-4 blockade on T effector cells
significantly improved the survival of mice with B16 melanoma, a specific blockade of
CTLA-4 expressed on Tregs alone had no antitumor effects [345]. The maximal prolongation
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of survival was achieved by concomitant CTLA-4 blockade in both regulatory and effector T
cells. In stage IV melanoma patients, the therapy with the anti-CTLA-4 antibody ipilimumab
reduced Treg numbers and restored TCR-dependent proliferation of effector T cells [346].
In mice, Tregs coexpress ectoenzymes CD39 and CD73 producing immunosuppressive
adenosine [347]. Over the last years, multiple studies implicated the adenosine production by
Treg in their inhibitory activity, and showed that targeting adenosine synthesis in vivo was a
promising strategy to diminish tumor-mediated immunosuppression [348, 349]. It has been
well documented that the deficiency or inhibition of adenosine production and signaling
significantly reduces the tumor growth by improving the anti-tumor immunity [348-352].
Thus, targeting adenosine production and signaling represents a promising strategy to restore
spontaneous T cell-mediated anti-tumor reactivity and to improve the efficacy of adoptive
cellular immunotherapy in cancer patients.
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3.1 Cell culture media
The cell culture media includes products that support the growth and maintenance of
mammalian cells and cell lines. Plain media was prepared by dissolving powdered RPMI1640 or IMDM or DMEM medium (Invitrogen Life-Technologies, Grand Island, N.Y.) along
with sodium bicarbonate (Sarabhai Chemicals, India) and if required HEPES buffer (Sigma
St. Louis, USA) in deionized water as per manufacturer’s instructions. The plain medium was
filtered by membrane filtration (0.45 μm, Millipore Co, USA), and was monitored for
sterility.
To prepare complete medium, plain RPMI/IMDM medium was supplemented with 10% heat
inactivated fetal bovine serum (FBS; Invitrogen Life Technologies, USA), penicillin (100
IU/ml; Alembic Chemicals India), streptomycin (100 mg/ml; Alembic chemicals India),
mycostatin (5 mg/ml; Sigma, USA), gentamycin (40mg/ml; Schering Corpn, India), LGlutamine (2mM, Hi-Media, India).
3.2 Maintenance of mammalian cells and cell lines
3.2.1 Passaging suspension cultures
For passaging suspension cells, the flasks were removed from the incubator. A small volume
of evenly distributed cells in the medium was taken from the culture flask to determine the
total number of cells and percent viability. According to the number of cells, volume of
media was calculated and added to dilute the culture according to recommended seeding
density. If needed, cell cultures were split into multiple flasks.
3.2.2. Passaging adherent cultures
The adherent cell lines were sub-cultured at 65-75% confluency. The cells were removed
from tissue culture flasks or plates by dissociation reagent PBS-trypsin (Sigma, USA; 0.3%
trypsin in 0.01M PBS pH 7.5, containing 0.02% EDTA, sterilized by Millipore filtration).
Briefly, cells were washed using plain medium gently without disturbing the cell layer. Wash
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solution was removed from the culture vessel and pre-warmed dissociation reagent was added
to it. When 90% cells have detached from the flask, cells were collected and washed with
plain medium before use. Cells were seeded at a density of 0.5x106 cells per 5 ml of complete
medium (containing 10% FCS) in 25 cm2 flasks or 60 mm plates.
Table 3.1 List of Cell lines:
Name

Type

Origin

Medium

AW13516

Adherent

Tongue

IMDM+10%FCS

AW8507

Adherent

Tongue

IMDM+10%FCS

AW9803

Adherent

Retromolar

IMDM+10%FCS

SSC40

Adherent

Tongue

α-MEM+10%FCS

SSC29B

Adherent

Buccal Mucosa

α-MEM+10%FCS

HEK293

Adherent

Human Embryonic Kidney Cells

DMEM+10%FCS

Jurkat

Non Adherent

T lymphocyte

RMPI+10%FCS

3.2.3. Cryopreservation of cell lines
Cultured cells in log-phase of growth with at least 90% viability were pelleted by
centrifugation at 1000 rpm. Cell pellet was resuspended in cold freezing medium of 10%
Dimethyl sulphoxide (DMSO) + 90% FBS. The Freezing mixture was added slowly and
drop-wise under constant mixing. 2-3x106 cells/ml of freezing mixture were dispensed into
sterile cryogenic storage vials (Nunc, Denmark) and stored for long term in liquid nitrogen.
3.2.4 Reviving of cells
Cryovials containing the frozen cells were removed from liquid nitrogen and immediately
placed in water bath at 37ºC. Cells were quickly thawed by gently swirling the vial in 37ºC
water bath. Cells were transferred to a centrifuge tube and pre warmed complete growth
medium was added drop-wise into the centrifuge tube containing thawed cells. Cell
suspension was washed twice and cell viability was checked using the vital dye trypan blue
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(Filter sterilized 0.4% trypan blue (Fluke AG, Buchs SG, Switzerland) in normal saline with
0.01% thiomersal (BDH Lab. Reagents, U.K)).
3.3 Antibodies and Conjugates
Table 3.2: List of Purified Antibodies:
Sr
No.
1

Purified antibody
CD3-ζ chain

Clone/catalog Source
No.
6B10.2
Santa Cruz Biotechnology,USA

2

CD3-ε

UCH-T1

Santa Cruz Biotechnology, USA

3

Caspase 3

8G10

Cell signaling technology, USA

4

OAS-2

W-16

Santa Cruz Biotechnology, USA

5

B-Actin

AC74

Sigma-Aldrich, USA

6

TNFR- I

F1A

R&D systems, USA

7

TNFR-II

1B

R&D systems, USA

8

NF-κB

D40E12

Cell signaling technology, USA

9

pNF-κB

93H1

Cell signaling technology, USA

10

p53

SC-55476

Santa Cruz Biotechnology,USA

11

DR5

D4E9

Cell signaling technology, USA

12

HSP 60

K19

Santa Cruz Biotechnology, USA

13

HSP 70

5G10

Santa Cruz Biotechnology, USA

14

HSP 90

68/Hsp90

BD Biosciences, USA

15

pSTAT3

4/P-STAT3

Cell signaling technology, USA

16

ZAP 70

LR

Santa Cruz Biotechnology, USA

17

Notch 1 intracellular domain

D1E11

Cell signaling technology, USA

18

Notch 2 intracellular domain

D76A6

Cell signaling technology, USA

19

SHC

ab15039

Abcam, USA

20

C/EBP alpha

D56F10

Cell signaling technology, USA

21

C/EBP beta

3092

Cell signaling technology, USA

22

Cox-2

N-20

Santa Cruz Biotechnology,USA

23

PDL-1

28-8

Abcam, USA

24

HIF 1 alpha

D2U3T

Cell signaling technology, USA

25

SDF 1 alpha

AF-310-NA

R & D Systems, USA
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26

MIP 3 alpha

AF30

R & D Systems, USA

27

IDO

D5J4E

Cell signaling technology, USA

28

GRAIL

M-17

Santa Cruz Biotechnology, USA

29

p56Lck

2102

Santa Cruz Biotechnology, USA

30

CD3

UCHT1

BD Pharmingen, USA

31

CD28

CD28.2

BD Pharmingen, USA

Table 3.3: List of conjugated Antibodies:
Sr No.

Conjugated antibody

Source

CD3-PE

Clone/catalog
No.
HIT3a

1
2

CD3-FITC

HIT3a

B D Biosciences, USA

3

CD3-PECF594

UCHT1

B D Biosciences, USA

4

CD3-PerCp5.5

UCHT1

B D Biosciences, USA

5

CD3-PE Cy7

UCHT1

B D Biosciences, USA

6

CD3-APC-H7

SK7

B D Biosciences, USA

7

CD4-PECF594

RPA-T4

B D Biosciences, USA

8

CD4-APC

RPA-T4

B D Biosciences, USA

9

CD8-FITC

HIT8a

B D Biosciences, USA

10

CD8-PB

HIT8a

B D Biosciences, USA

11

CD11b-AF488

ICRF44

B D Biosciences, USA

12

CD14-PerCp

M5E2

B D Biosciences, USA

13

CD15-PB

HI98

B D Biosciences, USA

14

CD16-PE

3G8

B D Biosciences, USA

15

CD25-PE

2A3

B D Biosciences, USA

16

CD25-PerCp5.5

M-A251

B D Biosciences, USA

17

CD25- PECy7

M-A251

B D Biosciences, USA

18

CD33-PECF594

WM53

B D Biosciences, USA

19

CD34-PE

581

B D Biosciences, USA

20

CD38-APC

HIT2

B D Biosciences, USA

21

CD68- APC

Y1/82A

B D Biosciences, USA
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22

CD66b-AF647

G10F5

B D Biosciences, USA

23

CD80-FITC

1610A1

B D Biosciences, USA

24

CD80-PE

1610A1

B D Biosciences, USA

25

CD124-PE

hIL4R-M57

B D Biosciences, USA

26

CD163-PE

GH1/61

B D Biosciences, USA

27

CD45RA-PECy5

HI100

B D Biosciences, USA

28

CD27-APC

M-T271

B D Biosciences, USA

29

GD-APC

B1

B D Biosciences, USA

30

GD-FITC

B1

B D Biosciences, USA

31

CD3-ζ-PE

6B10.2

Santa Cruz Biotechnology, USA

32

CD62L-APC

DREG-56

B D Biosciences, USA

33

pSTAT3- AF647

4/P-STAT34

B D Biosciences, USA

34

IL10-APC

JES3-19F1

B D Biosciences, USA

35

IL12-PE

20C2

B D Biosciences, USA

36

PDL1-PE

MIH1

B D Biosciences, USA

37

PDL2-APC

MIH18

B D Biosciences, USA

38

FOXP3-AF488

259D/C7

B D Biosciences, USA

39

CD127-V450

HIL-7R-M21

B D Biosciences, USA

40

CD127-APC

M-T271

B D Biosciences, USA

41

IL-17A-APC

N49-653

B D Biosciences, USA

42

IFN-γ-PECy7

4S.B3

B D Biosciences, USA

43

Perforin-FITC

δ-G9

B D Biosciences, USA

44

Granzyme-PE

GB11

B D Biosciences, USA

45

FasL-PE

NOK-1

Bio Legend, USA

46

CTLA 4-APC

L3D10

Bio Legend, USA

47

HLADR-PE

G46-6

B D Biosciences, USA

48

HLADR-APCH7

G46-6

B D Biosciences, USA

3.4 Study group
The study was approved by the Institutional Ethics Committee (ACTREC-IEC). As per
protocol, 5-15 ml peripheral blood from oral cancer patients (n=84) was collected in EDTAvacutainer prior to surgery. American cancer society TNM classification was used to classify
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patients and patients with Stage I- IV were included in the study. Surgically resected tumor
tissues (n=38) were obtained from oral cancer patients. Histopathological confirmation of the
Tumor stage /grade was done at the pathology department of ACTREC.

As controls,

peripheral blood was collected from healthy individuals (n=65) in EDTA-Vacutainer. The
biological samples were collected after obtaining informed consent from the patients and
healthy individuals.
Table 3.4 Patient demographics:
Clinical Parameters
Gender
Male
Female
Age (Yrs.)
Range (Mean)
Male
Female
TNM Stage
I
II
III
IV
Subsite
Buccal Mucosa
Tongue
Mandible
Others
(Lip, Floor of mouth, Alveolus, Retromolar)
Habit

Cases

No-Habit
Habit
NA( Details Not available)

07
73
04

Total

84

72
12
26-81 Yrs. (48.1)
41-81 Yrs. (54.9)
26-76 Yrs. (47.04)
07
14
09
54
47
17
09
11

3.5 Separation of peripheral blood mononuclear cells (PBMCs)
Mononuclear cells were separated from heparinized venous peripheral blood by FicollHypaque (FH, Sigma, U.S.A.) density gradient centrifugation. Briefly, peripheral blood
collected in EDTA-vacutainers (BD-bioscience) was diluted with equal volume of normal
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saline (0.85% NaCl in double distilled (dd) water). Diluted blood was loaded on FicollHypaque [24 parts of 9% Ficoll 400 (Sigma, USA) + 10 parts 33.3% sodium diatrizoate
(Sigma, USA), specific gravity adjusted to 1.077 ± 0.001] at 1:3 ratio. Culture tubes
containing FH with overlaid blood was centrifuged at 1,500 rpm for 20 mins at room
temperature (RT) using a swing-out rotor in Beckman centrifuge. Mononuclear cells were
collected from the interface between FH and plasma; cells were washed thrice with sterile
normal saline and viability was checked using trypan blue dye.
3.6 Separation of tumor infiltrating immune cells from surgically excised oral tumors
Tumors were collected in sterile plain RPMI (Invitrogen Life-Technology) medium
supplemented with antibiotics (8% PSGM). The necrotic, haemorrhagic and fatty tissues
were removed and tumor tissues were thoroughly washed with antibiotic containing plain
RPMI. The tumor tissues were minced finely and incubated in plain RPMI containing
enzyme mixture (0.05% collagenase, 0.02% DNase and 5U/ml hyaluronidase) (Sigma
Aldrich), at 37ºC for 2 hrs with intermittent shaking. The tumor tissue was then passed
through a 200-gauge wire mesh. The cells were washed with plain RPMI medium and were
tested for cell viability. Cells with more than 90% viability were used to carry out further
experiments.
3.7 Multi-colour flow cytometry
Flow cytometry was used to assess not only the frequency of cells present in complex
mixtures

but

also

quantitate

expression

of

cell-surface

proteins,

intracellular

phosphoproteins and cytokines as well as other functional readouts.
3.7.1 Staining protocol
PBMCs or tumor infiltrates or cultured cells (0.5-1x106) were rinsed in cold phosphate buffer
saline (PBS) and cold-fixed in 1% paraformaldehyde in PBS for 15 mins at 4 οC. The cells
were then washed and permeabilized for 15 mins with 0.1% saponin in PBS. 0.5-1x106 cells
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from peripheral blood/tumor tissue/culture cells were washed and resuspended in 50 μl of
0.1% saponin buffer and appropriate antibodies were added. Cells were further incubated for
30 min at 4°C in the dark. When purified/unconjugated antibodies were used, cells were
washed with FACS buffer and incubated with conjugated secondary antibody for an
additional 30 min at 4°C. After staining, all samples were washed in FACS buffer to remove
unbound antibodies and resuspended in FACS buffer. Samples were acquired on FACSAria®
or FACS Calibur flow cytometers (Becton Dickinson) and data was analysed using FlowJo
software.
3.7.2 Immunophenotyping of immune cell subsets
Frequencies of T helper, cytotoxic T, gamma delta T, regulatory T and myeloid derived
suppressor cells in peripheral blood mononuclear cells were compared between healthy
individuals and oral cancer patients. Also extent of infiltration of these cell types into the
tumor site was analysed using flow cytometry. Range of antibodies was used in multicolour
flow cytometry to characterize these cell types in peripheral blood and tumor tissue of oral
cancer patients. Following are the antibodies used to characterize different cell subsets. After
Staining cells were acquired using FACSAria flow cytometry (Becton Dickinson), and
50,000-100,000 live cells (events) were collected to obtain reliable data.
In case of human αβ T cells, cells were gated on the basis of their forward and side scatter
characteristics and the fluorescence intensity was measured. Purified αβ T cells which were
either unstimulated or stimulated with α-CD3/CD28 mAb in presence or absence of GSI-X
were stained. At different time points, cells were harvested and rinsed with cold phosphate
buffer saline (PBS) and cold-fixed in 1% paraformaldehyde in PBS for 10 mins at 4 οC. The
cells were then washed and permeabilized for 15 mins with 0.1% saponin in PBS and were
stained with CD3-ζ chain, CD25, CD69, CD71 and phospho-tyrosine (pY) antibodies (BD
Bioscience) for 45 min at 4 οC. In the case of Notch-1 intracellular domain (N1ICD) and
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Notch-2 intracellular domain (N2ICD) expression cells were stained with sheep α-human
N1ICD α-body and sheep α-human N2ICD (R&D Systems, Minneapolis, MN) for 45 min at
4 οC. Thereafter, cells were washed and incubated with FITC-labelled donkey α-sheep IgG
for another 45 min at 4 οC (Sigma-Aldrich). The data was acquired on the FACSAria flow
cytometer (BD Biosciences) with 50,000 events. Cells were analyzed using FlowJo software
(Tree Star, Ashland, OR) and expressed as median fluorescence intensity (MFI).
The different immune cell subsets were also analyzed for diverse functional markers like
CD3-ζ chain, perforin, granzyme B, PDL1, PDL2, CD124, CD34, CD38, IL-10, IL-12,
pSTAT3, CD27, CD45RA, CD62L, CCR4, CCR6, CCR7, CXCR4, TNFRI, TNFRII
Table 3.5 Antibody panel for Flow cytometry
Subset

Antibodies with fluorochromes

T Cells subsets

CD3-FITC, CD4-PECF594, CD8-PB, GD-APC

Regulatory T cells

CD4-PECF594, CD25-PE, CD127-APC, FoxP3-AF488

Myeloid-derived
Suppressor Cells

CD33-PECF594, CD11b-AF488, HLADR-APC-H7,
CD66b-AF647, CD15-PB, CD14-PerCP, CD16-PE

Tumor-associated
Macrophages

HLADR-APC-H7, CD80-FITC, CD68-APC, CD163- PE

Th17 Cells

CD3-PE, CD4-PECF594, IL17-APC, IFN-γ-PECy5

Tc17 Cells

CD3-PE, CD8-FITC, IL17-APC, IFN-γ-PECy5

FITC: Fluorescein isothiocyanate; PE: Phycoerythrin;
PerCP: Peridinin Chlorophyll Protein; APC: Allophycocyanin;
AF488: Alexa fluor 488; AF647: Alexa Fluor 647,
APC-Cy7: Tandem conjugate that combines APC and a cyanine dye (Cy7):
PE-Cy5: Tandem conjugate that combines phycoerythrin and a cyanine dye.
PerCP-Cy™5.5: Tandem conjugate that combines PerCP with a cyanine dye;

Chapter 3: Material and Methods

Page 85

PE-Cy7: Tandem conjugate that combines phycoerythrin and a cyanine dye (Cy7):
APC-H7: APC-cyanine tandem fluorochrome, which uses an analog of Cy7 and has similar
spectral properties to APC-Cy7;
PE-CF594: Tandem conjugate of PE and CF594, PB: Pacific Blue
3.8 Cell cycle analysis
For cell cycle analysis, a total of 1X106 αβ T cells were incubated in the 24-well culture plate
with α-CD3/CD28 mAb (5µg/ml, BD Biosciences) and recombinant IL-2 (rIL2, 10U/ml,
PeproTech, Rocky Hill, NJ) for 72 hrs. For experiments using GSI-X, cells were pre-treated
for 30 min at 37 οC with γ-secretase inhibitor-X, L-685,458 (GSI-X) (Calbiochem, La Jolla,
CA) at a concentration of 10μM. Similarly, 1 x 10 6 of αβ T cells were left in the medium
alone served as an unstimulated control. After 72 hrs, cells were harvested and fixed by
adding chilled 70% ethanol dropwise under constant vortexing. Cells were washed and
resuspended in 500 µl of PBS followed by addition of propidium iodide (PI) and RNase at a
concentration of 40 µg/ml and 10 µg/ml respectively. Cells were incubated at room
temperature for 30 mins and cell cycle was assessed on FACS Calibur flow cytometer and
analyzed using Modfit software.
3.9 Detection of apoptosis by Annexin V/PI staining
PBMCs (1x105) were left untreated or were stimulated with rh-OAS2 at different
concentration (6, 12, 24 ng/ml) for 24 hr at 37 °C in round bottomed 96 well plate (Nunc).
After 24 hr cells were harvested and washed with cold PBS and resuspended in 1X annexin
binding buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 0.25 mM CaCl2). Cells were then
stained with FITC conjugated Annexin V and propidium iodide (PI) for 15 mins at room
temperature in the dark. After incubation, 400 μl of annexin binding buffer was added and
acquired on FACS Calibur (BD Biosciences, USA).
The turnover of MDSCs was analyzed by staining the sorted cells with annexin V. Briefly,
sorted MDSCs were cultured in C/RPMI for 24 hr after that cells were harvested and washed
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with cold PBS and resuspended in 1X annexin binding buffer. Cells were then stained with
FITC conjugated Annexin V for 15 mins at room temperature in the dark. After incubation,
400μl of annexin binding buffer was added and acquired on FACS Calibur (BD Biosciences,
USA).
3.10 Estimation of intracellular ROS
The detection of ROS in cells was carried out using 2´,7´-dichlorofluorescein diacetate
(H2DCF-DA) dye. Briefly, H2DCF is a reduced form of fluorescein permeable H2DCF-DA
which passively diffuses into cells and upon cleavage of its diacetate moiety by intracellular
esterase is retained within the cytoplasm. Upon oxidation by ROS such as hydrogen peroxide,
hydroxyl radicals, and peroxy-nitrite, the non-fluorescent H2DCF is converted to highly
fluorescent 2´,7´-dichlorofluorescein (DCF), which can be detected by flow cytometry.
PBMCs (1x106) were washed with PBS and incubated with 4 μM H2DCF-DA at 37 oC and
5% CO2 for 30 mins. Cells were then washed and stimulated with TNF-α (20 ng/ml and
40ng/ml). Cells were acquired on FACS Calibur (BD, Biosciences, USA) at different time
points: 0, 3, 5, 10, 15, 20, 25, 30, 45, 60, and 90 mins. The data obtained was analyzed on
FlowJo software (Tree Star Inc., USA). In case of MDSCs, cells were sorted and were then
analyzed for the baseline ROS.
3.11 Intracellular Calcium release
Intracellular calcium release was estimated by flow cytometry using the fluorescent dye Fluo3-AM. It is an acetoxymethyl (AM) ester derivative, which is cleaved by non-specific
intracellular esterase, thus trapping Fluo-3 inside the cell. Fluo-3-AM is a non-fluorescent
compound, but upon binding to Ca2+ its fluorescence increases sharply and can be detected
by flow cytometry.
PBMCs obtained by FH density gradient centrifugation were washed with 1X PBS and
incubated with 5 μM fluo-3-AM for 30 mins at 37 oC with 5% CO2. Cells were washed with
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calcium estimation buffer (137 mM NaCl, 5 mM KCl, 1 mM Na2HPO4, 5 mM Glucose,
0.5 mM MgCl2, 10 mM HEPES, 1 mM CaCl2, 1 g/L BSA). Baseline fluorescence was
analyzed after which 5μg/ml of anti-CD3 mAb and 20 ng/ml TNF-α was added to the cells.
Cells stimulated with only anti-CD3 mAb were used as control for this experiment. Cells
were acquired on FACS Aria III (BD Biosciences, USA) for 5 mins and the data was
analysed using FlowJo (Tree Star Inc, USA). Separately, PBMCs obtained by FH density
gradient centrifugation were stimulated with 0.1% PHA at 37 oC and 5% CO2 for 2 hrs. Cells
were then washed and treated with TNF-α (20 ng/ml) at 37 oC and 5% CO2 for 24 hr. These
cells were then analyzed as described above.
In case of the αβ T cells, cells (1 × 106 cells/ml PBS) were loaded with 5 μM Fluo-3-AM
(Sigma–Aldrich, St. Louis, MO, USA) for 30 min at 37 °C. Cells were washed with calcium
estimation buffer and acquired on the flow cytometer (FACSAria, BD Biosciences) for 30 s
to determine the baseline fluorescence intensity in gamma secretase X (GSI-X) or untreated
cells. Soluble α-CD3/CD28 mAb (5 μg/ml) was used as stimulants and Fluo-3 fluorescence
intensity was measured immediately for up to 10 min in a continuous manner. Changes in
Fluo-3 intensity were analyzed by FlowJo software (Tree Star, Ashland, OR).
3.12 PHA stimulation of lymphocytes
The peripheral blood mononuclear cells (PBMCs) obtained from normal volunteer donors
have comparable levels of TNFR-I and TNFR-II. To simulate the in vivo situation of OSCC
patients, PBMCs were stimulated with 1% PHA for 2 hrs at 37oC to induce TNFR-I
expression. In some experiments the induction of TNFR-I by PHA was observed by staining
the cells with TNFR-I and TNFR-II antibodies. The cells with appropriate induction of
TNFR-I were used for further experiments to study the effect of TNF-α.
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3.13 Blocking TNF receptors
To study the role of TNF receptors in TNF-α mediated alteration in T cell signaling, blocking
experiments were carried out. The TNFR-I and TNFR-II receptors were blocked using 4
μg/ml of TNFR-I and TNFR-II antibodies respectively. The cells were then stimulated with
TNF-α (20 ng/ml) in presence of these respective antibodies for 24 hr. After 24 hr functional
readout of decreased CD3-ζ chain was observed using flow cytometry.
3.14 Cell separation
3.14.1 Immuno-magnetic purification of CD3+ T cells from PBMCs
PBMCs were isolated by differential density gradient centrifugation using Ficoll Hypaque
method (Sigma-Aldrich, St. Louis, MO). CD3+ T cells were purified from PBMCs using CD3
MicroBeads (Miltenyi Biotec, Bergish Gladbach Germany) by positive selection. The
separation procedure was conducted according to the manufacturer’s instructions.

Figure 3.1: Purity of sorted CD3+ T cells: a) shows the initial cell fraction that was used to
sort CD3+ T cells. The initial fraction of gated PBMCs was 71.6% positive for CD3 + T cells
b) Depicting the purity of CD3+ T cells isolated from the PBMCs. The enriched fraction
shows that the purity of sorted fraction 95.9%.
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Briefly, cells were washed with buffer containing degassed PBS with 0.5% BSA and 2 mM
EDTA. Supernatant was removed and cells were suspended in 80μl of buffer per total 10 7
cells. 20 μl of anti-CD3 microbeads were added per 107 total cells. Cells were mixed and
incubated for 15 min at 4 ºC. Cells were then washed by adding 10-20 times labelling volume
of buffer and centrifuged at 1000 rpm for 10 min. Supernatant was removed and cells were
suspended in 500 μl buffer for upto 108 cells. MS MACS column (for 107 cells) was placed in
magnetic field of MACS separator and pre-wetted thrice with 500μl of wash buffer. 500μl of
cell suspension was applied onto the column. Column was removed from the separator and
positively selected cells (CD3+ T cells) were collected by flushing the cells from the column
into 1 ml of buffer. The purity of separated cells was >95%, as determined by flow cytometry
(Fig. 3.1).
3.14.2 Immuno-magnetic purification of αβ T cells from peripheral blood mononuclear
cells
Heparinized peripheral blood samples were collected from healthy individuals. PBMCs were
isolated by differential density gradient centrifugation using Ficoll Hypaque method (SigmaAldrich, St. Louis, MO). γδ T cells were purified from PBMCs using MicroBeads (Miltenyi
Biotec, Bergish Gladbach, Germany) by positive selection. The negative fraction was used to
purify the CD3+ αβ T cells as described above. The separation procedure was conducted
according to the manufacturer’s instructions. The purity of separated cells was >95%, as
determined by flow cytometry (Fig. 3.2).
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Figure 3.2: Purity of αβ T cells isolated from PBMCs: The γδ T cells were positively
selected from the PBMCs and the negative fraction or flow through was used to separate the
αβ T cells. a) The fraction that is positively selected is enriched by 99.2 % of γδ T cells while
b) shows that the negative fraction that is depleted of γδ T cells and almost 100% cells are
negative for γδ TCR. The CD3+ T cells (representing αβ T cells) were isolated from the
negative fraction (as described in section 3.14.1.
3.14.3 Immuno-magnetic purification of Naïve CD4+ T cells from PBMCs
Naïve CD4+ T cells were isolated from PBMCs of healthy individuals using Naïve CD4+ T
Cell Isolation Kit II human (Miltenyi Biotec). The naïve CD4+ T cells are isolated by
depletion of non-T helper cells and memory CD4+ T cells. In first step the CD45RO+
memory cells and non-CD4+ T cells are indirectly magnetically labelled using a cocktail of
biotin conjugated antibodies against CD8, CD14, CD15, CD16, CD19, CD25, CD34, CD36,
CD45RO, CD56, CD123, TCRγδ, HLADR and CD235a. In second step, the anti-biotin
microbeads are added to the mixture. The labelled cells are subsequently depleted by
separation over a MACS® Column, which is placed in the magnetic field of a MACS
separator. The magnetically labelled non T helper cells and memory CD4+ T cells are
depleted by retaining them on a MACS column while the unlabelled naïve CD4 + T cells pass
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through the column. The purity of naïve CD4+ T cells was confirmed using flow cytometry.
The purity of separated cells was 95±5 % as determined by flow cytometry (Fig. 3.3).

Figure 3.3: Purity of naïve CD4+ T cells. The initial and sorted fractions of cells were
stained with CD4-PECF594 and CD45RA-PECy5 antibodies. The cells were gated on the
basis of forward and side scatter a) shows the initial population of CD4+ T (gated on CD4+ T
cells) was mixture of CD45RA Positive and negative cells. b) Shows that the isolated CD4+ T
cells are 94.5% CD45RA positive which is a marker for naïve CD4+ T cells.

3.14.4 Immuno-magnetic purification of Tregs from PBMCs
Regulatory T cells were isolated from PBMCs of healthy individuals using CD4+ CD25+
CD127dim/– Regulatory T Cell Isolation Kit II human (Miltenyi Biotec). The isolation of CD4+
CD25+ CD127dim/–

regulatory T cells is a two-step procedure. First, the non-CD4+ and

CD127high cells are indirectly magnetically labelled with a cocktail of biotin-conjugated
antibodies, as primary labelling reagent, and anti-biotin monoclonal antibodies conjugated to
MicroBeads, as secondary labelling reagent. The labelled cells are subsequently depleted by
separation over a MACS® column, which is placed in the magnetic field of a MACS
Separator. In the second step, CD4+ CD25+CD127dim/– regulatory T cells are directly labelled
with CD25 MicroBeads II and isolated by positive selection from the pre-enriched CD4+ T
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cell fraction by separation over a MACS column, which is placed in the magnetic field of a
MACS Separator. After removing the column from the magnetic field, the magnetically
retained CD4+ CD25+ CD127dim/– regulatory T cells can be eluted as the positively selected
cell fraction. The purity of regulatory T cells was confirmed using flow cytometry and the
purity of separated cells was >95% (Fig. 3.4).

Figure 3.4: Purification of Tregs from human peripheral blood. Tregs were isolated using
the CD4+CD25+CD127− Treg isolation kit II magnetic Microbeads method (Miltenyi Biotec).
The purity of human Tregs and phenotype expression was analyzed as follows: CD4 + T cells
were gated and analyzed for surface expression IL-2 receptor α chain (CD25) and for
intracellular expression of FoxP3. a) Typical FACS plot displaying the percentage of CD4+
CD25+ T cells (5.01%) in the pre-sort fraction of cells while b) shows the fraction of
CD4+CD25+ T cells after sorting and FACS plot confirms that purity of enriched cells is
94.2% c) shows the expression of FoxP3 in the sorted CD4+ T cells

3.14.5 Immuno-magnetic purification of MDSCs from PBMCs
MDSCs cells were purified from PBMCs using anti-HLADR microbeads and anti-CD33
microbeads (Miltenyi Biotech, Germany).
Magnetic labelling of cells with anti- HLADR microbeads; Cells were washed with buffer
containing degassed PBS with 0.5% BSA and 2 mM EDTA. Supernatant was removed and
cells were suspended in 80 μl of buffer per total 107 cells. 20 μl of anti- HLADR microbeads
were added per 107 total cells. Cells were mixed and incubated for 15 min at 4 ºC. Cells were
then washed by adding 10-20 times labelling volume of buffer and centrifuged at 1000 rpm
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for 10 min. Supernatant was removed and cells were suspended in 500 μl buffer for upto 10 8
cells.
Magnetic separation of positively selected cells: MS MACS column (for 107 cells) was
placed in magnetic field of MACS separator and pre-wetted thrice with 500 μl of wash
buffer. 500 μl of cell suspension was applied onto the wet column. Negatively selected cells
(HLADR- Cells) were collected separately as negative fraction. Column was removed from
the separator and positively selected cells (HLADR+ cells) were collected by flushing the
cells from the column into 1 ml of buffer.
Magnetic labelling of cells with anti-CD33 microbeads: The HLADR- cells collected above
were washed with buffer containing degassed PBS with 0.5% BSA and 2 mM EDTA.
Supernatant was removed and cells were suspended in 80 μl of buffer per total 107 cells. 20
μl of anti- CD33 microbeads were added per 107 total cells. Cells were mixed and incubated
for 15 min at 4 ºC. Cells were then washed by adding 10-20 times labelling volume of buffer
and centrifuged at 1000 rpm for 10 min. Supernatant was removed and cells were suspended
in 500 μl buffer for upto 108 cells.
Magnetic separation of positively selected cells: MS MACS column (for 107 cells) was
placed in magnetic field of MACS separator and pre-wetted thrice with 500μl of wash buffer.
500μl of cell suspension was applied onto the column. Negatively selected cells (CD33 - cells)
were collected separately as negative fraction. Column was removed from the separator and
positively selected cells (CD33+ cells or HLADR-CD33+) were collected by flushing the cells
from the column into 1 ml of buffer. The Purity of HLADR -CD33+ was determined by flow
cytometry and the purity of cells was 90±5% (Fig. 3.5).
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Figure 3.5: Strategy to isolate the MDSCs from the PBMCs: The HLADR- cells are
constituted of three populations when plotted for the CD33 and CD11b fluorescence i.e.;
HLADR-CD33-CD11b-(LL quadrant), HLADR-CD11b+CD33- (UL quadrant) and HLADRCD33+CD11b+ (UR quadrant). CD11b marker is either present alone or is co-expressed with
CD33 generating two different populations. Hence CD33 was used to sort HLADR CD33+CD11b+; representing MDSCs. a) Shows the distribution of HLADR expression in
PBMCs while b) shows the initial population of HLADR -CD11b+CD33- along with other
cells representing HLADR- cells. c) Shows the purity of sorted cells which are CD33 positive
but HLADR negative. The graph shows the purity of cells (97.7%).

3.14.5.1 Wright stain and microscopy
For wright stain, the immuno-magnetically sorted MDSCs (as described in section 3.14.5)
were streaked across a sterile slide using cytospin centrifuge. The concentrated cells were
fixed by chilled acetone and air dried. Then cells were smeared with 1.0 ml of the Wright
stain solution for 1–3 mins. After staining, cells were washed with 2.0 ml distilled water or
Phosphate buffer pH 6.5 and kept stand ing for 2-6 mins. Stained smear was further washed
with water or the Phosphate buffer pH 6.5 until the edges become faintly pinkish-red.
Morphology of the stained cells was analyzed under inverted microscope (Fig. 3.6).
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Figure 3.6: Morphology of immuno-magnetically sorted HLADR-CD33+CD11b+
MDSCs: The sorted MDSCs were stained with wright stain and analyzed under inverted
Microscope. The cells appeared as large polymorphonuclear cells suggestive of their
promyelocyte nature. The morphology of MDSCs isolated from two different individuals is
shown (10X).
3.14.5.2 Image stream flow cytometry
The immuno-magnetically sorted MDSCs were stained for the HLADR, CD33 and CD11b
antibodies and analyzed under Image stream flow cytometry for their purity. Briefly, 2x10 5
cells were washed and incubated with the cocktail of antibodies at 4 οC for 45 mins. After
that, cells were washed and resuspended in 50 μl of buffer in an eppendorf tube and analyzed
by Image Stream flow cytometry using INSPIRE software (Fig. 3.7).

Figure 3.7: Image Stream Imaging showing the purity of sorted MDSCs: Magnetic
sorted MDSCs were stained with HLADR-PE, CD33-PECF594 and CD11b-FITC. Images of
stained cells were captured using ImageStream®X Mark II Imaging Flow cytometer
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3.15 Proliferation assays
3.15.1 Lymphocyte proliferation assay by dye dilution method
Carboxyfluorescein succinimidyl ester (CFSE) staining of PBMC was conducted according
to the manufacturer's instructions (Invitrogen). Briefly, 5 X 106 PBMCs were incubated in IX
PBS containing 5% FBS with 4 μM CSFE for 15 mins at room temperature and then washed
2 times with RPMI medium containing 10% FBS. Labelled cells (5x104 cells/well) were
incubated in the presence or absence of 5 μg/mL anti-CD3 antibody and 5 μg/mL anti-CD28
antibody (eBioscience) in a 96-well flat bottom plate. After 5 days of stimulation, harvested
cells were stained with anti-CD3, anti-CD4, anti-CD8, anti-CD3-ζ chain, anti-CD62L
antibodies.
3.15.2 Lymphocyte proliferation using Tritiated thymidine incorporation assay
Proliferation of PBMCs (OSCC patients and HIs) and αβ T cells were assayed using 3Hthymidine (3H TdR) uptake. For PBMCs, a total of 1X105 cells were incubated in roundbottom 96-well tissue culture plates with 1% PHA or 5 μg/ml α-CD3 and rIL-2 (10 IU/ml,
PeproTech) for 72 hrs. The cultures were pulsed with 0.5 μCi [3H] thymidine/well (Board of
Radiation and Isotope Technology, Mumbai) during the last 18 hrs of the assay.
For monitoring the proliferation of αβ T cells using 3H-Thymidine (3H TdR) uptake assay, a
total of 5X104 αβ T cells were incubated in round-bottom 96-well tissue culture plates with αCD3 and CD28 mAb (1 µg/ml, BD Biosciences) and rIL2 (10 U/ml, PeproTech) for 72 h.
These cells were pre-treated for 30 min at 37 °C with γ-secretase inhibitor-X, L-685,458
(GSI-X) (Calbiochem, La Jolla, CA) at a concentration of 10 μM, 5 μM, 2.5 μM, and 1.25
μM or left untreated, before stimulation. The cultures were pulsed with 0.5 μCi [3H]
thymidine (Board of Radiation and Isotope Technology, Mumbai) during the last 18 hrs of
the assay. After 72 hrs in culture, were harvested onto glass-fiber filter paper (Titertek,
Norway) using a cell harvester (Titertek, Norway). The filter paper was dried at 50 ºC and
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each disc corresponding to a single well was placed in 3 ml of scintillation fluid (0.5 g PPO, 7
g POPOP in 1 litre Toluene). The radioactivity incorporated in the DNA was measured in a
liquid scintillation counter (Packard, Meriden, CT) as counts per minute (cpm).
3.16 Mass spectroscopy (LC-MS/MS)
The cell free supernatant (1 ml) from surgically excised oral tumors, oral cancer cells lines
AW8501, AW13516 [353] and medium alone (control) were lyophilized. The dried samples
were dissolved in 0.5 ml of ammonium bicarbonate buffer (0.1 M, pH 8.5) and the samples
were concentrated on a centricon (3kDa cut-off membrane). Samples were dried in a
lyophiliser overnight and the dried samples were dissolved in dissolution buffer supplied with
i-TRAQ (Applied biosystem) kit. Samples were digested with trypsin according to the
manufacturer’s protocol and the samples were labelled with the i-TRAQ reagents 114, 115,
116, and 117. Tryptic peptides of media control were labelled with 114, AW8501 peptides
with 115, AW13516 peptides with 116 and finally tumor supernatants tryptic peptides with
117. Samples were pooled and dried in speed-vac. The dried samples were fractionated on
strong cat-ion exchange chromatography and fractions were collected using salt gradient.
Each of these fractions were analysed using LC/MS/MS on QSTAR XL mass spectrometer.
By differential labelling, peptides labelled with isotope 117 (3-fold excess) were selected and
a Mascot analysis on them was done to identify the peptide and the protein from which the
peptide was derived (this work was done in the Laboratory of Dr. Kanury Rao, ICGEB, New
Delhi as part of a collaborative project).
3.17 Caspase 3 detection by fluorimetry
The caspase 3 fluorimetric assay is based on the hydrolysis of the peptide substrate acetylAsp-Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVD-AMC) by caspase3, resulting in
the release of the fluorescent 7-amino-4-methylcoumarin (AMC) moiety. The excitation and
emission wavelengths of AMC are 360 nm and 460 nm, respectively.
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PBMCs (1x 106) were stimulated with different concentrations of rh-OAS2 (6 and 12 ng/ml)
or tumor supernatant (1:1) or hydrogen peroxide (H202) for 24 hr. After 24 hr, cells were
washed in PBS, lysed in ice cold caspase lysis buffer for 30 mins and the lysate was collected
after centrifugation. In another set of experiment, PBMCs from HI obtained by FH density
gradient centrifugation were stimulated with 0.1% PHA at 37 oC and 5% CO2 for 2 hrs. Cells
were then washed and treated with TNF-α (40 ng/ml) at 37oC and 5% CO2 for 24 hr and 48
hr. Untreated cells were used as a control for this experiment. The cells were lysed by using
the lysis buffer supplied in the kit and protein lysate obtained was used to quantitate the
caspase activation induced by different treatments. The caspase enzymatic reaction was
carried according to the manufacturer’s instruction (Caspase-3 assay kit, Fluorimetric
CASP3F, sigma, USA). The reaction was set up as follows:
Table 3.6: Caspase 3 enzymatic reaction
Tubes

1X

Reagent Blank
Caspase

3

assay Caspase

3 Cell

Reaction

buffer

(0.5μg/ml)

lysate

Mixture

5 μl

-

-

200 μl

5 μl

-

200 μl

positive -

control
Untreated cells

-

-

5 μl

200 μl

TNF-α treated cells

-

-

5 μl

200 μl

The rate of fluorescence generated was measured using a Synergy II microplate reader (BioTek Instruments, Winooski, VT, USA) and caspase 3 activity in nmoles of AMC released per
minute per ml of cell lysate was calculated based on the formula:
Activity, nmol AMC/min/ml= nmol AMC x d / TxV
Where: V=Volume of sample in ml, d= dilution factor and T=reaction time in mins.
The concentration of the AMC released was calculated from a standard curve determined
with defined AMC solutions

Chapter 3: Material and Methods

Page 99

3.18 Western blotting
3.18.1. Key reagents for western blotting
Composition of 2X SDS buffer (10 ml)
1M Tris HCL (pH 6.8)
10% SDS
Glycerol
β-mercaptoethanol (2ME)
Bromophenol blue
Double distilled water

1.6 ml
4 ml
2 ml
1 ml
4 mg
1.4 ml

SDS Lysis Buffer (1 ml)
2X SDS buffer:
500 μl
Double distilled water
390 μl
1M dithiothritol (DTT)
50 μl
Phenylmethylsulfonyl fluoride (PMSF) (50 mM)
10 μl
Sodium flouride (0.5 M)
10 μl
Sodium Orthovanadate (0.5 M)
10 μl
Aprotinin (2 mg/ml)
10 μl
Leupeptin (2 mg/ml)
10 μl
Pepstatin (2 mg/ml)
10 μl
Lysis buffer was aliquoted and stored at -20°C for up to a year
Running Buffer: Tris/Glycine/SDS (1000 ml)
25mM Tris
3.0285 gm
190mM glycine 14.26 gm
0.1%SDS
1 gm
Transfer Buffer: 1000 ml
25mM Tris
3.0285 gm
190mM glycine 14.26 gm
20% methanol 200 ml
Ponceau S Staining Buffer (100 ml)
0.2% (W/V) Ponceau S 200 mg
5% glacial acetic acid
5 ml
Double distilled Water 95 ml
Tris-buffered saline with Tween 20 (TBST) buffer (1000 ml)
20mM Tris pH 7.5 2.4228 gm
150mM NaCl
1.1688 gm
0.1% Tween

1 ml
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Blocking buffer
5% non-fat dried milk in TBST or 5% bovine serum albumin (BSA) in TBST
Nitrocellulose Membrane
Stripping Buffer
2% SDS (10% SDS)

20 ml

0.5 M Tris-HCl

12.5 ml

Double distilled water

67.5 ml

Beta-mercaptoethanol

0.8 ml

Table 3.7: Resolving and Stacking gel components

Double distilled water
30% Bis-acrylamide mixture
1.5M Tris-HCl (pH 8.8)
0.5M Tris-HCl (pH6.8)
10% SDS
10% ammonium per sulfate
TEMED

10% Resolving gel
8ml
3.2 ml
2.67 ml
2 ml
80 μl
80 μl
08 μl

5% Stacking gel
5ml
2.6 ml
1 ml
1.25 ml
50 μl
50 μl
05 μl

3.20.2 Cell lysate preparation
Cells were washed with ice cold 0.01 M PBS (PH 7.5) and lysed in SDS lysis buffer. Briefly,
to the cell pellet of 1x 106 cells, 30 μl of SDS lysis buffer was added; cells were resuspended
by vortexing and boiled for 10 mins at 100 oC. The lysates were loaded immediately or stored
at 80 ºC. In case of frozen lysate, the samples were boiled once again at 100 ºC for 5 mins
and then loaded.
3.18.3 Protein separation by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)
Equal amounts of protein lysate were separated on SDS PAGE and the gel was run at 120 V
for 1-2 hrs. The selection of gel percentage was dependent on the size of protein of interest.
8-15% gels were used to separate the protein of interests.
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3.18.4 Transfer of proteins from the gel to the membrane
Gel was placed in 1x transfer buffer for 3-5 mins after separation of proteins under reducing
conditions. The transfer sandwich was assembled with blot on the cathode and gel on the
anode. The separated proteins were electrophoretically transferred onto mdi nitrocellulose
membrane (Advanced microdevices Pvt. Ltd., India) at RT for 1-2 hrs at a voltage of 100V
using the vertical transfer apparatus (Biorad). The membrane containing the standard
molecular weight marker along with protein lysates was stained with Ponceau S stain to
visualize the protein bands and transfer quality. Membrane was washed with 1X TBST and
blocked with 5% skimmed milk or BSA prepared in 1X TBST for 1hr at RT. The membranes
were then probed with the appropriate concentration of the primary antibody (dilution buffer
used was 3% BSA) and incubated overnight at 4 ºC. After washings, the membranes were
incubated with the appropriate secondary antibody conjugated to horseradish peroxidase
(HRPO) diluted in the dilution buffer for 1 hr at RT. After washing off the excess of the
secondary antibody, the protein bands were detected by enhanced chemiluminescence (ECL
Plus; Amersham, U.K.) detection kit.
3.19 Real time polymerase chain reaction (RT-PCR)
3.19.1 Extraction of RNA
Oral tumor tissue or oral tumor derived cell lines or myeloid derived suppressor cells were
stored at –80 ºC in TRIzol (Invitrogen Life-Technologies, N.Y.) in a ratio of 1X106 cells/100
μl TRIzol solution until further use. At the time of RNA extraction, chloroform was added to
make 1:5 ratio of chloroform: TRIzol (e.g. 20 μl choloroform in 100 μl TRIzol) mixed and
centrifuged at 10,000 rpm for 15 mins at 4 oC and the upper aqueous phase was collected and
treated with chilled isopropyl alcohol (Qualigens, India) half the volume of TRIzol, mixed
gently for 10 m and centrifuged at 10,000 rpm for 10 mins at 4 oC. The pellet obtained was
washed with 75% ethanol and centrifuged at 10,000 rpm for 5 mins. The pellet was air dried
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and dissolved in appropriate volume of DEPC (Sigma)-treated water. Optical density (O.D.)
readings were taken for quantitation of RNA by NanoDrop spectrophotometer (Thermo
Scientific, DE). The RNA was run on a 1.5% agarose gel containing ethidium bromide to
confirm its purity and integrity. In case of surgically excised oral tumors, tumors were
collected and minced in double strength medium. Minced tumor tissues were weighed and
collected in a tube containing TRIzol reagent (approx. 100 mg in 1 ml of the reagent). This
was followed by homogenization and RNA was extracted as described above.
3.19.2 Complementary DNA (cDNA) synthesis by reverse transcription
Total RNA from the cells was used for first strand cDNA synthesis using oligo dT primers or
cDNA synthesis kit (Invitrogen Life-Technologies, N.Y.). 2 μg of RNA with its volume
adjusted to 10 μl using DEPC treated water was reverse transcribed. Oligo dT primers (1 μl)
and dNTPs (1μl 10 mM) were added to RNA and heated at 65 ºC for 10 min and then chilled
on ice for 10 min. To 1st strand mixture, the following components were added on ice.
Component

Volume

5X 1st strand buffer
0.1 M DTT
RNase inhibitor
Murine Moloney Leukemia Virus reverse transcriptase enzyme (200 U/μl)
RNAase Inhibitor

4 μl
2 μl
1 μl
1 μl
1 μl

This total mixture was gently mixed and incubated at 37 ºC for 60 min in PTC-100™
Programmable Thermal Controller (MJ Research Inc.) and the reaction was terminated by
heating the mixture at 70 ºC for 15 mins. The cDNA was stored at -20 oC until for further use.
3.19.3 Semi-quantitative PCR
RNA extracted from oral tumor, cell lines or αβ T cells was reverse transcribed into cDNA.
This cDNA from oral tumor was used to measure oligoadenylate synthetase 2 (OAS2) and
GAPDH (loading control) mRNA expression. In case of αβ T cells, cDNA was used to
measure the levels of CD3-ζ chain, ELF1 and β-actin (loading control) mRNA expression.
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100 ng of cDNA template was used and amplified using 50 mM MgCl2, 1X PCR Buffer, 10
mM dNTPs, 2.5 units of Taq polymerase and 20 Pico-moles of each primer (Sweden).
Table 3.8: List and Sequence of the primers used
Gene Name

Primers

OAS2 Forward

5′-TTAAATGATAATCCCAGCCCC-3′

OAS2 Reverse

5′-TCAGCGAGGCCAGTAATCTT-3′

ELF1 Forward

5-ATGGCTGCTGTTGTCCAAC-3’

ELF1 Reverse

5’-CCTGAGTGCTCTTCCCAT-3’

CD3-ζ chain Forward 5’-TCAGCCTCTGCCTCCCAGCCTCTTTCT-3’
CD3-ζ chain Reverse

5’-ATGCTTCATCCTGTGTCTCATAATCTG-3’

GAPDH Forward

5’-CATCTCTGCCCCCTCTGCTGA-3’

GAPDH Reverse

5’-TCCGACACCCGTTCCAGTAGG-3’

β-actin Forward

5’-ACACTGTCCCATCTACGAGG-3’

β-actin Reverse

5’-AGGGGCCGGACTCGTCATACT-3’

3.19.4 Real Time PCR
RNA was extracted from immuno-magnetically purified αβ T cells and MDSCs using Trizol
reagent (Invitrogen Life Technologies, N.Y) and reverse transcribed to cDNA as per
company’s instructions. The cDNA of αβ T cells and MDSCs was used to quantitate different
target genes using RT-PCR. Reaction mixture used for Real time PCR is as:
Component

Volume

10 ng cDNA+ DEPC water 2.25 μl
Primer probe mixture
0.25 μl
Master-mix
2.5 μl
Quantitative RT-PCR for different genes was performed with PRISM 7700 (PE Applied
Biosystems, Foster City, CA). Samples were analyzed using TaqMan primer sets purchased
from Applied Biosystems (TLR2 Hs00152932_m1, TLR3 Hs00152933_m1, TLR4
Hs00370853_m1, TLR9 Hs00152973_m1, TGF-β2 Hs00234244_m1, IL6 Hs00985639,
IL23A Hs00372324_m1, IL1β Hs01555410_m1, RORC Hs01076112_m1, STAT3
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Hs01047580_m1, Cox-2 Hs00153133_m1 Arg Hs00968979_m1, iNOS Hs01075529_m1,
NOTCH-1 Hs01062011_m1, NOTCH-2 Hs01050719_m1, NOTCH-3 Hs01128541_m1,
NOTCH-4 Hs00270200_m1, DLL1 Hs00194509_m1, DLL3 Hs00213561_m1, DLL4
Hs00184092_m1, JAG1 Hs01070036_m1, JAG2 Hs00171432_m1, HES1 Hs00172878_m1,
NF-κB Hs00765730_m1, DTX1 Hs00269995_m1, NRARP Hs01104102_m1, ACTB [βactin] Hs99999903_m1). All values were normalized to the expression of the housekeeping
gene β-actin.
3.20 Confocal microscopy
AW13516 and SSC29B tumor cells were plated on a glass slide; these cells were rinsed in
cold phosphate buffered saline (PBS) and fixed in 1% paraformaldehyde in PBS for 10 min at
4 ºC. The cells were washed and permeabilized for 15 min with 0.1% saponin in PBS. Cells
were stained with mouse goat anti-human MIP-3α (3μg) and SDF-1α (3μg) antibodies for 45
m at 4 °C. Thereafter, cells were washed and incubated with AF488-labeled Rabbit anti-goat
IgG for another 45 mins at 4°C. For nuclear staining, 6’4’ diamino-2-phenylindole (DAPI)
(Sigma Aldrich) was used. The samples were visualized on Laser-Scanning Microscope and
analyzed by ImageJ software (National Institutes of Health, Bethesda, MD).
2.21 Small interfering RNA
PBMCs or CD3+ T cells isolated by MACS column (as described above in section 3.14.1)
were transfected with small interfering RNA (siRNA) specific for Caspase-3 gene and
fluorescent oligonucleotide control siRNA (transfection indicator) (Cell signaling
Technology,USA), Waltan, USA). siRNA oligos were transfected at a concentration of 100
nM using X-treme GENE HP transfection reagent (Roche Diagnostics, Indianapolis, IN). The
inhibition of caspase-3 expression was assessed at 60 hrs post transfection. Briefly 2x105
cells per well were seeded in 24 well plate in 400 μL media supplemented with 10% FBS.
Then siRNA duplex was diluted in the 50 μL of transfection media (Opti-MEM® I reduced
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serum medium) (Invitrogen Life Technologies, Inc., Gaithersburg, MD) such that each well
gets the optimal level of siRNA (3 μl corresponding to 100 nM). 6 μL of transfection reagent
was gently mixed with 50 μL of transfection media (Opti-MEM) and incubated for 5 mins.
After 5 mins both the solutions were combined and incubated at room temperature for 30
mins to allow the complex to form. Then mixed gently and overlaid the mixture onto the
cells. Cells were incubated for 48 hr and monitored for siGLO by flow-cytometry for
transfection efficiency (70±5%).
3.22 Cloning and Transfection
To establish a HEK293 cell line with overexpressed OAS2, OAS2 coding sequence (CDS)
present in pCMV-sports 6.1 vector was amplified by PCR using forward primer containing
Pme1 restriction site and reverse primer containing Sal1 restriction site (Fig. 3.8a). The PCR
product (2 kb) was gel purified and by TA cloning inserted into pTZ57R/T vector. The
pTZ57R/t vector was digested with EcoR1 and Sal1 to release the OAS2 CDS which was
purified and cloned into EcoR1 and Sal1 digested pEGFP-N2 vector.
The pEGF-N2 vector containing OAS2 was probed for OAS2 addition using OAS2 forward
primer and GFP reverse primer. The PCR product indicates that certain colonies are positive
for OAS2 (Fig. 3.8b). Lane 5 vector was sequenced and sequence confirmed the inframe
addition of OAS2 gene with GFP present in pEGFP-N2 vector (Fig. 3.9). Further
overexpression of OAS2 gene in HEK293 cells was confirmed by semi-quantitative PCR,
western blotting and flow cytometry. The OAS2 encoding Vector was a transfected into
HEK293 X-treme GENE HP transfection reagent (Roche Diagnostics, Indianapolis, IN).
After 24 hr the culture media was removed and were supplemented with fresh medium. After
72 hrs post transfection, the cell free supernatant was collected which was later used to treat
the PBMCs to monitor the CD3-ζ chain downregulation.
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Figure 3.8: Cloning of OAS2 CDS into the GFP expressing Vector: a) Shows the PCR
product of OAS2 (2 kb) amplified from pCMV-sport 6 vector encoding OAS2. The OAS2
gene was amplified at different annealing temperatures (52-61oC). The OAS2 PCR product
was gel purified and subsequently cloned into pTZ57R/T vector. This vector was released by
restriction digestion and ligated in the pEGF-N2 vector. b) Shows the PCR product of OAS2
and GFP amplified using OAS2 forward primer and GFP reverse primer from vectors
obtained from different bacterial colonies. Lane 1, 4, and 5 shows the inframe addition of
OAS2 with GFP

Figure 3.9: Sequence of the OAS2 gene inserted in the p-EGF-N2 vector. The Vector
from Lane 5 was purified and sequenced to show the presence of OAS2 gene in the vector.
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3.23 MDSCs suppression assay using autologous mixed leukocyte reaction
For the T cell–proliferation assay, fresh immuno-magnetically sorted HLA-DRCD33+CD11b+ MDSCs were cocultured with autologous CD3+ T cells for 5 days. Briefly, T
cells (100,000/well) were labelled with CFSE (Invitrogen, Molecular Probes) at a final
concentration of 1 mM for 10 mins at 37°C. Cells were washed three times with ice-cold
complete RPMI 1640 and stimulated with anti-CD3/CD28 microbeads (Miltenyi Biotec.), 1
bead per cell in a 96-well round-bottom plate. These CFSE labelled cells were either cultured
in absence of MDSCs or at different ratios of MDSCs 50,000 (1:2), 25,000 (1:4), or 12,500
(1:8). After 5 days, cells were harvested, stained with anti-CD3, anti-CD4, anti-CD8, antiTCR-ζ, anti-CD62L antibodies (all from BD Bioscience). The change in CFSE signal of
gated CD3+ T cells was measured as fluorescence intensity by flow cytometry. The
expression of CD3-ζ chain and CD62L was also observed on the gated T cell subsets. Cell
free supernatant were also collected which were probed for IFN-γ cytokine by ELISA
described later.
3.24 Treg induction protocol
The 40-60 ml of blood was withdrawn from the healthy individuals. PBMCs were separated
by ficoll hypaque density gradient centrifugation. Cells collected from the interface were
washed twice with normal saline and then resuspended in RPMI for counting on a
haemocytometer. The naïve CD4+ T cells were obtained as described above (section 3.14.3).
For Treg differentiation, naïve CD4+ T cells (1x 105 cells) were stimulated with CD3/CD28
microbeads (1 bead per 1 cells), TGF-β (20ng/ml) and IL-2 (100U/ml) for 4 days [354]. On
day 4 cells were washed and media was aspirated. Cells were resuspended in FACS buffer
and cocktail of antibodies (CD4, CD25, and FoxP3) was added to visualize the Treg
differentiation.
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3.25 Myeloid derived suppressor cells and Naïve CD4+ T cells co-culture in Treg
polarizing condition
The MDSC and naïve CD4+ T cells were sorted as described above (section 3.14.5 and
3.14.3 respectively). 1x105 naïve CD4+ T cells were cultured in complete RPMI
supplemented with 10% human AB-serum and activated by T-cell activation/expansion beads
(Miltenyi Biotech), TGF-β (20 ng/ml) and IL-2 (100 U/ml). MDSCs were added at different
ratios (1:1 and 1:2) to these naïve CD4+ T cells. After 4 days of co-culturing, the cells were
stained for CD4, CD25, and FoxP3 to monitor Treg differentiation in presence of different
ratios of MDSCs.
3.26 Th17 differentiation Protocol
For Th17 differentiation naïve CD4+ T cells were stimulated with CD3/CD28 microbeads (1
bead per 1 cells), IL-6 (50 ng/ml), IL-1β (20 ng/ml), IL-23 (10 ng/ml) for 7 days [355, 356].
On day 7, cells were washed for 10 mins and media was aspirated. Cells were resuspended in
FACS buffer and cocktail of antibodies (CD3, CD4, IL17 and IFN-γ) was added to visualize
the TH17 differentiation (Fig. 3.10).
3.27 Myeloid derived suppressor cells and Naïve CD4+ T cells co-culture in presence of
α-CD3/CD28 microbeads
The MDSCs and naïve CD4+ T cells were sorted as immuno-magnetically as described above
(section 3.14.5 and 3.14.3 respectively). 1x105 Naïve CD4+ T cells were cultured in
complete RPMI supplemented with 10% human AB-serum and activated by T-cell
activation/expansion beads (1 bead per 1 cell, Miltenyi Biotec.), without TGF-β and IL-2.
MDSCs were added at different ratios (1:1 and 1:2) to these naïve CD4 + T cells. After 7 days
of co-culturing, the cells were stained for CD3, CD4, IL17 and IFN-γ to monitor TH1 and
Th17 differentiation in presence of MDSCs at different ratios.
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Figure 3.10: TH17 differentiation in presence of IL-6, IL-1β and IL-23. a) Naïve CD4+ T
cells were isolated and cultured for 7 days with α-CD3/CD28 microbeads in the presence or
absence cytokines (IL-6 50 ng/ml, IL-1β 20 ng/ml and IL-23 10ng/ml). The frequency of
CD4+ IL17A+ T cells was determined after 7th day. Representative contour plots depict that in
presence of cytokines generation of CD4+IL17A+ T cells is high while b) shows the effect of
same cytokines on the generation of CD4+IFN-γ+ T cells.

3.28 Stimulation of MDSC with recombinant human interleukin 6 (IL-6)
MDSCs were sorted as described above and the sorted MDSCs (1x106) were stimulated with
IL-6 (25 and 50ng/ml) for 24 hr in a 24 well plate. After 24 hr cells were harvested, protein
lysate was prepared as described above (section 3.18.2). The protein lysate was later probed
using antibodies for PDL1, Cox-2, C/EBPα, C/EBPβ, IL-10, pSTAT3 and β-actin (loading
control). The unstimulated MDSCs served as control for the experiment
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3.29 In vitro migration of Tregs
The Tregs were isolated as described above (section 3.14.4) and were stimulated with αCD3/CD28 (5 μg/ml) and TGF-β (20 ng/ml) for 24 hr to induce the expression of CCR6 and
CXCR4 to mimic the in vivo situation. Migration of Tregs with induced CCR6 and CXCR4
cells was assayed using 24 transwell well plate (Costar) carrying 8.0 μm millicell transwell
inserts. Tregs (5x104), cultured in 24 well plates were washed and placed in the transwell
filter with 100 μl medium in the upper chamber. In the lower chamber of the plate 600μl
RPMI (without serum) was added. Recombinant MIP-3α (200 ng/ml) or SDF-1α (200 ng/ml)
was added to few well in the lower chamber. After 6 hrs of incubation, migrated cells from
lower chamber were counted using haemocytometer. For blocking experiments, neutralizing
antibodies were used at a concentration of 10 μg/ml. Number of cells migrated was calculated
and were represented as chemotactic index. Chemotactic index represents the ratio of cells
migrated in the presence of chemokines to the cells migrated spontaneously with medium
alone. Assays were performed in triplicates.
3.30 Estimation of cytokines
The cytokines were estimated in the cell free supernatant and serum samples. Serum samples
were collected from HI and OC patients and stored at -80 ºC. While cell free supernatants
were collected either from the coculture assays or from the sorted MDSCs cultured for 24 hr
in medium. Like serum samples, the cell free supernatants were stored at -80 ºC. Cytokines
levels were measured by the following two ways.
3.30.1 Cytometric bead array (CBA)
Cytokines (TH1/TH2/TH17 and inflammatory) and chemokines were quantitated in the
serum samples and supernatants of MDSCs by Cytometric bead array kit (BD Pharmingen).
Cytokines were determined in the test samples according to the manufacturer’s instructions.
Briefly, test samples (50 μl) and PE detection antibody were incubated with capture bead
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reagent for 3 hrs in the dark at room temperature. All unbound antibodies are washed (1.0 ml
wash buffer), re-suspended in 300 μl of buffer before acquisition on BD FACS Aria
cytometer (BD Bioscience, San Jose, CA, USA). Set-up bead was prepared by adding 50 μl
of setup bead antibody and 450 μl of wash buffer. Samples were vortexed and acquired. The
CBA data were analyzed using FCAP Array software version 1.0 (BD Biosciences).
3.30.2 Sandwich enzyme-linked immunosorbent assay (ELISA)
Levels of PGE2, IL-23, VEGF, and TGF-β were quantitated in serum samples by sandwich
ELISA using commercially available kits. IFN-γ levels were quantitated in the cell free
supernatant using commercially available kit (Opt EIA human IFN-γ, BD Pharmingen, CA)
according to manufacturer’s instructions.
3.31 Apoptosis multi-target sandwich ELISA
The sorted MDSCs and its mature counterpart i.e; HLADR+ cells were analyzed for different
apoptosis related proteins using PathScan® apoptosis multi-target sandwich ELISA kit (Cell
signaling. Technology, USA). The kit contains the reagents necessary to detect endogenous
levels of total p53 protein, phospho-p53 protein (Ser15), cleaved caspase-3 (D175), cleaved
PARP (D214), total Bad and phospho-Bad molecules which are key signaling proteins in
survival and apoptosis pathways.
Briefly, 2x106 immuno-magnetically sorted MDSCs (HLADR-CD33+CD11b+) and HLADR+
cells were lysed using the 1X lysis buffer (200 μL) provided in the kit followed by sonication
on ice. The protein lysate was collected after centrifugation for 10 min (x14, 000 rpm) at 4°C.
The protein lysate was quantitated using Bradford reagent and stored at -80 °C in single-use
aliquots.
3.31.1 Test procedure
The microwell strips and reagents provided in the kit were brought to room temperature. The
sample were diluted with diluent in such a way that 100µl of sample contains 30μg of total
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protein. From this diluted cell lysates, 100 µl of each cell lysate was added to appropriate
wells and incubated overnight at 4 °C. After incubation, the contents were discarded and
wells were washed 4 times by adding 200 µl 1X wash buffer each time for each well. After
every wash, the plates were struck hard enough on a dry filter paper to remove the residual
solution in each well. After washing, 100 µl of detection antibody (green coloured solution)
was added to each well and plate was incubated for 1 hr at 37 °C. After 1 hr, washing steps
were repeated as mentioned above and 100 µl HRP-linked secondary antibodies were added
to each well. The plate was sealed and incubated for 30 mins at 37 °C. The washing steps
were repeated and 100 µl TMB Substrate was added to each plate and incubated for 10 mins
at 37 °C. Then, 100 µl stop solution was added to each well. The readings were obtained at
optical density of 450 nm within 30 mins after addition of STOP solution by using ELISA
plate reader.
3.32 Statistical analysis
Results are expressed as the mean ± standard error of mean (SEM). Statistical analysis was
performed using Prism software (Prism Software, Lake Forest, CA) and p-value was
calculated using Mann-Whitney test or Student’s t test. Two sided p-values < 0.05 were
considered statistically signiﬁcant. Densitometry analysis was performed using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).
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4.1 Introduction
The concept of cancer immune surveillance, originally hypothesized by Burnet [357] and
Thomas [358], indicates that immune cells recognize and eliminate continuously arising
nascent transformed cells [77]. However, tumors evade immune surveillance by various
means such as loss or down-regulation of tumor antigens and/or HLA class I antigens,
defective death receptor signaling, lack of costimulatory molecules, production of
immunosuppressive cytokines, and induction of immunosuppressive T cells and other
suppressor cells [359-361]. Eventually, tumor cells acquire metastatic ability. Later this
concept was expanded to the cancer immunoediting, which involves immune selection
pressure

modifying

the

immunogenic

phenotype

and

formation

of

tumors

in

immunocompetent hosts. Cancer immunoediting hypothesis stresses the dual role of the
immune system; host-protecting and tumor shaping. Immune system apart from eliminating
the nascent malignant cells, also shapes the tumor through equilibrium and escape phase[89].
The ability of tumor cells to escape obliteration by immune cells is because of the plethora of
strategies and one of these is represented by the production of soluble immunosuppressive
factors that may prevent the proinflammatory effects and promote T-cell dysfunction in the
tumor microenvironment.
Immune dysfunction appears to be more frequent and profound in patients with cancer.
Immune effector cells obtained from the peripheral blood of cancer patients, including oral
cancer have been reported to have a variety of functional abnormalities, which may vary in
magnitude from patient to patient and may be related to the extent of the disease [22, 23].
These abnormalities include defects in T cell

signaling via the T-cell receptor (TCR),

decreased tyrosine kinase activity following triggering with anti-CD3 monoclonal antibodies,
poor lymphocytic proliferative responses, defects in lytic capacity, and decreased ability for
cytokine production [23, 25, 26, 362].The immune dysfunction is also reflected at the
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downregulation of expression of the T-cell receptor (TCR)-ζ chain (CD3-ζ) or of intracellular
protein kinases in cancer-bearing hosts [144]. Decreased expression of the CD3-ζ chain has
been reported in several autoimmune, inflammatory and malignant diseases. It has been
reported that cancer cells produce several ligands which function to prevent optimal T-cell
activation through CD3-ζ chain downregulation and induces either T cell anergy or apoptosis
[89, 91]. Studies from our laboratory have shown that posttranslational downregulation is
primarily responsible for decreased CD3-ζ chain expression in the peripheral blood of oral
cancer patients while a dominant transcriptional defect is observed in the tumor compartment.
The down-regulation of CD3-ζ chain culminates into impaired lymphocyte responses in these
patients [29].
Immune dysfunction is a hallmark of patients with oral cancer and the loss of CD3-ζ chain
contributes majorly to the observed immune dysfunction in these patients [29]. However, the
mechanism responsible for decreased expression of CD3-ζ chain in these patients is not clear.
Understanding the role of tumor derived factors in modulating the CD3-ζ chain levels, might
ultimately provide a therapeutic targets to generate effective antitumor immune response.
In the present chapter we aimed to address the following questions:
1) Do oral tumors secrete the soluble factors responsible for CD3-ζ chain
downregulation?
2) What is the mechanism by which the identified factor (s) induces CD3-ζ chain
downregulation and thereby contributes to the T cell dysfunction?

Chapter 4: Oligoadenylate Synthetase 2 and CD3-ζ chain in T cells of OSCC patients

Page 116

4.2 Results
4.2.1 Kinetics of CD3-ζ chain downregulation induced by oral tumor supernatant in T
cells
Our earlier published data demonstrated that compared to other T cell signaling molecules,
(p56Lck, Zap70) CD3-ζ chain is markedly decreased in peripheral blood T cells of OSCC
patients [29]. This study was proposed to investigate the role of oral tumor derived factor(s)
in regulating CD3-ζ chain expression. Single cell suspension of oral tumors was prepared by
enzyme digestion (as described in material and methods). Oral tumor cells were cultured in
serum free media and cell free supernatant (referred to as tumor supernatant) was collected
after 72 hrs in culture. The oral tumor supernatant (stage III patient) was added to the PBMCs
of HI and incubated for different time intervals (24-96 hrs). The expression of CD3-ζ chain
was monitored in HI PBMCs at defined time intervals after incubation with tumor
supernatant (Fig. 4.1a). Time kinetics demonstrated that in HI PMBCs, on incubation with
tumor supernatant, a progressive decrease in CD3-ζ chain expression

was observed

compared to PBMCs incubated with medium alone (control) (Fig. 4.1a).
The effect of tumor supernatant collected from oral cancer patients of different stages (I-IV)
on CD3-ζ chain expression was also studied. The HI PBMCs were incubated with the oral
tumor supernatant for 72 hrs in culture. After 72 hrs PBMCs were stained and analyzed for
CD3-ζ chain expression by flow cytometry. The supernatants collected from the patients
(Stage I-IV) led to the marked decrease in CD3-ζ chain expression. Interestingly, the effect
on the CD3-ζ chain levels correlated inversely with stage of oral cancer patients (Fig. 4.1b).
The data confirmed that the oral tumors secrete immunosuppressive factors which may alter
the T cell signaling by decreasing CD3-ζ chain expression.
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Figure 4.1: Healthy individual PBMCs were cultured in the presence of tumor
supernatant to monitor the expression of CD3-ζ chain in T cells. a) Representative figure
showing the expression of CD3-ζ chain on gated CD3+ T cells in HI PBMCs at different time
points (24, 48, 72 and 96 hrs) after incubation with cell-free supernatant (diluted 1:1)
obtained from oral cancer patients (Stage III patient) and medium (control). b) Oral tumor
supernatant were collected after 72 hrs in plain RPMI from different tumor stages (Stage
1(n=4), stage II (n=3) stage III (n=4) and stage IV (n=6)). Oral tumor supernatant were added
to the HI PBMCs at 1:1 ratio and after 72 hrs effect of tumor supernatant on CD3-ζ chain was
analyzed. The graph indicates the expression (Normalized median fluorescence intensity) of
CD3-ζ chain. Fluorescence intensity was adjusted to 100 for control. Accordingly intensity
for the test was calculated and represented as normalized fluorescence intensity. (***
represents p<0.0005, ** represents p<0.005, * represents p<0.05) c-f) Cell-free supernatants
collected from oral tumor-derived cell lines (AW13516 and AW8507) did not cause any
change in CD3-ζ chain expression after incubating with HI PBMCs for 72 hrs. The graph
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shown is representative of three independent experiments (“ns” represents non-significant
with p>0.05)
The supernatants from two oral tumor derived cell lines AW8507 and AW13516 was also
used to analyze their effect on CD3-ζ chain expression. The cell lines were cultured in the
serum free medium for 72 hrs and after that cell free supernatant was collected. The PBMCs
from HI were incubated with these supernatants for 72 hrs. After 72 hrs cells were stained
and analyzed for CD3-ζ chain expression. However, these supernatants were not able to
decrease the CD3-ζ chain expression on gated CD3+ T cells (Fig. 4.1c-f).

The difference

observed with the supernatants of freshly isolated tumors and cell lines could be attributed to
the heterogeneous cell types present in the tumor microenvironment of freshly isolated
tumors.
4.2.2 Effect of tumor derived factors from oral tumors on other T cell signaling
molecules
TCR activation promotes a number of signaling cascades that ultimately determine cell fate
through regulating cytokine production, cell survival, proliferation, and differentiation [363].
An early event in TCR activation is phosphorylation of immunoreceptor tyrosine-based
activation motifs (ITAMs) on the cytosolic side of the CD3-ζ chain by lymphocyte protein
tyrosine kinase (p56Lck). The CD3 complex contains a CD3γ chain, a CD3δ chain, and
two CD3ε chains. These chains associate with T-cell receptor (TCR) and CD3-ζchain (zetachain) to generate activation signal in T lymphocytes. The CD3-ζ chain associated protein
kinase (ZAP-70) is recruited to the TCR/CD3 complex where it becomes activated,
promoting recruitment and phosphorylation of downstream adaptor or scaffold proteins [364,
365]. The effect of tumor supernatant on other T cell signaling molecules (p56Lck, Zap70
and CD3-ε) was also studied after incubation for 72 hrs. The supernatants collected from the
patients (Stage I-III) led to the marked decrease in CD3-ζ chain expression (Fig. 4.1b) while
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its effect on CD3-ε chain, ZAP-70 and p56Lck expression was marginal (Fig. 4.2a-c).
However, the tumor supernatant collected from stage IV patients showed a profound broad
range effect on all T cell signaling molecules (CD3-ζ chain, CD3-ε, p56Lck, and ZAP-70)
(Fig. 4.2a-c).

Figure 4.2: Healthy individual PBMCs were cultured in the presence of tumor
supernatant to monitor the expression of T cell signaling molecules. a-c) Representative
figure showing the expression of T cell signaling molecules (CD3-ε, p56Lck, and ZAP70) on
gated CD3+ T cells in HI PBMCs after 72 hrs of incubation with cell-free supernatant (diluted
1:1) obtained from different tumor stages of oral cancer patients (Stage 1(n=4), stage II (n=3)
stage III (n=4) and stage IV (n=6)). The graph indicates the expression (Normalized median
fluorescence intensity) of T cell signaling molecules on incubation with tumor supernatants
obtained from different stage tumors. Fluorescence intensity was adjusted to 100 for control.
Accordingly intensity for the test was calculated and represented as normalized fluorescence
intensity. (*** represents p<0.0005, ** represents p<0.005 and ns represents non-significant
with p>0.05)
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4.2.3 Proteomic approach to identify the possible factors present in oral tumors that
regulate CD3-ζ chain expression
The oral tumor supernatant was capable of altering the CD3-ζ chain expression in the T cells
while the supernatants from the oral tumor derived cells (AW8507 and AW13516) were not.
In order to identify the oral tumor cell derived factors that degrade CD3-ζ chain, a pragmatic
approach was adapted. The cell free supernatants derived from oral tumors and cell lines
(AW8507 and AW13516) were subjected to LC-MS/MS. The identities of proteins observed
exclusively in cell free tumor supernatants were shortlisted (Table 4.1). The common
proteins present in the tumor supernatant and supernatants of the oral tumor cell lines were
excluded. Twenty one proteins were exclusively present in the tumor supernatant and among
them the proteins like Nuclear migration protein nudC, SET-binding protein (SEB),
Pleckstrin homology-like domain family B member 2, Kinesin-like protein KIF14, 2′5′
Oligoadenylate Synthetase (OAS2), Protocadherin beta 16 precursor showed a higher score (
>23) in ms/ms analysis. OAS2 belonging to 2′5′ Oligoadenylate synthetase family of antiviral
proteins comprising of OAS1, OAS2, OAS3 and OASL proteins was taken for further
analysis [366]. It is known to control cellular apoptosis [367]; which may alter the expression
of caspase-3, thereby regulating CD3-ζ chain expression. OAS2 is also characterized by
different subcellular locations and enzymatic parameters suggesting that this protein might
have distinct roles [368]. Hence, based on LC-MS/MS data and previously documented
literature, OAS2 was shortlisted as the key molecule present in the cell free supernatants of
the oral tumors that may play a role in CD3-ζ chain downregulation.
4.2.4 Expression of Oligoadenylate synthetase 2 in oral tumors and tumor derived cell
lines
In order to show the presence of OAS2 in tumor microenvironment, the expression of OAS2
at both protein and mRNA level was analyzed in oral tumors.
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Table 4.1: Screening of proteins present exclusively in tumor supernatant by Liquid
chromatography coupled with mass spectrometry (LC-MS/MS)

DESCRIPTION OF PROTEIN

PEPTIDE SEQUENCE

Nuclear migration protein nudC

K.SMGLPTSDEQKK.Q

MASS/
SCORE
885.1/23

Dedicator of cytokinesis protein 7

R.SYTEDWAIVIRK.Y

885/19

SET-binding protein (SEB)

R.SYEGFGTYREK.D

884.9/23

Dual specificity tyrosine-phosphorylation-regulated kinase
4

R.NLKPQPRPQTLRK.S

860.8/18

Toll-like receptor 6 precursor (CD286 antigen)

K.SIVENIINCIEK.S

860.4/15

Microtubule-associated proteins 1A/1B light chain 3C
precursor (Microtubule-associated protein 1 light chain 3
gamma) (MAP1A/MAP1B LC3 C) (MAP1A/1B light
chain 3 C) (MAP1 light chain 3-like protein 3)
(Autophagy-related protein LC3 C).

K.SLVSMSATMAEIYR.D

860.4/17

U6 snRNA-associated Sm-like protein LSm2

K.SLVGKDVVVELK.N

860.1/19

SWI/SNF-related
matrix-associated
actin-dependent
regulator of chromatin subfamily A containing DEAD/H
box 1 (EC 3.6.1.-)

K.LNYAIFDEGHMLK.N

855.4/15

Protein GPR89A (Putative MAPK-activating protein
PM01)
Ephexin-1 (Eph-interacting exchange protein)

R.RLLQTMDMIISK.K

590.6/20

K.SVNEPLTLNIPWSR.M

590.3/15

Semenogelin-1 precursor

K.EQTSVSGAQK.G

590.3/17

Aryl hydrocarbon receptor nuclear translocator 2 (ARNT
protein 2)

R.SGMDFDDEDGEGPSK.F

582.3/22

Pleckstrin homology-like domain family B member 2

R.SGAASMPSSPK.Q

582/23

Kinesin-like protein KIF14

R.SGHLTTKPTQSK.L

534.0/16

Chromatin-modifying protein 4c

K.KHGTQNK.R

478.3/16

PHD finger protein 21B

R.HQNGDLK.K

478.3/16

CD109 antigen precursor (p180)

R.TYTWLK.G

478.3/16

Ankyrin repeat and SOCS box protein 1 (ASB-1)

K.WESLGPESRGR.R

473.3/14

Interleukin-1 family member 8 (IL-1F8)

R.TNIGMPGR.M

502.8/11

Mastermind-like protein 3 (Mam-3)

R.SLQGMPGR.T

502.8/11

Kinesin-like protein KIF14

R.SGHLTTKPTQSK.L

524.9/27

Microtubule-associated proteins 1A/1B light chain 3C
precursor

K.SLVSMSATMAEIYR.D

860.4/15

Integrin alpha-L precursor

R.RGLFPGGR.H

503.8/14

Ras-related protein Rab-6B

M.SAGGDFGNPLRK.F

503.3/14

Kelch domain-containing protein 5

R.SNFKLVAVNSK.L

450.8/11

2'-5'-oligoadenylate synthetase 2 (EC 2.7.7.-)

R.ILNNNSK.R +

473.3/23

Epididymal secretory protein E1 precursor

K.TYSYLNK.L

517.3/19

Pericentrin (Pericentrin B) (Kendrin)

R.SLTEQQGR.L

531.2/22

Ubiquitin-conjugating enzyme E2 J1 (EC 6.3.2.19)

R.GPPDSDFDGGVYHGR.I

573.8/16

Protocadherin beta 16 precursor (PCDH-beta16)

R.VIDINDHSPMFTEKEMILK.

855.1/23
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Figure 4.3: Expression of OAS2 in oral tumor cells. a) Total protein extract from oral
tumors was used to detect the levels of OAS2 and β-Actin by western blotting. The protein
extracts (40-60 μg) prepared from oral tumors (n=6) was loaded into the SDS-PAGE and then
transferred to the nitrocellulose membrane. The results showed a presence of the OAS2 (p69)
in these tumors, β-actin was used as internal control. b) Total RNA (150-300 ng/μL) was
isolated from the oral tumors and cell lines of oral tumor origin. The isolated RNA was
converted into cDNA and cDNA was subjected to PCR, as described in “Materials and
methods,” to detect OAS2 and GAPDH transcripts. The expression of OAS2 transcript in oral
tumors (T) and its adjacent normal tissues (N) is shown. The tumors in panel “a” and “b” are
different. c) Band densitometry illustrating total OAS2 transcript expression is higher in oral
tumors compared to the adjacent normal tissue (* represents p<0.05). d and e) Shows the
expression of OAS2 mRNA in oral tumors and cell lines (AW13516, AW8507,
AW9803,SSC40 and SSC29B).

The expression analysis of OAS2 by western blotting showed that oral tumors (Stage II-IV)
express OAS2 (69Kda) at protein level (Fig. 4.3a). For OAS2 mRNA expression, total RNA
was extracted from surgically excised oral tumors and adjacent normal tissue. The
complementary DNA (cDNA) was prepared from the total RNA using MuLV RT enzyme.
Gene specific PCR was performed for GAPDH and OAS2. The heterogeneous expression of
OAS2 mRNA was observed in oral tumors (Stage II and III) (Fig. 4.3b). In one of the oral
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tumor sample, mRNA expression of OAS2 was not observed while in its adjacent normal
OAS2 expression was noted. The overall expression of mRNA for OAS2 remained high in
oral tumors compared to the histologically adjacent normal tissues (Fig. 4.3c). The
expression of OAS2 was also confirmed in additional tumors where adjacent normal tissues
were not unavailable (Fig. 4.3d). However, in case of oral tumor derived cell lines
(AW13516, AW8507, AW9803, SSC29B, and SSC40) OAS2 expression was observed only
at mRNA level (Fig. 4.3e) but not seen at protein level (data not shown). This may suggest
that the tumor microenvironment contributes to OAS2 expression and might be requiring an
additional signal (IFNα/β) to trigger its expression in epithelial cells or would be secreted by
the immune cells present in the tumor microenvironment.
4.2.5 Secreted 2′5′ Oligoadenylate synthetase 2 mediates CD3-ζ chain downregulation in
T cells
To analyze the role of extracellular OAS2 in degrading CD3-ζ chain, the key T cell signaling
molecule, a surrogate situation was created by transfecting vector control (pEGFP-N2 ) or
OAS2 encoding pEGFP-N2 vector (pEGFP-N2+OAS2) into HEK293 cells. The coding
sequence (CDS) of OAS2 was cloned into the pEGF-N2 vector as described in material and
methods. The overexpression of OAS2 in the HEK293 cells was analyzed at both protein as
well as RNA levels. The protein was extracted from both vector transfected as well as OAS2
encoding vector cells. The protein was loaded onto 10% SDS PAGE and transferred to the
nitrocellulose membrane. The membrane was probed for OAS2 using anti- OAS2 specific
antibody. As seen in Fig. 4.4a, overexpression of OAS2 was observed in the cells transfected
with the OAS2 encoding pEGF-N2 vector. Further total RNA was extracted from transfected
cells, and OAS2 mRNA expression level was analyzed by RT-PCR in untransfected, vector
control and pEGFP-N2+OAS2 vector transfected HEK293 cells. The OAS2 expression was
higher in cells transfected with pEGFP-N2+OAS2 compared to the untransfected or vector
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control HEK293 cells (Fig. 4.4b). Transfected cells were also analyzed by flow cytometry for
GFP positivity which indirectly also confirms overexpression of OAS2 protein as well as the
inframe addition of OAS2 with GFP in the pEGF-N2 vector. The flow cytometry data shows
that cells transfected with pEGF-N2+OAS2 has higher mean fluorescence intensity
(MFI=245) compared to the cells alone (MFI=4.96) (Fig. 4.4c).
Supernatants were collected from OAS2 (pEGFP-N2+OAS2) and vector control (pEGFP-N2)
transfected HEK293 cells after 48 hr. The collected supernatants from control and OAS2
transfected HEK293 cells were added to the HI PBMCs at 1:1 [supernatant: medium (RPMI)]
dilution for different time intervals. The cells were harvested at respective time points and
were analyzed for the expression of T cell signaling molecules (CD3-ζ and CD3-ε chains).

Figure 4.4: Overexpression of oligoadenylate synthetase 2 in HEK293 cells. a) HEK293
cells were transfected with either vector control (pEGFP-N2) or vector encoding the OAS2
cDNA (pEGFP-N2+OAS2), protein lysate was extracted and probed for OAS2 using αOAS2 mAb (Santa Cruz Biotechnology, 1:500 dilution), β-actin was used as loading control.
b) HEK293 cells were transfected with either vector control (pEGFP-N2) or vector encoding
the OAS2 cDNA (pEGFP-N2+OAS2). Total RNA was extracted from transfected cells, and
mRNA expression levels were analyzed by RT-PCR using gene specific primers for OAS2
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and GAPDH. Lane 1, 2, and 3 represent untransfected HEK293, vector control transfected
HEK293 and pEGFP-N2+OAS2 transfected HEK293 cells respectively. c) The pEGFPN2+OAS2 transfected HEK293 cells were monitored for GFP expression by flow cytometry

Figure 4.5: Effect of supernatant collected from OAS2 overexpressing HEK293 cells on
CD3-ζ chain of T cells. Cell-free supernatant collected from pEGFP-OAS2 transfected
HEK293 cell line led to the decrease in expression of CD3-ζ chain on gated CD3+ T cell in HI
PBMCs at different time points (24 and 72 hrs) compared to the supernatant collected from
vector control transfected cells. a) the half offset histogram shows the fluorescence intensity
of CD3-ζ at 24 hr while b) shows the fluorescence intensity at 72 hrs c) The median
fluorescence intensity of CD3-ζ chain in HI PBMCs treated with cell-free supernatant of
vector control and pEGFP-OAS2 transfected HEK293 at 24 and 72 hrs. The data represented
here is the mean of three experiments carried out using supernatants collected from three
independent transfections (*represents p<0.05).

The results confirmed that at both the time points (24 hr and 72 hrs) there was a decreased
expression of CD3-ζ chain when incubated with supernatant collected from OAS2
overexpressing HEK293 cells compared to control HEK293 cells (Vector control transfected)
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(Fig. 4.5a-c). On the other hand CD3-ε (epsilon) expression at both the time intervals 24 hr
and 72 hrs remained unaltered on incubation with supernatant collected from OAS2
transfected HEK293 cells (Fig. 4.6a-c). This confirms that the effect of secreted OAS2 was
specific and altered only CD3-ζ chain expression in T cells. The presence of OAS2 in
supernatants was confirmed by the immuno dot blot assay (Fig. 4.7).

Figure 4.6: Effect of supernatant collected from OAS2 overexpressing HEK293 cells on
CD3-ε chain of T cells. Cell-free supernatant collected from pEGFP-OAS2 transfected
HEK293 cell line did not alter the expression of CD3-ε chain of T cells. a and b) Represent
the unaffected fluorescence intensity (median) of CD3-ε chain in HI PBMCs after treatment
with cell-free supernatant collected from vector control and pEGFP-OAS2 transfected
HEK293 cells at different time intervals 24 and 72 hrs. a) The half offset histogram shows
the fluorescence intensity of CD3-ε at 24 hr while b) shows the fluorescence intensity at 72
hrs c) The median fluorescence intensity of CD3-ε in HI PBMCs treated with cell-free
supernatant of vector control and pEGFP-OAS2 transfected HEK293 at 24 and 72 hrs. The
data represented here is the mean of three experiments carried out using supernatants
collected from three independent transfections (“ns” represents non-significant).
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Figure 4.7: Dot blot showing presence of OAS2 in the cell free supernatant. Higher levels
of OAS2 were present in the supernatant of HEK 293 cells transfected with OAS2 encoding
vector compared to the vector control transfected HEK293 cells. Diluted supernatant (1:5
and 1:10 as well as neat) are analyzed for the presence of OAS2 using OAS2 mAb.
4.2.6 Recombinant human OAS2 (rh-OAS2) protein decreases CD3-ζ chain expression
in T cells derived from peripheral blood of healthy individuals
To establish that secreted OAS2 has the ability to reduce the CD3-ζ chain expression, set of
in vitro experiments were carried out. To elucidate the role of OAS2 protein in
downregulating the CD3-ζ chain expression, HI PBMCs were stimulated with a range of
concentrations of rh-OAS2 (3-96ng/ml) for 24 hr. PBMCs were harvested and expression of
CD3-ζ chain expression was examined by flow cytometry. The data showed that HI PBMCs
stimulated with rh-OAS2 showed decreased expression of CD3-ζ chain expression (median
fluorescence intensity) on gated population of CD3+ T cells (Fig. 4.8a). Although the dose
dependent effect was not evident, the effect was best observed at concentration above 6 ng/ml
of rh-OAS2. Hence, the concentrations of 6, 12 and 24 ng/ml were used in further
experiments to characterize the role of rh-OAS2. The treatment of PBMCs with rh-OAS2 at
6, 12 and 24 ng/ml concentrations for 24 hr led to the significant decrease in CD3-ζ chain
expression (Fig. 4.8b-c). However, rh-OAS2 treatment was not able to induce the change in
CD3-ε expression in the T cells, confirming the effect of rh-OAS2 was specific in modulating
only CD3-ζ chain expression (Fig. 4.8d). This is consistent with the earlier observations
which clearly indicated that rh-OAS2 was unable to affect the CD3-ε chain expression on
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CD3+ T cells. Overall this shows that rh-OAS2 modulates the CD3-ζ chain expression which
plays a major role in T cell signaling and remodelling the effector functions of T cells.

Figure 4.8: Effect of different concentration of rh-OAS2 on the expression of CD3-ζ
and CD3-ε chain on CD3+ T cells of HI PBMCs. a) The dose response curve of rh-OAS2
stimulation and CD3-ζ chain downregulation in the HI PBMCs. b) The fluorescence intensity
(median) of CD3-ζ chain decreased after incubation of HI PBMCs with different
concentration of rh-OAS2. c) Significant reduction in the expression of CD3-ζ chain was
observed on gated CD3+ T cells when treated with 6, 12 and 24 ng/ml of rh-OAS2. The data
represented here is the mean of four independent experiments (* represents p<0.05). d) The
half offset histogram shows the fluorescence intensity (median) of CD3-ε after incubation of
HI PBMCs with different concentrations of rh-OAS2. The expression of CD3-ε remained
unaffected at all the concentration of rh-OAS2 used for stimulation
4.2.7 Effect of recombinant human OAS1 (rh-OAS1) protein on CD3-ζ chain expression
in T cells derived from peripheral blood of healthy individuals
OAS2 belongs to 2′5′ Oligoadenylate synthetase family of antiviral proteins comprising of
OAS1, OAS2, OAS3 and OASL [366]. To prove whether its ability to downregulate CD3-ζ
chain is the function of the whole OAS family or it is associated with only OAS2 protein,
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similar experiments were carried out with rh-OAS1 which is closely related to OAS2. To
reveal the role of OAS1 protein in downregulating the CD3-ζ chain expression, HI PBMCs
were stimulated with range of concentrations of rh-OAS1 (3-96ng/ml) for 24 hr. PBMCs
were harvested and the CD3-ζ chain expression was examined by flow cytometry. PBMCs
upon stimulation with rh-OAS1 were unable to decrease the CD3-ζ chain expression on gated
population of CD3+ T cells (Fig. 4.9a-b). Similar to rh-OAS2, rh-OAS1 was also incapable
of decreasing the CD3-ε chain expression on T cells (Fig. 4.9c). Thus, this data confirmed
that OAS2 but not OAS1 was capable of modulating the CD3-ζ chain expression.

Figure 4.9: Effect of different concentration of rh-OAS1 on the expression of CD3-ζ and
CD3-ε chain on CD3+ T cells of HI PBMCs. a) the half offset histogram shows that the
fluorescence intensity (median) of CD3-ζ chain remained unchanged after incubation of HI
PBMCs with different concentration of rh-OAS1. c) No reduction in the expression of CD3-ζ
chain was observed on gated CD3+ T cells when treated with 6, 12 and 24 ng/ml of rh-OAS2
compared to the medium control. The data represented here is the mean of four independent
experiments (“ns” represents non-significant). c) The CD3-ε chain expression also remained
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unaffected on CD3+ T cells after treatment with rh-OAS1 at different concentration (6, 12
and 24 ng/ml).
4.2.8 Effect of tumor supernatant and rh-OAS2 on CD3-ζ chain expression in sorted T
cells of healthy individuals
PBMCs are a heterogeneous population containing both innate and adaptive immune cells. In
order to understand whether oral tumor supernatants or rh-OAS2 directly acted on T cells or
whether other immune cell types had an influence on CD3-ζ chain downregulation in T cells,
experiment was performed on sorted T cells. CD3+ T cells were purified using Miltenyi
microbeads according to the manufacturer’s instruction. The Purity of CD3+ T cells sorted
using CD3 microbeads was ≥ 95% (Material and Methods). Tumor supernatants were
collected from the oral tumors grown in serum free medium as described above. Tumor
supernatants were incubated with purified T cells in a 1:1 ratio for 24 hr. The addition of
tumor supernatant to the purified T cells led to the decrease in the expression of CD3-ζ chain
in T cells. The decrease in CD3-ζ chain expression observed in purified T cells was
comparable to what was observed in gated CD3+ T cells in PBMCs after 24 hr (Fig. 4.10a-b).
These results demonstrate that tumor supernatant specifically acted on CD3-ζ chain expressed
in T cells. In order to understand whether rhOAS2 also acted directly on T cells or whether
other immune cell types influenced rh-OAS2 to downregulate CD3-ζ chain in T cells, a
similar experiment was carried out. The purified T cells were incubated with different
concentrations of rh-OAS2 (6, 12, and 24 ng/ml) for 24 hr. Incubation of T cells with various
concentrations of rh-OAS2 (6, 12, 24 ng/ml) also led to the decrease in CD3-ζ chain
expression (Fig. 4.10c). In case of purified CD3+ T cells a marginal dose response was
evident in the CD3-ζ chain downregulation and rh-OAS2 used (Fig. 4.10d). However, the
data corroborated with the earlier data obtained with PBMCs treated with rh-OAS2. These
results demonstrate that tumor supernatant and rh-OAS2 specifically acted on CD3-ζ chain
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expressed in T cells and rules out the role of other immune cells in executing the
phenomenon of CD3-ζ chain downregulation

Figure 4.10: Effect of tumor supernatant and rh-OAS2 on the sorted CD3+ T cells. a)
Representative figure showing the expression of CD3-ζ chain in CD3+ T cells after
incubation with cell-free supernatant (TSN) (diluted 1:1) obtained after culturing oral tumors
or with medium (control). b) Graph indicates the expression (Normalized median
fluorescence intensity) of CD3-ζ chain on incubation with tumor supernatants obtained from
oral tumors. The graph shown is representative of three independent experiments and *
represents p<0.05). c) Representative figure showing that fluorescence intensity (median) of
CD3-ζ chain decreased after incubation of CD3+ T cells with different concentrations of rhOAS2. Significant reduction in the expression of CD3-ζ chain (MFI) was observed on CD3+
T cells when treated with 6, 12 and 24 ng/ml of rh-OAS2. d) Graph indicates the expression
(Normalized median fluorescence intensity) of CD3-ζ chain on incubation with or rh-OAS2.
Fluorescence intensity was adjusted to 100 for control. Accordingly, intensity for the test was
calculated and represented as normalized fluorescence intensity. The graph shown is
representative of three independent experiments (** represents p<0.005 and * represents
p<0.05).
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4.2.9 Oral tumor derived supernatants and rh-OAS2 increased caspase-3 levels in
PBMCs of healthy individuals
To identify the possible binding partners of OAS2, FuncBase gene function predictive tool
was used which confirmed that OAS2 has capability to interact with the ILF2 protein which
is a subunit of Nuclear factor of activated T cells (NFAT) protein and is known to regulate
caspase 3 and GRAIL expression in T cells undergoing anergy (Fig. 4.11a). This could be
important as the cytoplasmic domain of CD3-ζ chain has several consensus target sequences
for caspases, among which caspase-3 and 7 have been shown to cleave in vitro translated
CD3-ζ chain [155]. Caspase-3, an effector caspase is expressed during T cell anergy
induction and recognizes proteins with a common DXXD motif and cleaves after the second
aspartic residue [178, 369].
In order to elucidate that tumor supernatant and rh-OAS2 have the capability to induce the
caspase-3 activation and thereby CD3-ζ downregulation in T cells, in vitro experiments were
carried out. Single cell suspension of oral tumors prepared by enzyme digestion was cultured
in serum free medium and cell free tumor supernatants were collected after 72 hrs in culture.
The collected tumor supernatants were added to the HI PBMCs in culture. Treatment of HI
PBMCs with H2O2 served as positive control for caspase-3 induction. The effect of tumor
supernatant on caspase-3 levels was observed as it is a key caspase involved in CD3-ζ chain
down regulation. A marked increase in caspase-3 levels was observed in HI PBMCs after
H2O2 treatment (positive control). Addition of the tumor supernatant was also effectively able
to induce caspase-3 levels in HI PBMCs confirming that tumor supernatant could be altering
CD3-ζ chain by increasing active caspase-3 levels in T cells (Fig. 4.11b). To validate this
further, HI PBMCs were also incubated with rh-OAS2 to analyze caspase-3 activation. As
observed with tumor supernatant, rh-OAS2 also induced caspase-3 activation in the PBMCs
of HIs compared to the untreated controls (Fig. 4.11c). This data clearly suggests that
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caspase-3 might be involved in the regulation of CD3-ζ chain expression in T cells treated
with tumor supernatant or rh-OAS2.

Figure 4.11: Active caspase-3 levels in T cells after treatment with tumor supernatant
and rh-OAS2. a) the gene annotation database (FuncBase) predicted that OAS2 has
capability of interacting with ILF2 which has capability of inducing T cell anergy under sub
optimal TCR stimulation b) HI PBMCs were treated with H2O2 (positive control for caspase3 induction) or tumor supernatant (TSN of Stage III patients) or left untreated. H 2O2 used as
positive control to induce caspase-3 levels showed higher levels of caspase-3 activation. The
addition of TSN resulted in the increase of active caspase-3 levels in the PBMCs. c)
Addition of rh-OAS2 (6 and 12ng/ml) on HI PBMCs resulted in the increase in caspase-3
levels. The data represented here is the mean of three independent experiments (** represents
p<0.005 and * represents p< 0.05).
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4.2.10 siRNA mediated downregulation of caspase 3 prevents rh-OAS2 induced
downregulation of CD3-ζ chain in T cells
To validate the role of caspase-3 in decreasing CD3-ζ chain expression, the synthetic siRNA
sequences targeting the caspase-3 were transfected into the PBMCs (Fig. 4.12a) or CD3 + T
cells (Fig. 4.12b). PBMCs were transfected with 100 nM of control siRNA or caspase 3
specific siRNA duplexes or left untransfected. After 40 hrs post transfection cells were
stimulated with rh-OAS2 (24 ng/ml) and cells were harvested at 60 hrs and lysates were
prepared. Caspase-3 expression was compared in unstimulated control siRNA transfected
PBMCs, PBMCs stimulated with rh-OAS2 and in PBMCs transfected with caspase-3 siRNA
but stimulated with rh-OAS2 (Fig. 4.12a). Results showed that compared to control siRNA
transfected PBMCs (unstimulated, Lane 1), caspase-3 expression in PBMCs treated with rhOAS2 showed marginal increase (Lane 2). Transfection with caspase-3 siRNA led to the
reduction in the expression of active caspase-3 (Lane 3) compared to untransfected PBMCs
(Lane 2) when stimulated with rh-OAS2 (24 ng/ml) (Fig. 4.12a). Silencing of caspase-3
prevented rh-OAS2 induced downregulation of CD3-ζ chain expression in PBMCs (Lane 3
vs Lane 2) (Fig. 4.12a). This clearly demonstrates that expression of CD3-ζ chain was
restored and remained comparable to that observed with control siRNA. A similar experiment
was performed on purified CD3+ T cells and rh-OAS2 stimulation showed a pronounced
effect on caspase-3 activation causing CD3-ζ chain downregulation in them. The
downregulation of CD3-ζ chain in purified T cells was rescued by caspase-3 knockdown
(Fig. 4.12b). Thus, confirming that caspase-3 is the key downstream molecule induced by
OAS2 present in the tumor supernatant that may be responsible for CD3-ζ chain
downregulation.
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Figure 4.12: Inhibition of caspase 3 activation prevented CD3-ζ chain downregulation.
a) Western blotting was carried out on cell lysates prepared from PBMCs transfected with
100 nM control siRNA (Lane 1) or PBMCs transfected with caspase-3 specific siRNA and
incubated with rh-OAS2 (Lane 3) or untransfected PBMCs stimulated with rh-OAS2 (Lane
2) using antibodies for caspase-3 (detects total caspase along with cleaved caspase-3), CD3-ζ
chain or β-Actin. β-Actin was used as loading control. Stimulation of PBMCs with rh-OAS2
induced caspase-3 activation causing CD3-ζ chain downregulation in them. This
downregulation of CD3-ζ chain in PBMCs was rescued by the caspase-3 knockdown. b)
Western blotting was carried out on cell lysates prepared from purified T cells transfected
with 100 nM control siRNA (Lane 1) or T cells transfected with caspase-3 specific siRNA
and incubated with rh-OAS2 (Lane 3) or untransfected T cells stimulated with rh-OAS2
(Lane 2) using antibodies for caspase-3, CD3-ζ chain or β-Actin. In purified T cells, a
pronounced effect was observed on caspase-3 activation leading to CD3-ζ downregulation on
rh-OAS2 stimulation which was recovered back to normal levels on caspase-3 knockdown.
4.2.11 Downregulation of CD3-ζ chain in T cells is not associated with apoptosis
The tumor supernatant or rh-OAS2 induced caspase 3 activation may result in apoptosis of
the T cells and thereby decrease CD3-ζ chain expression. To rule out the possibility that
CD3-ζ chain downregulation is a result of apoptosis, the effect of rh-OAS2 on
apoptotic/necrotic cell death of PBMCs was analyzed. The rh-OAS2 stimulation effect on the
frequency of apoptotic cells was compared with unstimulated cells. Results showed no
significant differences in the frequency of early apoptotic (annexin V-positive), late apoptotic
(annexin V-positive propidium iodide-positive) and necrotic (propidium iodide-positive) cells
in untreated HI PBMCs or rh-OAS2 (6, 12, and 24 ng/ml) treated HI PBMCs (Fig. 4.13a-e).
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The frequencies of live cells across all the experiment setting remained same (90%±2
annexin V and PI double negative cells) (Fig. 4.13e). This shows that caspase-3 activity was
not associated with induction of cell death or apoptosis. This caspase 3 activation associated
CD3-ζ cleavage is therefore effect of OAS2 signaling in T cells under suboptimal T cell
stimulation.

Figure 4.13: Viability of cells after treatment with rh-OAS2. The PBMCs of HIs were
treated with different concentrations of rh-OAS2 to examine the percentage viable cells
(annexin V/PI negative cells) after 24 hr in culture. The percentage of viable cells in control
(a) was comparable to what was observed in the PBMCs stimulated with 6ng/ml (b), 12ng/ml
(c) and 24ng/ml (d) of rh-OAS2. e) The graph shows rh-OAS2 (6, 12 and 24ng/ml) did not
alter the viability of PBMCs in culture, indicating that increased caspase-3 levels were not
associated with apoptosis. The data is mean of three independent experiments.
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4.3 Discussion
Immunosuppression is a hallmark of oral cancer patients, a state in which established tumor
escapes immune attack. A number of phenotypic and functional alterations, including
downregulation of CD3-ζ chain contributes to immunosuppression [370]. It is well
established that downregulation of the CD3-ζ chain limits the favourable Th1 response
needed for controlling tumor growth [29, 371]. Decreased or impaired CD3-ζ chain
expression was also observed in other malignancies like lymphoma, ovarian cancer, gastric
carcinomas leading to ineffectiveness of the

anti-tumor immune response against the

autologous tumor [35, 146, 372]. Several distinct mechanisms that contribute to a rapid
turnover of CD3-ζ chain have been proposed which may be responsible for differences
observed in CD3-ζ chain expression in T cells of patients with cancer [157, 161, 373]. In the
present study, it was demonstrated that treatment of HI PBMCs with cell-free supernatants
derived from oral tumors led to the downregulation of CD3-ζ chain expression in T cells
without affecting the other T cell signaling molecules (ZAP70, CD3-ε and p56Lck). The
broad range effect of supernatant collected from the advanced stage cancer patients (stage IV)
on all the T cell signaling molecules could be attributed to a general state of
immunosuppression in these patients contributed by the accumulation of immunosuppressive
cells and the secreted immune suppressive factors. LC-MS/MS proteomic approach was
therefore adopted and OAS2 (member of OAS gene family) was identified as one of the
factors secreted by the oral tumor cells. The transcription of OAS genes is induced by both
viral infection and interferons (IFNs) stimulation conferring protective and antiproliferative
properties [374, 375]. Among the OAS genes, OAS2 has the highest level of induction by
interferons (IFNα and IFNβ). Several studies have reported the presence of OAS2 in the sera
of patients with viral infections and even after IFN treatment [376-378]. The success of IFN
therapy was also correlated with levels of OAS gene activity in the sera of patients
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undergoing IFN therapy [379, 380]. This correlation is interesting and suggests a biological
relevance of extracellular OAS.
A variable number of factors, including tumor-secreted 14 KD protein, semaphorin A,
NKG2D, are reported to be responsible for CD3-ζ chain downregulation in different
malignancies [146, 157, 373]. The present study reported how extrinsic soluble mediator
OAS2 secreted by oral tumor cells modulate CD3-ζ chain expression in T cells [381]. The 2′5′OAS apart from its antiviral action has been demonstrated to be involved in other cellular
processes such as cell growth and differentiation, gene regulation and apoptosis [382]. It has
been demonstrated that the IFN-β mediated signaling pathways as well as its upstream
regulators are up-regulated in oral squamous cell carcinoma (OSCC) lesions [383]. Thus, it
appears that IFN-β signaling may act as a key factor responsible for OAS2 expression in oral
tumors. IFN-β signaling is also known for its immune regulatory properties, suggesting its
importance in tumor progression either directly or through modulation of the immune system
through its downstream mediators like OAS2.
The observation of OAS in the sera of patients with infection or undergoing IFN treatment
[380] prompted us to look at the role of OAS in modulating the immune system. The
differential expression of OAS2 has been reported in prostate and breast cancers [384, 385].
Our study also confirmed the presence of OAS2 in oral tumors at both mRNA and protein
level. The significance of OAS2 in tumor microenvironment can be appreciated by the
observation that certain tumors exist in an antiviral state and hence are resistant to oncolytic
viruses based virotherapy used to obliterate tumor cells. These tumors are reported to have
higher expression of JAK/STAT pathway and interferon stimulated genes (ISG) [386]. It was
also reported that over-expression of Myxovirus resistance gene A (MxA) and OAS mRNAs
were involved in the suppression of HBV replication mediated by IL-17A in a noncytopathic
manner [387]. Hence, these tumors with functional IFN responsive pathway and expression
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of a downstream gene (OAS2) may be sensitive to IFN stimulation thereby conferring the
virus resistant phenotype which shields tumors from virotherapy. The source of IFN in the
tumor microenvironment is likely to be either the epithelial cells or the tumor-infiltrating
immune cells, such as type 2 dendritic cells and macrophages [383, 388]. The IFN secreted
by these cells will activate the interferon stimulated genes (ISG) and will execute their protumor function either intracellularly or in secreted form by modulating the immune system.
However, the source of OAS2 in oral tumors needs to be further investigated.
In our study, a surrogate model where OAS2 was overexpressed showed that secreted OAS2
could modulate the expression of CD3-ζ chain in T cells. This was further validated by
stimulating HI PBMCs with rh-OAS2 which led to the specific downregulation of CD3-ζ
chain expression in T cells.

Upregulation of type I IFN response genes has also been

reported in peripheral blood cells of patients with autoimmune diseases, like systemic lupus
erythematosus (SLE), multiple sclerosis (MS), and, rheumatoid arthritis (RA) and these
diseases are associated with decreased CD3-ζ chain expression [389-391]. Type 1 interferons
have been shown to have antiproliferative activity on activated CD4+ and CD8+ T cells [392].
Protein and mRNA levels of OAS genes are low in circulating mononuclear cells during
clinically active, untreated MS. The IFN-β therapy treatment of MS and experimental
autoimmune encephalomyelitis (EAE) patients to decrease the levels of TH17 cells is
associated with increased expression of OAS2 protein [380]. Thus, OAS2 might be acting in
a paracrine manner in the tumor microenvironment to decrease the expression of CD3-ζ chain
in T lymphocytes. However, OAS gene family is comprised of four genes, OAS1, OAS2,
OAS3, and OAS-like (OASL), and 10 isoforms, including OAS1 (p42, p44, p46, p48, and
p52), OAS2 (p69 and p71), OAS3 (p100), and OASL (p30 and p59) which can be generated
by alternative splicing [393] [394-398]. Thus a comprehensive assessment of different
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isoforms is required to clearly show that whether it is specific only for OAS2 or could be
attributed to the other isoforms as well.
The present data showed that incubation of PBMCs with tumor supernatant or rh-OAS2 leads
to increase in caspase-3 levels. Increased caspase-3 levels are observed in T cells under
suboptimal T cell stimulation leading to the induction of T cell unresponsiveness without
inducing cell death [179]. Under these conditions, the expression of a specific set of anergyassociated genes is activated. Several lines of evidence suggest that nuclear factor of
activated T cells (NFAT) proteins may regulate the expression of many of those genes
GRAIL and Caspase-3 [399]. The cytoplasmic domain of CD3-ζ chain has several consensus
target sequences for caspases, among which caspase-3 and 7 have been shown to cleave in
vitro translated CD3-ζ chain [155]. Caspase-3, an effector caspase is expressed during T cell
anergy induction and recognizes proteins with a common DXXD motif and cleaves after the
second aspartic residue [178, 369]. Circumstantial evidence for a physiological involvement
of active caspase-3 in generating a CD3-ζ chain deficient T cell phenotype has been
described in patients with gastric and liver cancers [400, 401]. T and B cells from Casp3 -/mice show hyperproliferative responses, which have been attributed to reduced activationinduced cell death (AICD) and to alterations of cell cycle regulation in these cells,
respectively [402, 403]. Caspase-3 also regulates many non-apoptotic cellular processes, such
as cell proliferation, cell-cycle regulation, and cell differentiation [404, 405]. Caspase-3
activity is high in CD3ζlow/- SLE patient T cells and treatment of these T cells with caspase
inhibitors restores CD3-ζ chain expression [406].
2′-5′OASs leads to cytochrome c release into the cytoplasm and then to caspase-3 activation
[407]. IFN-α also increases caspase-3 mRNA levels in activated T cells without modulating
activation induced cell death [408]. In our study induction of caspase-3 in non-apoptotic cells
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dependent proteolytic inactivation of CD3-ζ chain is essential to maintain T cell tolerance in
cancer patients [408]. The amino acid sequence of translated CD3-ζ chain contains putative
caspase 3 cleavage sites DVLD and DTYD (5 in number) [155]. Thus, the selective loss of
CD3-ζ chain and not of CD3-ε could be because of the caspase-3 activation as observed upon
stimulation with rh-OAS2 or tumor supernatant. However, the downstream consequence of
CD3-ζ downregulation on the rh-OAS2 challenge was not found to be dose-dependent but
might depend on induction of caspase-3. To alter the expression of CD3-ζ chain on HI
PBMCs in a dose-dependent manner, caspases are expected to vary in logarithmic values. In
our study, such change in caspase-3 value was not observed upon rh-OAS2 stimulation. It has
been shown that exogenously added OAS to cell cultures can be internalized to exert its
effect. This exogenous OAS can exert its effect either by binding to the Nucleotide-binding
and oligomerization domain-2 (NOD2) to activate RNaseL or independent of this to induce
caspase cascade [379, 409]. Thus, the internalization of OAS2 might be a limiting factor in
inducing the caspase-3 levels in a dose-dependent manner.
Type I IFNs (IFNα and IFNβ) could exert broad dual effects on the immune system,
reflecting both immune-stimulatory and immune-suppressive activities. Immune-stimulatory
activities relate to the activation of myeloid dendritic cells, chemokines, chemokine receptors,
costimulatory molecules (CD40, CD80, and CD86), and humoral responses. Immunesuppressive effects are reflected by Th2 cell skewing and antiproliferative and pro-apoptotic
effects. The role of IFNs in disease may range from beneficial to detrimental. However, it
may be postulated that OAS2 plays a major immunoregulatory role based on its expression in
oral tumors and autoimmune diseases where CD3-ζ chain expression is downregulated [29,
410]
Type I interferons are promising but incompletely understood anticancer agents. Clinical
trials have demonstrated benefit in both haematological and solid tumors, although the
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effectiveness is somewhat modest in some cancers [411, 412]. IFN-α therapy has been
suggested to be effective in a subgroup of oral cancer patients [413, 414]. Further, it has also
been demonstrated that the up-regulation of ISGs (Mx1, OAS3, IFI44, IFI44L, OAS2,
USP18, and RSAD2) in the chronic hepatitis C infected liver is related to a poor treatment
response to peg-IFN-α therapy [415]. IFN-α may be important in the prevention of
carcinogenesis and high expression of OAS2 might be impairing cellular response to IFN-α
and promotes oral tumor progression by modulating anti-tumor immune response. However,
the role of others ISGs in modulating IFN-α response cannot be ruled out. Identification of
molecular biomarkers like OAS2, which can also identify oral cancer patients sensitive to
Type I interferon therapy would be very helpful in the clinic.
Thus, the data presented here indicates, for the first time, a potentially important function of
tumor-derived OAS2 as a paracrine negative regulator of T-cell functions. Our data highlight
OAS2 as a novel molecular target for the manipulation of T-cell– dependent immunity with
important implications for cancer immunotherapy.
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Chapter 5

Defining the role of TNF-α in
the down-regulation of CD3-ζ
chain in T cells
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5.1 Introduction
Oral cancer patients are associated with chronic inflammation and T cells in them are
persistently exposed to cytokines, chemokines, nitrogen and oxygen species resulting in the
reduced antitumor immune response [218, 231, 416]. Immune cells in cancer patients are also
likely to be exposed to various apoptogenic signals and one of them is the chronic exposure
of T cells to tumor necrosis factor-alpha (TNF-α). TNF-α is a pleiotropic cytokine which
plays a central role in inducing chronic inflammation. Previous reports have demonstrated
that chronic TNF-α treatment impairs mouse T cell activation and downregulates CD3-ζ
chain expression [204]. In humans, TNF-α treatment also downregulates CD3-ζ chain on T
lymphocytes dose dependently, selectively, and reversibly via SLAP-dependent proteasomal
degradation [161]. Chronic exposure of TNF-α has also been shown to attenuate TCRsignaling and down-modulate T cell proliferative responses and cytokine production in vivo
and in vitro in patients with rheumatoid arthritis (RA) [202, 203].
TNF-α is largely produced by activated macrophages, T lymphocytes, and natural killer (NK)
cells. Inside cells, TNF-α is synthesized as pro-TNF (26 kDa), which is membrane-bound and
released upon cleavage of its pro domain by TNF-converting enzyme (TACE) [417]. Once
released, TNF-α interacts with its receptors TNF receptor I (TNFR-I, p60) and TNF receptor
II (TNFR-II, p80) and activates several signal transduction pathways, leading to the diverse
functions of TNF-α [418]. Despite higher affinity for TNFR-II (five times higher than that for
TNFR-I), TNFR-I initiates the majority of the biological activities of TNF-α [419]. TNFR-I is
expressed on all cell types, while TNFR-II expression is mainly confined to immune cells
[420].
TNFR-I has the ability of inducing apoptosis because of its association with the death
domain (DD) which can recruit pro-caspase 8 by the TRADD-FADD complex [421].
Autocatalytic activation of bound pro-caspase 8 releases activated caspase 8, which initiates
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apoptosis through cleavage and activation of pro-caspase 3 [422]. In case of immune cells,
TNF-α has been shown to trigger cell death of activated CD8+ T in a TNFR-I-dependent
manner and blocking TNF-α signaling has been shown to enhance CD8+ T cell-dependent
immunity in experimental melanoma. This has been attributed to the accumulation of tumorinfiltrating CD8+ T cells in TNF/TNFR-I signaling deficient animals suggesting that TNFR-I
signaling impairs the accumulation of tumor-infiltrating CD8+ T cells [423]. Further, Naive
CD8+ T cells which express TNFR-II but not TNFR-I are resistant to TNF-α induced cell
death while activated CD8+ T cells expressing both TNFR-1 and TNFR-II are sensitive to
exogenous TNF-α [423]. Thus, this insinuates that TNFR-I might be acting as an immune
checkpoint. Besides the apoptotic signaling, TNFR-I also has the ability to transduce cell
survival signals through NF-κB and AP-1. TNFR-I also mediates TNF-α driven DC
maturation and CD8+ T cell response. TNF-α driven maturation could be either through
direct binding of TNF-α to TNFR-I on immature DCs or through an indirect method by
activating naïve T cells which drive maturation and mobilization of DCs [424].
TNF-α is involved in the modulation of both innate and adaptive immune responses.
Conflicting results have been published on the role of TNF-α in the T-cell immune response.
On one hand, TNF-α induces cell death of CD8+ T cell via TNFR-I receptor [423, 425]. On
the other hand, TNF-α also acts as an effector molecule secreted by CD8+ T cells to trigger
cell death of cancer cells [426] and a costimulatory cytokine able to enhance naive CD8+ Tcell proliferation and cytokine secretion [427, 428]. Moreover, TNF-α signaling facilitates
stabilization of immune cells via TNFR-II receptor. Increased number of regulatory T (Treg)
cells [429-431] and myeloid-derived suppressor cells (MDSC) [206, 432] in cancer patients
are associated with TNF-α signaling through TNFR-II. TNFR-II also acts as costimulatory
signal during T cell activation, and has a synergistic effect with TCR, and CD28 towards
optimal IL-2 induction and T cell survival [433]. However, chronic TNF-α exposure is
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known to impair TCR-signaling via TNFR-II and result in down-modulation of T cell
activation [434].
These observations indicate that both the TNF receptors can mediate the regulatory effects of
TNF-α on T cell activation and function in a spatial and temporal fashion. It would be thus
interesting to know which receptor is important in executing the downregulation of CD3-ζ
chain in T cells of oral cancer patients. In the present study which TNF receptor significantly
contributes to the suppressed T cell effector response during chronic inflammation associated
with oral cancer patients was addressed.
In the present chapter, we aimed to address following questions:
1) What is the expression profile of TNFR-I and TNFR-II on T cells from healthy
individuals and oral cancer patients?
2) Which TNF receptor is involved in mediating the CD3-ζ chain downregulation on
TNF- α exposure?
3) What is the mechanism by which T cell signaling is inhibited by TNF-α stimulation?
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5.2 Results
5.2.1 Expression of TNFR-I and TNFR-II on CD3+ T cells obtained from healthy
individuals and oral cancer patients
In order to address, whether TNF-α induced alteration in T cell signaling is regulated by the
TNF receptors (I and II), first expression of TNFR-I and TNFR-II was analyzed in the freshly
isolated CD3+ T cells from healthy individuals (HIs) and oral squamous cell carcinoma
(OSCC) patients. The PBMCs were isolated and stained by the antibodies for TNFR-I and
TNFR-II. The gated CD3+ T cells from HIs had a comparable expression of TNFR-I and
TNFR-II. The expression levels are represented as the median fluorescence intensity (MFI)
(Fig. 5.1a). Comparison of MFI values of TNFR-I (Median: 689) and TNFR-II (Median:
822.5) in HIs indicates that there is no significant statistical difference between the two
receptors on the CD3+ T cells (Fig. 5.1b). In case of gated CD3+ T cells from OSCC patients,
MFI of TNFR-I (10945) was higher as compared to the MFI of TNFR-II (6259) (Fig. 5.1c).
Comparison of expression levels of TNFR-I (median: 6049) and TNFR-II (median: 2359)
indicate that there is statistically significant difference (p<0.005) between the two receptors
on CD3+ T cells of OSCC patients (Fig. 5.1d). The CD3+ T cells from OSCC patients
expressed significantly higher levels TNFR-I and TNFR-II receptors compared to that
expressed by the CD3+ T cells of HIs. However, the drastic change was observed in the
expression of TNFR-I than TNFR-II. This suggests that T cells from oral cancer patients are
reprogrammed to overexpress TNFR-I which might have an influence on the T cell
functioning and survival.
The levels of TNF-α in the serum of the HIs and OSCC patients were analyzed to predict the
prevalence of TNF-α signaling in OSCC patients. As evident the levels of TNF-α were
elevated in the serum of oral cancer patients compared to the HIs (Fig. 5.2). The levels of
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TNF-α were almost 3 fold higher in OSCC patients (Range 2.0-547.6 pg/ml: Median 13.24)
compared to the HI (Range 1.310-97.82 pg/ml: Median 4.02) (Fig. 5.2), suggesting that the
T cells from oral cancer patients are under the chronic exposure of TNF-α which might have
the ability to alter T cell functioning.

Figure 5.1: Comparison of Expression of TNFR-I and TNFR-II in HIs and OSCC
patients. a) Histogram shows the fluorescence intensity of TNFR-I and TNFR-II on CD3+ T
cells of healthy individuals. b) Graph depicts that the fluorescence intensity of TNFR-I and
TNFR-II on CD3+ T cells of healthy individuals is comparable and there is no significant
statistical difference (p=0.6905). c) Histogram shows the fluorescence intensity of TNFR-I
and TNFR-II on CD3+ T cells of oral cancer patients. d) Graph shows that median
fluorescence intensity (MFI) of TNFR-I on CD3+ T cells of oral cancer patients is higher than
that of TNFR-II and there is significant statistical difference (** represents p<0.005, ns
represent non-significant data with p>0/05).

5.2.2 Effect of TNF-α treatment on the expression of CD3-ζ chain in Jurkat T cells and
CD3+ T cells of healthy individuals
Previous data indicate that TNF-α plays a key role in chronic inflammation induced T cell
hyporesponsiveness in cancer and autoimmune disease. The CD3-ζ chain regulates the
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TCR/CD3 expression on the T cell surface and thereby controls their activation and
functions. The effect of TNF-α on CD3-ζ chain expression was observed in Jurkat T cells and
human PBMCs. Jurkat T cells were treated with recombinant human TNF-α (20 and 40
ng/ml) for different time points (24, 48 and 72 hrs). At all-time points, cells were stained for
CD3-ζ chain expression. In Jurkat T cells after treatment with TNF-α (20 and 40 ng/ml),
downregulation of CD3-ζ chain expression was observed. However, the effect neither
appeared to be time dependent or dose dependent. At both the concentrations, CD3-ζ chain
protein levels were reduced to almost 40% compared to untreated cells (Fig. 5.3a-c).
Unstimulated cells served as the control for this experiment. Comparisons of median values
of corrected fluorescence intensity of CD3-ζ chain in TNF-α treated and untreated Jurkat T
cells indicated a statistical significant decrease in CD3-ζ chain expression upon treatment
with TNF-α (Fig. 5.3d).

Figure 5.2: Concentration of TNF-α in serum of healthy individuals and oral cancer
patients. Serum TNF-α concentration in HI (n=31) and OSCC patients (n=42) was
determined by cytometric bead array. Higher levels of TNF-α was observed in OSCC patients
as compared to HI. Comparison of serum TNF-α level in HI and OSCC patients indicates that
there is significant statistical difference. (** represents p<0.005)
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Figure 5.3: Effect of TNF-α on CD3-ζ chain in Jurkat T cells. Jurkat T cells were treated
with TNF-α (20 ng/ml or 40 ng/ml) for 24, 48, and 72 hrs and the CD3-ζ chain expression on
CD3+ T cells was studied by flow cytometry. The half offset shows the effect of TNF-α on
CD3-ζ chain expression at 24 hr (a), 48 hr (b) and 72 hrs (c). (d) Comparison of corrected
fluorescence intensities of CD3-ζ chain of control cells with TNF-α-stimulated cells indicates
significant statistical difference at 24, 48 and 72 hrs. Data is represented as mean values of
corrected fluorescence intensities. Corrected fluorescence intensity is calculated by correcting
the MFI of unstimulated control to 100 and adjusting MFIs of others accordingly. (*
represents p<0.05)
The TNF-α treatment of freshly isolated PBMCs from HIs was unable to downregulate the
levels of CD3-ζ chain on the gated CD3+ T cells (data not shown). To trace the possible
reason which led to this inconsistency, the role of TNF receptor expression was anticipated as
Jurkat are known to express higher levels of TNFR-I compared to TNFR-II. The expression
of TNFRI and TNFR-II was analyzed on Jurkat T cells and results confirmed that these cells
expressed higher levels of TNFR-I than TNFR-II (Fig. 5.4a-b). This is in corroboration with
our earlier data showing that T cells from OSCC patients have higher levels of TNFR-I than
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TNFR-II. The differential expression of TNF receptors on T cells might render them
susceptible to TNF-α induced downregulation of CD3-ζ chain.

Figure 5.4: Expression of TNFR-I and TNFR-II on Jurkat T cells. Jurkat T cells were
stained with TNFR-I and TNFR-II antibodies and analyzed by flow cytometry. The
histograms confirm that Jurkat T cells express higher levels of TNFR-I (MFI=175) (a) while
TNFR-II expression is marginal (MFI=114) (b) when compared to Isocontrol (MFI=87.7).
5.2.3 Effect of TNF-α treatment on the expression of CD3-ζ chain in TNFR-I induced
CD3+ T cells of healthy individuals
To prove that the differential expression of TNF receptors on T cells marks them susceptible
to TNF-α induced downregulation of CD3-ζ chain, PBMCs were pre-treated with PHA (1%
PHA for 2h) before the TNF-α treatment. The PHA treatment was carried out to induce the
TNFR-I expression on T lymphocytes [161] and mimic the in vivo situation of OSCC patients
where TNFR-I is higher. The PBMCs from HIs were stimulated with 1% PHA for 2 hrs to
induce TNFR-I expression. The results showed that after PHA treatment considerable amount
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of TNFR-I was induced on the gated CD3+ T cells without affecting TNFR-II (Fig. 5.5a-b).
There was almost one fold increase in the expression of TNFR-I on T cells of HIs after 2 hrs
of PHA treatment (Fig. 5.5c). The cells with considerable amount of TNFR-I were used for
further experiments to analyze the effect of TNF-α on the T cells.

Figure 5.5: Induction of TNFR-I receptor by PHA Stimulation on CD3+ T cells of
healthy individuals. PBMCs of HI were obtained by FH density gradient centrifugation.
Cells were treated with 1% PHA for 2 hrs and then cells were stained for TNFR-I and TNFRII using respective antibodies a) the histogram shows that PHA stimulation induces TNFR-I
expression on gated CD3+ T cells. b) Confirms that the expression of TNFR-II remained
unaffected on PHA stimulation. c) Graph shows the comparison of median fluorescence
intensities of TNFR-I and TNFR-II in unstimulated and PHA stimulated cells. Data
represented is the mean of three independent experiments. (** represents p<0.005 and ns
represents non-significant data with p>0.05)
PHA stimulated cells were washed and treated with TNF-α (20 and 40ng/ml) for 24, 48, and
72 hrs. At different time points, cells were harvested and the expression of T-cell signaling
molecule CD3-ζ chain was analyzed in the gated CD3+ T cells. The effect of TNF-α
treatment (TNF-α 20 ng/ml and 40 ng/ml) at different time points (24, 48, and 72 hrs) was
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compared with respective untreated cells. A decrease in the CD3-ζ chain expression was
observed in T cells treated with TNF-α as compared to untreated T cells (Fig. 5.6a-c).
Comparisons of normalized fluorescence intensities of CD3-ζ chain in TNF-α treated and
untreated CD3+ T cells at 24, and 48 hr indicated a significant decrease in CD3-ζ chain
expression (p<0.05) upon treatment with TNF-α (Fig. 5.6d).

Figure 5.6: Influence of TNF-α on CD3-ζ chain expression in CD3+ T cells of healthy
individuals. PBMCs of HI were obtained by FH density gradient centrifugation. Cells were
treated with 1% PHA (for 2 hrs) then with TNF-α (20 ng/ml or 40 ng/ml) for 24, 48, and 72
hrs. The half offset histogram shows the effect of TNF-α on CD3-ζ chain expression at 24 hr
(a), 48 hr (b) and 72 hrs (c). (d) Comparison of normalized fluorescence intensities of CD3-ζ
chain of control cells with TNF-α-stimulated cells indicates significant statistical difference at
24 and 48 hr. Comparison of normalized fluorescence intensities of control cells with TNF-αstimulated cells at 72 hrs showed no statistical significance. The normalized fluorescence
intensity is calculated by correcting the MFI of unstimulated control to 100 and adjusting
MFIs of others accordingly. (* represents p<0.05 and “ns” represents non-significant data
with p>0.05)
The effect of chronic TNF-stimulation on CD3-ζ chain downregulation was also confirmed
by western blotting. The protein lysates from T cells treated with TNF-α (20ng/ml and
40ng/ml) for 24, 48 and 72 hrs were probed for CD3-ζ chain using CD3- ζ chain mAb. To

Chapter 5: TNF-α and CD3-ζ chain downregulation

Page 154

ensure equal loading of proteins, β-actin (molecular weight 42kDa) was used as the loading
control. Compared to unstimulated cells, the expression of CD3- ζ chain protein (molecular
weight 18kDa) was lower in TNF-α stimulated T cells at all the time points and
concentrations used (Fig. 5.7). The results thus confirm that the TNF/TNFR-I signaling is
having a differential functional consequence on T cells leading to the downregulation of
CD3-ζ chain.

Figure 5.7: Western blots confirming the effect of TNF-α on CD3-ζ chain expression in
CD3+ T cells. Cells were treated with TNF-α (20 ng/ml or 40 ng/ml) for 24, 48, and 72 hrs
and cell lysates were prepared. The lysates were analysed for the expression of CD3-ζ chain
by western blotting. The expression of CD3-ζ chain in untreated samples at 24 hr, 48 hr and
72 hrs is higher than the samples stimulated with TNF-α (20ng/ml) for 24 hr, 48 hr and 72 hrs
respectively. β-actin is used as loading control to ensure equal loading of proteins. Expression
of CD3-ζ chain decreases upon stimulation with TNF-α.

5.2.4 Expression of CD3-ε chain in CD3+ T cells of healthy individuals upon treatment
with TNF-α
The CD3-ζ chain can cycle independently from other CD3 subunits, therefore the effect of
TNF-α on CD3-ε chain was also studied. PBMCs of HI were treated with 1% PHA for 2 hrs.
Cells were washed and incubated with TNF-α (20 ng/ml and 40 ng/ml) for 24, 48, and 72 hrs
with unstimulated cells serving as control. The cells were then stained at respective time
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points (24, 48, and 72 hrs) and analyzed for the expression of CD3-ε chain in CD3+ T cells
upon treatment with TNF-α (20 ng/ml and 40 ng/ml). The results confirmed that TNF-α
treatment lacks the ability to alter the expression of CD3-ε chain. No change in CD3-ε MFI
was observed in T cells treated with TNF-α as compared to untreated cells at all-time points
(Fig. 5.8a-c). Comparisons of normalized fluorescence intensities of CD3-ε in TNF-α treated
and untreated T cells at 24, 48, and 72 hrs indicated no significant change in CD3-ε chain
expression (p>0.05) upon treatment with TNF-α (Fig. 5.8d). This suggests that the effect of
TNF-α is specific and affects only CD3-ζ chain in T cells without affecting other key T cell
signaling molecules associated with effector functions of T cells.

Figure 5.8: Regulation of CD3-ε chain expression in CD3+ T cells of healthy individuals.
PBMCs of HI were obtained by FH density gradient centrifugation. Cells were treated with
1% PHA before stimulation with TNF-α (20 ng/ml or 40 ng/ml) for 24, 48, and 72 hrs. The
CD3-ε chain expression on CD3+ T cells was studied by flow cytometry. The half offset
histogram shows the effect of TNF-α on CD3-ε chain expression at 24 hr (a), 48 hr (b) and
72 hrs (c). d) Data is represented as mean values of normalized fluorescence intensities. The
normalized fluorescence intensity is calculated by correcting the MFI of unstimulated control
to 100 and adjusting the MFIs of others accordingly. Comparison of normalized fluorescence
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intensities of CD3-ε of control cells with TNF-α-stimulated cells indicates no significant
statistical difference at 24, 48 and 72 hrs. (ns represent non-significant data with p>0.05)
5.2.5 Blocking of TNFR-I but not TNFR-II reverses TNF-α induced CD3-ζ chain
downregulation
Our data confirmed that it is the altered expression of TNFR-I and TNFR-II receptor on T
cells which make them susceptible to TNF-α exposure. TNFR-I expression was higher on
CD3+ T cells from OSCC patients and induced expression of TNFR-I also made T cells from
HI vulnerable to TNF-α induced CD3-ζ chain downregulation. In this context, to verify
whether this receptor or both the receptors are involved in TNF-α induced downregulation of
CD3-ζ chain, blocking experiments were carried out using respective mAbs (TNFR-I and
TNFR-II). CD3+ T cells were stimulated with TNF-α 20 ng/ml with or without TNFR-I and
TNFR-II antibodies for 24 hr. After 24 hr cells were stained and analyzed for CD3-ζ chain
expression. Results showed that TNF-α is capable of inducing downregulation of CD3-ζ
chain and this effect of TNF-α exposure on CD3-ζ chain was reversed by blocking TNFR-I
but not TNFR-II (Fig. 5.9a). However when TNFR-II was blocked the effect of TNF-α in
downregulating showed marginal increase confirming that

the TNF-α induced

downregulation of CD3-ζ chain is mediated by TNFR-I and variation in their expression is
having the differential functional impact on T cell functioning (Fig. 5.9b).
5.2.6 Expression of intracellular ROS and caspase 3 in PBMCs of healthy individuals
upon treatment with TNF-α
To study the mechanism that could be associated with TNF-α signaling leading to CD3-ζ
chain downregulation, levels of ROS and caspase-3 were studied. TCR-signaling pathways
are differentially affected by physiological levels of oxidative stress. It is reported that loss of
CD3-ζ chain is caused by ROS (in particular by H2O2), since addition of catalase restores
CD3-ζ chain expression [148]. Superoxide anion can also readily react with nitric oxide (NO)
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generating peroxynitrite (ONOO−) which can lead to structural alteration in CD3-ζ chain
leading to its degradation.

Figure 5.9: Consequential effect of TNF receptor blocking on CD3-ζ chain expression.
The PBMCs were isolated using FH density gradient and then stimulated with TNF-α (20
ng/ml) either in absence or presence of TNFR-I and TNFR-II blocking antibodies. a) The
histogram confirms that on blocking TNFR-I, the TNF-α induced downregulation of CD3-ζ
chain is prevented while TNFR-II had no effect on CD3-ζ chain expression. b) The data
represented is the mean of three independent experiments and is representing the percentage
decrease in CD3-ζ chain expression compared to the unstimulated control. (* represents
p<0.05 and ns represents non-significant data with p>0.05)

To prove whether TNF-α can induce ROS, PBMCs were stained with

2’,7’-

dichlorofluorescin diacetate (H2DCF-DA) dye and were stimulated with TNF-α (20 ng/ml or
40 ng/ml) and expression of intracellular ROS, at various time points, was analysed by flow
cytometry. The fluorescence intensity (MFI) was obtained at different times depicting the
generation of ROS. Results confirmed that the ROS generation increases dramatically in
PBMCs after stimulation with TNF-α. Intracellular ROS levels in PBMCs increased with
time till 45 mins then decreased upon TNF-α stimulation (Fig. 5.10). This suggested that
TNF-α induced oxidative stress might play a crucial role in the T lymphocyte
hyporesponsiveness by regulating CD3-ζ chain expression.
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Figure 5.10: Quantitation of ROS in T cells stimulated with TNF-α. PBMCs of HI were
obtained by FH density gradient centrifugation and intracellular ROS levels were monitored
upon stimulation with TNF-α (20 ng/ml or 40 ng/ml) by flow cytometry. Data is represented
as corrected fluorescence intensity plotted versus time. Corrected fluorescence intensity is
calculated by correcting the MFI at 0 mins to 100 and adjusting the MFIs of others time
points accordingly. Stimulation with TNF-α (20 ng/ml and 40 ng/ml) resulted in an increase
in the fluorescence intensity with increase in time till 45 mins, after which it decreased.
Caspase-3 is the other molecule which has the capability to regulate CD3-ζ chain expression
in T cells. Hence, the effect of TNF-α on caspase-3 level was observed in PBMCs. PBMCs
were stimulated with 1% PHA followed by the treatment with TNF-α (40 ng/ml) for 24 and
48 hr. Protein lysates were prepared and analysed for caspase 3 activity by fluorimetry.
Caspase activity in nmole of AMC released per minute per ml of cell lysate was calculated
(as described in material and methods). Untreated cells served as a control for this
experiment. Caspase activity of TNF-α treated sample was higher as compared to the
untreated sample. Comparison of mean caspase activity of treated and untreated samples at
24 hr as well as at 48 hr indicates that there is the significant statistical difference (p<0.05)
(Fig 5.11a). Further as our earlier data has shown that OAS2 (chapter 4) also has ability to
alter caspase-3 levels, the additive effect of both these proteins was analyzed and data
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confirmed that when cells were stimulated with both rh-OAS2 (12 ng/ml) and TNF-α (20
ng/ml) there was an synergistic effect on the induction of caspase-3 levels (Fig 5.11b). This
data confirmed the possible mechanism that could be utilized by TNF-α signaling to induce T
cell hyporesponsiveness in OSCC patients.

Figure 5.11: Caspase -3 levels in T cells stimulated with TNF-α. PBMCs of HI obtained
by FH density gradient centrifugation were stimulated with PHA (1%) for 2 hrs, and then
treated with TNF-α (40 ng/ml) for 24 hr and 48 hr. Cell lysates were prepared and analysed
for caspase 3 activity by fluorimetry. a) Caspase activity in nmole of AMC released per
minute per ml of cell lysate was calculated. Cells untreated with TNF-α served as control for
this experiment. Comparison of caspase activity of control with TNF-α-stimulated cells
indicates a significant statistical difference at 24 and 48 hr. b) The histogram shows the
additive effect of TNF-α (20 ng/ml) and rh-OAS2 (12 ng/ml) on caspase-3 levels. (*
represents<0.05)

5.2.7 Intracellular calcium levels in PBMCs of healthy individuals upon treatment with
TNFα
Long-term culture in the presence of TNF-α inhibits subsequent IL-2 mRNA expression in T
cells preactivated with anti-CD3 and restimulated via TCR and CD28. But TNF-α signaling
via TNFR-II is required for the maintenance of IL-2 levels. So, this inhibition of IL-2 mRNA
might be through TNFR-I signaling. Inhibition of IL-2 represents a state of anergy of T cells
which have higher Ca2+ influx. The level of Ca2+ flux in the PBMCs of HI was observed after
stimulation with TNF-α. PBMCs were stimulated with 1% PHA for 2 hrs after which cells
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were washed and stained with fluo-3-AM. Baseline fluorescence was analysed followed
which cells were stimulated with anti-CD3 mAb and TNF-α (20 ng/ml) for 5 mins. Cells
stimulated with only anti-CD3 mAb were used as a control for this experiment. Calcium flux
in cells stimulated with anti-CD3 mAb and TNF-α was higher than in cells stimulated with
only anti-CD3 mAb (Fig. 5.12a-b).

Figure 5.12: Calcium flux in T cells after TNF-α treatment. a) PBMCs of HI treated with
PHA for 2 hrs were analysed for calcium flux upon stimulation with anti-CD3 mAb and
TNF-α (20 ng/ml). Calcium flux in cells stimulated with anti-CD3 mAb and TNF-α was
higher than in the cells stimulated with only anti-CD3 mAb. b) Each point on the graph
represents the average fluorescence intensity over a range of 25 seconds each. The graph
shows the consolidated data of three independent experiments. c) In other experiment cells
were 1st treated with TNF-α for 24 hr then again stimulated either with anti-CD3 mAb or with
anti-CD3 mAb and TNF-α. Cells stimulated with only anti-CD3 mAb served as control for
these experiments. Data is represented as increase in calcium flux with time. Calcium flux in
cells treated with TNF-α and stimulated with anti-CD3 mAb and TNF-α was higher than in
cells treated with TNF-α and stimulated with only anti-CD3 mAb.
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Separately, PBMCs were stimulated with 1% PHA and then treated with TNF-α (20ng/ml)
for 24 hr. After 24 hr cells, were washed and stained with fluo-3-AM. Baseline fluorescence
was analysed after which cells were restimulated with anti-CD3 mAb and TNF-α (20ng/ml)
for 5 mins. Cells stimulated with only anti-CD3 mAb were used as the control for this
experiment. Calcium flux in cells stimulated with TNF-α after being restimulated with antiCD3 mAb and TNF-α was higher than in cells treated with TNF-α and restimulated with only
anti-CD3 mAb (Fig. 5.12c). This confirms that TNF-α is able to alter the stored calcium flux
in T cells and signifies its role in altering the T cell signaling. The levels of calcium were
lower in the cells stimulated with TNF-α for 24 hr which could be attributed to decreased
CD3-ζ chain expression induced by TNF-α stimulation.
5.2.8 Effect of TNF-α on PI3-Kinase independent CD28 signaling in T cells
Incubation of T cell lines with TNF-α have been shown to induce a reduction in the levels of
cell surface expression of CD28 [435]. CD28 signaling can occur either through PI3K
dependent and independent signaling. PI3K independent pathway depends upon the
recruitment of Grb2/sos complex to CD28 by Shc protein [436]. This signaling is important
in our context as it can regulate ROS, caspase-3 as well as calcium flux. Therefore, the
expression of SHC in the PBMCs of HI treated with TNF-α (20 ng/ml and 40 ng/ml) for 24
hr, 48 hr and 72 hrs was observed. Cell lysates were prepared and the expression of Shc was
studied by western blotting. Unstimulated cells served as the control for this experiment.
Protein bands of p46Shc and p52Shc were observed. Expression of p46Shc and p52Shc was
lower in protein lysates obtained from TNF-α treated cells as compared to untreated cells
(Fig. 5.13). Blot stained with Ponceau red, showing all protein bands, was used to ensure
equal loading of proteins. This suggests that the CD28 signaling is defective in T cells
stimulated with the TNF-α resulting in decreased effector function of T cells.
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Figure 5.13: Effect of TNF-α on CD28 signaling. PBMCs of HI obtained by FH density
gradient centrifugation were stimulated with 1% PHA for 2 hrs and then treated with TNF-α
(20 ng/ml and 40 ng/ml) for 24, 48 and 72 hrs. Cell lysates were prepared and the expression
of Shc was studied by western blotting. Unstimulated cells served as control for this
experiment. The expression of p46 Shc and p52 Shc decreases upon stimulation with TNF-α
at all the time points suggesting that CD28 signaling is altered in T cells stimulated with
TNF-α. The β-actin and ponceau stained blot served as loading controls.
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5.3 Discussion
Under the chronic inflammatory condition, T cells experience a state of hyporesponsiveness
on TCR stimulation [437]. Attenuated TCR signaling pathways in T cells derived from sites
of inflammation has been reported. TNF-α, a prominent pro-inflammatory cytokine, is
involved in the pathogenesis of various pathological conditions (cancer and autoimmune
diseases) which are associated with inflammation [438]. Chronic TNF-α exposure has a
negative regulatory effect on TCR-mediated T cell activation in vivo and in vitro as observed
in a mouse model [203, 204]. The level of TCR on cell surface expression is critically
important in the efficiency and duration of the immune response. The aim of the present
study was to show how T cells become susceptible to the TNF-α induced CD3-ζ chain
downregulation in inflammatory condition. CD3-ζ chain is considered to be the rate-limiting
factor of TCR/CD3 complex formation [161].
The T cells derived from an inflammatory condition like OSCC have differential expression
of TNFR-I and TNFR-II. Antigen experienced T cells from the oral cancer patients showed
higher expression of TNFR-I compared to TNFR-II. In healthy individuals, the expression of
both the receptors was comparable. Overexpression of TNFR-I on T cells might be inducing
death of T cells in oral cancer patients and limiting the effector immune response against the
growing tumors. This has been also observed in the melanoma tumor model where TNF-α
has been shown to induce CD8+ T cell death in a TNFR-I dependent manner. Further, in
TNFR-I deficient mice the accumulation of CD8 + T cells in tumor microenvironment was
observed [423]. Thus, host TNFR-I dependent TNF-α signaling impairs T-cell–dependent
immune response. Despite the fact that TNFR-II has higher binding affinity for TNF-α than
TNFR-I, the signaling via TNFR-I is initiated in the oral cancer patients. This signaling will
limit the major functions of TNF-α via TNFR-II in modulating both innate and adaptive
immune system.
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Our in vitro experiments demonstrated that mitogen induced TNFR-I expression on T cells
rendered them susceptible to the TNF-α mediated CD3-ζ chain downregulation. This
reduction in CD3-ζ chain was thought to be a primary effect which might lead to the impaired
TCR/CD3 assembly and expression at the cell surface. The total CD3-ε chain remained
unaffected because CD3-ζ chain in known to be regulated independently of other CD3
subunits. Also the rate of synthesis of the CD3-ζ chain is 10% of that of other TCR/CD3
chains; and appears to be the rate limiting step in the regulation of TCR/CD3 internalization
and recycling [134, 439]. The decreased expression of the CD3-ζ chain has been reported in
several autoimmune (rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE)),
inflammatory and malignant diseases (oral cancer and others). The TNF-α induced CD3-ζ
chain was found to be a reversible phenomenon regulated by Src like adaptor protein (SLAP)
dependent proteasomal degradation in human T cells [161]. Our hypothesis was strengthened
by the fact that blocking of mitogen induced TNFR-I receptor prevented TNF-α mediated
downregulation of CD3-ζ chain expression. Further, the Jurkat T cells which are known to
express higher levels of TNFR-I showed conspicuous effect on CD3-ζ chain downregulation.
An earlier study has shown the role of TNFR-II in impairing the TCR signaling by TNF-α
[434]. However this study failed to explain how TNFR-II signaling has inhibited IL-2
signaling as TNFR-II signaling is required for the IL-2 induction and T cell survival linked to
CD28 co-stimulation [433]. The strength of TCR signaling and duration of antigen encounter
are critical parameters for the fate of naive CD8 T cells toward death, anergy, or retainment
of naive phenotype [440]. It is, therefore possible that factors influencing TCR signaling
would affect developmental fates of T cells after Ag engagement. Collectively, the role of
TNF/TNFRs pathways on T cell tolerance relies on differential expression of TNFRs (I and
II) and the context of TCR signaling (i.e.; inhibitory or stimulatory). Because TCR-derived
signals not only determine the efficacy of T cell immunity but also tolerance induction [440]
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and T cell viability [441], it is anticipated that costimulatory molecules can have an influence
on these parameters of T cell biology.
The inhibition of TCR signaling will induce anergy in the T cells and anergic T cells are
associated with higher calcium flux and caspase-3 activation. The inhibition of TCR
signaling will prevent AP-1 activation required for NFAT driven IL-2 secretion. In absence
of AP1, NFAT will switch on transcription leading to the synthesis of E3 ubiquitin ligase
marking a state of anergy [399]. This will form a feedback loop leading to increased calcium
flux. A sustained increase in intracellular calcium was observed when T cells were stimulated
with TNF-α marking a state of anergy. T cell activation requires a threshold amount of TCRmediated signals, an amount that is reduced by signals mediated through costimulatory
molecules expressed on the T cell surface. TNFR-II has been shown to act as a putative
costimulatory receptor for T cell activation and decrease threshold for TCR stimulation [427].
However, enhanced expression of TNFR-I might increase the threshold for TCR stimulation
and at a suboptimal stimulation T cells might fail to respond and show hyporesponsiveness.
This was further validated by the prominent caspase 3 activation in the T cells stimulated
with TNF-α. The cytoplasmic domain of CD3-ζ chain has several consensus target sequences
for caspases, among which caspase-3 and 7 have been shown to cleave in vitro translated
CD3-ζ chain [155]. Caspase-3, an effector caspase is expressed during T cell anergy
induction and recognizes proteins with a common DXXD motif and cleaves after the second
aspartic residue [178, 369]. The CD3-ζ chain has various caspase-3 cleavage sites (5 in
number) and hence might be involved in active caspase-3 mediated downregulation of CD3-ζ
chain in T cell from oral cancer patients.
Attenuation of T cell activation was associated with increased Ca2+ flux and could be partly
attributed to decreased surface CD3-ζ chain expression or down-regulation of CD28
signaling. CD28 provides a costimulatory signal that results in optimal activation of T cells.
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Engagement of CD28 could be either in a phosphatidylinositol 3′-kinase (PI3K) dependent or
independent fashion. Association of Grb2 with CD28 via p52shc forms the basis for PI3Kindependent signaling through CD28 [436]. This PI3K-independent signaling has capability
to induce mitochondrial dysfunction associated with increased ROS and caspase 3 activation
[442, 443]. We observed that the mitogenic isoform of Shc are downregulated after TNF-α
stimulation and might be the cause for inducing ROS generation and caspase-3 activation.
ROS are known to promote the TNF-α induced programmed cell death via TNFR-I
dependent signaling [444]. This might be the possible mechanism associated with TNF-α
induced T cell death observed in cancer patients and indicates that intact proximal TCR
signaling can be disrupted by chronic TNFR-I signaling. Thus, mitochondrial targeted
antioxidants may present a preferred and viable strategy for therapeutic intervention in
chronic inflammatory disease like cancer induced by TNF-α. This will enhance the T cell
survival and help in generating an immune response against growing tumor.
The resistance of melanoma patients to BRAF V600E inhibitors has been attributed to TNF-α
which increase Twist1 levels in these patients [445-447]. This could also be credited to the
immune escape mechanism of tumors induced by TNF-α. Many cancers are associated with
the upregulation of MDSCs and Tregs. Peripheral accumulation of MDSCs was drastically
impaired in Tnfr–/– mice and TNF-α also prevents maturation of immature myeloid cells [206,
432]. Signaling through TNFR-II, but not TNFR-I, promoted MDSC survival in a tumor
bearing host [432]. TNFR-II is also critical for the stabilization of the CD4 +FoxP3+
regulatory T cell phenotype in the inflammatory environment [431]. Taken together, these
studies provide the rationale for TNFR-II as a potentially attractive molecular target for in
vivo and ex vivo treatment of diverse diseases where MDSCs and Tregs play important roles.
However, our study confirmed that blocking TNFR-II has enhanced the TNF-α induced T
cell dysfunction. Our findings provide insights that using antagonist ligands aimed at a single
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receptor, TNFR-II, might on one hand hold the potential for selectively turning off MDSCs
and Tregs for diseases as diverse as allergy, autoimmunity, cancer, transplantation, graft
versus host disease (GVHD) and infectious disease but at same time it may also lead to TNFα induced TCR signaling defect in antigen encountered T cells via TNFR-I. Therefore, these
aspects should be taken into account while designing the future therapies using TNF
inhibitors.
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Chapter 6
Role of Notch signaling in
regulating the proximal and
distal TCR signaling in
human CD3+ αβ-T cells
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6.1 Introduction
Notch signaling pathway is involved in cell fate decisions during differentiation and in
lineage discrimination [448]. Notch signaling is initiated by the ligand engagement of the
Notch receptor. There are four Notch receptors (Notch-1-4) and five Notch ligands, three
Delta-like (Dll1, Dll3 and Dll4) and two Jagged (Jag1 and 2) [449, 450]. Notch receptor
engagement by its ligand cleaves the extracellular and transmembrane domain of Notch
through activation of ADAM proteases and gamma-secretase respectively [451]. The second
cleavage by gamma- secretase generates Notch intracellular domain (NICD) that is
transported to the nucleus and behaves as a transcriptional activator [452, 453]. NICD binds
to cofactors like CSL (CBF-1/suppressor of hairless/Lag1), MAML (mastermind like1) and
p300/CBP to regulate the expression of its target genes, e.g., HES1 (hairy and enhancer of
split-1), HERP (HES related repressor protein) and NF-κB [454, 455]. The Notch signaling
pathway controls the development and activation of a variety of immune cells [456]. Notch
has been implicated in the T versus B lymphocyte differentiation from a common lymphocyte
precursor [457]. It is also known that Notch signaling is intimately involved in  versus 
lineage decision [458]. The role of Notch in effector functions of T cells has also been
reported. Notch is actively involved in peripheral T cell activation and cytokine secretion
[37]. Notch signaling is also involved in cytolytic effector functions of CD8 + T cells by
regulating the expression of key effector molecules like perforin and granzyme B [36].
For T cells to become activated, myriad of signals integrate together. Ligation of the TCR
accompanied by co-stimulation generates intracellular Notch in CD4+ and γδ T cells while
inhibition of Notch with γ-secretase inhibitors (GSI) decreases T cell activation and
proliferation [37, 167, 168]. However, specifically the point at which TCR and Notch
signaling cascade interact with each other remains controversial. Pharmacological inhibition
of Notch activation was reported to decrease the distal TCR signaling events such as the
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expression of activation markers CD25, CD69, IL-2 and IFN-γ without affecting proximal
signaling events such as phosphorylation of Zap70 [170]. On the other hand inhibiting Notch
signaling has the potential to induce T cell anergy by increasing the threshold for T cell
stimulation [170]. Although anergic T cells show defective cytokine production in response
to TCR/CD28 ligation, they still produce meaningful levels of cytokines in response to the
pharmacological agents- phorbol 12-myristate 13-acetate (PMA) plus ionomycin [459]. This
suggests that the phenomenon of anergy induced by Notch inhibition in T cells might induce
a proximal signal transduction defect. Therefore, a detailed evaluation is needed to find
precisely the point at which Notch has the capacity to modulate the TCR signaling cascade in
human αβ T lymphocytes.
The present study aimed to investigate:
How important is Notch in regulating the proximal and distal TCR-driven signaling in αβ T
cells?
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6.2 Results
6.2.1 Expression of mRNA for Notch receptors and ligands in peripheral human αβ T
cells
To test the hypothesis that TCR stimulation regulates Notch signaling and thereby control T
cell activity and function, the expression analysis of Notch receptors (Notch-1-4) and their
ligands (Dll1, Dll3, Dll4, Jag1, and Jag2) in unstimulated and stimulated αβ T cells was
carried out. The mRNA expression of Notch-1 and Notch-2 genes was observed in αβ T cells
(Fig. 6.1a) while the expression of Notch-3 and Notch-4 was almost undetectable. The TCRdriven activation of αβ T cells led to the marked increase in the expression of Notch-1 and
Notch-2 without affecting the Notch-3 and Notch-4 receptors (Fig. 6.1a).

Figure 6.1: Expression of Notch receptor and ligands on human αβ T cells. Human αβ T
cells were MACS-purified from the peripheral blood. a) Real-time quantitative PCR showed
abundant mRNA expression of Notch-1 and Notch-2 in αβ T cells. Activation induces their
expression while inhibition of Notch signaling prevents the activation induced overexpression
of receptors. The data represents the mean of four independent experiments and data were
normalized to expression of β-actin. (* represents p<0.05, ** represents p<0.005) b) Realtime quantitative PCR showed mRNA expression of Dll1, Dll4 JAG1 and JAG2 in
unstimulated αβ T cells. Stimulation of T cells induced a drastic increase in the expression of
Dll1 Dll4 and JAG2 which was abrogated by inhibition of Notch signaling by GSI-X. The
data represent the mean of four independent experiments and data were normalized to
expression of β-actin. (* represents p<0.05, ** represents p<0.005).
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Relatively low expression of Notch ligands Dll1 Dll4, Jag1 and Jag2 mRNA was observed in
unstimulated αβ T cells which were enhanced accordingly by TCR stimulation suggesting
that TCR-driven signaling has the capability to regulate Notch signaling pathway in T cells
(Fig. 6.1b). Because the dramatic effect was seen in the expression of Notch receptors and
ligands on activation, we examined whether inhibition of Notch signaling would have any
effect on T cell activation and thereby control the expression of its receptors and ligands. The
pharmacological inhibition of Notch receptor using gamma-secretase inhibitor (GSI-X) in
TCR-stimulated cells prevented the TCR-driven upregulation of Notch receptors as well as
ligands (Fig. 6.1a-b). This suggests that there is a crosstalk between the TCR and Notch
signaling pathways whereby they regulate each other.
6.2.2 Expression of Notch target genes in human αβ T cells

Figure 6.2: Expression of Notch target genes on human αβ T cells. a and b) Human αβ T
cells were analyzed for target gene expression (HES1, Deltex, NRARP and NF-κB). Like
receptors and ligands, target genes were induced by TCR-driven activation and inhibited by
inhibition of Notch signaling. The data represented is the mean of four independent
experiments and data were normalized to expression of β-actin (* represents p<0.05, **
represents p<0.005)

To better understand Notch signaling and T cell activity, we focused on two hallmarks of
Notch signaling: its dependence on the action of presenilin-dependent γ-secretase activity and
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the induction of expression of Notch target genes. Activation of Notch signaling leads to the
release of NICD into the nucleus and subsequently regulates its target genes. Following
translocation of NICD into the nucleus, it associates with CSL and converts it from a
repressor into an activator complex. This step is followed by expression of Notch target genes
such as HES1, NF-κB, NRARP (Notch-regulated ankyrin repeat protein) and Deltex [166,
460]. Using real-time PCR, we demonstrated that unstimulated αβ T cells express the Notch
target genes at varying degree. However, TCR-driven activation led to drastic increase in the
expression of NF-κB, NRARP, Hes1 and Deltex in αβ T cells which was abrogated on
pharmacological inhibition of Notch signaling using gamma-secretase inhibitor (GSI-X) (Fig.
6.2a-b). Thus, induction of Notch signaling is a consequence of activation induced
upregulation of Notch ligands and receptors on T cells.
6.2.3 Expression of Notch intracellular domain (NICD) in human αβ T cells

Figure 6.3: TCR driven activation of Notch signaling. a) Detection of 120kDa N1ICD in
unstimulated αβ T cells (lane1), α-CD3/CD28 mAb and rIL2 activated (24 h) αβ T cells (lane
2) or in the presence of GSI-X (lane 3), using antibodies that recognize the cleaved active
form of Notch-1 (N1ICD). b) Flow Cytometric analysis shows the expression of Notch-1
(N1ICD) in unstimulated αβ T cells or in αβ T cells stimulated with α-CD3/CD28 mAb) in
presence or absence of GSI-X. The data is represented as median fluorescence intensity
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(MFI). c) Flow Cytometric analysis shows the expression of Notch-2 (N2ICD) in
unstimulated αβ T cells or in αβ T cells stimulated with α-CD3/CD28 mAb) in presence or
absence of GSI-X. The data is represented as median fluorescence intensity (MFI).
The basal expression of N1ICD was observed in the unstimulated αβ T cells (Fig.6. 3a, lane
1) but the stimulation with α-CD3/CD28 mAb led to the abundant release of N1ICD (120kda)
suggesting induction of Notch signaling (Fig. 6.3a, lane 2). Treatment of αβ T cells with
GSI-X prevented the α-CD3/CD28 mAb-induced overexpression of N1ICD (Fig. 6.3a, lane
3). The induction of Notch signaling in αβ T cells was also determined using flow cytometry
by using N1ICD and N2ICD specific antibodies. The expression of N1ICD (MFI 1462) in
steady-state αβ T cells (Fig. 6.3b) was higher compared to N2ICD (MFI 311) (Fig. 6.3c). On
stimulation with α-CD3/CD28 mAb both N1ICD and N2ICD were induced and in the
presence of GSI-X, the expression of N1ICD and N2ICD were markedly reduced.
6.2.4 Notch is required for proximal TCR signaling events in the human CD3+ αβ T cells
Activation of T cells via the TCR accompanied by co-stimulation led to the production of the
active, intracellular domain of Notch-1 (N1ICD) and its inhibition via γ-secretase inhibitors
(GSI) decreased the activation-induced expression of Notch signaling pathway mediators.
While Notch has been demonstrated to influence T cell activation, precisely where Notch
exerts its influence downstream of the TCR is obscure. The TCR CD3-ζ chain is an important
regulator of T cell function as it contains ITAM. Phosphorylation of the ITAM on CD3-ζ
chain renders it capable of binding ZAP70 (Zeta-associated protein), a kinase that is
important in the signaling cascade of the T cell [461]. The activation of αβ T cells with αCD3/CD28 mAb led to the reduction in the expression of CD3-ζ chain which was further
abrogated on GSI-X inhibition (Fig. 6.4a-b). The inhibition of Notch signaling by GSI-X was
not able to alter the expression of CD3-ζ chain or its regulator ELF1 at mRNA level
suggesting that the Notch inhibition induces posttranslational down-regulation of CD3-ζ
chain (Fig. 6.4c). This was further verified in Jurkat T cells where we found that inhibition of
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Notch signaling induced downregulation of CD3-ζ chain (Fig. 6.4d). In Jurkat T cells,
inhibition of Notch affected only CD3-ζ chain expression without affecting downstream
molecules like ZAP70 and p56Lck (Fig. 6.5a). T cell activation is tightly regulated by
intracellular signals especially the anergy-related gene (GRAIL) to avoid autoimmunity and
maintain tolerance against self-tissues. GRAIL is an E3 ubiquitin ligase associated with T cell
tolerance and TCR CD3 degradation [462]. In the current study, we observed that inhibition
of Notch signaling induced GRAIL expression both in human αβ T cells as well as Jurkat T
cells (Fig. 6.5a-b). This indicates that GRAIL might be an essential regulator of T cell
tolerance by regulating CD3-ζ chain expression in T cells.

Figure 6.4: Notch regulates CD3-ζ chain expression the human CD3+ αβ T cells and
Jurkat T cells. a) Inhibition of Notch signaling induced downregulation of CD3-ζ chain
expression in the αβ T cells. The half offset histogram shows the median fluorescence
intensity of unstimulated αβ T cells (MFI=490) which on stimulation with α-CD3/CD28 mAb
decreases (MFI= 373). On inhibition of Notch signaling in αβ T Cells the median
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fluorescence intensity of CD3-ζ chain reduces further (MFI= 224). The cells were stimulated
for 24 hr in the presence or absence of GSI-X (10μM). b) The graph indicates the expression
(Normalized median fluorescence intensity) of CD3-ζ chain in unstimulated, stimulated and
GSI-X treated αβ T cells. The graph shown is representative of three independent
experiments (* represents p<0.05). c) Total RNA (150-300 ng/μL) was isolated from the αβ T
cells (unstimulated, stimulated and GSI-X treated). The isolated RNA was converted into
cDNA and cDNA was subjected to PCR, as described in “Materials and methods,” to detect
CD3-ζ chain, ELF1, and β-actin transcripts. The expression of CD3-ζ chain and ELF-1
remained unaffected across all the αβ T cells i.e.; unstimulated, stimulated and GSI-X treated.
d) In Jurkat T cells, inhibition of Notch signaling induced downregulation of CD3-ζ chain
expression. The half offset histogram shows the median fluorescence intensity of Control (1%
DMSO) treated Jurkat T cells (MFI=514) which decrease in a dose-dependent manner after
GSI-X treatment. The Jurkat T cells were treated with 5 and 10 μM of GSI-X which reduced
the median fluorescence intensity of CD3-ζ chain to 349 (MFI) and 305(MFI) respectively.

Figure 6.5: Effect of inhibition of Notch signaling on proximal TCR events in the human
CD3+ αβ T cells and Jurkat T cells. a) Jurkat T cells were treated with different
concentration of GSI-X (5 and 10μM) for 24 hr. After 24 hr total protein extract from these
cells was used to detect the levels of CD3-ζ chain, ZAP70, p56Lck, GRAIL and β-Actin by
Western blotting. The protein extracts (40-60 μg) prepared from Jurkat T cells was loaded
onto the SDS-PAGE and then transferred to the nitrocellulose membrane. The results showed
that inhibition of Notch signaling using GSI-X induced GRAIL and decreased CD3-ζ chain
expression in Jurkat T cells without affecting other key T cell signaling molecules ZAP70 and
p65Lck. β-actin was used as internal control. b) Western blotting experiment showing
induction of E3 ubiquitin ligase (GRAIL) on inhibition of Notch signaling using GSI-X.
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6.2.5 Inhibition of Notch signaling impairs stored calcium flux in human αβ T cells
Calcium signaling plays a central role in the induction of anergy in T cells, which become
functionally inactivated and incapable of proliferating and expressing cytokines following
antigen re-encounter [463]. Engagement of the TCR leads to rapid increases in the
intracellular concentration of calcium. However, suboptimal stimulation of T cells in the
presence of GSI-X led to the drastic increase in intracellular calcium flux. The levels of
calcium in GSI-X treated cells were maintained at higher levels compared to α-CD3/CD28
mAb stimulated cells (Fig. 6.6a-b). This phenomenon is a characteristic feature of longlasting anergic T cells suggesting that T cells are intrinsically modified to become tolerant.

Figure 6.6: Inhibition of Notch signaling results in altered calcium flux in T cells. a) The
αβ T cells were loaded with the 5 μM of FLuo-3AM in presence or absence of GSI-X at 37
°C for 30 mins. Cells were washed with calcium buffer and acquired on FACSAria for 10
mins. Initially, a 30-second baseline was collected the α-CD3/CD28 was added either alone
or in the presence of GSI-X. The graph shows kinetic flux of the intracellular calcium in the T
cells stimulated with α-CD3/CD28 mAb in the presence of absence of GSI-X. b) Each point
on the graph represents the average fluorescence intensity over a range of 50 seconds each.
The data represented is the mean of three independent experiments,
6.2.6 Notch is required for distal TCR signaling events in the human CD3+ αβ T cells
Downregulation of CD3-ζ chain has the ability to affect the distal signaling events associated
with T cell activation. GSI treatment significantly decreased distal TCR signaling events such
as the expression of activation markers CD25, CD69, (Fig. 6.7a-b) CD71, and phosphotyrosine (Fig. 6.8a-b). The effect of GSI was best observed at 48 hr after stimulation which is
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in accordance with data published earlier [170] and can be associated with the lag period of
24–30 hrs before the activated T cells begin to divide and execute effector functions [464].
Collectively, this data suggests that inhibition of Notch signaling has the ability to affect the
proximal TCR signaling by altering CD3-ζ chain expression which has the capability to alter
the distal signaling events as well.

Figure 6.7: Notch is required for distal TCR signaling events in the human CD3+ αβ T
cells. Sorted αβ T cells from healthy individuals were stimulated with plate-bound α-CD3ε
and α-CD28 for the indicated times either in presence or absence of GSI. Cells were
harvested and analyzed by flow cytometry after gating on CD3+ T cells. Median fluorescent
intensity (MFI) values are shown in half offset histogram for (a) CD25, (b) CD69. Results
show that effect of Notch inhibition using GSI-X on αβ T cell activation is more prominent
after 48 hr post-stimulation. Data is representative of three independent experiments.
6.2.7 Notch signaling is involved in proliferation of human CD3+ αβ T cells
The defect in the TCR CD3-ζ chain has been correlated with the impaired lymphocyte
proliferation and cytokine production in cancer patients [29, 465]. GSI-X caused
downregulation of CD3-ζ chain and whether it could be associated with decreased
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proliferation of αβ T cells in vitro, T cell proliferation in the presence of GSI-X was
performed was assessed by 3H-TdR incorporation assay. Purified αβ T cells were incubated
with α-CD3/CD28 mAb in the presence or absence of different concentration of GSI-X. The
αβ T cells showed robust proliferative responses to α-CD3/CD28 mAb (mean
58203±770cpm) compared to unstimulated αβ T cells (mean 341±11cpm). However, in the
presence of various concentrations of GSI-X [10 µM (445.7±147.3), 5 µM (13526±7630), 2.5
µM (37409±5116) and 1.25 µM (44598±772.5)] the proliferative responses of αβ T cells
were significantly reduced in a concentration-dependent manner (Fig. 6.9), with the
maximum decrease in proliferation of αβ T cells observed at 10 μM concentration of GSI.

Figure 6.8: Notch regulates activation of human CD3+ αβ T cells by regulating CD71
and phopho-Tyrosine: Sorted αβ T cells from healthy individuals were stimulated with
plate-bound α-CD3ε and α-CD28 for the indicated times either in presence or absence of GSI.
Cells were harvested and analyzed by flow cytometry after gating on CD3+ T cells. Median
fluorescent intensity (MFI) values are shown in half offset histogram for (a) CD71 and, (b)
phospho-Tyrosine (pY). Results show that effect of Notch inhibition using GSI-X on αβ T
cell activation was more prominent after 48 hr post-stimulation. Data is representative of
three independent experiments.
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Figure 6.9: Inhibition of α-CD3/CD28 mAb proliferation of αβ T cells by GSI. Human
αβ T cells were stimulated with α-CD3/CD28 mAb plus rIL2 in the presence and absence of
different concentrations of GSI-X. The data shown are mean of three experiments. (***
represents p<0.0005; ** represents p<0.005,* represents p<0.05).
6.2.8 Notch signaling is involved in cell cycle progression of human CD3+ αβ T cells
We evaluated the effect of Notch signaling pathway in cell cycle progression of αβ T cells.
Purified peripheral blood αβ T cells were left untreated or treated with α-CD3/CD28 mAb
and IL-2 in the presence and absence of GSI-X. The cells were analyzed for DNA content
using propidium iodide (PI). In the absence of strong TCR stimulus, T cells failed to
proliferate (Fig. 6.10a, d). However in the presence of α-CD3/CD28 mAb and IL2
stimulation for 72 hrs a significant increase number of cells in S phase (31.4%) and G2/M
phase (6.5%) was observed (Fig. 6.10b, d). The addition of GSI-X (10 μM) prevented the αCD3/CD28 mAb and IL2 driven proliferation of αβ T cells and arrested them at G0/G1 phase
(Fig. 6.10c, d). This was also reflected in the increased expression of p53 in αβ T cells in
GSI-X treated cells suggesting that inhibition of Notch signaling prevents G0/G1- S phase
transition in a p53 dependent manner (Fig. 6.10e).
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Figure 6.10: Notch and cell cycle progression. (a-c) Cell-cycle analysis was performed on
unstimulated αβ T cells (a) and α -CD3/CD28 mAb plus rIL2 stimulated αβ T cells without
GSI-X (b) or with GSI-X (c). These cells were stained after culturing for 72 hrs and analyzed
by flow cytometry. Blocking of Notch signaling by GSI-X prevents S phase progression of
cell cycle. FACS plots are representative of three independent experiments. d) The graph is
the representative of three independent experiments showing percentage of cells in different
stages of cell cycle. (** represents p<0.005,* represents p<0.05 and ns represents nonsignificant data p>0.05). (e) In a similar experiment, after 72 hrs total protein lysate was
extracted from these cells and was used to detect the levels of p53 and β-Actin by Western
blotting. The protein extracts (40-60 μg) prepared from αβ T cells was loaded into the SDSPAGE and then transferred to the nitrocellulose membrane. The results showed that inhibition
of Notch signaling using GSI-X induced higher levels of p53 levels thereby preventing cell
cycle progression even after TCR-driven stimulation. β-actin was used as loading control.
6.2.9 Notch signaling regulates activation and cytokine production in activated CD3+ αβ
T cells
Given that T cells with low TCR-CD3 ζ chain exhibit a clear proliferative defect, we focused
on pathways known to be required for the proliferation of multiple cell types. The c-Myc
proto-oncogene confers proliferative and survival signals in numerous neoplastic tissues.
Expression of c-Myc is upregulated following TCR-CD3 ligation and inhibition of Notch
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signaling prevented c-myc induction in human αβ T cells (Fig. 6.11a). As the expression of
c-Myc is regulated by Notch-mediated signaling and another gene- NF-κB that acts as an
indicator of Notch activation, were also analyzed. TCR-driven stimulation induced NF-κB
induction in αβ T cells which was inhibited in the presence of GSI-X (Fig. 6.11a). NF-κB
transcription factor is linked to post-differentiation IFN-γ production and regulator of
effector functions [466].
To address whether Notch signal has any role in regulating the effector functions of activated
αβ T cells, we examined the effect of GSI on cytokine production. The consequence of GSIX treatment on the concentration of different Th1 (IL2 and IFN-γ), Th2 (IL4 and IL10)
cytokine production was analyzed using CBA kit. The marked increase in production of Th1
cytokines (IFN-γ) compared to Th2 cytokines (IL4 and IL10) were observed after
stimulation with α-CD3/CD28 mAb over unstimulated αβ T cells (Fig. 6.11b). It was found
that inhibition of Notch signaling by GSI-X leads to a marked reduction in IFN-γ release
which was proportional to the concentration of GSI-X. IL-2 levels were analyzed to rule out
any difference in the IL-2 levels which might affect the function of T cells.
There was no significant increase observed in IL10 production after α-CD3/CD28 mAb
stimulation compared to unstimulated αβ T cells. However, treatment with GSI-X was able to
inhibit the IL10 production in a concentration-dependent manner. There were no changes
observed in IL-4 production and the levels were found to be very low (Fig. 6.11c). Thus, a
role of Notch in regulating IFN-γ production in activated αβ T cells is evident which suggests
that Notch plays a role in effector functions of T cells.
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Figure 6.11: Notch signaling regulates effector functions of αβ T cells. a) Human αβ T
cells were treated with stimulated with α-CD3/CD28 in the presence of absence of GSI-X
(10μM) for 24 hr. After 24 hr total protein extract from these cells was used to detect the
levels of c-myc, NF-κB, and β-Actin by Western blotting. The protein extracts (40-60 μg)
prepared from αβ T cells was loaded oto the SDS-PAGE and then transferred to the
nitrocellulose membrane. The results showed that inhibition of Notch signaling using GSI-X
prevented TCR-driven upregulation of c-myc and NF-κB. β-actin was used as internal
control. b and c) αβ T cells were cultured in the absence or presence of different
concentration GSI for 24 hr in 96 well plates. Supernatants were collected and level of Th1
(IL2 and IFN-γ) and Th2 (IL4 and IL10) cytokine production were measured by cytometric
bead array. In a concentration-dependent manner, GSI-X treatment decreases both Th1 and
Th2 production by α-CD3/CD28 mAb plus rIL2 stimulated αβ T cells. The data shown is
mean of three independent experiments.
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6.3 Discussion
T-cell receptor (TCR) engagement results in the initiation of intracellular signaling cascades
that lead to production of different cytokines and chemokines, the induction of anergy,
differentiation of T-cell subsets (i.e. Th1/Th2/Tregs) and the generation of cytotoxic T cells
(CTLs) [467]. However to accomplish these functions T cell receptor (TCR) cooperates with
additional activating receptors (notably NKG2D, NOTCH, and TLR) [468]. Notch signaling
can function as positive regulator of T-cell function and has implications in harnessing T cells
for cancer immunotherapy. Hence, this study was intended to address the dynamic crosstalk
between these two receptors in executing the effector function of human αβ T cells.
Notch signaling pathway plays a prominent role in the regulation of the immune responses. It
is known that Notch is essential for the functioning of murine CD4 and CD8 T cells [36, 37].
We have also shown that Notch regulates TCR driven effector function of γδ T cells [168].
However, the role of Notch signaling in regulating TCR-driven effector functions and the
point at which these pathways interact in human T cells is not well understood. In the present
study, our data showed that peripheral human αβ T cells express Notch receptors and ligands.
Their expression increases after α-CD3/CD28 mAb co-ligation suggesting that TCR-driven
signaling has the ability to alter the expression of components associated with the Notch
signaling. On the other hand, inhibition of Notch signaling in the presence of TCR
stimulation prevented TCR-driven induction of Notch receptors and ligands suggesting that
there is a dynamic interplay between Notch signaling and TCR-driven signaling in human αβ
T cells. It has been reported that Notch signaling involves both canonical and non-canonical
pathways in murine T cells and these interactions will influence cell fate decisions and
functions [166, 469]. Notch ligand binding is necessary to initiate Notch-mediated induction
of target genes. In our study, the expression analysis of Notch target genes confirmed that
human αβ T cells expressed the Notch target genes HES1, NF-κB, Deltex, and NRARP.
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Despite not using ligands, Notch target genes were upregulated similar to Notch receptors
and ligands. It therefore appears that Notch signaling is regulated by TCR signaling and that
Notch activation may be cis or trans ligand-dependent and confirms the significance of TCRdriven upregulation of Notch ligands on human αβ T cells.
Notch is known to regulate signal strength in thymocytes since constitutive expression of
N1ICD in DP thymocytes prevented their maturation into single positive CD4 + and CD8+ T
cells by interfering with TCR signal strength [470]. Our data showed higher expression of
Notch-1 and Notch-2 compared to Notch 3 and Notch 4 in human αβ T cells which could be
outcome of differentiation. The differential expression of Notch receptors observed in human
αβ T cells can be attributed to the fact that high Notch activation promotes γδ T cell
development, whereas lower levels promote αβ-lineage differentiation [471]. Notch-3, which
is a stronger Notch activator and only supports γδ T cell development, was absent in human
αβ T cells, whereas Notch-1 is a weaker activator supporting both TCR-αβ and -γδ
development was present in αβ T cells [471]. It is argued that the lower levels of Notch-3 in
human αβ T cells might be a consequence of T cell differentiation to regulate Notch signal
strength. We observed the expression of Dll1, Dll4, Jag1 and Jag2 in the human αβ T cells.
Dll4 ligand supports both TCR-αβ and -γδ development while as Jag1 induces mainly αβlineage differentiation. Jag1 is known to regulate the T cell signal strength by inducing an
inhibitory signal in T cells. Thus, Jag1 expression might be tightly controlled by any signal
driving T cell activation and could be reason why TCR stimulation with α-CD3/CD28 mAb
or its inhibition failed to alter its expression. Jag1 might be regulated by different pathway
which has ability to dampen the TCR driven signaling. Jag1 is also known to regulate the
GRAIL expression in T cells which has the ability to decrease T cell signal strength [472].
Jag2 expression is induced after high TCR signal strength which supports the fact that Jag2mediated Notch activation primarily results in γδ T cell development requiring high TCR
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signal strength. Accordingly in peripheral CD4+ T cells, it has been shown that Notch can
influence the strength of TCR signaling and thereby influence the threshold of signaling via
the TCR [170]. So, inhibiting Notch signaling will induce T cell anergy by increasing the
threshold for T cell stimulation. This might result in the up-regulation of the E3 ubiquitin
ligases like c-Cbl, Cbl-b, and GRAIL which are associated with anergy in lymphocytes [177].
Similarly, we observed that expression of the E3 ubiquitin ligase GRAIL was induced in
human αβ T cells as well as Jurkat T cells on inhibition of Notch signaling. GRAIL also
regulates T cell tolerance and regulatory T cell function by mediating T cell receptor-CD3
degradation [462]. Consequently, we observed that inhibition of Notch signaling induced
GRAIL also led to the downregulation of CD3-ζ chain without affecting other T cell
signaling molecules associated with proximal signaling. TCR stimulation also led to the
reduction in the expression of TCR CD3-ζ chain which is known to play an important role in
extinguishing the signaling process and reducing T cell responsiveness to antigenic
stimulation [158]. This is because effector T cells are susceptible to apoptosis triggered by
prolonged TCR stimulation and TCR/CD3ζ down-regulation may also serve to protect
differentiating effector T cells from apoptosis. It is also reported that in GRAIL-/- naive T
cells, there is no significant difference in total and phosphorylated levels of ZAP70,
phospholipase Cγ1, and MAP kinases p38 and JNK but elevated baseline levels of MAP
kinase ERK1/2 [473]. T cells marked with decreased CD3ζ protein expression have upregulation of the related ITAM-containing signaling subunit FcRγ typically associated with
the high-affinity IgE FcR [474-476]. In effector cells, the FcRγ subunit forms a new
TCR/CD3ε/FcRγ and this complex might have the ability to activate ZAP70. However, how
E3 ubiquitin ligases differentially regulate the different proteins associated with T cell
signaling needs additional validation.
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Jagged-1-induced Notch signaling (using immobilized Jagged-1 fusion protein) during
stimulation of purified human CD4+ and CD8+ T cells has been shown to potently inhibit the
T cell proliferation and effector function, including both Th1- and Th2-associated cytokines
[472]. Jagged-1-mediated signaling also up-regulates expression of GRAIL in human CD4+ T
cells. GRAIL is induced in anergic T cells, limiting the transcription of both IL-2 and IL-4
genes [174]. Similarly, our data also confirmed that inhibition of Notch signaling is inducing
Jagged-1 expression; although the increase is marginal, it might be having functional
implication in inducing the anergy in αβ T cells. The anergic state was further established by
the higher intracellular calcium flux. Following anergic stimuli, calcium flux increases which
is known to induce dimerization of NFAT1 leading to the expression of two anergy-inducing
genes, GRAIL and Caspase-3 [463]. This T cell anergy could be the outcome of decreased
Notch signaling which increases the threshold for TCR stimulation. This mechanism can also
be correlated with the scenario observed in cancer patients who have decreased CD3-ζ
expression and thus could be associated with T cell anergy [29]. Manipulating Notch
signaling has been also been shown to rescue the antigen-specific CD8+ T Cells and to
overcome the tumor-induced T-cell suppression [181]. This could be used as a strategy to
enhance the T cell-based immunotherapy in cancer
Recent reports suggested that NF-κB is a target gene of non-canonical Notch signaling
pathway in murine T cells [36, 164]. Our data shows that the expression of mRNA for noncanonical Notch target gene (NF-κB) was higher in human αβ T cells. Activation of Notch
signaling has been shown to be involved in the induction of c-Myc and NF-κB in immune
cells which in turn are involved in the promotion of cellular proliferation [34, 37, 455].
Previously, we have shown that stimulation of γδ T cells with phosphoantigen was necessary
for induction of cell-cycle regulator, c-Myc as well as upregulation of non-canonical Notch
target gene, NF-κB [168]. Activation of αβ T cells with α-CD3/CD28 mAb lead to the
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induction of the Notch signaling pathway as observed by increased N1ICD expression.
Reduction in the expression of NICD by GSI in α-CD3/CD28 mAb-activated αβ T cells
showed that Notch signaling is involved in regulating activation of αβ T cells. Besides, our
studies demonstrate that inhibiting the Notch signal in activated T cells leads to their
decreased proliferative response to α-CD3/CD28 mAb stimulation. We have shown that
blocking of Notch signaling pathway by GSI-X leads to decreased proliferation of αβ T cells
to α-CD3/CD28 mAb stimulation in healthy individuals in a concentration-dependent
manner. Notch signaling is known to support G1-S phase progression of the cell cycle by
regulating cyclin D3 promoter activity in CD4+ T cells in spleens of C57BL/6 mice [477].
We observed that α-CD3/CD28 mAb stimulated αβ T cells progress to S-phase of the cell
cycle, and their progression was blocked in the presence of GSI-X. Our data indicate that
Notch has a role in fine-tuning αβ T cell proliferation in response to α-CD3/CD28 mAb.
Notch inhibition diminishes production of IL-2 and the expression of the high-affinity IL-2
receptor (CD25) [167]. Notch signaling operates through augmenting the positive feedback
loop involving IL-2 and its high-affinity receptor thereby making T cells more sensitive to
both T cell receptor (TCR) stimulation and antigen non-specific signals (IL2). Recently, we
have also shown that inhibition of Notch signaling interferes with antigen nonspecific signals
of IL2 by decreasing CD25 expression which limits proliferation of γδ T cells [168]. We
believe that Notch signaling may be regulating the cytokine-driven bystander proliferation of
memory T cells preventing their unnecessary proliferation and exhaustion in the absence of
an antigenic signal in a p53 dependent manner.
The involvement of Notch signal in Th1 cytokine production has been previously reported. It
has been reported that Notch-1 can regulate IFN-γ production in activated murine T cells
[37]. Notch has been reported to regulate IL10 production in murine Th1 cells that converts
pro-inflammatory Th1 cells into T cells with regulatory activity [478]. Our data demonstrates
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the importance of Notch signal in effector function of human αβ T cells. We observed that
GSI treatment of α-CD3/CD28 mAb-activated αβ T cells results in marked reduction of IFNγ production in activated αβ T cells. Induction of GRAIL in T cells has the capability to
inhibit the Th2 effector cytokines [479] and inhibition of Notch signaling in T cells causes
overexpression of GRAIL which could be responsible for the decreased cytokines (IL4 and
IL10). The expression of Notch in mature T cells and its ability to alter cytokine secretion
suggests that Notch signaling has the capability to alter the T cell function as well as
Th1/Th2/Treg differentiation because the polarization of helper T cells represents a form of
cell fate determination.
The study provided insight into mechanisms that integrate TCR and cytokine signals to
determine the outcome of T cell response and identified a central role for Notch signaling in
this process. Altogether, the results suggest the key role of Notch in the effector function of
αβ T cells and suggest a therapeutic potential of Notch signaling in antigen-specific T cells to
reverse T-cell suppression by stabilizing CD3-ζ chain and increase the efficacy of T cellbased immunotherapies in cancer.
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7.1 Introduction
The pathogenesis of oral squamous cell carcinoma (OSCC) is associated with both
inflammation and T cell tolerance [29, 44, 465, 480]. Chronic inflammation is characterized
by the overproduction of a range of immunosuppressive/ inflammatory cells like MDSCs,
Tregs, TAMs and TH17 cells which have implications for therapeutics in cancers [218, 311,
481]. The immune suppressive cells not only inhibit the host’s antitumor immune response
but also thwart attempts to augment anticancer immunity through the use of cancer vaccines;
or through suppression of T cell activation to impair the efficacy of cancer immunotherapy.
This study was intended to unravel the biology of these inflammatory cells in OSCC patients
that could be exploited to develop future immunotherapeutic protocols and will provide
information whether the existing immunotherapeutic protocols can be employed for the
treatment of OSCC patients.
(MDSCs are a heterogeneous population of immature myeloid cells and their frequency is
increased in the peripheral blood as well as in the tumor sites of animal tumor models [253,
482] and in human cancers [222, 250, 483]. MDSCs are shunted into the peripheral blood by
virtue of emergency myelopoiesis, a demand driven hematopoietic state. MDSCs share
characteristics with TAMs in maintaining cancer growth. TAMs exhibit many protumoral
features partly by interfering with the function and proliferation of immune effectors cells
[484]. MDSCs can suppress T cell activation and are reported to convert naive CD4+ T cells
into FoxP3+ expressing regulatory T cells (Tregs) ex vivo [485, 486]. Tregs represent a small
population (>10%) of CD4+ T cells constitutively expressing the alpha (α) chain (CD25) of
the IL-2 receptor complex and FoxP3 transcription factor [487, 488]. However, in few studies
it has been shown that MDSCs can promote Th17 differentaion in diverse pathlogical
conditions[489, 490] and impair the TGF-β-induced differentiation of CD4+CD25+FoxP3+
Tregs from CD4+CD25−FoxP3− T cells in tumor bearing mice [491]. Increased Th17 cell
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density, within the tumors in patients with hepatocellular carcinoma, correlated with
microvessel density and poor prognosis [492]. IL-17 has been found to increase the
suppressive activity of MDSCs through the up-regulation of Arg-1, IDO, and cyclooxygenase
(COX)-2[492]. It appears that the interaction of MDSC with different populations of CD4+ T
cells is not a one-way traffic and goes beyond the simple direct immune suppressive activity
of MDSC on T cells. It would be interesting to know how MDSCs interact with T cells in the
setting of inflammation and tolerance. These findings will have important implications for
understanding the mechanisms of protective immunity versus tolerance development in
OSCC.
In the present chapter, we aimed to address the following questions:
1) Are there increased myeloid derived suppressor cells, regulatory T cells and tumor
associated macrophages in the oral cancer patients?
2) Which are the putative factors which are involved in the accumulation of MDSCs in
oral cancer patients?
3) How do MDSCs regulate T cell function in oral cancer patients?
4) Is there any cross talk between MDSCs, T regulatory cell and TH17 cells in down
regulating cell- mediated anti-tumor immunity in oral cancer patients?
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7.2 Results
7.2.1 Expansion of MDSCs during the progression of oral squamous cell carcinoma in
humans
Different phenotypic subsets of MDSCs have been reported in different types of cancers and
these are characterized either as granulocytic (HLADR-CD14-CD11b+CD15+) or monocytic
(HLDR-CD14+CD11b+CD15-). To determine which MDSC subset is predominant in OSCC
patients, PBMCs from OSCC patients and age-matched HIs were stained with a combination
of antibodies specific for HLADR, CD11b, CD33, CD14, CD15, CD16, CD124, CD66b,
CD34, CD38, CD80 and analyzed by flow cytometry. To be more specific with regard to the
phenotype of MDSCs, PBMCs of both HIs and OSCC were analyzed for SSChigh
subpopulation; the OSCC patients have dominant population of SSChigh cells suggesting that
OSCC patients do have activated myeloid cells which might represent MDSCs (Fig. 7.1a-b).
Further, to be more specific with analysing the phenotype of MDSCs, cells were gated on the
-

expression of HLADR and the population of HLADR cells were categorized for the
expression of myeloid cell markers. The cells with the phenotype like HLADR-CD14+,
HLA-DR-CD33+, HLADR-CD33+CD11b+ or HLADR-CD11b+CD15+ were increased in
peripheral blood of OSCC patients compared to the HIs (Fig. 7.1c). However, the weak
antigen presenting cells, HLADR - cells, expressing dual myeloid markers CD33/CD11b (i.e.;
HLADR-CD33+CD11b+) and CD15/CD11b (i.e.; HLADR-CD11b+CD15+) were significantly
elevated in OSCC patients. While the subsets HLADR-CD14+ and HLA-DR-CD33+ did not
show any significant differences in OSCC patients compared to HIs in the preliminary cases
of OSCC patients used to analyze different subsets of MDSCs. The percentage of cells with
phenotype HLADR-CD33+CD11b+ were considerably higher than that of HLADRCD11b+CD15+. Due to the prevalence of HLADR-CD33+CD11b+ in majority of
malignancies [493] and higher accumulation in OSCC patients compared to other subsets,
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this subset was used for further characterization. The gating strategy used to determine both
the subsets (HLADR-CD33+CD11b+ and HLADR-CD11b+CD15+) by flow cytometry in the
peripheral blood is shown below (Fig. 7.2 and Fig. 7.3). Hereafter, the MDSCs subset with
phenotype HLADR-CD33+CD11b+ will be taken into consideration for further evaluation in
OSCC patients.

Figure 7.1: Identification and characterization of a highly granular population of cells
found in freshly isolated PBMCs of OSCC patients. a and b) Using flow cytometry, a
distinct SSChigh cell population was observed in PBMCs from OSCC patients (right panel)
but not in PBMCs from HIs (left panel). c) The percentages of different subsets of MDSCs
were higher in PBMCs of OSCC patients compared to HIs. The percentage of HLADR CD33+CD11b+ and HLADR-CD11b+CD15+ subset was significantly higher in OSCC patients
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compared to the HIs. The data shown is from the intial 15 OSCC patients and 11 HIs (*
represents p<0.05, ‘ns’ represents non-significant data with p>0.05)

Figure 7.2: Gating strategy to analyze the MDSCs subset (HLADR-CD11b+CD15+)
prevalent in the peripheral blood of OSCC patients. PBMCs were gated on the basis of
forward scatter and side scatter, the gated population was analyzed for the HLADR
expression. The HLADR- population depicting weak antigen presenting cells were gated and
further assessed for the expression of myeloid cell markers CD15 and CD11b in PBMCs of
OSCC patients and healthy donors. a) Shows the percentage of HLADR -CD11b+CD15+ cells
(1.70% of gated HLADR- cells) in the peripheral blood of HIs while b) Shows the percentage
of HLADR-CD11b+CD15+ cells (4.20% of gated HLADR - cells) in the peripheral blood of
OSCC patients.
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Figure 7.3: Gating strategy to analyze the MDSCs subset (HLADR-CD33+CD11b+)
prevalent in the peripheral blood and tumor tissue of OSCC patients. a-b) PBMCs were
gated on the basis of forward scatter and side scatter, the gated population was analyzed for
the HLADR expression. The HLADR - population depicting weak antigen presenting cells
were gated and further evaluated for the expression of myeloid cell markers CD33 and
CD11b in PBMCs of OSCC patients and healthy donors. c) Single cell suspension from
tumor of OSCC patients was also analyzed for the expression of CD33 and CD11b on the
weak antigen presenting cells (HLADR - cells). In peripheral blood two populations of
HLADR-CD33+CD11b+ and HLADR-CD33-CD11b+ were observed (a/b lower panel)
while the tumor tissue in majority of patients was dominated by the HLADR-CD33-CD11b+
MDSC subset (c lower panel).
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Additionally, the results indicate that the CD11b positive cells encompass two subpopulations
within HLADR- cells i.e; HLADR-CD33+CD11b+ and HLADR-CD33-CD11b+ in the
peripheral blood of HIs and OSCC patients (Fig. 7.3a-b). Interestingly, cells with phenotype
HLADR-CD33-CD11b+ were marginally decreased in the peripheral blood of OSCC patients
compared to the HIs. Whereas, the HLADR-CD33+CD11b+ double positive cells were
significantly higher in OSCC patients (Fig. 7.4a).
To further investigate the differences in circulating levels of MDSCs (HLADRCD33+CD11b+) with respect to clinical stages in OSCC patients, patients were categorized
into stages I-IV as per American cancer society TNM classification ( stage I n=07, II n=14,
III n=09 and IV n=45 ). The percentage of circulating HLA-DR–/lowCD33+CD11b+ cells
correlated with stage of patients with advanced stage (stage III and IV) OSCC patients
having higher percentage of cells (20.35 ± 3.39%) compared to early stage (stage I and II)
patients (11.43 ± 2.36 % ) (Fig. 7.4b). The HLADR–CD33+CD11b+ subset was further
evaluated in the different subsites of oral cavity (buccal mucosa, tongue, mandible, lip, floor
of mouth, alveolus, and retromolar). The percentage of these cells did not show any site
specific variation in OSCC patients (Fig. 7.4c). The buccal mucosa subsite, which is the
most prevalent in Indian patients, also did not show any variation when compared to tongue
subsite, which is most common in Western population.
The tumor tissue obtained from OSCC patients were tested for the tumor infiltrating immune
cells. Single cell suspension of OSCC tumor was prepared from fresh surgically excised
tumor tissues and stained with fluorochrome-conjugated antibodies against markers of
myeloid cells. The different subsets of MDSCs especially HLADR-CD33+CD11b+ and
HLADR-CD33-CD11b+ present in peripheral blood were also evaluated in the tumor
compartment. However, results demonstrate that OSCC tumors were infiltrated with CD11b
expressing weak antigen presenting cells lacking CD33 i.e.; HLADR-CD33-CD11b+ (Fig.
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7.3c). This subset of myeloid cells was marginally altered in the peripheral blood of OSCC
patients but dominated the tumor compartment. On the other hand, the subset of myeloid
cells, HLADR–CD33+CD11b+ which was elevated in the peripheral blood did not show up in
the tumor tissue suggesting that two different subsets of myeloid cells are present in the
peripheral blood and the tumor compartment of OSCC patients (Fig. 7.4a). These MDSCs
subsets were assessed for their functional and phenotypic properties. The characterization of
tumor-infiltrating MDSCs was ambiguous in OSCC patients as most of the times the cells
derived from tumors were contaminated with the microbiota in oral cavity. So, wherever
possible, tumor infiltrating MDSCs HLADR–CD33-CD11b+ were characterized and
compared with the HLADR–CD33+CD11b+ subset of MDSCs present in the peripheral
blood of OSCC patients.

Figure 7.4: Elevated levels of MDSCs in OSCC patients. a) The frequency of HLADRCD33+CD11b+ MDSCs was increased in PBMCs of OSCC patients (n = 75) compared with
HIs (n = 45). The tumors of OSCC patients (n=38) showed infiltration of HLADR -CD33Chapter 7: Immunosuppressive cells and T cell function in OSCC patients
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CD11b+ MDSCs. b) Increased levels of HLADR-CD33+CD11b+ MDSCs were seen in
patients with late-stage disease (stage III or IV) compared with those with early-stage disease
(stage I or II). c) Percentage of HLADR-CD33+CD11b+ MDSCs showed no clearly
correlation with different subsites of OSCC patients. (* represent p<0.05, ** represents
p<0.005. and *** represents p<0.0005)
7.2.2 Characterization of MDSCs prevalent in the peripheral blood and tumor
compartment of OSCC patients
To further characterize the circulating and tumor infiltrating MDSCs in OSCC patients, the
expression of specific markers on HLADR-CD33+CD11b+ and HLADR-CD33-CD11b+
MDSCs subsets was measured. Circulating HLADR -CD33+CD11b+ MDSCs from OSCC
patients express CD14, CD15, CD80 and CD124 (IL-4Ra) (Fig. 7.5). A small population,
however, expressed CD16 suggesting that the population is heterogeneous with regard to the
expression of markers. The expression of CD14 was higher compared to CD15 and CD16.
These cells were negative for CD66b, CD38 and CD34. The absence of CD34 and CD38
suggests that they do not possess the potential for haematopoiesis. The subset of MDSCs
predominant in periphery of OSCC exhibited dual nature as they express markers which are
used to differentiate the monocytic and granulocytic MDSC but being CD14 high and CD66bcan be classified as monocytic MDSC (Mo-MDSCs) (Fig. 7.5). However, the MDSCs subset
(HLADR-CD33-CD11b+) expressed markers like CD15, CD16 and CD66b and lacked
expression of CD14 which are characteristic of granulocytic type in both periphery and tumor
tissue of OSCC patients (Fig. 7.6). The tumor infiltrating MDSCs (HLAR-CD33-CD11b+)
were also heterogeneous for the expression of CD15 and CD16, with a portion of cells (from
HLADR-CD33-CD11b+) expressing both the markers while other portion of cells
predominantly expressing CD16. This CD16 expressing subset might represent the tumor
infiltrating neutrophils (TANs). Thus our data confirms that monocytic MDSCs or MoMDSCs (HLADR-CD33+CD11b+) dominate periphery and granulocytic-MDSCs or GMDSCs (HLADR-CD33-CD11b+) dominate tumor compartment of OSCC patients.
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Hereafter, the terms Mo-MDSCs or HLADR-CD33+CD11b+ and G-MDSCs or HLADRCD33-CD11b+ will be used interchangeably.

Figure 7.5: Characterization and phenotypic analysis of circulating MDSCs of OSCC
patients. The figure is the representative of MDSC markers on HLADR-CD33+CD11b+ cells
from peripheral blood (PB) of OSCC patients in comparison to the HLADR-CD33-CD11b+
cells present in PB. The dashed line represents HLADR -CD33+CD11b+ cells, the dotted line
represents the HLADR-CD33-CD11b+ while the filled line represents the isotype controls.
The presence of CD14, CD15, and CD124 was prominent on the HLADR-CD33+CD11b+
subset while CD16 and CD66b was prominent on the HLADR -CD33-CD11b+ subset in the
PB.
7.2.3 Accumulation of monocytic origin tumor associated macrophages in OSCC
patients
The infiltrating monocytic origin myeloid cells may be differentiating into macrophages at
the tumor site. This differentiation could be enhanced in a spatial manner because of the
microbiota and high levels of heat shock proteins in oral tumors. The microbiota and heat
shock proteins (HSPs) present in the OSCC will induce the differentiation into monocytes
through TLR signaling. To address this, expression of HSPs 60, 70 and 90 were analyzed in
three different cells derived from oral cancer AW13516, SSC29B and SSC40. All the three
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cell lines expressed these proteins at a higher degree suggesting that they have a capability of
inducing TLR signaling in myeloid cells present in the tumor microenvironment and in the
peripheral blood (Fig. 7.7a).

Figure 7.6: Characterization and phenotypic analysis of tumor infiltrating MDSCs of
OSCC patients. The figure shows the representative histograms depicting the presence of
different MDSC markers on HLADR-CD33-CD11b+ cells present in the tumor tissue. The
dotted line represents the HLADR -CD33-CD11b+ while the filled line represents the isotype
controls. The presence of CD15, CD16 and CD66b was prominent on the HLADR -CD33CD11b+ subset while CD14 CD34, CD38, CD80 and CD124 were absent on the MDSCs
subset HLADR-CD33-CD11b+ present in tumor tissue.
The Mo-MDSCs (HLADR-CD33+CD11b+) were MACS sorted and the yield of Mo-MDSCs
ranged from 1-3x106 cells from a starting population of 70±5x106 PBMCs. The sorted MoMDSCs (HLADR-CD33+CD11b+) were stained with Wright stain which confirmed their
polymorphonuclear morphology (shown in material and methods, section 3.14.5.1, Fig.
3.6). The purity of Mo-MDSCs (HLADR-CD33+CD11b+) confirmed by flow cytometry
showed that the sorted cells were 95± 5% pure (Section 3.14.5, Fig. 3.5) that was further
confirmed by Image stream Flow cytometry (shown in material and methods, 3.14.5.2, Fig.
3.7). These Mo-MDSCs ((HLADR-CD33+CD11b+) present in the peripheral blood were
analyzed for TLR receptors using real-time PCR and data showed that these MDSCs express
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conspicuous amount of TLR receptor transcripts. The myeloid subset expressed higher levels
of TLR2 and TRL4 compared to TLR3 and TLR9 (Fig. 7.7b). These results suggest that there
is an active TLR signaling which might initiate the differentiation of monocytic origin cell
into macrophages.

Figure 7.7: Infiltration of monocytic origin alternatively activated macrophages in the
tumor tissue of OSCC patients. a) Cell lines of oral tumor origin (AW13516, SCC40,
SCC29B) were analyzed for the expression of heat shock proteins (HSP60,70 and 90) to
predict the prevalence of molecules inducing TLR signaling. b) The sorted Mo-MDSCs
present in the peripheral blood expressed the toll like receptors (TLR 2, 3, 4 and 9) with
dominant expression of TLR2 and TLR4. c) The monocytic origin cells were categorised as
HLADR+ cells and were analyzed for the expression of myeloid and macrophage associated
markers CD11b (d), CD33 (e), CD80 (f), CD163 (g) and CD68 (h) and results established
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their presence on these cells. (i) The presence of CD68 and CD163 positive cells are observed
to same degree in tumor tissue of OSCC patients. (j and k ) The histograms show the
expression of IL-10 (j) and IL-12 (k) on the gated HLADR+ cells in the tumor tissue of
OSCC patients. (l) The HLADR+ cells appear to be more of M2 phenotype with higher
expression of IL-10 compared to IL-12. (* represents p<0.05)
This was further confirmed by the observation that tumor-infiltrating myeloid cells of
monocytic origin were identified by co-expression of CD33, CD11b, CD80 and HLADR
(Fig. 7.7c-f). More detailed cytofluorimetric analysis led us to conclusion that this myeloid
cell subset is tumor-associated macrophages (TAM) cells expressing CD68 and CD163 (Fig.
7.7g-i). Further, these cells expressed higher levels of IL10 compared to IL12 (Fig. 7.7j-l).
These IL10high TAMs represent a phenotype of TAM2 cells which have a pro-tumor role.
7.2.4 Myeloid derived suppressor cells have short life span and undergo high turnover
To monitor whether accumulation of MDSCs in cancer patients could be associated with
resistance to apoptosis or not, Mo-MDSCs (HLADR-CD11b+CD33+) subset present in
patients was isolated from the mononuclear fraction of peripheral blood of OSCC patients
and healthy individuals by immuno-magnetic sorting. Mature counterpart represented as
HLADR+ cells were also purified from peripheral blood of the same patients and healthy
donors. HLADR+ cells survived 24 hr in culture without cytokines significantly better than
Mo-MDSCs (HLADR-CD33+CD11b+), as depicted by Annexin V assay (Fig. 7.8a-b). The
data represented is the combined data from a HI and OSCC patient (Fig. 7.8c). The protein
lysates of Mo-MDSCs (HLADR-CD33+CD11b+) and their mature counterparts (HLADR+)
were also analysed for different apoptotic genes using Apoptosis multi-target sandwich
ELISA kit. Mo-MDSCs expressed higher levels of phospo-p53 and phospho-BAD compared
to the mature counterparts while the expression of cleaved caspase 3 and PARP showed no
significant change (HLADR+) (Fig. 7.8d). Further analysis suggested Mo-MDSCs produce
higher levels of ROS which might aid MDSCs in inducing inflammatory state and immune
suppression (Fig. 7.8e). Death receptor 5 (DR5) was reported to regulate the apoptosis in
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PMN-MDSCs [494] and like PMN-MDSCs, Mo-MDSCs also express DR5 and its regulators
p53 and NF-κB (Fig. 7.8f). Endoplasmic (ER) stress was associated with apoptosis in PMNMDSC but with correlative evidences linking stress, accumulation of oxidative cellular
damage and ageing [494, 495]. The connection of p66Shc with increased oxidative stress and
decrease life span was investigated. Mo-MDSCs expressed p66Shc which can also act as a
downstream target of the tumor suppressor p53 to induce the expression of intracellular
oxidants, cytochrome c release and apoptosis as depicted by the levels of cleaved caspase 3
(Fig. 7.8f). Therefore, adaptor protein p66Shc could be a mediator of mitochondrial
dysfunction and excessive ROS in Mo-MDSCs which triggers the inflammatory response.
Manipulating p66Shc might offer a possibility of reducing ROS and thereby reducing
inflammation.
7.2.5 HLADR-CD33+CD11b+ myeloid cells are immunosuppressive and affect T cell
function
MDSCs were isolated from the peripheral blood of both HIs and OSCC patients as described
above. Previous studies have shown that immature myeloid cells are involved in the
inhibition of T cell immune responses. The HLADR-CD33+CD11b+ MDSCs are markedly
increased in OSCC patients and were examined whether they could inhibit T cell responses in
vitro. Sorted Mo-MDSCs were cocultured with anti-CD3/CD28 stimulated autologous T cells
at different ratios (0:1; 1:8; 1:4; and 1:2). Mo-MDSCs from all HIs and OSCC patients
efficiently suppressed the proliferation of T cells (Fig. 7.9a-c). Mo-MDSCs isolated from the
OSCC patients showed higher suppressive potential at 1:2 ratio than the Mo-MDSCs isolated
from PB of HIs. This suppressive activity of Mo-MDSCs isolated from both HIs and OSCC
patients occurred in a dose dependent fashion. TCR driven activation of T cells is known to
induce the production of IFN-γ and in the presence of Mo-MDSCs the TCR driven
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production of IFN-γ by T cells was inhibited (Fig.7.9d). Therefore, these results confirm that
the MDSCs that were identified exhibited immune-suppressive function.

Figure 7.8: MDSCs have shorter survival than mature counterparts. a-b) Apoptosis was
analyzed based on percentages of Annexin V+ cells. Mo-MDSCs (HLADR-CD33+CD11b+)
and HLADR+ cells were cultured in c/RPMI for 24 hr and then evaluated for spontaneous
apoptosis using Annexin V assay. Mo-MDSCs have higher propensity to undergo apoptosis
than HLADR+ Cells c) Shows the average of two independent experiments depicting that
MDSCs have 3 fold higher tendencies to undergo spontaneous apoptosis. Data represented is
average of two different experiments (one each of HI and OSCC patient). d) Amount of p53,
phospho-p53, cleaved caspase 3, cleaved PARP, phospho BAD and total BAD was
determined in freshly isolated Mo-MDSCs and their mature counterpart (HLADR+ cells)
using apoptosis multi-target sandwich ELISA. Experiments were performed on the MDSCs
isolated from three different individuals in duplicates. (e) The levels of ROS in MDSCs were
analyzed using H2DCF-DA dye. The Histogram shows the baseline intensity of ROS
produced by the Mo-MDSCs f) DR5, NF-κB, phospho-NF-κB, p53, Caspase 3, cleaved
caspase 3 , p66shc and its isoforms were analyzed in the Mo-MDSCs isolated from the PB of
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different individuals using Western blotting. β-actin was used as loading control
represents p<0.005 and *** represent p < 0.0005)

(**

Figure 7.9: Suppression of T cell proliferation and IFN-γ production by HLADRCD33+CD11b+ MDSCs. Sorted Mo-MDSCs (HLADR-CD33+CD11b+) were cocultured with
autologous PBMCs stimulated with anti-CD3/CD28 mAb at different ratios (0:1, 1:8, 1:4, or
1:2) for 5 d. a-b) The histograms shows the CFSE fluorescence intensity of gated CD3+ T
cells alone or cocultured with MDSCs from HIs (a) or OSCC patients (b). CFSE fluorescence
intensity at the start of culture (undivided cells) is represented by the sold line graphs and that
after culture (divided cells) by the dashed line graphs. T cell proliferation was analyzed by
the conventional method of gating on the proliferated cells (shifted to the left after
stimulation). c) T cell proliferation was quantified as the percentage of CFSE dilution (mean
increase in percentage of divided cells) of gated CD3+ T cells after stimulation. The
proliferation of gated CD3+ T cells in the absence of MDSCs was adjusted to 100% and the
proliferation of CD3+ T cells in presence of different ratio of MDSCs was calculated
accordingly. d) Supernatant from cocultures of autologous T cells with OSCC MDSCs and
HIs MDSCs was measured for IFN-γ production by ELISA. The data is represented as the
average of three independent experiments carried out in the presence of MDSCs isolated
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from OSCC patients (n=2) and HIs (n=1) at 1:4 ratio. (* represents p<0.05 and ** represent
p<0.005)
7.2.6 T cell functionality and correlation of CD3-ζ chain expressions with levels of
MDSCs in OSCC patients
CD3-ζ chain, a key T cell signaling molecule, is a marker of a functional activity of T cells.
In autologous mixed leukocyte reaction (MLR) experiments, the effect of Mo-MDSCs on the
CD3-ζ chain expression was observed. Results demonstrated that the expression of CD3-ζ on
CD8+ T cells was significantly downregulated when cocultured with Mo-MDSCs compared
to CD4+ T cells. Although CD3-ζ chain was downregulated in both CD4+ and CD8+ T cells,
the effect was more prominent on CD8+ T cells (Fig. 7.10a-b). After showing that MoMDSCs have capability of altering CD3-ζ chain expression, the levels of CD3-ζ chain were
quantitatively assessed in the different T cell subsets in the PBMCs of OSCC patients (n=47)
and healthy donors (n = 43) using multicolour flow cytometry. T helper cells (CD3 +CD4+), T
cytotoxic cells (CD3+CD8+) and gamma delta T cells (CD3+γδ+) from OSCC patients
expressed significantly lower levels of CD3-ζ chain than the T cell subsets from healthy
donors (Fig. 7.11a).

A substantial variation in the expression of CD3ζ (fluorescence

intensity) among different patients was observed, ranging from a marginal decrease to an
almost absent expression. However, the levels of CD3-ζ were decreased to the same degree in
all the T cell subsets.
The decreased expression of CD3-ζ chain in PBMCs of OSCC patients was also
demonstrated by Western blotting experiment. The protein lysate obtained from PBMCs of
OSCC patients (n=4) and HIs (n=3) were analyzed for CD3-ζ chain expression and results
confirmed that as compared to HIs, the PBMCs of OSCC patients had lower levels of CD3-ζ
chain (Fig. 7.11b). This was also reflected at the decreased proliferative response of T cells

Chapter 7: Immunosuppressive cells and T cell function in OSCC patients

Page 208

obtained from OSCC patients when stimulated with pan mitogen (PHA) or TCR driven
stimulation (anti-CD3 mAb) (Fig. 7.11c).

Figure 7.10: Effect of Mo-MDSCs on CD3-ζ chain expression. a) Expression of CD3–ζ
chain on CD4+ and CD8+ T cells was analyzed by flow cytometry on autologous T cells after
coculture with HLADR-CD33+CD11b+ Mo-MDSCs. Mo-MDSCs were co-cultured with T
cells at 1:4 ratio for 5 days and after that cells were stained with CD3, CD4, CD8 and CD3-ζ
chain antibodies. The solid line shows the expression of CD3-ζ chain on stimulated T cells
subsets (CD3+ left panel; CD4+ middle panel; CD8+ right panel) cultured in absence of MoMDSCs while the dotted line shows the expression of CD3-ζ chain on stimulated T cells in
presence of Mo-MDSCs. b) Data represented is the decrease in CD3-ζ chain expression
(median fluorescence intensity) in T cells after being cocultured with MDSCs and is the mean
of three independent experiments. (* represents p<0.05)
Having shown that Mo-MDSCs have the ability to decrease CD3-ζ chain expression and
levels of CD3-ζ chain are decreased in the peripheral blood of OSCC patients, the levels of
Mo-MDSCs were correlated with the CD3-ζ chain expression and results confirmed inverse
correlation between CD3-ζ chain expression on CD4+ or CD8+ T cells and Mo-MDSCs levels
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(Fig. 7.12a-b). However, the correlation was strong in the case of CD8 + T cells (Fig. 7.12b).
This result, together with T cell suppression assay, suggests that Mo-MDSCs from OSCC
patients have greater ability to induce immunosuppression by affecting T cell function at
multiple points.

Figure 7.11: Expression of signal transducing molecule CD3-ζ chain in peripheral blood
T cell subsets of OSCC patients. a) From FSC/SSC plot, PBMCs were gated and the same
gated cells were plotted as SSC on the y-axis versus CD3 fluorescence on the x-axis. CD3
positive population was gated and median fluorescence intensity of CD3-ζ chain was
observed on the gated population. Similarly gated cells were plotted as CD3 fluorescence on
x-axis and CD4 or CD8 or γδ fluorescence on y- axis respectively. The median fluorescence
intensity of CD3-ζ chain on gated CD3+CD4+, CD3+CD8+ and CD3+ γδ+ TCR cells was
observed. Data represents the CD3-ζ expression profile of OSCC patients (n=47) compared to
the healthy individuals (n=43). b) The Western blot shows expression of CD3-ζ expression in
PBMCs of OSCC patients and HIs. To ensure equal loading of protein, β-actin was used as
loading control. c) PBMCs of HIs and OSCC patients were stimulated with PHA and antiCD3 mAb and their proliferative response was analyzed using tritiated thymidine
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incorporation assay. The proliferative response is represented as stimulation index (SI). (*
represents p<0.05 and *** represents p<0.0005)

Figure 7.12: Correlation between MDSCs levels and CD3-ζ chain expression. A negative
correlation was observed between the CD3-ζ chain expression (Median fluorescence
intensity) and the percentage of HLADR -CD33+CD11b+ MDSCs in OSCC patients (n = 47)
Relationship between two parameters was investigated using the Spearman rank-correlation
test. a) Shows the correlation between CD3-ζ chain fluorescence intensity of CD4+ T cells
and % of MDSCs in the peripheral blood of OSCC patients while b) shows the correlation
between CD3-ζ chain fluorescence intensity of CD8+ T cells and % of MDSCs in the
peripheral blood of OSCC patients.
7.2.7 Myeloid-derived suppressor cells down-regulate L-Selectin (CD62L) expression on
CD3+ T cells
To determine whether MDSC is sufficient to affect L-selectin levels, T cells were cultured in
the presence or absence of MDSC at 1: 4 ratios. Cells were harvested and stained with CD3
and L-selectin antibodies. The CD3+ T cells were gated and then analyzed for L-selectin
expression by flow cytometry. Total CD3+ T cells cocultured with MDSC displayed an Lselectinlow phenotype relative to T cells cultured alone. Although downregulation of Lselectin was observed after stimulation with α-CD3/CD28 mAb, it is a hallmark of newly
activated T cells. However, presence of MDSCs further decreased the L-selectin expression
(Fig. 7.13a). MDSCs are known to prevent activation of T cells and thus the decreased
expression of the L-selectin on CD3+ T cells could be attributed to the presence of MDSCs
and not due to the activation of T cells. MDSC alters L-selectin expression and MDSCs are
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also increased in the peripheral blood of OSCC patients. Hence, T lymphocytes from the
OSCC patients and HIs were compared for L-selectin expression. The CD3+ T cells of the
OSCC patients have an L-selectinlow phenotype (Median 50.4 for CD3+ T cells) while T cells
from the HIs have an L-selectinhigh phenotype (Median 134.6.7 for CD3+ T cells) (Fig.
7.13b-d).Therefore, these results confirm that the MDSCs

identified in OSCC patients

mediate immunosuppression through multiple mechanisms.

Figure 7.13: T cells cocultured with MDSC have an L-selectinlow phenotype. a) PBMCs
were harvested and cocultured alone or with MDSC from the peripheral blood in presence of
TCR stimulation (α-CD3/CD28 mAb). MDSCs were added at a ratio of 1:4 to the T cells
(myeloid cells: T cells). After 5 days of culture, cells were harvested and stained for Lselectin and CD3, and the gated CD3+ T cells were analyzed for L-selectin expression. The
activation induced downregulation of L-selectin was observed but presence of MDSCs
induced further downregulation. L-selectin expression is represented by MFI (median
fluorescence intensity) values. b-c) PBMCs were stained for CD3 and L-selectin. CD3+ T cell
population was gated and analyzed for L-selectin expression. The expression of L-selectin is
represented as median fluorescence intensity. CD3+ T cells of OSCC patients have
significantly lower levels of L-selectin than T cells of HIs. d) The graph represent the
combined data of OSCC patients (n=17) and HIs (n=11). The whisker plot shows the range of
L-selectin expression on gated CD3+ T cells. (* represent p<0.05)
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7.2.8 Diminished production of perforin and granzyme B by T cells in OSCC patients
The presence of an extensive immunosuppressive network weakens the endogenous
antitumor immunity by impairing T-cell function. An efficient cellular immune response
against cancer requires a robust population of CD8 + T cells with optimal cytotoxic functions.
CD8+ T along with CD4+ T cells play a vital role in cell-mediated immune response and
secrete cytolytic granules containing proteins, such as perforin and granzyme. To check the
functional integrity of CD4+ and CD8+ T cells in OSCC patients, the basal expression of
these cytolytic granules was evaluated. The T cell subsets from peripheral blood of HIs and
OSCC patients along with tumor tissue were stained for perforin and granzyme B and
analyzed by flow cytometry. As anticipated, the CD8+ T cells of HIs expressed higher levels
of perforin and granzyme B compared to the CD8+ T cells of present in the peripheral blood
and tumour compartment of OSCC patients (Fig. 7.14a-f). The CD4+ T cells with cytotoxic
phenotype and function have been identified in humans and the presence of perforin and
granzyme B in CD4+ T cells in HIs suggest that they also can contribute in immune
surveillance by directly lysing infected or malignant cells. Like CD8+ T cells, CD4+ T cells of
OSCC patients in the peripheral blood and tumor tissue expressed lower levels of these
molecules compared to CD4+ T cells derived from HIs (Fig. 7.14a-f). This shows that the
multiple functions of the immune effector cells are impaired in OSCC patients and these
defects could be partly attributed to higher levels of Mo-MDSCs observed in OSCC patients.
7.2.9 Cytokine repertoires of oral cancer patients play pivotal role in the induction and
function of myeloid derived suppressor cells
In order to investigate the factors which drive the accumulation of MDSCs in peripheral
blood, multiplex cytokine bead array using flow cytometry and enzyme linked
Immunosorbent assay (ELISA) was used to monitor relevant cytokines in the serum of OSCC
patients.
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Figure 7.14: Reduced production of perforin and granzyme B by OSCC patient T cells.
The PBMCs from OSCC patients and HIs were stained with CD3, CD4, CD8, perforin and
granzyme-B antibodies and analyzed by flow cytometry a) The Histogram shows the
fluorescence intensity of perforin on CD4+ and CD8+ T cells b) Shows the comparison of
combined data of perforin expression on CD4+ T cells from peripheral blood of HIs with
peripheral blood and tumor tissue of OSCC patients while c) shows comparison of combined
data of perforin expression on CD8+ T. d) The Histogram shows the fluorescence intensity of
granzyme-B on CD4+ and CD8+ T cells e) Shows the comparison of combined data of
granzyme-B expression on CD4+ T cells while f) shows comparison of combined data of
granzyme-B expression on CD8+ T. (* represents p<0.05, ** represents p<0.005 and ns
represent data not significant with p>0.05).
The levels of immune modulatory cytokines like IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL12p70, TNF-α, IFN-γ, IL-17A RANTES, MIG, MCP1, IP10, were analyzed by cytometric
bead array while as IL23, PGE2, VEGF and TGFβ were analysed by ELISA. The data
showed that the sera of OSCC patients had significantly higher levels of cytokines like IL-6,
IL-10, TNF-α, IL1β, IL8, TGF-β PGE2, and VEGF (Fig. 7.15a-c). Cytokine like IL-6, TNF-
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α, IL1β, PGE2, and VEGF are required for the MDSCs accumulation in periphery while IL10 and TGF-β which are immunosuppressive and have the capability to alter the function and
accumulation of Tregs. This suggests that OSCC patients provide favourable environment for
the accumulation of immunosuppressive cells which enhance the immunosuppressive
network of OSCC patients and promote tumor progression. Apart from this, cytokines like
IL-6, IL10, IL1β, and TNF-α have the ability to alter the expression of STAT3 directly or
indirectly. STAT3 is known to regulate the effector functions and generation of MDSCs.

Figure 7.15: Elevated levels of immunosuppressive cytokines in patients with OSCC. ac), CBA and cytokine-specific sandwich ELISA of serum from OSCC patients (n=42) and
healthy individuals (normal subjects, n=34) were used to measure the levels of circulating
cytokines and growth factors. (* represent p<0.05 and ns represent non-significant data with
p>0.0.5)
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7.2.10 MDSC subsets prevalent in OSCC patients express abundant suppressive
markers
MDSCs exert their immunosuppressive activity through multiple mechanisms, which include
enzymes that deplete arginine (Arg-I and iNOS), Cox-2 or pSTAT3 or IL-10. As cytokines
inducing STAT3 were abundantly present in serum of OSCC patients, the expression of
STAT3 was evaluated in the MDSC subsets.

Figure 7.16: MDSCs express abundant suppressive markers. MDSC subsets present in
peripheral blood and tumor tissue were analyzed for pSTAT3 expression by flow cytometry.
a) Histogram show Mo-MDSCs (HLADR-CD33+CD11b+) subset elevated in OSCC patients
expressed higher levels of pSTAT3 than its other counterparts (G-MDSCs: HLADR-CD33CD11b+) in the peripheral blood of HIs or OSCC patients. b) Histogram shows that the GMDSCs subset present in tumor tissue also expressed pSTAT3. c) The combined data showed
that the Mo-MDSCs subset (HLADR-CD33+CD11b+) dominating peripheral blood and GMDSCs subset (HLADR-CD33-CD11b+) present in tumor tissue expressed comparable levels
of pSTAT3 which is higher than the pSTAT3 levels expressed by the MDSCs subsets of HIs.
The pSTAT3 expression of MDSCs from peripheral blood of HIs (n=12) and OSCC patients
(n=18) and OSCC tumor tissues (n=08) are represented. d) Sorted MDSCs expressed Arg-I,
Cox-2 and, pSTAT3 mRNA while iNOS was absent or negligible. Data is representative of
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five biological replicates e) Western blot analysis of Mo-MDSCs protein lysate confirmed
that MDSCs express effector molecules like Cox-2, HIF-α, pSTAT3, and IDO. Data
represented is from two different individuals from which Mo-MDSCs were sorted immunomagnetically. (* represents p<0.05, ** represents p<0.005).

The Mo/G-MDSCs subsets present in OSCC patients expressed higher levels of pSTAT3
compared to the Mo/G-MDSCs subsets present in the peripheral blood of HIs. The pSTAT3
expression in Mo-MDSCs (HLADR-CD33+CD11b+) is more prominent than in G-MDSCs
(HLADR-CD33-CD11b+) subpopulations in the peripheral blood of OSCC patients (Fig.
7.16a-c). The G-MDSCs (HLADR-CD33-CD11b+) subset

present

in the tumor

microenvironment has comparable levels of pSTAT3 as observed in the Mo-MDSCs
(HLADR-CD33+CD11b+) present in the periphery.
Further, the Mo- MDSCs were sorted and expression of Arg-I, iNOS, STAT3 and Cox-2 was
observed using real-time PCR. The real-time PCR data confirmed that sorted Mo-MDSCs
(HLADR-CD33+CD11b+) expressed higher levels of STAT3, Arg1 and Cox-2 while the
expression of iNOS was negligible or absent (Fig. 7.16d-e). pSTAT3, IDO and other relevant
proteins like Cox-2 and HIFα were analyzed in the protein lysate of sorted Mo-MDSCs using
western blotting technique. The protein lysate of Mo-MDSCs showed the presence of Cox-2,
pSTAT3, HIFα and IDO (Fig. 7.16d-e). This suggested that STAT3 driven signaling is active
in the MDSCs subset prevalent in OSCC patients.
7.2.11 STAT3 induced regulators of MDSC function and accumulation
Previous studies have established a critical role for STAT3 in MDSC expansion and in
angiogenesis [229, 230] [496]. Several pathways downstream of STAT3 might be involved in
the regulation of MDSC expansion and function. To prove this, sorted Mo-MDSCs
(HLADR-CD33+CD11b+) were stimulated with different concentrations of recombinant
human IL-6 to induce pSTAT3 for 24 hr. The IL-6 stimulation led to the induction of
pSTAT3 in the sorted MDSCs with concomitant alteration in the expression of C/EBPβ,
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C/EBPα, IL-10 and PDL1 (Fig.7.17a). The C/EBPα expression which is required for the
steady state haematopoiesis was decreased while the C/EBPβ required for emergency
myelopoiesis was enhanced. This enhanced C/EBPβ expression in MDSCs suggests that
STAT3 has ability to differentially regulate the myelopoiesis which might lead to the
generation of immature myeloid cells. Cox-2 was unaffected on IL-6 stimulation and its
induction could be inhibited by IL-6 induced IL-10 (Fig.7.17a). Further STAT3 also
regulated PDL1 which is known as a rheostat for T cell function. The pSTAT3 induced
expression of IL-10 and PDL1 was observed using flow cytometry and data suggest that
MDSCs stimulated with IL-6 led to prominent increase in the expression of IL-10 and PDL1
(Fig.7.17b-c).
Aberrant Notch signaling is associated with the pathogenesis of various myeloid
malignancies. Hes1 which plays an important role in Notch signaling pathway is known to
inhibit the expression of C/EBPα in lymphoid compartment [497] and STAT3 is known to
interact with Hes1 [498]. The differential regulation of C/EBPβ and C/EBPα by pSTAT3
could be attributed to the interaction of pSTAT3 with transcription factor Hes1 (Hairy and
enhancer of split-1). IL-6 induced pSTAT3 in Mo-MDSCs (HLADR-CD33+CD11b+) might
be enhancing the interaction of transcriptional repressor Hes1 at the C/EBPα promoter. This
can be proven as MDSCs had active Notch signaling pathway of which Hes1 is one of the
target genes. The sorted Mo-MDSCs expressed Hes1, NF-κB (Notch target genes), Notch-1
to Notch-4 receptors and ligands especially Dll1 and Jag1 (Fig. 7.17d-f). The predominant
expression of Jag1on Mo-MDSCs was observed compared to other ligands (Dll1,Dll4 and
Jag2) and could be another mechanism used by MDSCs to inhibit T cell function as Jag1 can
dampen Notch signaling and thereby T cell function.
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Figure 7.17: Induction of STAT3 increases activity and suppressive potential of MDSCs.
MDSCs were sorted from the peripheral blood of HIs. The sorted MDSCs were stimulated
with IL-6 (25 ng/ml and 50 ng/ml) for 24 hr to induce pSTAT3 expression and were then
monitored for different effector molecules. a) IL-6 efficiently induced pSTAT3 expression
which also led to the increase in the expression of IL-10, PDL1, C/EBPβ. Cox-2 remained
unaffected while C/EBPα was downregulated. b-c) The induction of IL-10 and PDL1 by IL-6
was also studied by flow cytometry. Data confirmed that IL-6 induced pSTAT3 might be
regulating PDL1 and IL-10 expression in MDSCs. d-f) the expression of Hes1 and its
regulators (Notch signaling components) were analyzed in the sorted Mo- MDSCs using realtime PCR. The Mo-MDSCs were sorted from three different individuals and the data
represented is the mean of three independent experiments run in duplicates.
7.2.12 Differential expression of IL-10, PD-L1 and PDL2 on peripheral blood and
tumor-infiltrating MDSCs
IL-10, PDL1 and PDL2 are important players in the MDSC-mediated immune suppression.
These were also induced in the MDSCs via IL-6/STAT3 dependent pathway. Therefore, the
levels of IL-10, PD-L1 and PD-L2 were analyzed in the MDSCs subsets of HIs and OSCC
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patients. The expression of IL-10 in the Mo-MDSC (HLADR-CD33+CD11b+) and GMDSCs (HLADR-CD33-CD11b+) in the peripheral blood was analyzed.

Figure 7.18: IL-10 production by the MDSCs subsets in peripheral blood and tumor
tissue of OSCC patients. The PBMCs isolated from the peripheral blood of HIs and OSCC
patients were stained with HLADR, CD33, CD11b and IL-10 antibodies. The MDSCs
subsets were gated and analyzed for IL-10 represented as Median fluorescence intensity
(MFI). a) The histogram shows the expression of IL-10 with dashed line representing the IL10 expression on the Mo-MDSCs (HLADR-CD33+CD11b+) subset while dotted line
represents expression on G-MDSCs (HLADR-CD33-CD11b+) b) The histogram shows
expression of IL-10 on G-MDSCs subset present in tumor compartment (HLADR-CD33CD11b+). The solid lines represent Isocontrol. c) The data represented is the mean of
fluorescence intensity of IL-10 expression on the MDSCs subsets from peripheral blood of
HIs (n=05), OSCC patients (n=23) and tumor tissues of OSCC patients (n=06). (*represents
p<0.05 and ns not significant p>0.05)
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In the peripheral blood, Mo-MDSCs expressed higher levels of IL-10 (MFI 870) than GMDSCs (MFI 387) (Fig. 7.18a). The tumor resident MDSCs (G-MDSCs) also expressed IL10 (MFI 941) (Fig. 7.18b). The data showed that Mo-MDSCs expressed higher levels of IL10 compared to the G-MDSCs in peripheral blood of OSCC patients and HIs with marginal
increase in IL-10 expression in OSCC Mo-MDSCs compared to HI Mo-MDSCs (Fig. 7.18c).
The tumor infiltrating G-MDSCs expressed comparable levels of IL-10 produced by the MoMDSCs in the peripheral blood of OSCC patients. This shows that MDSCs have an inherent
property to produce abundant IL-10 which might facilitate its interaction with other cell
types.
Similar to IL-10, the expression of PDL1/2 was analyzed in the MDSCs subset present in the
peripheral blood and tumor compartment of OSCC patients. In case of PDL1, it was found
that the median fluorescence intensity of PDL1 on both G-MDSCs and Mo-MDSCs of OSCC
patients was significantly higher than that seen in HIs. However the Mo-MDSCs of OSCC
patients expressed higher levels of PDL1 than G-MDSCs present in the peripheral blood and
tumor tissue of OSCC patients (Fig. 7.19 a-c). Like PDL1, PDL2 expression in Mo-MDSC
and G-MDSCs showed that Mo-MDSCs express higher levels of these ligands than GMDSCs subset present in the peripheral blood (Fig. 7.19d-f). The expression of PDL2 on the
G-MDSCs subset present in peripheral blood of OSCC patients was higher than G-MDSCs
present in the peripheral blood of HIs but remained lower to the Mo-MDSCs present in the
peripheral blood of OSCC patients (Fig. 7.19d-f). The higher levels of PDL1/PDL2
molecules on the MDSCs of OSCC patient’s might aid in maintaining T cell tolerance.
Further, IL-10 secreted by these MDSCs has the ability to potentiate the differentiation of
Tregs which might enhance the T cell tolerance and aid in immune evasion of tumors.
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Fig 7.19: Expression of PDL1/PDL2 on the MDSCs subsets present in peripheral blood
and tumor tissue of OSCC patients. The PBMCS isolated from the peripheral blood of HIs
and OSCC patients were stained with HLADR, CD33, CD11b PDL1, and PDL2 antibodies.
The MDSC subsets were gated and analyzed for the expression of PDL1/PDL2 which was
represented as Median fluorescence intensity (MFI). a) The histogram shows the expression
of PDL1 with dashed line representing expression on the HLADR -CD33+CD11b+ subset
while dotted line represents expression on HLADR-CD33-CD11b+ b) The histogram shows
expression of PDL1 on MDSCs subset present in tumor compartment (HLADR-CD33CD11b+). The solid line represents Isocontrol. c) The data represented is the mean of
fluorescence intensity of PDL1 on the MDSCs subsets from peripheral blood of HIs (n=10),
OSCC patients (n=10) and tumor tissues of OSCC patients (n=10). d) The histogram shows
the expression of PDL2 with dashed line representing expression on the HLADR CD33+CD11b+ subset while dotted line represents expression on HLADR-CD33-CD11b+ e)
The histogram shows expression of PDL2 on MDSCs subset present in tumor compartment
(HLADR-CD33-CD11b+). The solid lines represent Isocontrol. f) The data represented is the
mean of fluorescence intensity of PDL2 on the MDSCs subsets from peripheral blood of HIs
(n=10), OSCC patients (n=10) and tumor tissues of OSCC patients (n=10). (*represents
p<0.05 and ** represents p<0.005)
7.2.13 Elevated levels of regulatory T cells (Tregs) in peripheral blood of oral cancer
patients correlate with IL-10 levels produced by MDSCs
IL-10 has potential to induce to the differentiation of Tregs. This was validated by analysing
the levels of Tregs which are characterized as CD4+CD25+ CD127low with FoxP3 positivity
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(90%± 5%) in OSCC patients. The gating strategy used to analyze the percentage of Tregs in
the peripheral blood and tumor tissue of oral cancer patients is shown below (Fig. 7.20a-c).
Briefly, the mononuclear cell were gated on the basis of forward and side scatter, the gated
cells were extrapolated for CD4+ fluorescence and the gated CD4+ T cells were further
analyzed for the CD25 and CD127 expression. The cell population with phenotype
CD4+CD25+CD127low was then analyzed for FoxP3 expression. Circulating levels of Tregs in
peripheral blood of OSCC patients and healthy individuals were identified by
immunostaining for coexpression of CD4 and CD25 cell surface receptors. It was observed
that OSCC patients (n=75) exhibited significantly (p<0.001, Fig. 7.21a) high percentages of
Tregs (mean=9.17%, range=2-24%) compared to healthy individuals (n=45, mean=4.52%,
range= 0.9-12%). The tumor tissue (n=38) of OSCC patients showed even higher
accumulation of Tregs compared to the peripheral blood of OSCC patients and HIs.
These patients, when categorized into stages I-IV as per American cancer society TNM
classification (stage I n=07, II n=14, III n=09 and IV n=45) demonstrated that Stage III/IV
(mean 8.6%± 3.2) had significantly higher percentages of circulating Tregs compared to stage
I/II patients (7.1%± 1.7) (p<0.001, Fig. 7.21b). The stage I/II OSCC patients (7.1%± 1.7)
have higher percentages of Tregs compared to HIs (4.5%± 2.2). The Tregs also infiltrated
tumor and their percentage was higher in tumor compartment compared to the peripheral
blood. Tumor tissues had higher levels of Tregs compared to the peripheral blood levels of
patients with advanced stage (III/IV or (I/II) tumors.
Tregs were further assessed in the different subsites of oral cavity (buccal mucosa, tongue,
mandible, lip, floor of mouth, alveolus, and retromolar). However, levels of Tregs did not
show any site specific accumulation in OSCC patients (Fig. 7.21c).
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Figure 7.20: Gating strategy to analyze the Regulatory T cells in the peripheral blood
and tumor tissue of OSCC patients. The peripheral blood mononuclear cells (PBMCs)
were identified using FSC/SSC plot. PBMCs were gated and analyzed for the CD4
expression. The CD4+ cells were gated and plotted for CD25 fluorescence on x-axis and
CD127 fluorescence on y-axis. The CD4+CD25+CD127low cells expressing FoxP3 (%
positive 90±5) were classified as Tregs. a) Shows the gating strategy of Tregs in peripheral
blood of HIs, b) shows in the peripheral blood of OSCC patients and c) shows gating strategy
in the tumor tissue of OSCC patients. Lower panel histogram represents FoxP3 positivity on
CD4+ CD25highCD127low Tregs.
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Figure 7.21: Increased levels of Tregs in OSCC patients. a) The frequency of
CD4+CD25+CD127low Tregs is increased in PBMCs of OSCC patients (n = 75) compared
with HIs (n = 45) (upper left panel). The tumors of OSCC patients (n=38) showed higher
accumulation of CD4+CD25+CD127low Tregs than those observed in peripheral blood. b)
Increased levels of Tregs were seen in patients with late-stage disease (stage III or IV)
compared with those with early-stage disease (stage I or II). c) Abundance pattern of Tregs
showed no clearly correlation with different subsites of OSCC patients. (* represent p<0.05
and *** represents p<0.0005)
The mean fluorescence intensity (MFI) of FoxP3 (master regulator of Tregs) present in Tregs
derived from peripheral blood of OSCC patients and HIs was comparable. However, a
significant elevation in MFI of FoxP3 was observed in the Tregs of tumor compartment (Fig
7.22a). As it was postulated that IL-10 secreted by MDSCs might be altering the
accumulation of Tregs in OSCC patients, the levels of IL-10 (MFI) secreted by the MDSCs
and Tregs were correlated. Results showed a positive correlation (p<0.001, r=0.622) between
the levels of Tregs and IL-10 secreted by MDSCs in the peripheral blood of OSCC patients
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(Fig 7.22b). This suggests a possible crosstalk between MDSCs and Tregs that may be
occurring in the OSCC patients.

Figure 7.22: FoxP3 expression on regulatory T cells. The gated (CD4+CD25+CD127low)
Tregs were analyzed for the expression of FoxP3 which is represented as median
fluorescence intensity. a) The fluorescence intensity of FoxP3 of Tregs from HIs (n=45) was
comparable to that expressed by Tregs from the peripheral blood of OSCC patient (n=75).
However Tregs from tumor compartment (n=38) expressed significantly higher levels of
FoxP3 b) A positive correlation was observed between the IL-10 expression (Median
fluorescence intensity) and the percentage of Tregs in OSCC patients (n = 23). Relationship
between two parameters was investigated using the Spearman rank-correlation test. (***
represents p<0.0005 and ns represents not significant data p>0.05)
7.2.14 Accumulation of CCR6high and CXCR4high Tregs in the OSCC patients
The percentage of Tregs at tumor site in stage III/IV patients was significantly higher than
that in the peripheral blood of stage III/IV patients (Fig. 7.23a). We investigated the possible
mechanism regulating Treg accumulation in the tumor compartment. It has been reported
that chemokines play a role in the migration of Tregs to the tumor site. The expression of
chemokine receptors CCR4, CCR6, CCR7, and CXCR4 was analyzed on the Tregs present
in the peripheral blood of OSCC patients. Mononuclear cells were isolated from oral cancer
patients and CD4+CD25highCD127low Tregs were analyzed for the expression of CCR4,
CCR6, CCR7, and CXCR4. The median fluorescence intensity (MFI) of CCR4, CCR6,
CCR7, and CXCR4 on Tregs showed that the Tregs from oral cancer patients expressed
higher levels of CCR6 and CXCR4 than CCR4 and CCR7 (Fig. 7.23b-e). Although,
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difference observed in the expression of chemokine receptors on Tregs from HIs, peripheral
blood and tumor tissue of OSCC patients was not significant (Fig. 7.23f); in OSCC patients,
Tregs expressed higher CCR6 and CXCR4 levels. This suggests that chemokines CCL20 and
CXCL12 play an important role in recruitment of Tregs expressing CCR6 and CXCR4
receptors to the tumor site in OSCC patients.

Figure 7.23: Accumulation of CCR6 high and CXCR4high Tregs in the tumor tissue of
OSCC patients. a) The peripheral blood and tumor tissue of stage IV patients were analyzed
for Treg percentage. The data confirmed that tumor tissue of stage IV patients (n=34) had
significantly higher levels of Tregs than peripheral blood of stage IV patients (n=51).b-e) the
histograms show the median fluorescence intensity (MFI) of CCR4, CCR6, CCR7, and
CXCR4 on Tregs with dotted line represent fluorescence intensity on Tregs and solid line on
the FMO (fluorescence minus one) (f). Data shows that the Tregs from peripheral blood of
HIs (n=12), peripheral blood of OSCC patients (n=22) and tumor tissue of OSCC patients
(n=08) express CCR6, CXCR4, CCR4 and CCR7 to varying degree. However Tregs from
tumor tissue are enriched for CCR6 and CXCR4 expression. (* represents p<0.05)
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7.2.15 Tregs from OSCC patients have high propensity to migrate in MIP-3α-CCR6/
SDF-1α-CXCR4 axis
CC-chemokine receptor 6 (CCR6) is the only known receptor for macrophage inflammatory
protein (MIP)-3alpha (MIP-3α/ CCL20), a CC chemokine chemotactic for lymphocytes and
dendritic cells while, CXCR4 is the receptor for the stromal-derived factor (CXCL12/SDF1α). Oral tumor derived cells (AW13516 and SSC29B) were stained with SDF1α and MIP-3α
antibodies and analyzed by confocal microscopy.

Figure 7.24: SDF-1α expression on oral tumor derived cell line by confocal microscopy.
a) Shows the Immunofluorescence staining of AW13516 and b) shows the expression of
SDF-1α in SSC29B. Green fluorescence (FITC) shows pattern of SDF-1α and nuclei are
shown in blue (DAPI). Scale bar of 20 μm is shown at lower right of each image.
Immunofluorescence data confirmed that oral tumor derived cells (AW13516 and SSC29B)
expressed variable amounts of the chemokines SDF1α (Fig. 7.24) and MIP-3α (Fig. 7.25).
Both these ligands showed a predominantly cytoplasmic expression. The presence of these
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chemokines in oral tumor derived cell lines further confirms that the MIP-3α-CCR6/ SDF-1αCXCR4 axis aids in the recruitment of Tregs to the inflammatory site like OSCC tumor.
To determine whether this migratory phenomenon in response to these ligands leads to the
accumulation of Tregs in tumor compartment chemotaxis assay was performed. It is reported
that TGF-β is known to rapidly and strongly induce CCR6 mRNA expression in T cells as
well as CXCR4. Tregs were stimulated with α-CD3/CD28 mAb in presence of TGF-β. The
stimulation of freshly isolated Tregs with α-CD3/CD28 + IL-2 and TGF-β induced both
CXCR4 and CCR6 in the Tregs (Fig. 7.26a-b).

Figure 7.25: MIP-3α expression on oral tumor derived cell line by confocal microscopy.
a) Shows the Immunofluorescence staining of AW13516 and b) shows the expression of
MIP-3α in SSC29B. Green fluorescence (FITC) shows pattern of MIP-3α and nuclei are
shown in blue (DAPI). Scale bar of 20 μm is shown at lower right of each image
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Figure 7.26: Induction of CXCR4 and CCR6 on Tregs. The freshly isolated Tregs were
stimulated with α-CD3/CD28 (5 μg/ml) IL-2 (100 U/ml) and TGF-β (20 ng/ml) for 24 hr.
After 24 hr cells were stained for CD4, CD25, CD127, CXCR4 and CCR6. a) Histogram
shows the induction of CXCR4 on Tregs after stimulation and b) shows induction of CCR6
on Tregs compared to the unstimulated Tregs. The dashed line represents stimulated Tregs;
dotted line represents unstimulated Tregs while solid line represents Isocontrol.
TGF-β induced CCR6high and CXCR4high Tregs were analyzed with regard to their migratory
capacity toward the CCR6 ligand CCL20 (MIP-3α) and CXCR4 ligand SDF-1α using Transwell chemotaxis assay. Tregs were efficiently mobilized by SDF-1α and MIP-3α, producing
an index of almost 2 and 3, respectively (Fig. 7.27a-d). Neutralization of both MIP-3α and
SDF-1α resulted in a significant decrease of the chemotactic index; confirming that Tregs
cells were in fact migrating under the influence of the chemokines. Thus, chemotaxis assay
confirmed that Tregs migrate to the tumor site via CCL20-CCR6, SDF-1α-CXCR4 axis
thereby create an immunosuppressive environment.
Chapter 7: Immunosuppressive cells and T cell function in OSCC patients

Page 230

Figure 7.27: Migration of Treg cells is mediated by CCR6-MIP-3α and CXCR4-SDF-1 α
interaction. Transwell chemotaxis assay of Tregs in the presence of MIP-3α and SDF-1α
was carried out. The migrated cells were analyzed at 7 h of culture. a) The number of Tregs
migrated in response to the SDF-1α was counted. b) Migration is expressed as chemotactic
index and was calculated by the ratio of cells migrated in the presence of chemokine to the
number of cells that spontaneously migrated with medium alone (medium control, MC). c)
The number of Tregs migrated in response to the MIP-3α was counted d) Migration of Tregs
expressed as chemotactic index was calculated by the ratio of cells migrated in the presence
of chemokine to the number of cells that spontaneously migrated with medium alone. The
result shown is representative of three independent experiments. All data are expressed as the
mean±SD. (* represent p<0.05, ** represents p<0.005, *** represents p<0.0005 and ns
represent non-significant data with p>0.05)
7.2.16 MDSCs inhibit iTreg differentiation under in vitro conditions
MDSCs were shown to secrete IL-10 which is known to potentiate the differentiation of
regulatory T cells. Both MDSCs and Tregs are elevated in the peripheral blood of OSCC
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patient suggesting that there might be a dynamic crosstalk between these two cell types
influencing each other’s function and accumulation in OSCC patients.

Figure 7.28: Mo-MDSCs suppress TGF-β 1-induced generation of FoxP3+ iTreg. Naïve
CD4+ T cells were isolated and cultured for 4 days with activation beads and with or without
TGF-β1 (20ng/mL) in the presence or absence of Mo-MDSCs isolated from same individuals
at 1:2 or 1:1 ratio (MDSC: T cell). The frequency of CD4+CD25+ T cells with
FoxP3+ expression cells was determined after 4th day. a) Representative dot plots depict the
influence of Mo-MDSCs on generation of CD4+ CD25+ T cells while b) shows the effect of
Mo-MDSCs on the FoxP3 expression. c) Mo-MDSCs prevent the generation of CD4+CD25+
T cells d) Mo-MDSCs suppress TGF-β1-induced FoxP3+ expression on CD4+CD25+ T cells
in a dose-dependent manner. Data shown is the mean of three independent experiments. (*
represent p<0.05, ** represents p<0.005, and *** represents p<0.0005.
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Naïve CD4+ T cells were isolated and differentiated in Treg polarizing condition in presence
or absence of MDSCs for 4 days. After 4 days, cells were stained and analyzed for Treg
differentiation. Surprisingly, our results indicate that MDSCs are not able to promote iTreg
differentiation, and instead hamper TGF-β1-induced generation of these cells in a dosedependent manner (Fig. 7.28a&c). Treg differentiation was inhibited in the presence of
MDSC as reflected at decreased expression of CD25 on CD4 + T cells. Further, MDSCs also
inhibited the TGF-β induced expression of FoxP3 in a dose-dependent manner which is
known to regulate the Treg function (Fig. 7.28b&d). The data confirmed that the MDSCs
might not be responsible for the accumulation of Tregs in the peripheral blood of OSCC
patients. The positive signals like TGF-β and IL-10 in OSCC patients might be fostering Treg
accumulation

which

might

be

overriding

the

negative

effects

of MDSCs

in

immunosuppressive tumor microenvironment.
7.2.17 MDSCs promote Th17 cell differentiation under in vitro conditions
To address the MDSCs failure to induce Treg differentiation despite secreting high IL-10, the
cytokine repertoires of MDSCs was analyzed. The sorted Mo-MDSCs showed presence of
IL-6 and IL-1β cytokines at mRNA level with marginal expression of TGFβ1, RAR-Related
Orphan Receptor C (RORC), and IL23A (Fig 7.29a). This was further confirmed by
cytometric bead array which showed that the cell free supernatant of Mo-MDSCS have
higher levels of IL-6, IL-10, TNF-α, IL1-β, IL8, RANTES, and MCP1 (Fig. 7.29b). More
importantly cytokines like IL-6, IL-1β and IL23 have the ability to alter the differentiation of
CD4 naïve cells to Th17 cells.
To prove this naïve CD4+ T cells were stimulated with α-CD3/CD28 in the presence or
absence of MDSCs. Here IL-2 was not added to the naïve CD4+ T cells. Naïve CD4+ T cells
were cocultured with MDSCs for 7 days. Then cells were harvested and stained for CD4,
IL17A and IFN-γ. Data showed that MDSCs promote differentiation of IL17A producing
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CD4 cells but inhibited IFN-γ production in a dose dependent manner (Fig 7.29c-d). This
suggests that MDSCs are capable of inducing TH17 differentiation and inhibit the TH1
response in a dose-dependent manner. It was further proved that in presence of IL1β, IL23
and IL-6, naïve T cells efficiently differentiated into TH17 cells but these cytokines did not
affect IFN-γ production by these T cells (as shown in material and methods, Fig. 3.10).
Thus, this data confirms that cytokine repertoires along with suppressive markers like IDO
might be playing a pivotal role in the induction of IL-17 production by T cells by interfering
with the Th1 and Treg differentiation.
7.2.18 IL17 producing T cells are elevated in OSCC patients
In order to study the dominance of circulating IL17 producing cells in OSCC patients,
PBMCs were isolated from OSCC patients and HIs. Cells were stimulated with PMA and
Ionomycin in the presence of Brefeldin A for 4 h. After 4 h, cells were harvested and stained
for Th17 and Tc17. The gating strategy to define and determine Th17 and Tc17 cells in the
peripheral blood and tumor tissue is shown in Figure 7.30 and 7.31. The Th17 and Tc17
cells were significantly increased in PBMCs of OSCC patients compared to HI. The single
cell suspension of tumor tissue (n=38) was prepared by enzyme digestion and analyzed for
these cells. Like peripheral blood, tumor tissue of OSCC patients also showed dominant
levels of Th17 and Tc17 and comparably higher than that in the peripheral blood of OSCC
patients (Fig. 7.32a-b). While the IFN-γ producing CD4 and CD8 T cells were found to be
low in the peripheral blood and tumor tissue of OSCC patients, compared to the peripheral
blood of HIs. (Fig. 7.32c-d)
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Figure 7.29: Cytokine repertoire of Mo-MDSCs promotes Th17 differentiation. a)
Sorted Mo-MDSCs were probed for different cytokines at mRNA level. RNA was extracted
from Mo-MDSCs and real time quantitative PCR showed mRNA expression of TGFβ1,
IL1β, IL-6, RORC, and IL23A on Mo-MDSCS. Data represented is the mean of three
independent experiments. b) Sorted Mo-MDSCs were cultured for 24 hr and cell free
supernatant was collected. Concentrations of different cytokines were determined by
Cytometric Bead Array. Apart from IL-10, Mo-MDSCs also secreted IL-6, TNF-α, IL-1β.
Data represented is the mean of three independent experiments. c) Naïve CD4+ T cells were
isolated and cultured for 7 days with α-CD3/CD28 microbeads in the presence or absence of
Mo-MDSCs isolated from same individuals at 1:2 or 1:1 ratio (MDSC: T cells). The
frequency of CD4+IL17A+ T cells was determined after 7th day. Representative contour plots
depict the influence of Mo-MDSCs on generation of CD4+IL17A+ T cells while d) shows the
effect of Mo-MDSCs on the generation of CD4 +IFN-γ+ T cells. Mo-MDSCs promote the
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generation of CD4+IL17A+ T cells but inhibit generation of CD4+IFN-γ+ T cells in a dosedependent manner.

Figure 7.30: Presence of Th17, and Th1 in HIs and OSCC patients. Gating strategy to
define the Th17 and Th1 cells in the peripheral blood and tumor tissue of OSCC patients,
CD3+CD4+ cells were gated from which IL17+ and IFN+ producing cells were analyzed (a)
Representative contour plot showing the percentage of CD3 +CD4+ cells, b) Contour plot
showing percentage of Th17 (CD4+IL17+) and c) showing percentage of Th1 cells
(CD4+IFN-γ+) in the peripheral blood of HIs (left), peripheral blood of OSCC patients
(middle) and tumor tissue (right).
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Figure 7.31: Frequency of Tc17, and Tc1 in HIs and OSCC patients. Gating strategy to
define the Tc17 and Tc1 cells in the peripheral blood and tumor tissue of OSCC patients,
CD3+CD8+ cells were gated from which IL17+ and IFN+ producing cells were analyzed (a)
Representative contour plot showing the percentage of CD3+CD8+ cells, b) Contour plot
showing percentage of Tc17 (CD8+IL17+ and c) showing percentage of Tc1 cells
(CD8+IFN-γ+) in the peripheral blood of HIs (left), peripheral blood of OSCC patients
(middle) and tumor tissue (right).
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Figure 7.32: Frequency of IL17 and IFN-γ producing cells in the HIs and OSCC
patients. (a) A summarized data shows percentages of Th17: b) Tc17 in PBMCs and TILs of
OSCC patients compared to HIs. (c) Frequency of CD4+IFN+ d) CD8+IFN+ cells in PBMCs
and TILs of OSCC patients compared to HIs. Data shown from PBMCs (n=09) and tumor
tissue (n=08) of OSCC patients and HIs (n=07). Numbers in the plot indicate percent
positive cells. Data is analyzed by Mann-Whitney test. (* represents p < 0.05; ** represents p
< 0.005)

7.2.19 T cells derived from the peripheral blood and tumor tissue of OSCC patients are
terminally differentiated representing exhausted phenotype
Single cell suspension from oral tumors and mononuclear cells from heparinized venous
peripheral blood from healthy individuals and oral cancer patients were analyzed by
multiparametric flow cytometry. The cells were then stained with cocktail of labelled
antibodies and were acquired on FACSAria. The gating strategy to evaluate different subsets
of T cells is shown in Figure 7.33. The results confirmed the decreased percentage of CD3+ T
cells in the peripheral blood of oral cancer patients (n=75) compared to the healthy
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individuals (n=45) (Fig.7.34a). CD3 is co-receptor of TCR which distinguishes T
lymphocytes from other lymphocytes i.e., B cells and NK cells and is vital for propagating
the signal from the TCR to cell. The percentage of helper T cells (CD3+CD4+) and cytotoxic
T cells (CD3+CD8+) were also significantly decreased in peripheral blood of oral cancer
patients compared to the healthy individuals (Fig.7.34b-c). The frequency of γδ T cells was
also decreased in the peripheral blood of OSCC patients suggesting that both αβ as well as γδ
T cells levels were altered in oral cancer patients (Fig.7.34d). Immune profiling of oral
tumors depicts infiltration of all the T cell subsets to a higher extent. Infiltration of T cells in
oral tumors could be important in rejuvenating the antitumor immunity.

Fig 7.33: Gating strategy to analyze the percentage of effector T cells in the peripheral
blood and tumor tissue of OSCC patients. The peripheral blood mononuclear cells
(PBMCs) were identified using FSC/SSC plot. The PBMCs were gated and plotted as a) CD3
fluorescence on x-axis and FSC on y-axis b) CD4 fluorescence on the y-axis versus CD3
fluorescence on the x-axis. c) CD8 fluorescence on the y-axis versus CD3 fluorescence on the
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x-axis. d) γδ fluorescence on the y-axis versus CD3 fluorescence on the x-axis. The upper
panel represents peripheral blood of HIs; middle panel of OSCC patients and lower panel
represents tumor tissue of OSCC patients.

Figure 7.34: Frequency of effector cells in the peripheral blood and tumor tissue of
OSCC patients. The whisker plots show the percentage of Total CD3+ (a), CD3+CD4+ (b) ,
CD3+CD8+ (c), and CD3+ γδ+ (d) in healthy individuals (HI=45), peripheral blood of OSCC
patients (n=72) and OSCC tumor tissue (n=38). (* represents p<0.05 and *** represents
p<0.0005).
The memory T cell pool functions as a dynamic repository of antigen-experienced T
lymphocytes that accumulate over the lifetime of the individual. Memory T lymphocytes
contain distinct populations of central memory (TCM) and effector memory (TEM) cells
characterized by distinct homing capacity and effector function. To investigate the memory
status of lymphocytes, T cells were stained with CD3, CD4, CD8, CD27 and CD45RA
antibodies and analyzed by flow cytometry. the cells were classified as naïve
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CD45RA-) and terminally differentiated or effector memory RA (TEMRA, CD27-CD45RA+)
Results showed that in OSCC patients, T cells are majorly of effector phenotype
(EM+TEMRA) with cells in tumor compartment mainly of TEMRA phenotype ( CD27CD45RA+) suggesting that the chronic exposure to tumor antigens is resulting in the
exhaustion of T cells (Fig. 7.35a-d).

Figure 7.35: Memory status of T cell subsets in the peripheral blood and tumor tissue of
OSCC patients. The peripheral blood mononuclear cells (PBMCs) were identified using
FSC/SSC plot. a) The PBMCs were gated and plotted as CD3 fluorescence on x-axis and
CD4 fluorescence on the y-axis. The gated CD3+CD4+ T cells were further extrapolated for
CD27 and CD45RA fluorescence. The dot plots show the percentage of naïve, CM, EM, and
TEMRA population within the gated CD3+CD4+ T cells. b) Shows the percentage of naïve
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CM, EM and TEMRA within the gated CD3+CD8+ T cells of HIs (left), peripheral blood of
OSCC patients (middle) and tumor tissue of OSCC patients (right). c) the graph shows the
summarized data shows percentages naïve, CM, EM, and TEMRA population within gated
CD3+CD4+ T while d) shows on the gated CD3+CD8+ T cells in PBMCs and TILs of OSCC
patients compared to HIs.
7.2.20 The tumor compartment of OSCC patients are infiltrated by DN Tregs
Tumor infiltrates (n=38) were analyzed for different T cell subsets and it was found that the
CD3+CD4- CD8- DN T cells were present in tumor tissue (Fig.7.36a, c). Although DN T
cells were also found in the peripheral blood, the majority of them (>85%±5) expressed γδ
TCR+ (Fig. 7.36b). Accumulating evidence has demonstrated that CD3+CD4-CD8- DN T
cells have regulatory phenotype and play an important role in the maintenance of
immunologic self-tolerance and in down-regulating various immune responses. DN T cells
expressed comparable levels of CD3-ζ chain as was observed in the CD3+ T cells of healthy
individuals ((Fig. 7.36d). DN T cells were also analyzed for the markers involved in immune
suppression (FasL, CTLA4 and FoxP3) (Fig. 7.36e). DN T cells expressed these markers but
with varying degree suggesting that prevalence of DN T cells in tumor might be promoting
tumor growth by inhibiting the anti-tumor immune response. Altered frequency of double
negative T cells could be attributed to presence of defect in events controlling T-cell lineage
choice and selection in the thymus or it could be due to extra-thymic generation of these
cells.
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Figure 7.36: Frequency of double negative T cells in the peripheral blood and tumor
tissue of OSCC patients. a) The peripheral blood mononuclear cells (PBMCs) were
identified using FSC/SSC plot. The PBMCs were gated and plotted as CD3 fluorescence on
x-axis and FSC on y-axis. The gated CD3+ T cells were plotted as CD8 fluorescence on the yaxis and CD4 fluorescence on the x-axis. The CD4-CD8- T cells (DN T cells) were analyzed
and the dot plot shows the percentage of DN T cells in the peripheral blood of HI (left),
OSCC (middle) and tumor tissue of OSCC patients (right).b) Shows the percentage of CD3+
γδ TCR+ cells (GD) in the gated DN T cell population in the peripheral blood (left panel) and
tumor tissue of OSCC patients (right panel). c) The whisker plot shows the percentage of
CD3+CD4-CD8- (DN) T cells in HIs (45=25), peripheral blood of oral cancer patients (n=75)
and tumor tissue of OSCC patients (n=38) in order from left to right. d-e) Shows the presence
of different effector molecules associated with the T cell function. (*** represents p<0.0005
and ns indicates non-significant data with p>0.05).
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7.3 Discussion
T lymphocytes isolated from tumor tissues display a profound deficiency in their ability to
respond to mitogenic stimulation and their effector functions are severely compromised
[499]. One possible explanation for this is the presence of the immunosuppressive cells (like
MDSCs and Tregs) in the tumor microenvironment [500]. MDSCs are immune-modulatory
cells that exhibit suppressive activities on adaptive immunity and aid tumor progression and
metastasis [218]. These cells represent an important barrier that most likely limit the full
potential of immune-based cancer therapies or endogenous host responses to developing
tumors. The present study was carried out to demonstrate how MDSCs influence T cell
function in OSCC patients and how these cells interact with other immunosuppressive cells in
these patients to promote immune evasion of tumors. In this study, MDSCs were identified
and characterized in OSCC patients. Different markers have been used to analyze human
MDSC subtypes in various clinical settings. Most studies concur with the observation that
MDSCs express CD11b and CD33 but lack the expression of markers of mature myeloid
cells, such as CD80, CD40, and HLADR [501]. In OSCC patients, a significantly higher
percentage of MDSCs (mean = 13.75%) was observed and is likely due to the use of fresh
rather than frozen PBMCs in our study. This also concurs with the data reported by Wang
and colleagues in gastric cancer patients [502]. The accumulation of immature myeloid cells
lin(CD3/CD19/CD56/CD14) -HLADR-CD33+ in the blood correlated with the tumor burden,
as well as with the stage of the disease in two independent studies that included diverse types
of cancer [222, 272]. In addition, CD14+HLADR-CD11b+, as well as CD14+CD15+HLADRCD11b+, MDSCs have been described in patients with melanoma or renal cell carcinoma
(RCC) [250, 483]. In our study of OSCC patients, it was consistently observed that cells
lacking mature lymphoid and myeloid marker (HLADR) and expressing dual myeloid
markers CD33 and CD11b were higher. This phenotype is also reported to be increased in
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melanoma/ colorectal patients and correlated with poor responsiveness and disease severity
[503-505]. Our results are consistent with others showing that levels of MDSCs correlate
linearly with tumor burden. Compared to the patients of stage I/II, patients of III/IV stage had
significantly elevated number of circulating MDSCs. However, there was no difference in the
percentage of circulating MDSCs by tumor subsites in OSCC patients which is in accordance
with the data reported earlier in subgroups of hypopharynx/larynx compared to oral cavity in
HNSCC patients. Close correlation between expansion of MDSCs and tumor burden
indicates MDSCs may play a role in tumor invasion and metastasis in OSCC patients and
consequently influence the clinical outcomes of OSCC patients. The OSCC patients have
high cargo of bacteria which might be inducing myeloproliferation in these patients leading
to differentiation arrest of myeloid-committed haematopoietic progenitors [506]. The
mutations of Notch-1 and 2 in HNSCC have appeared to be loss-of-function mutations
[507]. Inactivation of Notch signaling in mouse hematopoietic stem cells (HSC) had resulted
in an aberrant accumulation of granulocyte/monocyte progenitors (GMP) [508]. This could
be another reason behind the abnormal generation and accumulation of immature myeloid
cells (MDSCs) in OSCC patients.
In addition, another subpopulation of cells lacking the expression of HLADR but expressing
only CD11b was observed in the peripheral blood of OSCC patients. This population was
marginally decreased in the peripheral blood of OSCC patients compared to healthy
individuals. However, in tumor compartment, this subset of HLADR-CD33-CD11b+
phenotype was present predominantly. Surprisingly, the subset dominating the peripheral
blood was rarely present in the tumor compartment. Exhaustive analysis of subsets suggest
that MDSCs present in peripheral blood express CD14, CD15, CD80, and CD124 but lack
CD66b, CD16, CD34 and CD38 while that present in tumor compartment express
CD16,CD15, CD66b lack expression of CD80, CD124, CD34 and CD38. Results confirm
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that monocytic MDSCs (Mo-MDSCs) are dominant in the periphery whereas granulocytic
MDSCs (G-MDSCs) are present in the tumor compartment. Further, our data reported the
overlap of CD14 and CD15 expression in MDSCs subset present is the peripheral blood of
OSCC patients and is consistent with data reported in subgroup of HNSCC, colon cancer and
melanoma patients [226, 509]. In other words, these data along with ours suggest that CD14
and CD15 may not clearly define the morphologic subtypes of MDSC in the human system
which is currently used by the majority in the field. This discrepancy of accumulation of
different subsets of MDSCs in OSCC patients could be attributed to the nature of OSCC
tumors which are ruled by hypoxia, heat shock proteins (HSPs) and microbiota. These factors
have the ability to regulate function and differentiation of MDSCs into macrophages in tumor
microenvironment [218, 510]. Accordingly, the presence of monocyte–macrophage myeloid
cells in OSCC tumor tissue was established and could be identified as HLA-DR+ cell
expressing markers like CD33, CD11b, CD80, CD68, and CD163. These cells were IL-10 high
and IL-12low which is a trait of M2 macrophages promoting tumor growth. This is also in
accordance to the earlier data reported in bladder cancer showing accumulation of both GMDSCs and monocytic origin macrophages in tumor tissue [511]. There are studies which
have shown accumulation of G-MDSCs in the peripheral blood of cancer patients which in
our case were marginally decreased compared to HIs [512, 513]. Although the G-MDSCs
were present in the peripheral blood, we did not observe increased levels of G-MDSCs in the
peripheral blood of OSCC patients compared to HIs. The lack of G-MDSCs accumulation in
our case could be attributed to the fact that PBMCs separated by ficoll density gradient were
used to characterize MDSCs which might have ignored G-MDSCs.
The peripheral blood of OSCC patients had elevated numbers of Mo-MDSCs suggest that
they might have mechanism preventing their apoptosis. However, Mo-MDSC goes through
spontaneous apoptosis compared to their mature counterparts (HLADR + cells) in the
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peripheral blood. This is similar to what is observed by Condamine and colleagues showing
that MDSCs have less lifespan than monocytes and polymorphonuclear cells (PMNs) [494].
The higher levels of apoptotic genes also reflected the tendency of MDSCs to undergo
spontaneous turnover. The expression of NF-κB and p53 might be regulating the expression
of DR-5 which is reported to regulate the shorter survival of MDSCs [494]. The presence of
higher levels of ROS and its regulator p66Shc observed in Mo-MDSCs suggest that
mitochondrial dysfunction could be one of the mechanisms leading to the spontaneous
turnover of Mo-MDSCs in OSCC patients. The presence of ROS creates inflammatory BM
microenvironment which in turn promotes oxygen consumption and HIF-1α expression
throughout the BM and can induce emergency myelopoiesis [216, 514]. This in turn can
promote progenitor cell expansion and mobilization from BM to peripheral blood [515].
Manipulating p66Shc might offer a possibility of reducing ROS and thereby decreasing
inflammation induced emergency myelopoiesis which is a possible source of MDSCs in
tumor bearing host. All trans-retinoic acid (ATRA) through activation of ERKI/2 can cause
upregulation of ROS scavenger Glutathione (GSH) and decrease ROS which in turn can
successfully induce differentiation of MDSCs in both mice and humans [223, 264]. Similar to
ATRA, catalase (ROS scavenger) can also lead to differentiation of MDSCs obtained from
tumor bearing mice [265]. This confirms that targeting ROS or its upstream regulator will
have potential to disrupt the differentiation halt in MDSCs.
The Mo-MDSCs subset, HLADR-CD33+CD11b+, identified in OSCC patients was capable of
suppressing T cell proliferation in a dose dependent manner. MDSCs from myeloproliferative
disease like chronic myeloid leukemia [516] or in chronic lymphocytic leukemia patients
[517] were also reported to be monocytic and were suppressive. Our data showed that MoMDSCs could suppress IFN-γ production and expression level of CD3-ζ chain on T cells in
coculture assays. The effect of MDSCs on the expression of CD3-ζ chain was more
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prominent on CD8+ T cells and marginal on CD4+ T cells. Inhibition of CD3-ζ chain by
MDSCs appears to be MHC restricted and thus affected majorly CD8+ T cells. This
corroborates earlier report showing inhibition by MDSCs is dependent on MHC class I
expression on the MDSCs [518]. However, in case of OSCC patients the expression level of
CD3-ζ chain was decreased to the same level across all the subsets of T cells. This suggests
that other factors apart from MDSCs may be contributing to the downregulation of CD3-ζ
chain in OSCC patients. MDSCs also produce soluble factors which can affect T cell function
non-specifically. Diminished granzyme B and perforin production by T cells of OSCC
patients may render them dysfunctional. The T cells infiltrating the tumor of OSCC patients
are functionally exhausted as portrayed by their phenotype (CD27 -CD45RA+) and expression
of cytolytic effector molecules (perforin and granzyme B). Increased prevalence of MDSCs
in patients with OSCC may be compromising the cytolytic effector function of T cells at least
in part by inhibiting their activation and expression of perforin and granzyme. This may
further compromise the T cell mediated tumor cell killing in OSCC patients and thereby
evade immune recognition. Our data showed that MDSCs down-regulate L-selectin levels on
T cells in coculture assay. It was interesting to note that reduced L-selectin expression on T
cells was observed in OSCC patients which could be correlated with the increased levels of
MDSCs in these patients. This will also decrease the ability of T cells to home to sites where
they would be activated and could be another mechanism by which MDSCs inhibit antitumor
immunity. These findings, together with the increased number of MDSCs in the peripheral
blood and tumor tissue, establish the immunosuppressive functions of MDSCs in OSCC
patients.
The expansion and activation of MDSCs is a two-signal model, one signal is primarily
responsible for MDSC expansion and the second one for driving MDSC activation [227].
The various cytokines and growth factors regulating these two steps include GM-CSF, M-
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CSF, G-CSF, IL-6, VEGF, IL-1β, IL-6, cyclooxygenase 2 (COX2)–generated PGE2, IL-10,
TGF-β, IDO, fms-related tyrosine kinase 3 ligand (FLT3L), stem cell factor (SCF), IFN-γ,IL13, TLR ligands etc. [227, 519]. Our data showed higher levels of IL-6, IL-1β, TNF-α,
VEGF, PGE2 in the sera of OSCC patients. We also observed the expression of TLR2, 3, 4
and 9 on Mo-MDSCs. Further, the presence of HSPs in oral tumor cells may be activating
MDSCs via TLR4 signaling. This data indicates that signals required for MDSC expansion
and activation are present in OSCC patients. Cytokines like IL-6, TNF-α, IL1-β and IL-10
can directly activate STAT3 signaling which prevents differentiation of mature myeloid cells
and promotes proliferation of immature myeloid cells.
The combination of GM-CSF with IL-6 has also been shown to cause sufficient expansion of
MDSCs under in vitro conditions [519]. The MDSCs from OSCC patients expressed higher
levels of pSTAT3 and the presence of STAT3 regulated Arginase 1 and IDO in MDSCs
indicates the mechanism used by MDSCs to suppress T cell proliferation and decrease CD3-ζ
chain expression in T cells. Further, the STAT3 dependent differential regulation of C/EBPα
and C/EBPβ in MDSCs predicts that this pathway has capability to alter myelopoiesis.
STAT3 dependent upregulation of C/EBPβ and downregulation of C/EBPα can shift the
myelopoiesis from steady state to emergency state leading to generation of MDSCs [520,
521]. Notch signaling playing a crucial role in inducing the emergency myelopoiesis as Hes1
(Notch target gene) is known to inhibit the C/EBP-α hence shifting myelopoiesis to
emergency state [497]. Hes1 is also known to interact with STAT3 [498] and the presence of
the components of Notch signaling pathway depicts the relevance of this interaction in
MDSCs. It appears that the coordinated action of these two signaling pathways regulate
myelopoiesis and hence MDSC generation. This data signifies that the STAT3 driven
signaling would be responsible for MDSC expansion and function in OSCC patients. The
inhibition of STAT3’s in MDSC function is clinically important. Epidermal growth factor
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receptor (EGFR)/signal transducer and activator of transcription 3 (STAT3) and PI3
kinase/PTEN/Akt pathways are activated in HNSCC including the subgroup of OSCC
patients [522, 523]. EGFR overexpression correlates with aggressive tumor behaviour and
poor clinical outcome [524]. EGFR signals through STAT3 and anti-EGFR therapy
(Cetuximab) is used to treat HNSCC patients [525]. Inhibition of STAT3 signaling in OSCC
patients will not only inhibit the EGFR mediated tumor progression, but will also help in
rejuvenating the antitumor immunity by inhibiting the generation and function of MDSCs.
The presence of immune inhibitor molecules like IL-10 and PDL1/PDL2 observed by us on
MDSCs are suggestive of the diverse mechanisms that are utilized by MDSCs to promote
immune suppressive network in OSCC patients. Although, it is well known that IL-10 is an
important mediator of Treg suppression, IL-10 can also potentiate the differentiation of
iTregs from naïve CD4 T cells [526, 527]. This confirms that the dynamic crosstalk between
MDSCs and Tregs is on in OSCC patients. Accordingly, the levels of Tregs observed were
higher in OSCC patients and correlated with the stage of OSCC patients. Like MDSCs, Tregs
did not show any subsite specific variation of numbers in OSCC patients. The Tregs from the
tumor tissue of OSCC patients were FOXP3high compared to those present in the peripheral
blood indicating the presence of highly immunosuppressive microenvironment. This property
of Tregs might be induced by the higher levels of TGF-β and IL-10 present in the OSCC
tumor microenvironment [528, 529]. The higher accumulation of Tregs at tumor site could be
through the migration of Tregs via CCR6-MIP3α/CXCR4-SDF-1α axis where these cells are
stabilized by TGF-β and IL-10 presence. The induction of memory phenotype in Tregs
(CCR6high) could be due to TCR ligation along with cytokines. CCR6+ Treg cells can be
considered as the regulatory equivalent to CD4+ effector-memory T cells. CCR6 appears
associated directly with effector-memory function and mediates migration into peripheral
sites via CCL20 and β-defensin [530, 531]. CCL20 is expressed mostly in inflamed tissues
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and mucosal surfaces and β-defensin is secreted by macrophages and DCs on encounter with
microbial pathogens. Both MIP3α/CCL20 and microbial pathogens are part of OSCC tumors.
Thus, CCR6+ effector T cells which act to promote anti-tumor immune responses in inflamed
tissues will be counterbalanced by CCR6+ Treg cells, thereby dampening the antitumor
immunity.
The IL-10 secreted by the MDSCs showed a positive correlation with the levels of Tregs in
OSCC patients. However, in vitro assay confirmed that MDSCs inhibited the TGF-β driven
generation of iTregs from naïve CD4+ T cells. This contradicted many earlier reports showing
that MDSCs have capability to induce Treg generation [485, 486, 527]. IL-2 signaling is
necessary for the induction of Tregs and MDSCs have ability to downmodulate the IL-2
signaling by preventing activation induced expression of α-chain of IL-2 receptor (CD25).
Thus, MDSCs induced CD25 downregulation which prevent activation of T cells interferes
with the TGF-β induced generation of Tregs. The MDSCs in coculture were able to inhibit
the TCR driven upregulation of CD25 in T cells. The engagement of PD-1 expressed on T
cells with PD-L1 expressed by MDSCs can downregulate the phosphorylation of STAT-5 by
inhibiting IL-2 signaling. This is also in accordance with what is reported by Centuori and
colleagues showing that MDSCs inhibit Treg generation in IDO dependent manner [491].
Our data was further validated by the fact that apart from IL-10, MDSCs also secreted IL-1β,
IL-6 and expressed IL23A mRNA. IL-1β interferes with Treg generation by either inducing
phosphorylation of STAT3 or alternative splicing of FoxP3 and promotes TH17
differentiation [532, 533]. MDSCs derived interleukin-1β (IL-1β) has been shown to curtail
the anticancer immunity and also decrease the anticancer efficacy of the chemotherapy by
inducing secretion of IL-17 by CD4+ T cells [534]. Tregs were higher in OSCC patients
suggesting that differentiating Tregs may be under the pressure of both negative signals and
positive signals. However the positive signals favouring Treg expansion and function are
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dominating in OSCC patients which cause their accumulation. The production of IL-β, IL-6
and IL23 by MDSCs advocates that they may alter differentiation of naive CD4+ T cells into
TH17 cells and our in vitro experiments confirmed this hypothesis. The ability of MDSCs to
induce Th17 differentiation is also reported by different studies[490, 535]. The levels of
MDSCs have been correlated with the levels of Th17 cells in esophageal cancer [536] and
likewise levels of Th17 were also elevated in OSCC patients. The presence of MDSCs, Tregs
and Th17 cells in OSCC patients will induce both chronic inflammation and T cell tolerance
thereby promoting OSCC progression.
The immunotherapy is likely to succeed if tumor mediated immunosuppressive networks are
blocked. To accomplish this, the extent of immunosuppression should be measured
accurately. This is the first study in OSCC patients which has systematically evaluated the
immune suppressive network. These results add to our understanding of the immunobiology
of OSCC patients. This may also be informative for future immunotherapeutic trials. There
are excellent evidences suggesting that MDSCs, Tregs and Th17 are detrimental for
antitumor immunity and that removal of these cells or by blocking their function or by using
checkpoint inhibitor antibodies will greatly improve antitumor responses in OSCC patients.
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Summary and Conclusion
In recent years no significant progress in the management of oral cancer has been noted. For
early stage oral cancer, simple surgical excision or radiotherapy is usually adequate but, in
the late stage of oral cancer, a combination therapy such as, surgical excision with postoperative radiotherapy or induction chemotherapy with surgical excision, has been
suggested. In spite of preoperative or adjuvant chemotherapies, the prognosis of patients
with advanced OSCC still remains poor. This may be due to a systemic immunosuppressive
effect that cancer exerts in these patients. Therefore, identification and characterization of the
immune players in OSCC patients may aid in their treatment
Immune dysfunction is a hallmark of patients with oral cancer. The effect of a progressively
growing tumor on the immune response presents a significant challenge to the success of
immunotherapy and cancer vaccines. A better understanding of the factors that cause immune
dysfunction in OSCC patients might be relevant for the development of new therapeutic or
prophylactic approaches. The aim of this study was to understand the role of immunosuppressive factors/cells which are utilized by the OSCC tumors to evade immune destruction
mainly by affecting T cell functioning. This will provide a rationale for designing
immunotherapies which would be aimed at changing the tumor microenvironment from
tumor-promoting to tumor-rejecting.
Lymphocytes especially T cells are important players in the antitumor immune response but
T cells from cancer patients are reported to be dysfunctional with decreased CD3-ζ chain
expression, a key T cell signaling molecule. Several distinct mechanisms may be responsible
for decreased/absent expression of CD3-ζ chain in T cells of patients with cancer. CD3-ζ
chain has appeared as a prognostic marker which can predict a favourable response to
biological therapies and could be helpful in a selection of patients for immunotherapy trials
[117]. Absent or low expression of CD3-ζ chain in TILs of patients with stage III or IV
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HNSCC predicts a poor survival compared to patients expressing a normal CD3-ζ chain
[138]. Our study in OSCC patients confirmed their T cells are severely impaired with respect
to the decreased ability to proliferate, decreased CD3-ζ chain expression (key T cell signaling
molecule), decreased expression of perforin, granzyme B, and CD62L and presence of
terminally differentiated cells (CD27 -CD45RA+). The decreased CD3-ζ chain expression
associated with T cells of OSCC patients’ might be contributed by the factors secreted by
tumors. Studies from our laboratory have shown a detailed mechanism responsible of CD3-ζ
chain downregulation with transcriptional defect in the tumor compartment and translational
defect in the peripheral blood. In the present thesis, the role of tumor derived factors in
downregulation of CD3-ζ chain was investigated. Different approaches were exploited to
look at the possible candidates (proteins) which have the ability to alter CD3-ζ chain
expression in T cells derived from OSCC patients. In one of the approach (pragmatic), the
cell free supernatants from fresh OSCC tumors and cell lines were used to demonstrate their
effect on CD3-ζ chain expression. The OSCC tumor cell free supernatants led to the
progressive decrease in the CD3-ζ chain expression with marginal effect on the other key T
cell signaling molecules (CD3-ε, ZAP70, p56Lck) while the cell free supernatant collected
from established oral tumor cell lines failed to do so. These supernatants were subjected to
proteomic analysis using LC-MS/MS to identify possible factor(s) that mediate
downregulation of CD3-ζ chain expression. The proteins present exclusively in OSCC tumors
were selected and Oligoadenylate synthetase (OAS2) was identified as a potential candidate
leading to CD3-ζ chain expression. The presence of OAS2 in OSCC tumors was further
confirmed at both mRNA and protein level. Results confirmed that the secreted OAS2
initiated downregulation of CD3-ζ chain expression in a caspase-3 dependent manner in T
cells. For the first time, a potentially important function of tumor-derived Oligoadenylate
synthetase (OAS2) as a paracrine negative regulator of T-cell functions was identified.
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In another approach (idealistic), Tumor necrosis factor-alpha (TNF-α) which is proinflammatory cytokine and is reported to attenuate the T cell response was studied to analyze
its effect on CD3-ζ chain downregulation. The mechanism employed by TNF-α, an important
negative regulator of T cell function, was addressed. The effect of TNF-α on T cell function
appears to be spatiotemporal. The T cells in OSCC patients are reprogrammed to overexpress
TNFR-I receptor rendering them susceptible to TNF-α induced downregulation of CD3-ζ
chain. Blocking TNFR-I prevented TNF-α induced CD3-ζ chain downregulation while
blocking of TNFR-II enhanced the TNF-α induced CD3-ζ chain downregulation. The TNF-α
stimulus effectively induced ROS and capase-3 levels in T cells which are known to be
involved in the downregulation of CD3-ζ chain. The antagonist ligands aimed at a single TNF
receptor family has on one hand potential to selectively turn off immunosuppressive
microenvironment [537, 538]. However, at the same time, it might lead to TNF-α induced
TCR signaling defect in antigen encountered T cells via TNFR-I. Therefore, to design future
therapies using TNF inhibitors in different disease conditions these aspects should be taken
into account.
Apart from negative regulators, this study has also unravelled the positive regulator of T cell
signaling which have the competency to increase the antitumor immune response in oral
cancer patients. The study provided new insights into mechanisms that integrate TCR and
cytokine signals to determine the outcome of T cell response with a central role of Notch
signaling. The Notch signaling was found to be one of the positive regulators of T cell
signaling and inhibiting this signaling affected both proximal as well as distal TCR signaling
molecules. The CD3-ζ chain was a proximal signaling molecule which was affected while
ZAP70 and p56Lck remained unaffected. Inhibition of Notch signaling also induced T cell
anergy reflected by increased calcium flux and induction of GRAIL. Thus manipulation of
Notch signaling has ability to reverse the tumor induced anergy in T cells.
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Both the molecules present in the tumor microenvironment, OAS2 and TNF-α, shared the
ability of inducing caspase-3 levels in T cells. This insinuates that a common mechanism
might be employed which involves caspase-3 activation as a functional readout. The most
relevant phenomenon which appears to be ensuing is the induction of T cell anergy which is
associated with the activation of caspase-3. The T cell anergy is a common feature in cancer
patients due to high co-inhibitory and poor co-stimulatory molecules. The dampened Notch
signaling observed in cancer patients might also be the reason behind the anergic T cells. In
summary, tumor induced T cell anergy may be one of the immune evasion mechanisms in
patients with OSCC. TNF-α, OAS2, and reduced Notch signaling may be the potential
factors controlling T cell anergy. However, preclinical and clinical studies suggest that T cell
dysfunction is functionally reversible. This paves the way for targeting T cell dysfunctional
mechanisms and introducing/promoting T cell stemness to treat patients with cancer. Active
specific immunotherapy in the form of prostate specific antigen (PSA) based vaccines results
in the restoration of impaired CD3-ζ chain expression and generation of PSA-reactive
circulating T cells [539]. Thus, immunotherapy targeting restoration of CD3-ζ chain
expression might hold clinical importance for enhancing the efficacy of T cell based
therapies. Chimeric antigen receptors (CARs) are recombinant receptors for antigen which in
a single molecule redirect the specificity and function of T lymphocytes and other immune
cells [540]. CD3-ζ chain is one of the fusion proteins of the receptor and modification of
receptor domains of CAR receptors like CD3-ζ chain will provide T cells with array of
signals required for their optimal clonal expansion and targeted immune responses.
The adoptive transfer of T cells, expanded ex vivo, into cancer patients is the most promising
strategy. Unfortunately, the clinical investigation of immune-based therapeutic strategies,
especially T cell transfer, has yielded disappointing results. This may be due in part to the
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fact that these T cells are grown in the absence of immunosuppressive networks and when reinfused into patients have to expand in the presence of tumor-mediated immune suppression.

Figure 8.1: Immunosuppressive network in OSCC patients. The different players
involved in the immune dysfunction of OSCC patients. The oral tumor micro-environment is
enriched by immunosuppressive/inflammatory factors and cells contributing to the dampened
immune response. The oral tumor micro-environment secretes cytokines or growth factors
which either directly affect the T cells or indirectly by inducing the suppressive potential of
myeloid derived suppressor cells by activating STAT3. MDSCs express the
immunosuppressive molecules like arginase 1, IDO, IL-10, PDL1/2 and ROS. The factors
like TNF-α and OAS2 present in oral tumor microenvironment along with MDSCs
collectively execute immune suppression by downregulating CD3-ζ chain, CD62L,
decreasing IFN-γ, perforin and granzyme production of T cells, impair TCR driven
proliferation of T cells and increase caspase 3 levels. IL-6, IL-1β, IL-23 secreted by MDSCs
induces TH17 differentiation in OSCC patients. Although, the Tregs were increased in OSCC
patients MDSCs failed to induce iTreg differentiation under Treg polarizing condition.
MDSC and Treg cells are major components of the immune suppressive tumor
microenvironment (TME). Both cell types expand systematically in preclinical tumor models
and promote T-cell dysfunction that in turn favours tumor progression (Fig. 8.1). MDSCs
play a crucial role in the cellular network that regulates immune responses in cancer,
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inflammation and in other pathological conditions. One of the most important hallmarks of
MDSCs is the morphological, phenotypic and functional heterogeneity. Therefore, the role of
specific MDSC subsets in mediating T cell suppression and the molecular mechanisms for
their accumulation was elucidated. In this study, different subsets of MDSCs were found to
amass in the peripheral blood and tumor compartments. The monocytic-MDSCs were
dominant in the peripheral blood while granulocytic-MDSCs were prevalent in the tumor
compartment. STAT3 played an important role in MDSC activation and accumulation in
OSCC patients. The Mo-MDSCs secreted high levels of IL-10, IL-1β, and IL-6 which have
differential capability to induce T cell differentiation. Although Tregs were also higher in
OSCC patients, it was not mediated by MDSCs, as they inhibited the in vitro generation of
Tregs, but promoted TH17 differentiation. This suggests that MDSCs contribute in enhancing
the inflammation as well as inducing T cell tolerance in oral cancer patients.
The reversibility of the immune dysfunction suggests that it is possible to overcome the
deleterious effects of the tumors on the immune response, either pharmacologically or
through more-effective strategies of active specific immunotherapy. STAT3 plays a central
role in many molecular events governing tumor cell proliferation, survival and invasion. At
the same time, STAT3 is involved in inhibition of antitumor immune responses. In myeloid
cells, STAT3 regulates numerous functions as shown by us and others. STAT3 is crucial for
MDSCs accumulation and its immunosuppressive function. The inhibition of STAT3 is
clinically significant as STAT3 is activated in the majority of OSCC cell lines and human
tumors. Levels of pYSTAT3 (activated) STAT3 are associated with decreased survival in
HNSCC patients [541]. Epidermal growth factor receptor (EGFR)/signal transducer and
activator of transcription 3 (STAT3) are activated in HNSCC including the subgroup of
OSCC patients [522, 523]. Like STAT3, EGFR overexpression correlates with aggressive
tumor behaviour and poor clinical outcome [524]. EGFR signals through STAT3 and anti-
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EGFR therapy (Cetuximab) is used to treat HNSCC patients [525]. Inhibition of STAT3
signaling in OSCC patients will not only inhibit the EGFR mediated tumor progression but
will also help in rejuvenating the antitumor immunity by inhibiting the generation and
function of MDSCs.
Further, several receptors have been identified that are expressed on exhausted, dysfunctional
lymphocytes, including CTLA-4, lymphocyte-activation gene 3 (LAG-3; CD223), T cell
immunoglobulin mucin protein-3 (TIM-3), and PD-1. The ligand for PD-1, PD-L1 (B7-H1,
CD274) [542], is upregulated in multiple tumor cell lines, including OSCC, and induces a
loss of function of cytotoxic T lymphocytes (CTLs) [543]. The Mo-MDSCs present in OSCC
patients also expressed PDL1 and is regulated by STAT3. More recently, the anti–PD-1
(Pembrolizumab, Nivolumab, Lambrolizumab) or PD-L1 (Durvalumab) Abs have
demonstrated clinical efficacy in various malignancies including HNSCC [542, 544546]. Investigation of the PD-L1: PD-1 pathway in OSCC patients provides a robust support
for its blockade to ease the MDSCs and tumor induced immune suppression in these patients.
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Summary
Decreased expression of CD3-f chain, an adaptor protein associated with
T-cell signalling, is well documented in patients with oral cancer, but the
mechanistic justifications are fragmentary. Previous studies in patients
with oral cancer have shown that decreased expression of CD3-f chain
was associated with decreased responsiveness of T cells. Tumours are
known to induce localized as well as systemic immune suppression. This
study provides evidence that oral tumour-derived factors promote
immune suppression by down-regulating CD3-f chain expression. 20 50 Oligoadenylate synthetase 2 (OAS2) was identified by the proteomic
approach and our results established a causative link between CD3-f
chain down-regulation and OAS2 stimulation. The surrogate situation was
established by over-expressing OAS2 in a HEK293 cell line and cell-free
supernatant was collected. These supernatants when incubated with T
cells resulted in down-regulation of CD3-f chain, which shows that the
secreted OAS2 is capable of regulating CD3-f chain expression. Incubation of T cells with cell-free supernatants of oral tumours or recombinant
human OAS2 (rh-OAS2) induced caspase-3 activation, which resulted in
CD3-f chain down-regulation. Caspase-3 inhibition/down-regulation using
pharmacological inhibitor or small interfering RNA restored down-regulated CD3-f chain expression in T cells induced by cell-free tumour
supernatant or rh-OAS2. Collectively these results show that OAS2 leads
to impairment in CD3-f chain expression, so offering an explanation that
might be applicable to the CD3-f chain deficiency observed in cancer and
diverse disease conditions.
Keywords: CD3-f chain; humans; T cells; tumour immunology; tumoursecreted factors.

Introduction
The cancer immunoediting hypothesis stresses the dual
role of the immune system: host protection and tumour
shaping. The immune system, apart from eliminating the
nascent malignant cells, also shapes the tumour through
equilibrium and escape phases.1 The ability of tumour
cells to escape obliteration by immune cells could be
because of the plethora of strategies used to evade

immune attack. One of these is represented by the production of soluble immunosuppressive factors that may
prevent the pro-inflammatory effects and promote T-cell
dysfunction in the tumour microenvironment. Immune
dysfunction appears to be more frequent and profound in
patients with cancer. Immune effector cells obtained from
the peripheral blood of cancer patients, including oral
cancer have been reported to have a variety of functional
abnormalities, which may vary in magnitude from patient

Abbreviations: HIs, healthy individuals; IFN, interferon; MxA, myxovirus resistance gene A; OAS2, 20 50 -oligoadenylate synthetase
2; PBMCs, peripheral blood mononuclear cells; rh-OAS2, recombinant human OAS2; TCR, T-cell receptor
ª 2015 John Wiley & Sons Ltd, Immunology
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to patient and may be related to the extent of the
disease.2,3 These abnormalities include defects in T-cell
signalling via the T-cell receptor (TCR), decreased tyrosine kinase activity following triggering with anti-CD3
monoclonal antibodies, poor lymphocytic proliferative
responses, defects in lytic capacity, and decreased ability
for cytokine production.3–6 The immune dysfunction is
also associated with the down-regulation of expression of
the TCR-f chain (CD3-f) or of intracellular protein
kinases in cancer-bearing hosts.7
Decreased expression of the CD3-f chain has been
reported in several autoimmune, inflammatory and
malignant diseases. It has been reported that cancer cells
produce several ligands that function to prevent optimal
T-cell activation through CD3-f chain down-regulation
and induces either T-cell anergy or apoptosis.1,8 Studies
from our laboratory have shown that post-translational
down-regulation is primarily responsible for decreased
CD3-f chain expression in the peripheral blood of
patients with oral cancer whereas a dominant transcriptional defect is observed in the tumour compartment.
The down-regulation of CD3-f chain culminates in
impaired lymphocyte responses in these patients.9
The cytoplasmic domain of CD3-f chain has several
consensus target sequences for caspases, among which
caspase-3 and caspase-7 have been shown to cleave
in vitro translated CD3-f chain.10 Caspase-3, an effector
caspase, is expressed during T-cell anergy induction and
recognizes proteins with a common DXXD motif and
cleaves after the second aspartic residue.11,12 Circumstantial evidence for a physiological involvement of active caspase-3 in generating a CD3-f-chain-deficient T-cell
phenotype has been described in patients with gastric and
liver cancers.13,14 T and B cells from Casp3/ mice show
hyperproliferative responses, which have been attributed
to reduced activation-induced cell death and to alterations of cell cycle regulation15,16 in these cells, respectively. Caspase-3 also regulates many non-apoptotic
cellular processes, such as cell proliferation, cell-cycle regulation and cell differentiation.17,18
The loss of CD3-f chain is a common observation in
cancer patients. However, the mechanism responsible for
cancer-associated decreased expression of CD3-f chain
remains controversial. This study reports the identification of a tumour-secreted factor isolated from oral cancer
patients that can mediate down-regulation of CD3-f
chain expression. This study unravels the potential role of
tumour-secreted 20 50 -oligoadenylate synthetase 2 (OAS2),
identified by the proteomic approach, in down-regulation
of CD3-f chain. Defining the mechanism, through which
this factor modulates CD3-f chain levels, might ultimately
provide a therapeutic target leading to the generation of
effective anti-tumour cellular immune responses in
patients with cancer.

2

Materials and methods
Study group
The study was approved by the institutional ethics committee. After written informed consent, surgically resected
tumours (n = 31) were obtained from patients with newly
diagnosed oral cancer (stage I–IV) before initiation of
treatment. Blood specimens were obtained from healthy
individuals (HIs). Peripheral blood mononuclear cells
(PBMCs) were isolated by differential density gradient
centrifugation (Ficoll–Hypaque, Sigma-Aldrich, St Louis,
MO) from HIs. The mononuclear cell fraction was
washed twice with normal saline, counted and analysed.

Cell culture
The PBMCs isolated by Ficoll–Hypaque gradient were cultured with RPMI-1640 medium supplemented with 10%
fetal calf serum. The PBMCs from HIs were seeded in 24well plates at 1 9 106 cells/ml in each well. Oral tumour
supernatants were added to HI PBMCs at a final dilution of
1 : 1 with RPMI-1640 medium supplemented with 10%
fetal calf serum. After incubation for different times, PBMCs
were harvested and analysed for CD3-f chain expression.
The HI PBMCs were also stimulated with different concentrations of recombinant human OAS2 (rh-OAS2) (Abnova,
Taipei City, Taiwan) or rh-OAS1 (Abnova; 3–96 ng/ml) for
24 hr. PBMCs were harvested and stained for CD3-f chain
and analysed by flow cytometry.
Tumours were collected in sterile plain RPMI medium
(Invitrogen Life-Technology, Carlsbad, CA) supplemented
with antibiotics. The necrotic, haemorrhagic and fatty tissues were removed and tumour tissues were thoroughly
washed with antibiotic-containing plain RPMI. The
tumour tissues were minced finely and incubated in plain
RPMI containing an enzyme mixture (005% collagenase,
002% DNase, and 5 U/ml hyaluronidase) (SigmaAldrich), at 37° for 2 hr with intermittent shaking. The
tumour tissues were then passed through a 200-gauge
wire mesh. The cells were washed with plain RPMI medium and were tested for cell viability. Cells with > 90%
viability were used to carry out further experiments.
Oral tumour-derived cell lines (AW13516, AW8507
and AW9803) and HEK293 cells were cultured in 10%
fetal calf serum supplemented Iscove’s modified
Dulbecco’s medium and Dulbecco’s modified Eagle’s
medium, respectively. These adherent cell lines were subcultured at 65–75% confluence.

Magnetic activated cell sorting
The PBMCs were isolated by differential density gradient
centrifugation using Ficoll Hypaque (Sigma-Aldrich).

ª 2015 John Wiley & Sons Ltd, Immunology
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CD3+ T cells were purified from PBMCs using
MicroBeads (Miltenyi Biotch, Bergisch Gladbach, Germany) by positive selection. The separation procedure
was conducted according to the manufacturer’s instructions. The purity of separated cells was > 95% as determined by flow cytometry (BD Biosciences, San Jose, CA).

Flow cytometry
Cells were either stained with FITC or phycoerythrinlabelled mouse anti-human CD3-e and CD3-f antibodies
(BD Biosciences, San Diego, CA) or with anti-human
p56Lck and ZAP70 antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA) for 45 min at 4°. Thereafter, cells were
washed and incubated with FITC-labelled goat anti-mouse
IgG (Sigma-Aldrich) for another 45 min at 4°. Briefly,
PBMCs (05 9 106 to 1 9 106) were rinsed in cold PBS
and cold-fixed in 1% paraformaldehyde in PBS for
10 min at 4°. The cells were washed and permeabilized for
15 min with 01% saponin in PBS. The permeabilized cells
were stained with the cocktail of antibodies and 50 000
events/sample were acquired with a FACS Aria flow
cytometer (Becton Dickinson, Mountain View, CA). For
the above experiments, cells were gated on the basis of
their forward and side scatter characteristics and the fluorescence intensity was measured. The analysis was performed using FLOWJO software (Tree Star, Ashland, OR).

Cloning and cell transfection
The cDNA encoding OAS2 gene was amplified by PCR
using a forward primer containing the PmeI restriction
site and a reverse primer containing the SalI restriction
site. The PCR with 35 cycles at 95° for 1 min, 58°
for 2 min, and 72° for 2 min using the forward primer
50 -AGTTTAAACCATGGGAAATGGGGAGTCCCAGCTGT
C-30 and a reverse primer 50 -ACCGTCGACTGATGACTT
TTACCGGCACTTTC-30 was used. The PCR product
was gel purified and by TA cloning inserted into
pTZ57R/T vector. The pTZ57R/t vector was digested
with EcoRI and SalI to release the OAS2 cDNA, which
was purified and cloned into EcoRI- and SalI-digested
pEGFP-N2 vector. The vector was sequenced and
sequence confirmed the in-frame addition of OAS2 gene
with green fluorescent protein (GFP) present in the
pEGFP-N2 vector. The vector was transfected into
HEK293 cells and supernatant was collected. The collected supernatant was added to the HI PBMCs to monitor CD3-f chain down-regulation.

Small interfering RNA
The PBMCs were transfected with small interfering RNA
(siRNA) specific for caspase-3 and fluorescent oligonucleotide control siRNA (Cell Signaling Technology, Danª 2015 John Wiley & Sons Ltd, Immunology

vers, MA) at a concentration of 100 nM using XtremeGENE HP transfection reagent (Roche Diagnostics,
Indianapolis, IN). Briefly, cells were transfected with
100 nM control siRNA, or caspase-3-specific siRNA, or
were left untransfected. After 40 hr, untransfected cells
and caspase-3 knockdown cells were stimulated with rhOAS2 (24 ng/ml) and at 60 hr post-transfection cells
were harvested; and samples were subjected to Western
blot analysis for caspase-3, CD3-f chain or b-actin. The
inhibition of caspase 3 expression was assessed at the
60th hr post transfection.

Western blotting
Cells (PBMCs and oral tumour/cell lines) were washed
and lysed using 1% Nonidet P-40 lysis buffer containing
10 mM Tris–HCl, 50 mM NaCl, 5 mM EDTA, 1 mM
PMSF, 10 lg aprotinin, 10 lg leupeptin and 1% Nonidet
P-40. The cells were sonicated at 4° then centrifuged for
10 min. Protein lysate was harvested and quantified
using Bradford reagent (Sigma-Aldrich). Samples were
resolved on 12% SDS–PAGE and then transferred to
nitrocellulose membrane (Amersham Pharmacia Biotech,
Piscataway, NJ). The membrane was probed with the
primary antibodies of CD3-f chain (1 : 300) (6B10.2;
Santa Cruz Biotechnology), OAS2 (1 : 500) (Santa Cruz
Biotechnology), caspase-3 (Cell Signaling Technology)
and b-actin (1 : 1000) (Sigma-Aldrich) as loading control. Immunostaining was performed using appropriate
secondary antibody at a dilution of 1 : 3000 and developed with ECL plus, a western blot detection system
(Amersham Pharmacia).

Semi-quantitative PCR
RNA was extracted from oral tumour and cell lines using
Trizol reagent (Invitrogen Life Technologies, Grand
Island, NY) in accordance with the company’s instructions. RNA obtained from cells was reverse transcribed in
the presence of 5 mM MgCl2, 1 9 PCR Buffer II, 1 mM
dNTPs, 25 u MuLV reverse transcriptase, 1 unit RNA
guard Ribonuclease inhibitor (Amersham Pharmacia Biotech, Uppsala, Sweden). The OAS2 mRNA levels were
measured by semi-quantitative RT-PCR. The forward and
reverse primer pair for OAS2 50 -TTAAATGATAATC
CCAGCCCC-30 and 50 -TCAGCGAGGCCAGTAATCTT30 , respectively.

Caspase-3 detection by fluorometry
The PBMCs were washed in PBS, lysed in ice cold caspase
lysis buffer for 30 min and the lysate was collected after
centrifugation. The caspase enzymatic reaction was performed according to the manufacturer’s instruction (Caspase-3 assay kit, Fluorimetric CASP3F; Sigma-Aldrich).
3
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Mass spectroscopy
The cell-free supernatant (1 ml) from surgically excised
oral tumours (HPV-negative), oral cancer cells lines
AW8501, AW1351619 and medium alone (control) were
lyophilized. The dried samples were dissolved in 05 ml
of ammonium bicarbonate buffer (01 M, pH 85) and
the samples were concentrated on a centricon (membrane with a molecular weight cut-off of 3000). Samples were dried in a lyophilizer overnight and the dried
samples were dissolved in dissolution buffer supplied
with the i-TRAQ kit (Applied Biosystems, Foster City,
CA). Samples were digested with trypsin according to
the manufacturer’s protocol and the samples were
labelled with the i-TRAQ reagents 114, 115, 116 and
117. Tryptic peptides of medium control were labelled
with 114, AW8501 peptides with 115, AW13516 peptides with 116 and finally tumour supernatants tryptic
peptides with 117. Samples were pooled and dried in a
speed-vac. The dried samples were fractionated on
strong cation exchange chromatography and fractions
were collected using salt gradient. Each of these fractions was analysed using liquid chromatography tandem
mass spectrometry (LC/MS/MS) on a QSTAR XL mass
spectrometer. By differential labelling, peptides labelled
with isotope 117 (threefold excess) were selected by
subtracting the common peptides found in AW8501
and AW13516 cell lines from cell-free supernatants of
oral tumours. Mascot analysis was performed to identify the peptide and the protein from which the peptide
was derived.

Annexin–propidium iodide staining
To analyse an effect of rh-OAS2 on cell viability, propidium iodide (PI)/annexin V staining kit (BD
PharMingen, San Diego, CA) was used. The PBMCs
were stimulated with rh-OAS2 and after 24 hr cells were
harvested, suspended in binding buffer (10 mM HEPES
pH 74, 150 mM NaCl, 025 mM CaCl2) and incubated
with PI and FITC-conjugated annexin V (BD Biosciences) in the dark for 15 min at room temperature.
After incubation, 400 ll of binding buffer was added
and cells were analysed immediately on FACSAria
(10 000 events/sample).

Statistical analysis
Results are expressed as the mean  standard error of
mean (SEM). Statistical analysis was performed using
PRISM software (Prism Software, Lake Forest, CA) and the
P-value was calculated using Student’s t-test. Two-sided
P-values < 005 were considered statistically significant.
Densitometry analysis was performed using IMAGEJ software (National Institutes of Health, Bethesda, MD).
4

Results
Tumour-derived factor from oral tumours downregulates CD3-f chain in peripheral blood
lymphocytes of healthy individuals
Our earlier published data demonstrated that compared
with other T-cell signalling molecules, (p56Lck, Zap70)
CD3-f chain is markedly decreased in peripheral blood T
cells of patients with oral cancer.9 This study was proposed to investigate the role of an oral tumour-derived
factor in regulating CD3-f chain expression. Single cell
suspensions of oral tumours were prepared by enzyme
disintegration. Oral tumour cells were cultured in serumfree media and cell-free supernatant (referred to as
tumour supernatant) was collected after 72 hr in culture.
The cell-free supernatants of two cell lines derived from
oral tumours (AW8501 and AW13516) were also used.
The oral tumour supernatant (stage III patient) was
added to the PBMCs of HI and incubated for 24–96 hr.
As seen in Fig. 1(a) the expression of CD3-f chain was
monitored in HI PBMCs at defined time intervals after
incubation with tumour supernatant. Time kinetics
demonstrated that incubation of HI PMBCs with tumour
supernatant led to the progressive decrease in CD3-f
chain expression compared with PBMCs incubated with
medium alone (control). However, the supernatants
derived from the AW8501 and AW13516 cell lines
were not able to decrease the CD3-f chain expression
(Fig. 1b, c).
The effect of tumour supernatant on other T-cell signalling molecules (p56Lck, Zap70 and CD3e) was also
studied after incubating for 72 hr. The supernatants collected from the patients (Stage I–III) led to a marked
decrease in CD3-f chain expression whereas its effect on
CD3-e chain, ZAP-70 and p56Lck expression was marginal
(Fig. 1d–g). However, there was a decrease in expression
of all these signalling molecules when incubated with the
tumour supernatant collected from stage IV patients
(Fig. 1d–g). Interestingly, the effect was best observed on
the CD3-f chain levels and it inversely correlated with
stage of oral cancer in patients, as shown in Fig. 1(d).
The broad range effect of supernatant collected from the
patients with advanced stage cancer (stage IV) on all the
T-cell signalling molecules (CD3-f chain, p56Lck, ZAP-70)
could be attributed to a general state of immunosuppression in these patients contributed by the accumulation of
immunosuppressive cells and the secreted immune suppressive factors.
To identify the oral tumour cell-derived factor (s) that
degrade CD3-f chain, a pragmatic approach was adopted.
The cell-free supernatants derived from oral tumours and
cell lines (AW8501 and AW13516) were subjected to LCMS/MS. The identities of proteins observed exclusively in
cell-free tumour supernatants were shortlisted (Table 1).
ª 2015 John Wiley & Sons Ltd, Immunology
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Figure 1. Healthy individual peripheral blood mononuclear cells (PBMCs) were cultured in the presence of tumour supernatant to monitor the
expression of T-cell signalling molecules. (a) Representative figure showing the expression of CD3-f chain on gated CD3+ T cells in healthy individuals’ (HI) PBMCs at different time-points (24, 48, 72 and 96 hr) after incubation with cell-free supernatant (diluted 1 : 1) obtained from
patients with oral cancer (Stage III patient) and medium (control). (b, c) Cell-free supernatants collected from oral tumour-derived cell lines
(AW13516 and AW8501) did not cause any change in CD3-f chain expression after incubating with HI PBMCs for 72 hr. The graph shown is
representative of four independent experiments. (d–g) Oral tumour supernatants were collected after 72 hr in plain RPMI from different tumour
stages (Stage 1, n = 4; stage II, n = 3; stage III, n = 4; and stage IV, n = 6). Oral tumour supernatants were added to the HI PBMCs at a 1 : 1
ratio and after 72 hr the effects of tumour supernatant on CD3-f chain and other T-cell signalling molecules (CD3-e chain ZAP70 and p56Lck)
were analysed. The graph indicates the expression (normalized median fluorescence intensity) of T-cell signalling molecules on incubation with
tumour supernatants obtained from different stage tumours. Fluorescence intensity was adjusted to 100 for control. Accordingly intensity for the
test was calculated and represented as normalized fluorescence intensity. ***P < 00005, **P < 0005 and *P < 005.

The proteins – Nuclear migration protein nudC, SETbinding protein, Pleckstrin homology-like domain family
B member 2, Kinesin-like protein KIF14, OAS2, Protocadherin b16 precursors – had a higher score (> 23).
OAS2 belongs to the 20 50 -oligoadenylate synthetase family
of antiviral proteins consisting of OAS1, OAS2, OAS3
and OASL proteins, and was taken for further analysis.20
It is known to control cellular apoptosis;21 which may
alter the expression of caspase-3 and thereby regulate
CD3-f chain expression. OAS2 is also characterized by
different subcellular locations and enzymatic parameters,
suggesting that this protein might have distinct roles.22
Hence, based on LC-MS/MS data and previously docuª 2015 John Wiley & Sons Ltd, Immunology

mented literature OAS2 was shortlisted as the key molecule present in the cell-free supernatants of the oral
tumours that may play a role in CD3-f chain down-regulation.

Expression of OAS2 in oral tumours and tumourderived cell lines
To show the presence of OAS2 in the tumour microenvironment, the expression of OAS2 at both protein and
mRNA level was analysed in oral tumours. The expression analysis of OAS2 by western blotting showed that
oral tumours (Stage II) express OAS2 (69 000 MW) at
5
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Table 1. Screening of proteins present exclusively in tumour supernatant by liquid chromatography tandem mass spectrometry
Description of protein

Peptide sequence

Mass/Score

Nuclear migration protein nudC
Dedicator of cytokinesis protein 7
SET-binding protein (SEB)
Dual specificity tyrosine-phosphorylation-regulated kinase 4
Toll-like receptor 6 precursor (CD286 antigen)
Microtubule-associated proteins 1A/1B light chain
3C precursor (Microtubule-associated protein 1 light chain 3c)
(MAP1A/MAP1B LC3 C) (MAP1A/1B light chain 3 C)
(MAP1 light chain 3-like protein 3) (Autophagy-related protein LC3 C).
U6 snRNA-associated Sm-like protein LSm2
SWI/SNF-related matrix-associated actin-dependent regulator
of chromatin subfamily A containing DEAD/H box 1 (EC 361.-)
Protein GPR89A (Putative MAPK-activating protein PM01)
Ephexin-1 (Eph-interacting exchange protein)
Semenogelin-1 precursor
Aryl hydrocarbon receptor nuclear translocator 2 (ARNT protein 2)
Pleckstrin homology-like domain family B member 2
Kinesin-like protein KIF14
Chromatin-modifying protein 4c
PHD finger protein 21B
CD109 antigen precursor (p180)
Ankyrin repeat and SOCS box protein 1 (ASB-1)
Interleukin-1 family member 8 (IL-1F8)
Mastermind-like protein 3 (Mam-3)
Kinesin-like protein KIF14
Microtubule-associated proteins 1A/1B light chain 3C precursor
Integrin a-L precursor
Ras-related protein Rab-6B
Kelch domain-containing protein 5
20 -50 -oligoadenylate synthetase 2 (EC 277.-)
Epididymal secretory protein E1 precursor
Pericentrin (Pericentrin B) (Kendrin)
Ubiquitin-conjugating enzyme E2 J1 (EC 63219)
Protocadherin b16 precursor (PCDH-b16)

K.SMGLPTSDEQKK.Q
R.SYTEDWAIVIRK.Y
R.SYEGFGTYREK.D
R.NLKPQPRPQTLRK.S
K.SIVENIINCIEK.S
K.SLVSMSATMAEIYR.D

8851/23
885/19
8849/23
8608/18
8604/15
8604/17

K.SLVGKDVVVELK.N
K.LNYAIFDEGHMLK.N

8601/19
8554/15

R.RLLQTMDMIISK.K
K.SVNEPLTLNIPWSR.M
K.EQTSVSGAQK.G
R.SGMDFDDEDGEGPSK.F
R.SGAASMPSSPK.Q
R.SGHLTTKPTQSK.L
K.KHGTQNK.R
R.HQNGDLK.K
R.TYTWLK.G
K.WESLGPESRGR.R
R.TNIGMPGR.M
R.SLQGMPGR.T
R.SGHLTTKPTQSK.L
K.SLVSMSATMAEIYR.D
R.RGLFPGGR.H
M.SAGGDFGNPLRK.F
R.SNFKLVAVNSK.L
R.ILNNNSK.R +
K.TYSYLNK.L
R.SLTEQQGR.L
R.GPPDSDFDGGVYHGR.I
R.VIDINDHSPMFTEKEMILK.

5906/20
5903/15
5903/17
5823/22
582/23
5340/16
4783/16
4783/16
4783/16
4733/14
5028/11
5028/11
5249/27
8604/15
5038/14
5033/14
4508/11
4733/23
5173/19
5312/22
5738/16
8551/23

the protein level as shown in Fig. 2(a). For OAS2 mRNA
expression, total RNA was extracted from surgically
excised oral tumours and adjacent normal tissue. Complementary DNA (cDNA) was prepared from the total
RNA using MuLV RT enzyme. Gene-specific PCR was
performed for GAPDH and OAS2. The heterogeneous
expression of OAS2 mRNA was observed in oral tumours
(Stage II and III) (Fig. 2b). The overall expression of
mRNA for OAS2 remained high in oral tumours with
two out of three tumours showing higher mRNA of
OAS2 compared with the histologically adjacent normal
tissues (Fig. 2c). In one of the oral tumour samples,
mRNA expression of OAS2 was not observed but in its
adjacent normal tissue OAS2 expression was noted. However, in oral tumour-derived cell lines (AW13516,
AW8507 and AW9803) OAS2 expression was observed
only at mRNA level (Fig. 2d) but not at the protein level.
This may suggest that the tumour microenvironment
contributes to OAS2 expression.
6

Secreted OAS2 mediates CD3-f chain downregulation in PBMCs of healthy individuals
To analyse the role of extracellular OAS2 in degrading
CD3-f chain, the key T-cell signalling molecule, a surrogate
situation, was created by transfecting vector control
(pEGFP-N2) or an OAS2-encoding pEGFP-N2 vector
(pEGFP-N2 + OAS2) into HEK293 cells. Total RNA was
extracted from transfected cells, and mRNA expression
levels were analysed by RT-PCR. As shown in Fig. 3(a;
upper panel) OAS2 expression was higher in cells transfected with (pEGFP-N2 + OAS2) compared with the
untransfected or vector-control-transfected HEK293 cells.
Transfected cells were also analysed by flow cytometry for
GFP positivity, which indirectly also confirms over-expression of OAS2 protein as depicted in Fig. 3(a; lower panel).
Supernatants were collected from OAS2 (pEGFPN2 + OAS2) and vector control (pEGFP-N2) -transfected
HEK293 (referred to as control) cells after 48 hr. The

ª 2015 John Wiley & Sons Ltd, Immunology
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Figure 2. Expression of 20 50 -oligoadenylate synthetase 2 (OAS2) in oral tumour cells. (a) Total protein extract from oral tumours was used to
detect the levels of OAS2 and b-actin by Western blotting. The protein extracts (40–60 lg) prepared from oral tumours (n = 2) was loaded into
the SDS–PAGE and then transferred to the nitrocellulose membrane. The results showed a presence of the OAS2 (p69) in these tumours, b-actin
was used as internal control. (b) Total RNA (150–300 ng/ll) was isolated from the oral tumours and cell lines of oral tumour origin. The isolated RNA was converted into cDNA and cDNA was subjected to PCR, as described in the Materials and methods, to detect OAS2 and GAPDH
transcripts. The expression of OAS2 transcript in oral tumours (T) and its adjacent normal tissues (N) is shown. (c) Band densitometry illustrating total OAS2 transcript expression is higher in oral tumours compared with the adjacent normal tissue. (d) Expression of OAS2 mRNA in oral
tumour-derived cell lines (AW13516, AW8507 and AW9803). *P < 0.05

collected supernatants from control- and OAS2-transfected HEK293 cells were added to the HI PBMCs at
1 : 1 [supernatant: medium (RPMI)] dilution for different time intervals. As shown in Fig. 3(b, c), the CD3-f
chain expression was observed in gated CD3+ T cells after
24 and 72 hr of incubation, respectively. The results confirmed that at both time-points there was a decreased
expression of CD3-f chain when incubated with supernatant collected from OAS2 over-expressing HEK293 cells
compared with control HEK293 cells (vector-controltransfected) as shown in Fig. 3(d). On the other hand,
CD3-e expression at both time intervals 24 and 72 hr
remained unaltered on incubation with supernatant collected from OAS2-transfected HEK293 cells as shown in
Fig. 3(e, f). This confirms that the effect of secreted
OAS2 was specific and altered only CD3-f chain expression. The presence of OAS2 in supernatants was confirmed by the immuno-dot blot assay (data not shown).

Recombinant human OAS2 protein decreases CD3-f
chain expression in PBMCs of healthy individuals
To elucidate the role of OAS family proteins in downregulating the CD3-f chain expression, HI PBMCs were
stimulated with different concentrations of rh-OAS2 and
rh-OAS1 (3–96 ng/ml) for 24 hr. The PBMCs were harvested and expression of CD3-f and CD3-e chain expression was examined by flow cytometry.
The HI PBMCs stimulated with rh-OAS2 showed
decreased expression of CD3-f chain on a gated populaª 2015 John Wiley & Sons Ltd, Immunology

tion of CD3+ T cells (Fig. 4a). The treatment of PBMCs
with rh-OAS2 at 6, 12 and 24 ng/ml concentrations for
24 hr led to a significant decrease in CD3-f chain expression as shown in Fig. 4(a, c), although a dose–response
was not evident. However, rh-OAS2 treatment was not
able to induce the changes in CD3-e expression as studied
in Fig. 4(b), which is consistent with the earlier findings.
The data clearly indicated that as observed with the
supernatant collected from OAS2 transfected HEK293
cells, rh-OAS2 was unable to affect the CD3-e chain
expression on CD3+ T cells, again confirming that the
effect of rh-OAS2 was specific in modulating only CD3-f
chain expression.
Upon stimulation with another member of OAS family, i.e. rh-OAS1, PBMCs were unable to decrease the
CD3-f chain expression on gated population of CD3+ T
cells as shown in Fig. 4(d). Data in Fig. 4(f) also show
that the treatment of PBMCs with different concentrations of rh-OAS1 did not alter the CD3-f chain expression. Similar to rh-OAS2, rh-OAS1 was also incapable of
decreasing the CD3-e chain expression on T cells as
shown in Fig. 4(e). These data confirmed that OAS2 but
not OAS1 was capable of modulating the CD3-f chain
expression.

Tumour supernatant and rh-OAS2 decreases CD3-f
chain expression in sorted T cells
To understand whether oral tumour supernatants or
rhOAS2 directly acted on T cells to down-regulate CD3-f
7
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Figure 3. Effect of supernatant collected from 20 50 -oligoadenylate synthetase 2 (OAS2) over-expressing HEK293 cells on T-cell signalling molecules. (a) HEK293 cells were transfected with either vector control (pEGFP-N2) or vector encoding the OAS2 cDNA (pEGFP-N2 + OAS2). Total
RNA was extracted from transfected cells, and mRNA expression levels were analysed by RT-PCR (upper panel) using gene-specific primers for
OAS2 and GAPDH. Lanes 1, 2 and 3 represent untransfected HEK293, vector control transfected HEK293 and pEGFP-N2 + OAS2 transfected
HEK293 cells, respectively. The pEGFP-N2 + OAS2 transfected cells were also monitored for GFP expression by flow cytometry (lower panel).
(b, c) Cell-free supernatant collected from pEGFP-OAS2 transfected HEK293 cells led to the decrease in expression of CD3-f chain on gated
CD3+ T cells in healthy individuals’ (HI) peripheral blood mononuclear cells (PBMCs) at different time-points (24 and 72 hr) compared with
the supernatant collected from vector control transfected cells. (d) The median fluorescence intensity of CD3-f chain staining in HI PBMCs treated with cell-free supernatant of vector control and pEGFP-OAS2 transfected HEK293 cells at 24 and 72 hr. (e, f) Unaffected fluorescence intensity (median) of CD3-e chain after incubating HI PBMCs with cell-free supernatant collected from vector control and pEGFP-OAS2 transfected
HEK293 cells at different time intervals 24 and 72 hr, respectively. The data represented here are the mean of three experiments carried out using
supernatants collected from three independent transfections. **P < 0005 and *P < 005.

chain expression, experiments were performed on sorted
T cells (CD3+ T-cell purity 995%, Fig. 5a). Incubation of
tumour supernatant (diluted 1 : 1) with purified T cells
decreased the CD3-f chain expression in T cells. The
decrease in CD3-f chain expression observed in purified
T cells after incubation with tumour supernatant for
24 hr was comparable to that observed in gated CD3+ T
8

cells in PBMCs (Fig. 5b, d). Incubation of T cells with
the various concentration of rh-OAS2 (6, 12, 24 ng/ml)
also led to the decrease in CD3-f chain expression in
accordance with the earlier data obtained with PBMCs
incubated with rh-OAS2 (Fig. 5c, e). These results
demonstrate that tumour supernatant and rh-OAS2
specifically acted on CD3-f chain expressed in T cells.
ª 2015 John Wiley & Sons Ltd, Immunology
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Figure 4. Effect of different concentrations of recombinant human 20 50 -oligoadenylate synthetase 2 (rh-OAS2) and rh-OAS1 on the expression of
CD3-f and CD3-e chain on CD3+ T cells of healthy individuals’ (HI) peripheral blood mononuclear cells (PBMCs). (a, c) The fluorescence intensity (median) of CD3-f chain decreased after incubation of HI PBMCs with rh-OAS2. Significant reduction in the expression of CD3-f chain
was observed on gated CD3+ T cells when treated with 6, 12 and 24 ng/ml of rh-OAS2. (b) The fluorescence intensity (median) of CD3-e after
incubation of HI PBMCs with rh-OAS2 did not show any change. (d, f) the fluorescence intensity (median) of CD3-f chain upon rh-OAS1 stimulation of HI PBMCs remained unaltered on CD3+ T cells compared with the medium control used. (e) CD3-e expression was not affected on
CD3+ T cells after treatment with rh-OAS1 at different concentrations (6, 12 and 24 ng/ml). The data represented here are the mean of four
independent experiments (*P < 005).

Tumour-derived supernatants and rh-OAS2 increased
caspase-3 levels in T cells of healthy individuals
Single-cell suspension of oral tumours prepared by
enzyme digestion was cultured in serum-free medium
and cell-free tumour supernatants were collected after
72 hr of culture. The tumour supernatants were added to
the HI PBMCs and incubated for 24 hr. Treatment of HI
PBMCs with H2O2 served as positive control for caspase3 induction. As shown in Fig. 6(a) a marked increase in
caspase-3 levels was observed in HI PBMCs after H2O2
treatment (positive control). The addition of the tumour
supernatant was also effectively able to induce caspase-3
levels in HI PBMCs, indicating that tumour supernatant
ª 2015 John Wiley & Sons Ltd, Immunology

may alter CD3-f expression by increasing caspase-3
levels.
To validate the role of caspase-3 in decreasing CD3-f chain
expression, PBMCs of HI were co-incubated with the tumour
supernatant and caspase-3 inhibitor (DEVD-CHO). As
shown in Fig. 6(b), CD3-f chain expression was decreased
after incubation with cell-free oral tumour supernatant (lane
3), which was almost restored back to its normal levels after
addition of the caspase-3 inhibitor, DEVD-CHO (Lane 2).
These data clearly suggest that caspase-3 is involved in the
regulation of CD3-f chain expression.
To validate further, HI PBMCs were also incubated
with rh-OAS2 to analyse caspase-3 activation. As observed
9
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Figure 5. Effect of tumour supernatant and recombinant human 20 50 -oligoadenylate synthetase 2 (rh-OAS2) on the sorted CD3+ T cells. (a) The
purity of CD3+ T cells isolated from the peripheral blood mononuclear cells (PBMCs). The shaded histogram is the sorted fraction (995% purity) whereas the unfilled histogram represents only cells. (b) Representative figure showing the expression of CD3-f chain in CD3+ T cells after
incubation with cell-free supernatant (TSN) (diluted 1 : 1) obtained after culturing oral tumours or with medium (control). (c) Representative
figure showing that fluorescence intensity (median) of CD3-f chain decreased after incubation of CD3+ T cells with different concentrations of
rh-OAS2. Significant reduction in the expression of CD3-f chain (MFI) was observed on CD3+ T cells when treated with 6, 12 and 24 ng/ml of
rh-OAS2. (d, e) Expression (normalized median fluorescence intensity) of CD3-f chain on incubation with tumour supernatants obtained from
oral tumours (d) or rh-OAS2 (e). Fluorescence intensity was adjusted to 100 for control. Accordingly intensity for the test was calculated and
represented as normalized fluorescence intensity. The graph shown is representative of three independent experiments (**P < 0005 and
*P < 005).

with tumour supernatant, rh-OAS2 also induced caspase3 activation in the PBMCs of HI compared with the
untreated controls (Fig. 6c). The synthetic siRNA
sequences targeting the caspase-3 were transfected into
the PBMCs (Fig. 6d) and purified CD3+ T cells (Fig. 6e).
PBMCs were transfected with 100 nM of control siRNA
or caspase-3-specific siRNA duplexes or left untransfected.
Forty hours post-transfection, cells were stimulated with
rh-OAS2 (24 ng/ml) and at 60 hr cells were harvested
and lysates were prepared. Caspase-3 expression was compared in unstimulated control siRNA transfected PBMCs,
PBMCs stimulated with rh-OAS2, and in PBMCs transfected with caspase-3 siRNA and stimulated with
rh-OAS2 (Fig. 6d). The result showed that compared
with control siRNA transfected PBMCs (unstimulated,
lane 1) caspase-3 expression after rh-OAS2 stimulation
appeared to be marginally increased in these cells (lane
10

2). Transfection with caspase-3 siRNA led to the reduction in the expression of active caspase-3 (lane 3) compared with untransfected PBMCs (lane 2) (Fig. 6d).
Silencing of caspase-3 prevented rh-OAS2 induced downregulation of CD3-f chain expression in PBMCs (lane 3
versus lane 2; Fig. 6d). This clearly demonstrates that
expression of CD3-f chain was restored and remained
comparable to that observed with control siRNA. In purified CD3+ T cells, rh-OAS2 stimulation had a more pronounced effect on caspase-3 activation leading to CD3-f
chain down-regulation. This down-regulation of CD3-f
chain in purified T cells was rescued by knockdown of
caspase-3 and was comparable to the expression observed
in control siRNA transfected cells (Fig. 6e). The results
confirm that caspase-3 is the key downstream molecule
induced by OAS2 present in the tumour supernatant that
is responsible for CD3-f chain down-regulation in T cells.
ª 2015 John Wiley & Sons Ltd, Immunology
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Figure 6. Caspase-3 levels after treatment with tumour supernatant and recombinant human 20 50 -oligoadenylate synthetase 2 (rh-OAS2). (a) The
healthy individuals’ (HI) peripheral blood mononuclear cells (PBMCs) were treated with H2O2 (positive control for caspase-3 induction) or
tumour supernatant (TSN of stage III patients) or left untreated. H2O2 used as positive control to induce caspase-3 levels showed higher levels of
caspase-3 activation. The addition of TSN resulted in the increase of caspase-3 levels in the PBMCs. The data represented here are the mean of
three independent experiments (*P < 005). (b) Healthy individuals’ (HI) PBMCs on incubation with tumour supernatant showed a drastic
reduction in CD3-f chain expression (lane 3) compared with untreated (lane 1). On addition of caspase-3 inhibitor (DEVD-CHO), TSN was
ineffective in inducing the CD3-f chain down-regulation (lane 2), i.e. caspase-3 inhibitor prevented TSN mediated down-regulation of CD3-f
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control small interfering RNA (siRNA) (Lane 1) or PBMCs transfected with caspase-3-specific siRNA and incubated with rh-OAS2 (lane 3) or
untransfected PBMCs stimulated with rh-OAS2 (lane 2) using antibodies for caspase-3 (detects total caspase along with cleaved caspase-3), CD3f chain or b-actin (b-actin was used as loading control). Stimulation of PBMCs with rh-OAS2 induced caspase-3 activation causing CD3-f chain
down-regulation in them. This down-regulation of CD3-f chain in PBMCs was rescued by the caspase-3 knockdown. (e) Western blotting was
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CD3-f chain or b-actin. In purified T cells, a pronounced effect was observed on caspase-3 activation leading to CD3-f down-regulation on rhOAS2 stimulation, which was recovered back to normal levels on caspase-3 knockdown. (f) PBMCs were treated with rh-OAS2 to examine the
percentage of viable cells (annexin V/PI negative cells). The rh-OAS2 (6, 12 and 24 ng/ml) did not alter the viability of PBMCs in culture, indicating that increased caspase-3 levels were not associated with apoptosis.

Additionally, the effect of rh-OAS2 on apoptotic/necrotic cell death of PBMCs was analysed to rule out the possibility that the CD3-f chain down-regulation is not a
result of apoptosis. To verify, the effect of rh-OAS2 stimulation on the frequency of apoptotic cells was compared
with unstimulated cells. Results showed no significant differences in the frequency of early apoptotic (annexin Vpositive), late apoptotic (annexin V-positive PI-positive)
and necrotic (PI-positive) cells in untreated HI PBMCs
or rh-OAS2-treated HI PBMCs (Fig. 6f). This shows that
ª 2015 John Wiley & Sons Ltd, Immunology

caspase-3 activity was not associated with the induction
of cell death or apoptosis. It can be concluded that activation of caspase-3 and the associated CD3-f cleavage is
a consequence of OAS2 signalling and not due to
apoptosis of lymphocytes.

Discussion
Immunosuppression is a hallmark of oral cancer patients,
a state in which established tumour escapes immune
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attack. A number of phenotypic and functional alterations, including down-regulation of the CD3-f chain,
contributes to immunosuppression.23 It is well established
that down-regulation of the CD3-f chain limits the
favourable T helper type 1 response needed for controlling tumour growth.9,24 Decreased or impaired CD3-f
chain expression was also observed in other malignancies,
such as lymphoma, ovarian cancer and gastric carcinomas, leading to ineffectiveness of the anti-tumour
immune response against the autologous tumour.25–27
Several distinct mechanisms that contribute to a rapid
turnover of CD3-f chain have been proposed that may be
responsible for differences observed in CD3-f chain
expression in T cells of patients with cancer.28–30 In the
present study, it was demonstrated that treatment of HI
PBMCs with cell-free supernatants derived from oral
tumours led to the down-regulation of CD3-f chain
expression in T cells without affecting the other T-cell
signalling molecules (ZAP70, CD3-e and p56Lck). LC-MS/
MS proteomic approach was therefore adopted and OAS2
(member of OAS gene family) was identified as one of
the factors secreted by the oral tumour cells. The transcription of OAS genes is induced by both virus infection
and interferon (IFN) stimulation conferring protective
and anti-proliferative properties.31,32 Among the OAS
genes, OAS2 has the highest level of induction by interferons (IFN-a and IFN-b). Several studies have reported
the presence of OAS2 in the sera of patients with viral
infections and even after IFN treatment.33–35 The success
of IFN therapy was also correlated with levels of OAS
gene activity in the sera of patients undergoing IFN therapy.36,37 This correlation is interesting and suggests a biological relevance of extracellular OAS.
A variable number of factors, including tumoursecreted 14 000 MW protein, semaphorin A, NKG2D, are
reported to be responsible for CD3-f chain down-regulation in different malignancies.26,29,30 The present study
reported how extrinsic soluble mediator OAS2 secreted
by oral tumour cells modulate CD3-f chain expression in
T cells.38 The 20 50 -OAS, apart from its antiviral action is
involved in other cellular processes such as cell growth
and differentiation, gene regulation and apoptosis.39 It
has been demonstrated that the IFN-b-mediated signalling pathways as well as its upstream regulators are
up-regulated in oral squamous cell carcinoma lesions.40 It
therefore appears that IFN-b signalling may act as a key
factor responsible for OAS2 expression in oral tumours.
Interferon-b signalling is also known for its immune regulatory properties, suggesting its importance in tumour
progression either directly or through modulation of the
immune system through its downstream mediators like
OAS2.
The observation of OAS in the sera of patients with
infection or undergoing IFN treatment37 prompted us to
look at the role of OAS in modulating the immune sys12

tem. The differential expression of OAS2 has been
reported in prostate and breast cancers.41,42 Our study
also confirmed the presence of OAS2 in oral tumours at
both mRNA and protein levels. The significance of OAS2
in the tumour microenvironment can be appreciated by
the observation that certain tumours exist in an antiviral
state and hence are resistant to oncolytic-virus-based
virotherapy used to obliterate tumour cells. These
tumours are reported to have higher expression of the
Janus kinase/signal transducer and activator of transcription pathway and IFN-stimulated genes (ISG).43 It was
also reported that over-expression of myxovirus resistance
gene A (MxA) and OAS mRNAs were involved in the
suppression of hepatitis B virus replication mediated by
IL-17A in a non-cytopathic manner.44 Hence, these
tumours with a functional IFN-responsive pathway and
expression of a downstream gene (OAS2) may be sensitive to IFN stimulation, thereby conferring the virus-resistant phenotype that shields tumours from virotherapy.
The source of IFN in the tumour microenvironment is
likely to be either the epithelial cells or the tumour-infiltrating immune cells, such as type 2 dendritic cells and
macrophages.40,45 The IFN secreted by these cells will
activate the ISG genes and will execute their pro-tumour
function either intracellularly or in secreted form by
modulating the immune system. However, the source of
OAS2 in oral tumours needs to be further investigated.
In our study, a surrogate model where OAS2 was overexpressed showed that secreted OAS2 could modulate the
expression of CD3-f chain in T cells. This was further
validated by stimulating HI PBMCs with rh-OAS2 which
led to the specific down-regulation of CD3-f chain
expression in T cells. Up-regulation of type I IFN
response genes has also been reported in peripheral blood
cells of patients with autoimmune diseases, like systemic
lupus erythematosus, multiple sclerosis and rheumatoid
arthritis and these diseases are associated with decreased
CD3-f chain expression.46–48 Type 1 IFNs have been
shown to have anti-proliferative activity on activated
CD4+ and CD8+ T cells.49 Protein and mRNA levels of
OAS genes are low in circulating mononuclear cells during clinically active, untreated multiple sclerosis. The
IFN-b therapy treatment of multiple sclerosis and experimental autoimmune encephalomyelitis to decrease the
levels of T helper type 17 cells is associated with increased
expression of OAS2 protein.37 Hence, OAS2 might be acting in a paracrine manner in the tumour microenvironment to decrease the expression of CD3-f chain in T
lymphocytes.
The present data showed that on incubation of PBMCs
with tumour supernatant or rh-OAS2 leads to increase in
caspase-3 levels. Increased caspase-3 levels are observed in
T cells under suboptimal T-cell stimulation leading to the
induction of T-cell unresponsiveness without inducing
cell death.50 Caspase-3 activity is high in CD3flow/ T
ª 2015 John Wiley & Sons Ltd, Immunology
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cells from a patient with systemic lupus erythematosus
and treatment of these T cells with caspase inhibitors
restores CD3-f chain expression.51 20 50 -OASs lead to
cytochrome c release into the cytoplasm and then to caspase-3 activation.52 Interferon-a also increases caspase-3
mRNA levels in activated T cells without modulating activation-induced cell death.53 In our study, induction of
caspase-3 in non-apoptotic cells was observed on stimulation with rh-OAS2. This observation supports that caspase-3-dependent proteolytic inactivation of CD3-f chain
is essential to maintain T-cell tolerance in cancer
patients.53 The amino acid sequence of translated CD3-f
chain contains putative caspase-3 cleavage sites DVLD
and DTYD (five in number).10 Hence, the selective loss
of CD3-f chain and not of CD3-e could be because of
the caspase-3 activation, as observed upon stimulation
with rh-OAS2 or tumour supernatant. However, the
downstream consequence of CD3-f down-regulation on
the rh-OAS2 challenge was not found to be dose-dependent but might depend on induction of caspase-3. To
alter the expression of CD3-f chain on HI PBMCs in a
dose-dependent manner, caspases are expected to vary in
logarithmic values. In our study, such change in caspase3 value was not observed upon rh-OAS2 stimulation. It
has been shown that OAS that is exogenously added to
cell cultures can be internalized to exert its effect. This
exogenous OAS can exert its effect either by binding to
the nucleotide-binding and oligomerization domain-2 to
activate RNaseL or independent of this to induce caspase
cascade.36,54 Hence, the internalization of OAS2 inside the
cells might be the limiting factor in inducing the caspase3 levels in a dose-dependent manner.
Type I IFNs (IFN-a and IFN-b) could exert broad dual
effects on the immune system, reflecting both immune
stimulatory and immune-suppressive activities. Immunestimulatory activities relate to the activation of myeloid
dendritic cells, chemokines, chemokine receptors, co-stimulatory molecules (CD40, CD80 and CD86), and
humoral responses. Immune-suppressive effects are
reflected by Th2 cell skewing and anti-proliferative and
pro-apoptotic effects. The role of IFNs in disease may
range from beneficial to detrimental. However, it may be
postulated that OAS2 plays a major immunoregulatory
role based on its expression in oral tumours and autoimmune diseases where CD3-f chain expression is downregulated.9,55
Type I IFNs are promising but incompletely understood anticancer agents. Clinical trials have demonstrated
benefit in both haematological and solid tumours,
although the effectiveness is somewhat modest in some
cancers.56,57 Therapy with IFN-a has been suggested to be
effective in a subgroup of patients with oral cancer.58,59
Further, it has also been demonstrated that the up-regulation of ISGs (Mx1, OAS3, IFI44, IFI44L, OAS2, USP18
and RSAD2) in the chronic hepatitis C virus-infected
ª 2015 John Wiley & Sons Ltd, Immunology

liver is related to a poor treatment response to pegylated
IFN-a therapy.60 Interferon-a may be important in the
prevention of carcinogenesis and high expression of
OAS2 might be impairing cellular response to IFN-a and
promotes oral tumour progression by modulating antitumour immune response. However, the role of others
ISGs in modulating the IFN-a response cannot be ruled
out. Identification of molecular biomarkers like OAS2,
which can also identify oral cancer patients sensitive to
Type I IFN therapy would be very helpful in the clinic.
Hence, the data presented here indicate, for the first
time, a potentially important function of tumour-derived
OAS2 as a paracrine negative regulator of T-cell functions. Our data highlight OAS2 as a novel molecular target for the manipulation of T-cell-dependent immunity
with important implications for cancer immunotherapy.
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In comparison to conventional αβT cells, γδT cells are considered as specialized T cells
based on their contributions in regulating immune response. γδT cells sense early environmental signals and initiate local immune-surveillance. The development of functional
subtypes of γδT cells takes place in the thymus but they also exhibit plasticity in response
to the activating signals and cytokines encountered in the extrathymic region. Thymic
development of Tγδ1 requires strong TCR, CD27, and Skint-1 signals. However, differentiation of IL17-producing γδT cells (Tγδ17) is independent of Skint-1 or CD27 but requires
notch signaling along with IL6 and TGFβ cytokines in the presence of weak TCR signal.
In response to cytokines like IL23, IL6, and IL1β, Tγδ17 outshine Th17 cells for early activation and IL17 secretion. Despite expressing similar repertoire of lineage transcriptional
factors, cytokines, and chemokine receptors, Tγδ17 cells differ from Th17 in spatial and
temporal fashion. There are compelling reasons to consider significant role of Tγδ17 cells
in regulating inflammation and thereby disease outcome. Tγδ17 cells regulate mobilization
of innate immune cells and induce keratinocytes to secrete anti-microbial peptides thus
exhibiting protective functions in anti-microbial immunity. In contrast, dysregulated Tγδ17
cells inhibit Treg cells, exacerbate autoimmunity, and are also known to support carcinogenesis by enhancing angiogenesis. The mechanism associated with this dual behavior of
Tγδ17 is not clear. To exploit, Tγδ17 cells for beneficial use requires comprehensive analysis of their biology. Here, we summarize the current understanding on the characteristics,
development, and functions of Tγδ17 cells in various pathological scenarios.
Keywords: γδT cell, IL17, Tγδ17, infection, inflammation, cancer

INTRODUCTION
Decades have passed since the accidental discovery of T cells
expressing γ and δ chains (1), yet it is hard to define γδT cells like
αβT cells. Ambiguity in understanding the functions of γδT cells is
attributed to their unparalleled characteristics as compared to αβT
cells. Current understanding of T cell biology has emerged extensively from studies on αβT cells; however, recent findings have
underlined the crucial role of γδT cells in shaping the immune
response in infections, inflammatory diseases, and cancer. They
are involved in early immune response like innate cells, produce
proinflammatory cytokines (IFNγ, IL17, and TNFα), and activate adaptive immune cells. The cytokines secreted by γδT cells
determine their effector functions. In humans, the major cytokine
produced by γδT cells is IFNγ, contributing to its role in antiviral, anti-bacterial, and anti-tumor immunity (2–4). However,
upon activation γδT cells can be skewed toward IL17, IL4, or
TGFβ producing phenotype governed by the polarizing cytokines
present in the surrounding milieu (5). Recent investigations in
mice and human have highlighted the role of IL17-producing γδT
cells (hereafter referred as Tγδ17) in bacterial infection, inflammatory disease, and cancer (6–8). They are the primary source of
IL17 in early disease condition and are pivotal in progression and
disease outcome (9, 10). To understand the functional significance
of Tγδ17 in pathological conditions, many efforts have made in
mouse models but there is scanty literature available on human
Tγδ17 cells. In this review, we will discuss the recent findings of
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Tγδ17 differentiation, mechanisms regulating IL17 production,
and their relevance in pathological conditions.

γδT CELLS: UNIQUE BUT VERSATILE

Survival of γδT cells over strong evolutionary selection pressure
highlights their exclusive importance and disparate properties
from conventional αβT cells. Initially, γδT cells were considered
as cells of innate immunity owing to their ability to recognize
conserved non-peptide antigens expressed by stressed cells. In
addition to this, they recognize pathogen-associated molecular
pattern (PAMP) or danger-associated molecular pattern (DAMP)
through pattern recognition receptors (PRR) expressed by them
(11). Like adaptive immune cells, human γδT cells undergo clonal
expansion and exhibit antigen-specific memory (12). Thus, γδT
cells link innate and adaptive immunity thereby enhancing the
immune response against invading pathogen or danger signal
posed by “self ” cells. Antigen recognition by murine or human
γδT cells does not require antigen presentation by major histocompatibility complex (MHC) class I or class II (13) and the
crystal structure of γδTCR has revealed its close homology with
immunoglobulins suggesting that antigen recognition by γδT cells
is similar to antigen–antibody interaction (14). However, diversity
of antigens recognized by γδT cells brands it different from B cells.
The antigens exclusively recognized by γδT cells are not peptides
of protein antigens rather are small mono- and pyrophosphates
of linear C5 isoprenoids called as phosphoantigens (13). These
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prenyl pyrophospahtes are metabolites of cholesterol biosynthesis
and are recognized through complementarity determining regions
(CDRs) of γδT cells (15). In humans, during cholesterol biosynthesis, phosphorylated precursors such as isopentenyl pyrophosphate
(IPP) and DMAPP (dimethylallyl pyrophosphate) are synthesized by mevalonate pathway (16). However, microbial pathogens
use non-mevalonate pathway to produce these phosphorylated
precursors (17). γδT cells respond to these natural or synthetic
stimulators with varying degree. Based on this, stimulators are
classified either as weak or potent stimulators. HMBPP [(E)4-hydroxy-3-methyl-but-2-enyl pyrophosphate], a metabolite of
non-mevalonate pathway of bacteria Mycobacterium tuberculosis
is 104 times more potent stimulator of human γδT cells than
IPP (18). The exclusive response of γδT cells to these phosphoantigens has a potential therapeutic significance and synthetic
pyrophosphates can be used to harness the cytotoxic potential
of γδT cells.
Murine and human γδT cells also recognize phycoerythrin
(PE) – fluorescent molecule of cyanobacteria and red algae. PE is
directly recognized by γδT cells but there is no sequence similarity
between PE-specific murine and human γδ TCR (19). Naturally
occurring primary alkyl amines activate human Vγ2Vδ2 T cells
and enhance immunity against certain microbes and plant-derived
antigens (20, 21). Similar to natural killer (NK) cells, human
γδT cells also recognize the stress-induced MHC class I-related
molecules MICA, MICB, and the UL16-binding proteins that are
upregulated on malignant or stressed cells (22, 23). The stressrelated molecules are ligands for NKG2D expressed by γδT cells
and this engagement also enhances γδT cells’ response to nonpeptide antigens (24). Human and murine γδT cells recognize
lipid antigens presented by CD1 molecules, a classical ligand for
NK T cell suggesting the phenomenon similar to MHC-restricted
antigen recognition by αβT cells (25–27). The murine γδT cells
also recognize non-classical MHC class I molecules like T10 and
T22 (β2 microglobulin-associated molecules lacking peptide binding groove) (28, 29). In addition to non-protein and MHC related
antigens, murine and human γδT cells also recognize small peptides such as heat shock proteins (HSPs) (30–32). However, they
do not require antigen-presenting cells (APCs) and recognition of
antigen is MHC unrestricted, resembling B cells (33). Thus, the
broad spectrum antigen responsiveness of γδT cells helps them to
mount faster immune response.
Like αβT cells, γδT cells develop in the thymus from
CD4− CD8− (double negative, DN) thymocytes (34); however,
they precede αβT cells in T cells ontogeny. γδ TCR rearrangements can be traced in early embryonic stages in mice as well as
in humans (35, 36). This highlights their role in neonatal protection as conventional T cells are functionally impaired and APCs
are immature in newborns (37). During thymic development, the
decision of γδ versus αβ T cell commitment is determined by
TCR signal strength or notch signaling (38). In mice, the strong
TCR signaling in absence of notch signal induces γδT cells lineage commitment whereas low TCR signal strength in presence of
strong notch signaling promotes αβ T cell lineage (39–41). However, notch signaling alone is insufficient to decide γδ/αβ T cell
commitment. The intrinsic signals from T cell receptor complex
and trans-conditioning by different subsets of thymocytes also
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determine thymic development of γδT cells (42). In humans, notch
has opposite role in αβ versus γδT cell lineage decision, sustained
notch signaling is required for the development of γδT cells (43)
which is determined by differential notch receptor–ligand interaction importantly Jagged2/Notch3 signaling (44). In human, γδT
cells differentiate along two pathways, a notch-independent DN
pathway, generating mature DN and CD8αα+ SP (single positive) TCRγδ+ cells. In the notch-dependent DP (double positive)
pathway, immature CD4+ SP, and subsequently DP TCRγδ+ cells
are generated. Human postnatal thymus thus exhibits a scenario
of DN, DP, and SP TCRγδ+ population, which highlights heterogeneity in human γδT cell development (45). The activated
extrathymic γδT cells, in humans, express notch receptors, which
regulate their effector functions. Inhibiting notch signaling in γδT
cells dampened their anti-tumor cytotoxic potential (46). Thus,
validates the requirement of notch signaling in both thymic development and functions of human γδT cells. The diversity of human
γδ T cell repertoire at birth (majorly contributed by Vδ1+ subset
of γδT cells in cord blood) is restricted in adulthood especially
to Vγ9Vδ2, a circulating subset of γδT cells. The absolute numbers of Vγ9Vδ2 T cells increase from minor population at birth to
more than 75% of γδT cells pool in peripheral blood (35), which
constitute around 1–10% of total T cells in humans. The γδT cells
exit the thymus as mature T cells and express markers that are
associated with antigen-experienced T cells (47).
The other important feature of γδT cells apart from antigen
recognition is their tissue tropism. In humans, the first γδT cells
to arise from thymus are Vδ1+ (paired with various Vγ chains),
which preferentially populate in epithelial tissue and constitute
larger proportion of intraepithelial lymphocytes (IELs) (48). They
rapidly and innately recognize stressed cells found to be enriched
in various tumor tissues (4). The Vγ9Vδ2 is a lymphoid homing subset of γδT cells, which continually expand in response
to microbial antigen in circulation and exhibit characteristics of
adaptive immune system (49). These cells recognize, expand, and
secrete cytokines in response to non-peptide antigens associated
with microbes in circulation. In mouse, a substantial proportion of
γδT cells reside as the IEL in the skin, intestine, and genitourinary
tract. In response to the chemokine signals, Vγ5Vδ1+ T cells leave
the fetal thymus, reside in the epidermis, and form dendritic-like
network similar to Langerhans cells. These cells are called as dendritic epidermal T cells (DETCs) and constitute more than 90% of
epidermal T cells (50). Vγ6+ T cells home to tongue and reproductive tract whereas Vγ7+ T cells home to intestinal tract suggesting
that distinct TCR repertoire are present at different anatomical site
and respond to antigens unique to their resident tissues (51–53).
However, the functions of IELs are determined by the environment at the anatomical site (54) and hence specific γδ T cell subset
could be used in tissue repair and generation of effective immune
response at different epithelial sites.
γδT cells perform diverse effector functions determined by the
TCR expressed, tissue localization, and activation status. Apart
from these, MHC-independent recognition of antigens, production of IFNγ, and expression of cytotoxic granules classify γδT
cells as potential cytotoxic cells (55). They can kill activated,
infected, stressed, and transformed cells using various strategies
such as engagement of death-inducing receptors, such as FAS
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and TNF-related apoptosis-inducing ligand receptors (TRAILR)
and the release of cytotoxic effector molecules such as perforin
and granzyme (56, 57). Human γδT cells also recognize HSP
(HSP60/70) expressed on tumor cells and enhance its cytolytic
activity against the tumors (31, 58). γδT cells support the maturation and activation of other lymphocytes, NK cells, and
macrophages with the help of secreted chemokines (CCL3, CCL4,
CXCL10) (55). Another chemokine CXC–chemokine ligand 13
(CXCL13) produced by Vγ9Vδ2 cells can regulate B cell organization within lymphoid tissues and help B cells to produce antibodies
(59). Human γδT cells can also crosstalk with dendritic cells (DCs)
influencing each other functions like the antigen presentation by
DCs, activation, and secretion of IL12 and IFNγ by γδT cells, which
result in DC maturation (11, 60). These properties of γδT cells aid
in generation of the effective immune response in the appropriate
condition. Not only this, activated Vγ9Vδ2 cells can take up and
process the soluble antigens, opsonize target cells, and can migrate
to lymph nodes through CC-chemokine receptor 7 (CCR7) where
they upregulate expression of MHCs and co-stimulatory receptors CD80 and CD86 (61, 62). Activated Vγ9Vδ2 cells has also
been licensed to act as APC and activate CD4 and CD8 T cells
(63). Collectively, these observations highlight the multi-talented
role of γδT cells, having both Th- and Tc-like properties along with
acting as APC. The special trait of γδT cells is their ability to recognize phosphorylated non-protein antigens and mediate its effector
function in spatial and temporal manner making them a robust
cell type, which can be manipulated to develop a promising tool for
novel immunotherapies against certain types of diseases. However,
care should be adapted while designing such immunotherapies
because these cells have capacity to secrete various cytokines under
different conditions.

Tγδ17: A SUBTYPE OF γδ T CELLS
Unlike αβ T cells, in mice, which leave thymus as naïve cells and
are primed in the peripheral compartment, γδT cells undergo subset commitment in the thymus itself. However, in humans, upon
activation with different cytokines, Vγ9Vδ2 cells can be polarized
toward different effector subtypes like γδ1, γδ2 (64), γδ17 (65, 66),
and γδTreg (67, 68). This functional plasticity of γδT cells assists
them to tackle the distinct disease conditions and play important role in the early responses to invasive pathogens. The recent
findings have stated that γδT cells are major IL17 producers and
have shown their involvement in early onset of immune activation (69). Similar to Th17 cells, Tγδ17 cell express RORγt as a
lineage determination transcriptional factor (70). Healthy adult
human peripheral blood Vγ9Vδ2 T cells distinctively express Th1
signature and 50–80% produce IFNγ but <5% produce IL17 (6).
However, Tγδ17cells have been demonstrated to be involved in
the pathogenesis of transplantation rejection (71), autoimmune
disease (72), allergy (73), and cancer (74) in humans. The biology
of Tγδ17 is so naive that it compels us to cross-examine its genesis, functions, and clinical relevance to understand its therapeutic
potential.
MOLECULAR EVIDENCES OF Tγδ17 GENESIS
The molecular mechanism of IL17-producing γδT cells remains
an enigma. Most of the studies carried out to understand the
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differentiation mechanisms of Tγδ17cells are based on the murine
models. γδT cells preferentially localized to barrier tissues are the
initial source of IL17 and are likely to originate from the fetal
thymus. These are called as the natural IL17-secreting γδT cells.
γδT cells that make IL17 within 24 h fall in this category (75). γδT
cells acquire IL17-secreting phenotype in secondary lymphoid tissues after antigen exposure, which is referred to as induced Tγδ17
cells (76, 77).
During development of T cells in thymus, murine γδT cells
branch off at the transition of thymocytes from DN3 stage to DN4
stage (34). It is also reported that γδT cells develop from DN2 stage
and specifically produce IL17 whereas IFNγ-producing γδT cells
can develop from both DN2 and DN3 precursors (78) (Figure 1).
This suggests that γδT cells do not develop like αβT cells and follow evolutionary ancient path of T cell development. However,
the precise DN stage from which γδT cells develop is elusive (79).
Fetal thymic γδ T-cell development occurs in successive waves by
using the different Vγ and Vδ segments during the embryonic
development (34, 80). Successful gene rearrangement of γδ T cells
from early thymic precursors (CD44hi ) lead to the development
of naïve γδ T cell characterized by CD44lo CD27+ CD62L+ phenotype. This phenotype can either leave the thymus to populate in
secondary lymphoid organs or it can undergo further intrathymic
differentiation that results in the development of multiple γδ T cell
subtypes such as dendritic epidermal γδT cell (DETCs), Tγδ17, or
NK 1.1+ γδ cell (γδNKT cells) (80, 81). Recently, it was described
that when thymic lobes of mice at E14 were colonized with DN1a
cells from mice at E13 and E18, respectively. It was observed that
although both populations (E13 DN1a cells and E18 DN1a cells)
generated similar number of γδT cells, only E13 DN1a cells generated Vγ3+ DETCs. These observations indicate that precursor
lineage of DETCs may be different and needs further investigation
(82). DETCs develop at embryonic day 13 (E13) to approximately
E17 and readily secrete IFNγ when activated. After the development of DETCs, the next functional developmental wave consists
of Tγδ17 cells. Tγδ17 cells are heterogeneous in using TCR chains
that mainly include Vγ6+ and Vγ4+ but also use Vγ1+ chain.
Vγ6+ cells develop by E14 to around birth and finally Vγ1 and
Vγ4 cells develop E16 onward (81). The other subtypes of γδ T
cells, which develop in thymus, are γδ NKT cells, which are similar
to invariant TCRαβ+ NKT cells (83, 84).
There are different thymic signaling processes, which determine
functional phenotype of γδT cells in thymus before migration to
periphery and contribute to the balance between IFNγ committed
versus IL17-commited subtypes (85). This biasness toward IL17
or IFNγ depends on the antigen experience in thymus. The γδ T
cells that have encountered the cognate antigen interaction in thymus, gain the potential to differentiate into the IFNγ-producing
functional phenotype while antigen naïve γδ T cells develop into
IL17-producing γδT cells (86). This skewedness also reflects in
their distribution outside the thymus. Most of Tγδ17 cells reside in
lymph nodes whereas IFNγ-producing γδT cells are mainly found
in the spleen and the mechanism for this distribution is not clear
(86). Similar distribution is also found in αβT cells and it seems to
be logical as the lymph nodes serve as the site of initial exposure
to foreign antigens and propagate the wave of inflammation, thus
are suited for the earliest source of the IL17 secretion (87).
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FIGURE 1 | Overview of Tγδ17 cells development. The figure illustrates the
differentiation of Tγδ17 cells from T cell progenitors in the murine thymus
(A–C) and from naïve γδT cells in periphery in human (D). Progenitor T cells
differentiate through double negative stage 1 (DN1) to DN stage 4 (A). The
decision of αβ or γδ TCR expression takes place at early T cells precursor
(from DN2 or DN3 stage) as showed by dashed line. The thymocytes
expressing αβ TCR develop into double-positive thymocytes, which support
differentiation of functional subtypes of γδT cells called as transconditioning.
DP thymocytes secrete LTβL, which support differentiation of Tγδ17. The DP
αβ thymocytes then exit the thymus as mature single positive T cells (either
CD4+ or CD8+ T cells) (A). The functional programing of γδT cells is

Besides the γδ TCR signaling (86), expression of tumor necrosis
factor receptor family member, CD27, determines the IL17 versus
IFNγ production by γδT cells (88). CD27+ γδT cells differentiate
into IFNγ producing cells whereas IL17 production was restricted
to CD27− T cells (89) (Figure 1). Thus thymic “imprinting” of
the γδT cells as CD27+ or CD27− regulates effector functions of
γδT cells and is preserved in the periphery (89). CD27 is not only
associated with IFNγ production but also aids γδT cells to interact
with its ligand CD70 expressed on DCs, thymic epithelial cells, and
double-positive thymocytes thus acting as a costimulatory receptor (89). Therefore, CD27 conveys an intrathymic message that
licenses the CD27+ γδ T cells for the production of IFNγ (47).
Another signaling pathway that influences the differentiation of
Tγδ17 is the signaling through lymphotoxin-β receptor (LTβR), a
member of the tumor necrosis factor receptor family (90). Signaling through LTβR leads to the activation of the alternative nuclear
factor (NF)-κB pathway via RelB. Ligands for LTβR regulating this
developmental process are produced by CD4+ CD8+ thymocytes
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determined by TCR signal and/or other related signals. TCR signal, interaction
with Skint-1 from epithelial cells, downregulation of SOX13, and signaling
through CD27/CD70 divert γδ thymocytes toward IFNγ-producing phenotype
(Tγδ1), which migrate to periphery (B). Conversely, signaling through Notch
receptor maintain Sox13 levels with increase in Hes1 and RORγt expression
induce γδ thymocytes to produce IL17. Progression of γδ thymocytes to Tγδ17
cells is independent of signaling through Skint-1 and/or CD27 but require
inputs from IL6 and TGFβ. The natural Tγδ17 cells developed in thymus
migrate to tissue or periphery (C). In human, naïve γδT cells, which exit
thymus, can also differentiate into Tγδ17 cells in presence of TCR signal and
cytokines such as IL6, IL1β, IL23, and TGFβ (D).

(91). The homeostasis of this functional phenotypic differentiation, influenced by other thymic progenitors is known as transconditioning (91), which highlights coordination between different
signaling pathways in thymus that occur in physically separate
thymic niche (92). LTβR signaling pathway controls Tγδ17 development by regulating transcription factors RORγt and RORα4,
required for IL17 expression in γδ thymocytes (93). The role of
LTβR signaling, however, remains controversial as LTβR is present
downstream to CD27 signaling, which is associated with the IFN-γ
production (89).
The maturation of Tγδ17 cells from its precursors requires TCR
signaling as mice with reduced ZAP70 show decreased number
of Tγδ17 cells (94). However, TCR signaling alone is not sufficient as it also requires other signals (95). An src family kinase,
Blk (B lymphoid kinase), is required for Tγδ17 cells development
in thymus as Blk-deficient mice was reported to have less number of IL17-producing γδ T cells (96). Similarly, high-mobility
group (HMG) box transcription factors, SOX4 and SOX13 are
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positive regulators of Tγδ17 development (95, 97). These transcription factors expressed in immature T cells (98) highlight that
the development of Tγδ17 is from early precursors (DN2) (78, 95).
Other thymic determinant, which is responsible for the functional
dichotomy in Tγδ17 and Tγδ1, is Skint-1, a thymic epithelial cell
determinant. The interaction between Skint-1+ cells and γδ thymocytes (Vγ5+Vδ1+ ) induce an Egr3-mediated pathway, leading
to differentiation toward IFNγ-producing γδ T cells. Further, it
suppresses Sox13 and an RORγt transcription factor-associated
Tγδ17 cells lineage differentiation suggesting that the functions of
the earliest T cells are substantially preprogramed in the thymus
(99). Notch signaling is known to be involved in thymic determination and development of Tγδ17 cells. Hes1, one of the basic
helix–loop–helix (bHLH) proteins induced by Notch signaling
is critical for the IL17 expression by γδ T cells and its thymic
development (100–102). Further, the specific expression of Hes1
in CD25+ and CD27− γδ T cells and decreased levels of Tγδ17
in Hes1-deficient mice highlights the critical role of Notch–Hes1
pathway in Tγδ17 development in thymus as well as in periphery (101). The thymic development of Tγδ17 is independent of
STAT3 but partly dependent on RORγt (101) and most peripheral
IL17-producing γδ cells express RORγt and respond rapidly to
IL23 (103).
Developmental process of Tγδ17 also requires signaling
through different cytokines. TGFβ signaling is necessary for Tγδ17
development (104). It has been shown that in absence of TGFβ1
or Smad3 (a component of the TGFβ signaling), the number of
Tγδ17 thymocytes reduced drastically relative to that of wildtype mice (104). As compared to TGFβ, requirement of IL6 for
Tγδ17 development is not well understood as there are contrasting reports on its role (72, 105). It is also reported that IL6 does
not act directly on uncommitted γδ thymocytes but instead it acts
indirectly by regulating the expression of Delta-like ligand 4, a ligand for notch receptor, expressed by thymic epithelial cells that
promote the differentiation of Tγδ17 (101, 106). Moreover, IL23
and IL1 produced by DCs are crucial for IL17 production by γδT
cells. IL23−/− and IL23R−/− mice showed the significant reduction in Tγδ17 cells after L. monocytogenes infection supporting
earlier observation (107–110).
Thymic development of human Tγδ17 cells is poorly investigated. Around 80% circulating human Vγ9Vδ2 T cells are IFN-γ
producers and express CD27 whereas CD27 negative cells are IL17producing γδ T cells are <5% (65). Interaction of CD70 with
CD27 promotes the expansion of Th1-biased Vγ9Vδ2 T cells in
periphery (111). However, such role in their thymic development
is unknown. Human Vγ9Vδ2 T cells can be polarized to Tγδ17 cells
in periphery upon IPP activation and in the presence of cytokines
like TGFβ, IL1β, IL6, and IL23, followed by a week of culture in
differentiation medium supplemented with IL2 can induce IL17
in these cells (65, 66). In humans, there are contrasting reports
on role of IL6 and IL23 in differentiation of Tγδ17. It has been
shown that IL6 is required for differentiation of neonatal Tγδ17,
and IL23 is required for the generation of adult IL17-producing
γδT cells (65). In another study, it is reported that in the presence of TCR signaling, IL23 promotes the induction of IL17 in
neonatal (but not adult) γδT cells (112). However, it appears that
IL23 induces γδT cells to coproduce IL17 and IFNγ in adults but
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support development of Tγδ17 cells in neonates. In addition to the
above-mentioned cytokines, IL7 selectively promotes the mouse
and human IL17-producing γδT cells. IL7 activates STAT3 preferentially in γδT cells competent to produce IL17 (113). However,
the increased IL17 production by γδT cells upon TCR stimulation
in presence of IL7 is observed only in case of cord blood cells but
not with peripheral lymphocytes. Thus, it is important to note
that the antigen naïve γδT cells only can be reprogramed in vitro
toward Tγδ17 phenotype (66, 113).
The kinetic study of IL17 production by γδT cells has shown
that murine γδT cells secrete IL17 within few hours after stimulation (70). This phenomenon can be reasoned by the thymic
development of murine Tγδ17 cells and constitutive presence of
transcriptional regulators for IL17 production. However, human
γδT cells in thymus are functionally immature and can attain their
functional differentiation in periphery in presence of cytokines
(114). This supports the kinetics of IL17 production by human
γδT cells that mRNA expression of IL17 and RORγt peaks by day
3–6 and decrease by day 9 onward, after stimulation. The expression of cytokine receptors (IL1βR, IL6R, TGFβR, and IL23R) on
Vγ9Vδ2 T cells peaks on day 3 and decrease by day 6 (66). Thus,
coordinated combination of TCR and cytokine stimulation could
be necessary for the sustained secretion of IL17 by γδT cells, which
highlights the difference in kinetics of IL17 secretion by murine
and human Tγδ17 cells. This underscores that human γδ T cells
can be “reprogramed” in the periphery into different functional
lineages.
Upon antigenic challenge, T cells differentiate to memory phenotype; either central memory (TCM) or effector memory (TEM)
(115). Human Tγδ17 cells present in non-lymphoid environment
belong to CD27− CD45RA± effector (74) or terminally differentiated (TEMRA) (66) memory phenotype. Similarly, murine
Tγδ17 cells also show effector memory phenotype with CD44high ,
CD45RBlow , and CD62Llow (116). Thus, Tγδ17 cells differentiated
either in thymus or in periphery, belong to memory phenotype,
and licensed to patrol the blood, lymphoid organs, and peripheral
tissues.

Tγδ17 IN MICROBIAL INFECTIONS
Tγδ17 cells can rapidly produce IL17 upon Toll-like receptors
(TLR) or cytokine stimulation alone even in absence of antigen presentation. The general proinflammatory functions of IL17
[reviewed in Ref. (117, 118)] could be associated with γδT cells
as they are major producers of IL17. Studies carried out in various infection models showed that Tγδ17 cells are protective
against infection. During mycobacterial infection, IL17 produced
by Vγ4+ and Vγ6+ cells induce pulmonary granuloma formation
by recruitment of granulocytes and monocytes. The IL17 participates in maturation of granuloma by promoting tight cell to
cell binding via ICAM1 and LFA1 induction (119). Mycobacteriainfected DCs secrete IL23, which regulate IL17 production by γδT
cells emphasizing that the early activation of Tγδ17 cells is important for initiating inflammation and recruiting innate immune
cells to the site of infection thereby enhancing bacterial clearance from host (120, 121). Tγδ17 cells also support cell-mediated
immunity by inducing Th1cells against pulmonary mycobacterial
infection (122).
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In Escherichia coli infection model also, γδT cells were reported
to be the major producers of IL17, which enhanced neutrophil
infiltration to the peritoneum. The infiltration of cells diminished
after antibody depletion of resident Vδ1+ subtype of γδT cells
highlighting its involvement in IL17 secretion in response to IL23
(9). Thus, IL23 and Tγδ17 cells play a dominant role as first line
of defense in infection before CD4 T cell activation. In case of L.
monocytogenes infection, a large number of γδ T cells accumulate
in the lymph organs shortly after infection and begin to produce
IL17A, signifying the role of Tγδ17 cells in the Listeria infection
(123). IL17 was also shown to promote proliferation of CD8+
cytotoxic T lymphocytes by enhancing DC cross-presentation
in vitro. DCs stimulated with IL17 showed upregulation of MHC-I
molecule H2Kb and enhanced secretion of cytokines (IL12, IL6,
and IL1β). CD8α+ DCs from Il17a −/− mice also produced less
IL12 and are less potent in activating naive CD8+ T cells (123).
This indicate that Tγδ17 cells not only induce innate response
but also critical for optimal adaptive cytotoxic response against
intracellular bacterial infection. The alliance of IL23 and Tγδ17
is also demonstrated to have a protective role during infections
such as Klebsiella pneumonia (124), Citrobacter rodentium (125,
126), Salmonella enterica (127, 128), and Toxoplasma gondii (129).
The Tγδ17 cells also play a vital role in clearing fungal infections.
The rapid production of IL17A was reported in the lungs at a
very early stage after intravenous infection with C. albicans. Lung
resident γδ T cells were the major source of early IL17A production regulated by IL23 and TLR2/MyD88-dependent pathway
(130). Presence of Tγδ17 cells were also reported in the lungs of
neutropenic mice during C. neoformans infection. These Tγδ17
cells played an important role in the chemotaxis of leukocytes and
induction of protective immune response (131). Tγδ17 cells thus
orchestrate the protective immunity by acting at the early onset in
infection models (108).
Relatively few studies have evaluated the role of Tγδ17 cells in
human microbial immunity. In patients with tuberculosis (TB),
elevated levels of Tγδ17 cells were found in peripheral blood and
were major producers of IL17 (6). As a protective role, in response
to bacterial antigens, IL17-producing Vγ9Vδ2 T cells induce neutrophil migration through secretion of CXCL8 and promote their
phagocytic activity (66). Tγδ17 cells also induce epithelial cells to
secrete anti-microbial peptides like β-defensins in response to bacterial antigens (66). This signifies the modulatory effects of Tγδ17
cells on keratinocytes and other immune cells in anti-microbial
defense. In children with bacterial meningitis, the population of
IL17+ Vγ9Vδ2 T cells significantly increase in peripheral blood
and at the site of infection (cerebrospinal fluid). The reversal of
this pattern after successful anti-bacterial therapy clearly suggests
the anti-microbial role of Tγδ17 cells (66). Collectively, these studies provide new insight into the functions of γδ T cells as the first
line of host defense against bacterial and fungal infection in human
and may pave a path in designing newer treatment modalities.

TOLL-LIKE RECEPTORS REGULATE IL17 PRODUCTION IN
Tγδ17 CELLS
γδT cells express various chemokine receptors, cytokine receptors,
and PRRs, which regulate IL17 production. TLRs are the wellstudied PRRs expressed by DCs, macrophages, and γδT cells. The
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unique microbial molecules called as PAMP are recognized by
TLRs, which orchestrate the anti-microbial response in γδT cells
(11). In malarial infection, MyD88 deficiency results in severe
impairment of IL17A producing γδT cells levels, but not IFNγ
producing γδT cells highlighting differential control by innate
signaling through TLRs in infections (132). Murine Tγδ17 cells
specifically express TLR1 and TLR2 but not TLR4. High number of Tγδ17 cells were induced upon in vivo stimulation with
Pam3CSK4 (ligand for TLR2) but not with LPS (TLR4 ligand)
or CpG (TLR9 ligand) (70). Interestingly, it has been shown that
TLR4 indirectly controls IL17 generation by γδT cells through IL23
secreted by TLR4 expressing macrophages in response to HMG
Box 1 (HMGB1, a damage-associated protein and TLR4 ligand)
(133). Moreover, Tγδ17 cells promote experimental intraocular
neovascularization (134) as well as early acute allograft rejection
(135) in response to HMGB1. Signaling through TLR2 is indispensable for Tγδ17 in anti-microbial functions. Absence of TLR2
or MyD88 in cutaneous Staphylococcus aureus infection, or in
Candida albicans infection, caused an impaired IL17 production
and poor microbial clearance in the skin infiltrated with Vγ5+
γδT cells (130, 136). Tγδ17 cells also express DC-associated Ctype lectin 1 (dectin 1) and intraperitoneal injection of curdlan
(dictin 1 ligand), induced IL17 production by γδT cells (70). In
imiquimod (IMQ)-induced psoriasis-like model, dermal γδT cells
spontaneously secreted a large amount of IL17 in IMQ-treated
skin cells. Thus, it appears that TLR7/8 (receptor of IMQ) may
regulate the IL17 production by γδT cells. It is important to note
that the modulatory effects of TLRs on γδT cells as showed in
in vivo murine models are mediated through IL23 and/or IL1β
cytokines. The direct stimulation of CD27− γδT cells by TLR ligands (LPS or PAM) show no effect on IL17 production (132). This
suggests that TLR signaling indirectly modulates Tγδ17 function.

RECEPTOR REPERTOIRE EXPRESSED BY Tγδ17 CELLS
The receptor profile of Tγδ17 cells is similar to Th17 cells. In mice,
the majority of IL17-producing CD4 cells belong to CCR6+ compartment compared to CCR6− (137). Sorted CCR6+ γδT cells
showed increased mRNA expression of IL17, IL22, IL23R, Rorγt,
and aryl hydrocarbon receptor (AhR) compared to CCR6− γδT
cells (70, 138). This suggests that CCR6 can be a phenotypic surface
marker of Tγδ17 cells. Besides CCR6, Tγδ17 cells express various chemokine receptors including CCR1, CCR2, CCR4, CCR5,
CCR7, CCR9, CXCR1, CXCR3, CXCR4, CXCR5, and CXCR6 (7).
The early onset recruitment of Tγδ17 to the site of inflammation is determined by the type of chemokine receptor on them.
Tγδ17 cells expressing CCR6 and CCR9 show selective migration
toward allergic inflamed tissue in response to CCL25 (ligand for
CCR9). α4β7 integrin expression is indispensable for this migration and transendothelial crossing of Tγδ17 cells. (139). Since
migration through CCL2/CCR2 axis is determinant for total γδT
cells, CCL25/CCR9-mediated migration seems to be specific for
Tγδ17 subtype (140, 141).
In humans, Tγδ17 cells express CCR6 but not CXCR3, CXCR5,
CCR3, CCR4, or CCR5. However, they express granzyme B, FASL,
and TRAIL but not perforin (66). The lack of granzyme B and
perforin coexpression may be responsible for absence of cytolytic
activity of Tγδ17 cells. On the contrary, it has been shown that the
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human colorectal tumor-infiltrating Tγδ17 cells do not express
FASL or TRAIL but express CD161 and CCR6 (74). The inconsistency in expression of cytolytic markers and their relevance on
Tγδ17 cells needs to be understood in detail. The AhR is indispensable for Tγδ17 cells as it promotes differentiation of naïve Vγ9Vδ2
T cells toward Tγδ17 phenotype (66).
In mouse model, it has been shown that Ahr−/− Tγδ17 cells
express IL17 but fail to produce IL22 (70). Moreover, in mouse
model of Bacillus subtilis induced pneumonitis, deficiency of Ahr
resulted into low IL22 production but IL17 levels were maintained
(142). Thus, although Ahr promotes IL17, it is indispensable for
IL22 production by Tγδ17 cells.

INFLAMMATORY DISORDERS AND MANIA OF Tγδ17
Th17 cells and Tγδ17cells are essential in disease progression and
are pathogenic in autoimmune disease. Dysregulated levels and
sustained secretion of proinflammatory cytokines by γδ and/or
CD4 T cells have devastating effects on autoimmune disease progression. In a collagen-induced arthritis (CIA) model (resembling
human rheumatoid arthritis), IL17-producing Vγ4/Vδ4+ T cells
selectively increase in joints and lymph nodes. Depletion of γδ T
cells by anti Vγ4 antibody, markedly reduced the disease severity score revealing its pathogenic nature (143). Interestingly, both
Th17 and Tγδ17 are present in the joints but Th17 cells localize proximal to the bone, which facilitates its interaction with
osteoclast. Selective depletion of Th17 cells abrogated the bone
resorption suggesting that Th17 but not Tγδ17 cells are responsible for bone destruction. Thus, Tγδ17 cells may be responsible
for enhancing joint inflammation and exacerbate CIA (144). In
contrast, absence of Tγδ17 was reported in patients with rheumatoid arthritis and in murine model of autoimmune arthritis (SKG
model) (145). The SKG mouse model has defects in the differentiation of Tγδ17 cells (94), which might result into low Tγδ17 cells
in the inflamed joints. Thus, the role of Tγδ17 cells in autoimmune
arthritis need to be evaluated comprehensively.
Tγδ17 also enhanced experimental autoimmune encephalomyelitis (EAE) (mouse model for human multiple sclerosis).
Upon immunization of mice with myelin oligodendrocyte glycoprotein (MOG) peptide in complete Freund’s adjuvant (CFA),
Vγ4+ CCR6+ IL23+ γδT cells accumulate in the central nervous
system (CNS), which expand by 20-fold in absolute number during development of clinical signs of the disease (72). In contrast,
IFNγ-producing γδT cells are low in CNS and marginally increase
during course of EAE (103). The mechanism behind aggravation of EAE could be attributed to restraining the development of
Foxp3+ regulatory T cells (Tregs) functions by Tγδ17 cells. Supernatants from IL23-activated γδT cells inhibited the TGFβ driven
conversion of naive Foxp3− αβ T cells into Foxp3 expressing T cells
and also reversed the suppressive effect of Treg cells (72). Similar
function of Tγδ17 was reported in cardiac transplantation in mice.
IL17, majorly produced by γδT cells, accelerates acute rejection of
transplanted heart but IL17 deficiency enhanced Treg expansion
and prolonged allograft survival (71). In ischemic brain injury,
Tγδ17 were reported to be present at the infract areas (146). Tγδ17
rather than Th17 was the major source of IL17 whereas IFNγ was
majorly produced by Th1 cells. In mice, genetically deficient for
IL17 or IL23, the infract areas were reduced suggesting a role of
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Tγδ17 as a key contributor of neuroinflammation (146). Overall, this suggests that in chronic inflammatory condition, innate
cytokines IL23 and IL1β promote infiltration and generation of
IL17-producing γδT cells, which aggravate the disease.
Experimental silicosis is a useful model for depicting chronic
lung inflammation, tissue damage, and fibrosis. Tγδ17 along with
Th17 accumulated in the lung in response to IL23 expressing
macrophages by third day after silica treatment but interestingly
did not induce lung fibrosis (73). On the contrary, in allergic
lung inflammation, Tγδ17 cells are known to be protective (147,
148). Functional blockage of both IL17 and γδT cells impaired the
resolution of airway lung inflammation (148). It is claimed that
this protective role is mediated by prostaglandins (PGs), which
are abundant at the site of inflammation. PGI2 analog iloprost
enhanced IL17 production by γδT cells in the thymus, spleen, and
lungs, reducing airway inflammation (147). This highlights the
role of PGI2 analogs that can be exploited in the development of
immune response in immunotherapeutic approaches. Age-related
macular degeneration (AMD) is another chronic inflammation
associated disease, characterized by choroidal neovascularization
(CNV). In an experimental model, Tγδ17 cells along with Thy-1+
ILCs (innate lymphoid cells) infiltrate the eye after laser treatment
and promote neovascularization. This recruitment is in response
to IL1β but not IL23 produced by macrophages (134).

Tγδ17 CELLS AS HEROES OR VILLAINS IN CANCER
The unmatched characteristics of human γδT cells to have
MHC unrestricted tumor directed cytotoxicity, release of copious
amounts of IFNγ, and recognition of cancer cells through variety of mechanisms render them as potential candidate for cancer
immunotherapy (4, 149). Upon activation, γδT cells show cytotoxicity against myeloma (150), lymphoma (151), leukemia (152,
153), and other epithelial carcinomas (57, 154, 155) in vitro. Several
clinical trials have been launched using γδT cells based therapies
in cancer patients. The hallmark characteristic of γδT cells to be
used for therapy is their ability to infiltrate tumors (156). In vivo
activation by phosphoantigens or adaptive transfer of preactivated
autologous γδT cells have proved successful in cancer treatment
(157). However, the role of Tγδ17 cells as anticancer effector cells
is not well defined.
In a chemotherapeutic approach, Tγδ17 cells are reported to
play decisive role in several transplantable tumor models (EG7 thymoma, MCA205 sarcoma, CT26 colon cancer, and TS/A mammary
carcinomas). Tγδ17 (Vγ4+ /Vγ6+ ) cells were shown to invade the
tumor bed early in response after drug treatment. This was followed by infiltration and induction of IFNγ-producing CD8 (Tc1)
cells to the tumor bed. This infiltration of Tγδ17 and Tc1 cells
was correlated and associated with tumor regression post radio
or chemotherapy (158). Thus, IL17-producing Vγ4+ /Vγ6+ cells
are critical for the induction of Tc1 response in tumor tissue in
response to drug treatment or radiation. Another study in bladder cancer supports the helper function of Tγδ17 cells in cancer
treatment. Tγδ17 cells induce neutrophil infiltration to the tumor
site and show anti-tumor effect upon Mycobacterium bovis BCG
treatment (159).
In contrast to anti-tumor role of Tγδ17 cells, they also promote
tumor development. With the notion that IL17 is a proangiogenic
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cytokine (160), Tγδ17 cells promote angiogenesis in tumor model.
In IL17−/− tumor bearing mice, the blood vessel density was
markedly decreased compared to wild type. In addition, IL17
induced the expression of Ang-2 (angiopoietin) and VEGF (vascular endothelial growth factor) in tumor cells (8). In ovarian cancer
model, it has been reported that CD27− Vγ6+ cells produced
higher IL17 and induce VEGF and Ang-2 in peritoneal exudates of
tumor bearing mice after 6 weeks of post-tumor inoculation (161).
Additionally, Tγδ17 cells induce mobilization of protumor small
peritoneal macrophages (SPM) to the tumor bed, which express
IL17-dependent proangiogenic profile (Il1b, Il6, vegfa, tgfb, mif,
cxcl1, cxcl8, and tie2). SPMs also enhance ovarian cancer growth
by stimulating tumor cell proliferation (161). In hepatocellular
carcinoma mouse model, it was reported that IL17, majorly produced by Vγ4+ γδT cells, induced CXCL5 production by tumor
cells, which enhance migration of MDSCs (myeloid-derived suppressor cells) expressing CXCR2 to the tumor site. In addition,
IL17 also enhanced suppressive functions of MDSCs by inhibition
of T cells proliferation and cytokine (IFNγ and TNFα) production (162). In return, MDSCs induced γδT cells to produce IL17
through IL23 and IL1β secretion forming positive feedback loop
for Tγδ17 activation (162). Thus, Tγδ17 cells interact with myeloid
cells and counteract tumor immune-surveillance.

FIGURE 2 | Functions of Tγδ17 cells in pathological conditions.
(A) Tγδ17 cells promote infiltration of neutrophils and monocytes/
macrophages to the site of inflammation through chemokines. (B) IL17
secreted by Tγδ17 cells induces keratinocytes to produce anti-microbial
peptides such as β defensins and protect host in infections.
(C) Dysregulated Tγδ17 cells in autoimmune diseases inhibit Treg
expansion and its ability to suppress autoreactive cell, thereby
exacerbating the disease. (D) The inflammatory condition in arthritis is
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In human colorectal cancer, IL8 and GM-CSF secreted by Tγδ17
promote migration of MDSCs while IL17 and GM-CSF enhanced
their proliferation. Tγδ17 cells also support survival of MDSCs
through IL17, IL8, and TNFα (74). Thus, it is possible to speculate that Tγδ17 cells might be responsible for gradual shift from
initial inflammatory to immunosuppressive tumor environment
in advanced stage cancer (163). In human colorectal carcinoma,
Tγδ17 cells were positively correlated with advancing tumor stages
as well as with clinicopathological features including tumor size,
tumor invasion, lymphatic and vascular invasion, lymph node
metastasis, and serum CEA (Carcinoembryonic antigen) levels
suggesting their pathogenic role (74).
Collectively, these findings highlight the apparently opposite
roles of Tγδ17 cells in cancer immunity. It seems that during tumor
development, inflammatory environment (IL1β and IL23) modulate the cytokine profile of γδT cells from primary IFNγ toward
proinflammatory IL17, which support tumor progression.

CONCLUDING REMARKS
Despite the small percentage in total T cell population, γδT
cells have emerged as an important modulator of early immune
responses. The development of functional subtypes of γδT
cells require polarizing cues including molecular and cellular

worsened by IL17, which foster osteoclast formation through induction of
RANKL. Tγδ17 cells are involved in bone resorption and enhance joint
inflammation. (E) Human Tγδ17 cells support MDSC migration, survival,
and promote their suppressive functions through IL17, GMCSF, and IL8.
MDSCs also form feedback loop and promote Tγδ17 differentiation through
IL23 and IL1β. (F) Tγδ17 cells secrete IL17 and induce tumorigenesis by
their proangiogenic activity. (G) Murine Tγδ17 cells recruit small peritoneal
macrophages to the tumor bed, which induce angiogenesis.
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interaction and combination of multiple cytokines and chemokine
receptors that regulate their distribution. This suggests that the
functional determination of γδT cell subtypes is dictated by the
local environment (thymus or peripheral blood or the inflamed
tissue) in which they are present. Tγδ17 is a special γδT cell subset, distinctly present at early immune response in the tissue and
can modulate the functions of other immune and epithelial cells
but their relevance in disease outcome remains controversial. In
response to microbial antigens, Tγδ17 cells promote infiltration
of neutrophils and macrophages and induce production of antimicrobial peptides resulting in clearance of microbial load. Such
protective behavior of Tγδ17 cells in infections can be exploited
to develop newer approaches to tackle the microbial pathology
(Figure 2).
The opposite side of Tγδ17 functions has revealed its detrimental role in enhancing inflammation in autoimmunity and
cancer (Figure 2). The mechanism, which regulates such dual
personality of Tγδ17 cells is unknown. It appears that the obvious common role executed by these cells is enhancement of
inflammation but due to functional heterogeneity and their complex interdependency on other cells (innate and adaptive); the
emerging scenario of their biology is far from complete. This provokes us to consider contextual behavior of Tγδ17 cells in disease
pathology. Current progress in understanding the significance of
Tγδ17 cells in inflammatory diseases has revealed their novel but
debilitating functions such as suppression of Tregs in autoimmunity, induction of angiogenesis, and recruitment and activation
of MDSCs in various malignancies. Thus, in inflammatory disorders, Tγδ17 cells can be targeted using various immunotherapeutic approaches. However, need of hour is to expand the
understandings of Tγδ17 in humans and develop a protocol for
their propagation and activation. The future therapies will rely
on regulating the key transcription factor RORγt by designing
suitable antagonists that will help in fine tuning Tγδ17 differentiation and eventually their function in chronic inflammation
and infection.
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The tumor microenvironment is an important aspect of cancer biology that contributes to
tumor initiation, tumor progression and responses to therapy. The composition and characteristics of the tumor microenvironment vary widely and are important in determining the
anti-tumor immune response. Successful immunization requires activation of both innate
and adaptive immunity. Generally, immune system is compromised in patients with cancer due to immune suppression, loss of tumor antigen expression and dysfunction of
antigen presenting cells (APC). Thus, therapeutic immunization leading to cancer regression remains a significant challenge. Certain cells of the immune system, including dendritic
cells (DCs) and gamma delta (γδ)T cells are capable of driving potent anti-tumor responses.
The property of MHC-unrestricted cytotoxicity, high potential of cytokine release, tissue
tropism and early activation in infections and malignant disease makes γδ T cells as an
emerging candidate for immunotherapy. Various strategies are being developed to enhance
anti-tumor immune responses of γδ T cells and DCs one of them is the use of novel adjuvants like toll like receptors (TLR) agonists, which enhance γδ T cell function directly or
through DC activation, which has ability to prime γδ T cells. TLR agonists are being used
clinically either alone or in combination with tumor antigens and has shown initial success
in both enhancing immune responses and eliciting anti-tumor activity. TLR activated γδ T
cells and DCs nurture each other’s activation. This provides a potent base for first line of
defense and manipulation of the adaptive response against pathogens and cancer. The
available data provides a strong rationale for initiating combinatorial therapy for the treatment of diseases and this review will summarize the application of adjuvants (TLRs) for
boosting immune response of γδ T cells to treat cancer and infectious diseases and their
use in combinatorial therapy.
Keywords: immunotherapy, γδ T cells, toll like receptors, tumors, dendritic cells

INTRODUCTION
Innate and adaptive immune responses are sentinels of host against
the diverse repertoire of infectious agents (viruses and bacteria)
and cancer. Both components of immune system identify invading microorganisms or damaged tissues as non-self and activate
immune responses to eliminate them. Efficient immune responses
depend upon how close an interaction is between the innate
and adaptive immune system. γδ T cells and toll like receptors
(TLR) serve as an important link between the innate and adaptive
immune responses (1–3). Extensive studies have suggested that
γδ T cells play important roles in host defense against microbial
infections, tumorigenesis, immunoregulation and development
of autoimmunity. γδ T cells also have several innate cell-like
characters that allow their early and rapid activation following
recognition of cellular stress and infection (4, 5). However to
accomplish these functions, γδ T cells use both the T cell receptor (TCR) and additional activating receptors (notably NKG2D,
NOTCH, and TLR) to respond to stress-induced ligands and
infection. γδ T cells express TLRs and modulate early immune
responses against different pathogens (6). In this review, we summarize and discuss some of the recent advances of the γδ T cell
biology and how direct control of γδ T lymphocyte function
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and activation is monitored by TLR receptors and ligands. The
review highlights involvement of TLR signaling in γδ T cell functions and their implications in harnessing γδ T cells for cancer
immunotherapy.

γδ T CELLS, ANATOMICAL DISTRIBUTION AND ANTIGENIC
DIVERSITY
Based on the type of TCR they express, T lymphocytes can be
divided into two major subsets, αβ and γδ T cells. γδ T cell represents a small subset of T lymphocytes (1–10%) in peripheral
blood. While in anatomical locations like small intestine, γδ T
cells comprise a major bulk of T cells (25–60% in human gut)
(7). γδ T cells are the first T cells to appear in thymus during T
cell ontogeny in every vertebrate (8), which suggests that their primary contribution could be neonatal protection because at this
point conventional αβ T cell responses are severely functionally
impaired and DCs are immature (9). In neonates, the Vδ2+ cells
derived from human cord blood showed early signs of activation.
These cells secrete IFN-γ and express perforin after short-term
in vitro stimulation (10). In comparison to the neonate derived
αβ T cells of peripheral blood, γδ T cell subset produces copious
amount of IFN-γ and are precociously active (11). Hence, γδ

July 2014 | Volume 5 | Article 366 | 1

TLRs modulate γδ T cells

Dar et al.

T cells are well engaged in newborns to contribute to immuneprotection, immune-regulation and compensate for impaired αβ
T cell compartment.
γδ T cells are unconventional CD3+ T cells and differ from the
conventional αβ T cells in their biology and function (Table 1).
Although a sizeable fraction of γδ T cells in the intraepithelial
lymphocyte compartments of human and mice are CD8αα+ but
the peripheral blood γδ T cells are predominantly double negative
(CD4− CD8− ) T cells. The absence of CD4 or CD8 expression on
majority of the circulating γδ T cells is well in line with the fact
that antigen recognition is not MHC restricted (12, 13). Crystal
structure analysis of the γδ TCR revealed that γδ TCR is highly
variable in length resembling immuno-globulins (Ig) more than
the αβ TCR. The antigen recognition property of γδ T cells is
fundamentally different from αβ T cells but similar to antigen–
antibody binding, which is more likely to occur independent of
MHC cross presentation (14). However, recently butyrophilin
BTN3A1, a non-polymorphic ubiquitously expressed molecule
was identified as an antigen presenting molecule of Vγ9Vδ2 T
cells. Soluble BTN3A1 binds (Isopentenyl diphosphate) IPP and
(E)-4-hydroxy-3-methyl-but-2-enyl diphosphate (HMBPP) with
different affinities in 1:1 ratio to stimulate γδ T cells (15).
The important feature of γδ T cells is their tropism to epithelial
tissues. With respect to anatomical localization, γδ T cell population can be divided into two groups: lymphoid-homing γδ T
cells that can be primed in the circulation and clonally expand
in a conventional “adaptive” manner; and innate-like cells that
respond rapidly and at a relatively high frequency in many tissue
sites. Migration and anatomical localization of T lymphocytes is
crucial for their antigen specificity and maintaining homeostasis
in the mammalian immune system. Although γδ T cells are well
represented among peripheral blood mononuclear cells (PBMC)
and in afferent and efferent lymph, they are rarely found in lymph
node parenchyma, spleen, Peyer’s patches and thymus. Moreover,
unlike αβ T cells, splenic γδ T cells, if present, are not confined to
the lymphoid areas (the white pulp) but are also found throughout the red pulp of spleen and marginal zones of cell trafficking
(16). γδ T cells are abundantly present in the epithelia of skin,
genital and intestinal tract (17). In the small intestines of humans,
mice, chickens and cattle, γδ T cells comprise a substantial fraction of intestinal intraepithelial lymphocytes (IELs); in mice γδ+

IELs constitute 50–60% of the IEL pool (18–20). The epidermal
γδ+ IELs of mice and cattle (but not humans) have a marked
dendritic morphology and are hence known as dendritic epidermal T cells (DETCs) (21). DETCs are maintained at steady
state in normal adult murine skin but on activation execute specialized functions like tissue repair (22). DETCs also maintain
keratinocyte homeostasis, which along with Langerhan cells forms
its neighborhood (23). Under pathological conditions, γδ T cells
quickly expand and infiltrate into lymphoid compartments and
other tissues.
Another striking difference between αβ and γδ T cells is the
range of antigens or ligands that are recognized by the respective TCRs. Unlike αβ T cells, which recognize protein antigen
processed inside the cell and presented by MHC molecules, γδ
T cells recognize antigens like B cells as revealed by structural and
functional studies (24).γδ T cells can respond to a variety of stimuli irrespective of their molecular or genetic nature. In mice, the
non-classical MHC class I molecules T10 and T22 are recognized
by γδ T cells (25–28). Similar to T10 and T20, murine class II
MHC (IA) antigens IE and IA are identified to act as ligands for γδ
T cell clones (29, 30). In addition, herpes glycoprotein GI-reactive
γδ T cell clones protect mice from herpes simplex virus (HSV)
induced lethal encephalitis (31, 32). γδ TCRs can also bind to an
algal molecule, phycoerythrin inducing upregulation of CD44 and
downregulation of CD62L in γδ T cells (33). B6 murine splenic
and hepatic γδ T cells respond to cardiolipin (bacterial cell-wall
phospholipid and endogenous component of mitochondria) presented by CD1d molecules (34). Insulin derived peptide B:9–23
is also recognized by the γδ T cell clones derived from non-obese
diabetic mice (NOD mice) (35). SKINT1, a mouse immunoglobulin superfamily member, bears structural similarity to human
CD277 (butyrophilin 3A1) and is expressed by medullary thymic
epithelial cells (mTECs) and keratinocytes that is crucial for the
development of Vγ5Vδ1+ DETCs (36).
In humans, majority of γδ T cells express a rearranged T cell
receptor (TCR) composed of Vγ9 and Vδ2 domains; thus, this population is referred to as Vγ9Vδ2. The Vγ9Vδ2 T cells recognize self
and microbial phosphorylated metabolites generated in eukaryotic
mevalonate pathway and in the microbial 2-C-methyl-derythritol
4-phosphate (MEP) pathway (37). Initially, it was reported that the
non-peptidic ligands isolated from mycobacterial cell lysates were

Table 1 | Comparison between αβ and γδ T cells.
S.No.

αβ T cells

γδ T cells

1

Constitutes about 65–70% of total PBMCs

Constitutes about 1–10% of total PBMCs

Recognize the processed peptide antigen with the help

Do not show MHC restriction but may require the antigen presenting

antigen presenting molecule MHC1 and MHC II

molecule Butyrophilin 3A1 molecule

2

CD8+

Mostly double negative, murine intestinal IELs may be CD8αα+

3

Express either

4

TCR junctional diversity is very diverse

TCR junctional diversity is small

5

Do not show tissue tropism

Show tissue tropism

6

αβ T Cells response is late

7

or

CD4+

Regulatory phenotype is attributed to

γδ T cells respond earlier
CD4+ CD25+ T

cells

Regulatory phenotype is attributable to various subsets, including murine
Vγ5+ DETCs and human Vγ1+ peripheral cells
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stimulatory for Vγ9Vδ2 T cell clones. Later, IPP, an intermediate
metabolite of the mevalonate pathway, was isolated and identified as a stimulatory molecule. Characterization of the microbial
antigens recognized by human γδ T cells predicted that these are
non-proteinaceous in nature and have critical phosphate residues
(37, 38). Subsequent studies, conducted with M. tuberculosis, identified HMBPP, an intermediate metabolite of the MEP pathway,
as a strong agonist of γδ TCR. The measured potencies of IPP
and HMBPP show an enormous difference. The ED50 of IPP is
~20 µM, whereas that of HMBPP is ~70 pM, i.e., more than 105
times lower (38).
Another stimulatory molecule is Staphylococcus aureus enterotoxin A (SEA) that directly interacts with the TCR Vγ9 chain independently of the paired Vδ chain. The mechanism of recognition of
this superantigen is different from that of phosphorylated metabolites and requires the interaction with MHC class II molecules. γδ
T cells kill target cells and release cytokines upon interaction with
SEA but do not proliferate (39).
Recently, the TCR from a γδ T cell clone derived from a
cytomegalovirus (CMV)-infected transplant patient was shown to
directly bind to endothelial protein C receptor (EPCR), which is a
lipid carrier with a similar structure to CD1, showing again that γδ
TCR engagement is cargo independent (40). ATP F1 synthase has
been identified as stimulatory ligand of the TCR Vγ9Vδ2. ATP F1
synthase is an intracellular protein complex involved in ATP generation. However, optimal responses of Vγ9Vδ2 T cells by tumor
target cell lines expressing F1-ATPase requires apolipoprotein A1.
A monoclonal antibody interacting with apolipoprotein A1 was
shown to inhibit TCR γδ activation as it disrupted the trimolecular complex of ApoA1, ATP F1 synthase, and γδ TCR required for
optimal response (41).
The second major population of human γδ T cells utilizes the
Vδ1 chain, which pairs with a variety of Vγ chains. This subset of
Vδ1+ T cells is mainly found in tissues and is activated by CD1c
and CD1d-expressing cells. The group 1 CD1 molecules have ability to present lipid A to human γδ T cells. The human γδ T cells
also recognize the related group 2 CD1 molecule as CD1d/lipid
complex. Phosphatidyl ethanol amine (PE), a phospholipid, activates γδ T cells in a CD1d manner dependent suggesting its CD1d
restricted recognition (42). In addition, some populations of γδ T
cells in normal human PBMCs also recognize lipid molecules such
as cardiolipin (a marker of damaged mitochondria), sulfatide (a
myelin glycosphingolipid), or α-galactosylceramide (α-GalCer) in
association with CD1d, which are noted ligands of natural killer
T (NKT) cells (34, 43–45). Human γδ T cells also recognize the
stress-induced MHC class I-related MICA/MICB molecules and
the UL16-binding proteins that are upregulated on malignant or
stressed cells (46–48). Heat shock proteins (HSPs) expressed on the
cell membrane play an important role in cancer immunity. Hsp60
expressed on oral tumors act as ligand for Vγ9Vδ2 T cells (49, 50).
Hsp60 and Hsp70 expressing human oral and esophageal tumors
are lysed by Vγ9Vδ2 T cells (49–51). Hsp72 expressing neutrophils
were rapidly killed by γδ T cells through direct cell to cell contact, indicating that hsp72 expression on cell surface pre-disposes
inflamed neutrophils to killing by γδ T cells (52). In Another study,
hsp90 expression on EBV infected B cells rapidly promoted γδ
T cell proliferation (53). This confirms that γδ T cells recognize
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qualitatively distinct antigens, which are profoundly regulated by
their anatomical localization.

CO-RECEPTORS AND γδ T CELL ACTIVATION
Most γδ T cells respond to non-peptidic antigens even in the
absence of antigen presenting cells (APCs). However, the presence of APCs can greatly enhance the γδ T cell response (54). This
suggests that accessory molecules/receptors may be involved in
effector functions of these cells. Some of important co-receptors
used by γδ T cells include NOTCH, NKG2D, and TLR (55).
Our study has identified Notch as an additional signal contributing to antigen specific effector functions of γδ T cells. We
have shown that γδ T cells express Notch1 and Notch2 at both
mRNA and protein level. Inhibition of Notch signaling in antiCD3 MAb stimulated γδ T cells resulted in marked decrease in
proliferation, cytotoxic potential, and cytokine production by γδ
T cells confirming the involvement of Notch signaling in regulating
antigen specific responses of γδ T cells (55).
γδ T cells express NKG2D on their cell surface resulting in
their activation. Treatment of PBMC with immobilized NKG2Dspecific mAb or NKG2D ligand MHC class I related protein A
(MICA) resulted in the up-regulation of CD69 and CD25 on
Vγ9Vδ2. Furthermore, NKG2D increased the production of TNFalpha and release of cytolytic granules by Vγ9Vδ2 T cells (56).
Later, it was shown that the protein kinase C transduction pathway as a main regulator of the NKG2D-mediated costimulation of
anti-tumor Vγ9Vδ2 T cell cytolytic response (57).
TLR agonists are also known to trigger the early activation and
the IFN-γ secretion by Vγ9Vδ2T cells (58). TLR ligands indirectly
increase the anti-tumoricidal activity of Vγ9Vδ2T cells (59). In
this review, we will focus on TLR as an additional co-receptor
modulating the function of immune cells with special focus on γδ
T cells.
TOLL LIKE RECEPTOR AND IMMUNE CELLS
The immune system functions in anti-microbial defense by recognizing groups of molecules unique to microorganisms (60).
These unique microbial molecules are called pathogen-associated
molecular patterns (PAMPs) and are recognized by a family of
cellular receptors called pattern recognition receptors (PRRs)
(61). TLRs along with retinoic acid-inducible gene (RIG)-I-like
receptors (RLRs) and nucleotide-binding oligomerization domain
(NOD)-like receptor (NLRs) are prototype PPRs, which recognize
pathogen-associated molecular patterns (PAMPs) from microorganisms or danger-associated molecular patterns (DAMPs) from
damaged tissues (62). Recognition of PAMPs by TLRs trigger
release of inflammatory cytokines and type 1 interferon’s (IFN)
for host defense (60, 63–65). The adaptive immune system, on
the other hand, is responsible for elimination of pathogens in the
late phase of infection and in the generation of immunological
memory mediated by B and T cells (66).
TLRs derived their name from Drosophila melanogaster Toll
protein based on their homology (67). In mammals, till date 13
members of TLR family has been identified (63, 68–71). TLR1-9
is conserved in humans and mice while TLR10 is non-functional
in mice because of a retroviral insertion while TLR11-13 is lost
from the human genome. The first TLR identified was TLR4
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and recognizes bacterial lipopolysaccharide (LPS) from Gramnegative bacteria (67, 72, 73). TLRs are classified into several
groups based on the types of PAMPs they recognize. TLR1, 2,
4 and 6 recognize lipids whereas the highly related TLR7, TLR8
and TLR9 recognize nucleic acids. Murine TLR11 recognizes a
protozoan derived profilin-like protein while TLR13 recognizes
Vesicular stomatitis virus (63). TLRs are localized in the distinct
cellular compartments, for example; TLR1, TLR2, TLR4, TLR5,
TLR6, and TLR11 are expressed on the cell surface whereas TLR3,
TLR7, TLR8 TLR9, TLR11, TLR12 and TLR13 are expressed in
intracellular vesicles such as the endosome and ER. The intracellular TLRs are transported to the intracellular vesicles via
UNC93B1, a trans-membrane protein, which is localized in the
ER of the cell (70, 71, 74–77). TLR family receptors have a common structural architecture. TLRs are type I integral membrane
glycoproteins characterized by multiple extracellular leucine-rich
repeats (LRRs) and a single intracellular Toll/interleukin-1 (IL-1)
receptor (TIR). TLRs mostly form homo-dimers with a few exceptions, which form heterodimers to trigger a signal. For example,
TLR2 forms heterodimers with TLR1 or TLR6 enabling differential recognition of lipopeptides. The TIR domain of TLRs is
required for the interaction and recruitment of various adaptor molecules to activate downstream signaling pathway. After
recognizing PAMPs, TLRs activate intracellular signaling pathways that lead to the induction of inflammatory cytokine genes
such as TNF-α, IL-6, IL-1β and IL-12 through the recruitment
of adaptors such as MyD88, TRIF, TRAM, TIRAP and SARM1
(78). MyD88 is a universal adaptor used by all TLRs, except TLR3,
to induce inflammatory pathways through activation of MAP
Kinases (ERK, JNK, p38) and transcriptional factor NF-κB (63,
79). TLR3 and TLR4 use TRIF to bring activation of alternative
pathway (TRIF-dependent pathway) through transcription factors IRF3 and NF-κB to induce type 1 IFN and inflammatory
cytokines (80–82). TRAM selectively participates in the activation of the TRIF-dependent pathway downstream of TLR4, but
not TLR3 (83, 84). TIRAP functions to recruit MyD88 leading
to activation of MyD88-dependent pathway downstream of TLR2
and TLR4 (85, 86).Sterile-α- and armadillo-motif-containing protein 1 (SARM1), was shown to inhibit TRIF and is also critical for
TLR-independent innate immunity (87). Thus, signaling pathways
can be broadly classified as either MyD88-dependent pathway or
TRIF-dependent pathway.
Hornung et al. have showed differential expression of TLR110 on human APCs and lymphocytes including T cells and their
functional discrepancy in recognition of specific TLR ligands (88).
CD4+ T cells express almost all TLRs at mRNA levels but may not
express all as functional protein (89, 90). Moreover, they do not
respond to all TLR ligands. Stimulation with TLR5, 7, or 8 agonists combined with TCR activation of CD4+ T cells resulted in
increased proliferation and production of IL-2, IL-8, IL-10, IFN-γ
and TNFα (91). There are other reports as well suggesting the functional modulation of subtypes of CD4+ T cells by TLR ligands.
The mouse Th1 but not Th2 cells responded to TLR2 agonist and
resulted in enhanced proliferation and IFN-γ production independent of TCR stimulation (92). This work validated that the
TLR can regulate function of CD4+ T cells even in absence of
TCR engagement. CD4+ CD25+ regulatory T cells (Tregs) express
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majority of TLRs with selectively higher expression of TLR2, 4,
5, 7/8, and 10 compared to CD4+ CD25− conventional T cells
(93). Liu et al. showed that CD4+ CD25+ regulatory T cells and
CD4+ CD25− conventional T cells express TLR2 and proliferated
upon stimulation with its agonist. TLR2 stimulation also led to
transient loss of Treg suppressive potential through suppression of
FOXP3 (94, 95). However, Tregs also express TLR5 but upon stimulation with flagellin (ligand of TLR5), do not proliferate rather
showed increased suppressive capacity and enhanced expression
of FOXP3 (96). These reports suggest that the suppressive function of Treg can be either enhanced or dampened by the type of
TLR ligand engaged. TLR2 stimulation not only abrogates suppressive functions of CD4+ Tregs but also drives naïve as well
as effector Treg population toward IL17 producing Th17 phenotype (97). Th17 cells express TLR2 along with TLR6 compared
to Th1 and Th2 subsets and promote Th17 differentiation upon
Pam3Cys stimulation and accelerates experimental autoimmune
encephalomyelitis (98). Like TLR2, TLR4 also regulate the functions of CD4+ T cells. In a mouse model of arthritis, mice lacking
TLR2 showed enhanced histopathological scores of arthritis by
a shift in T cell balance from Th2 and T regulatory cells toward
pathogenic Th1 cells. TLR4, in contrast, contributes to more severe
disease by modulating the Th17 cell population and IL-17 production (99, 100). Recently, Li et al. showed that high-mobility group
box 1 (HMGB1) proteins decrease Treg/Th17 ratio by inhibiting
FOXP3 and enhancing RORγt in CD4+ T cells via TLR4–IL6 axis
in patients with chronic hepatitis B infections (101). This shows
that HMGB1 (TLR4 ligand) act as a modulator of CD4+ T cells
responses in chronic viral inflammation. CD4+ T cells also express
intracellular TLRs such as TLR9 and TLR3. Both these TLRs promote T cell survival via activation of NF-κB and MAPK signaling
(102). Although the effector functions of CD4+ T cells are regulated by TLRs but the molecular pathway involved in skewing of
CD4+ T cell function is poorly understood.
Like CD4+ T cells, CD8+ T cells also show differential expression of TLRs with high expression of TLR3 but lower expression
of TRL1,2,5,9,10 compared to CD4+ T cells at mRNA level. It is
important to note that the expression of TLR2, TLR3 and TLR5
increases on CD8 T cells in infected tonsils compared to controls (89) indicating immune activating role of TLRs in infections.
Stimulation of CD8+ T cells through TLR2 agonists enhances
their proliferation and IFN-γ production (103, 104). It also promotes cytolytic activity of CD8+ T cells and enhances anti-tumor
response mediated through MyD88-dependent TLR1/2 pathway
(105). Recently, Mercier et al. showed that TLR2 cooperate with
NOD-containing protein 1 (NOD1) to enhance TCR mediated
activation and can serve as alternative co-stimulatory receptor in
CD8+ T cells (106). CD8+ T cells also express intracellular TLRs
such as TLR3, TLR9 which are more potent in inducing CD8+ T
cell activation in vivo (107).
Natural killer (NK) cell is a vital player in innate immune
system. They recognize infected and transformed cells with downregulated major histocompatibility complex (MHC) class 1 molecules. They are the primary producers of IFN-γ and are protective
against infections. Unlike CD4 and CD8 T cells NK cells as well
as CD56+ CD3+ NKT cells constitutively express TLR 1–8 with
high expression of TLR2 and 3 at mRNA level. They recognize
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bacterial PAMPs and respond by producing α-defensins (108–
111). Human NK cells can also directly recognize Mycobacterium
bovis via TLR2 and enhance their cytolytic activity against tumor
cells (112). Tumor-associated macrophages induce NK cell IFN-γ
production and cytolytic activity upon TLR engagement (113).
TLRs modulate NK cell function directly or indirectly to promote
antibody dependent cell mediated cytotoxicity and cross presentation of viral antigens to T lymphocytes (114, 115). This highlights
that the cells of adaptive immune system do express TLRs and their
function can be directly or indirectly modulated by TLR ligands.

ACTIVATION OF γδ T CELLS BY TLR LIGANDS
In 1997, the first human homolog of Drosophila Toll protein was
cloned and characterized. It was also established that γδ T cells
also express hToll mRNA (67). Purified γδ T cells were found to
respond to the E. coli native lipid A in a TCR-independent fashion
and the LPS/lipid A-reactive γδ T cells strongly expressed TLR2
mRNA. TLR2 antisense oligonucleotide inhibited the proliferation of γδ T cells in response to the native lipid A as well as the
TLR2-deficient mice showed an impaired response of the γδ T
cells following injection of native lipid A. These results suggest
that TLR2 is involved in the activation of canonical Vγ6/Vδ1 T
cells by native lipid A (116). Again, functional presence of TLR2
on Vγ2Vδ2 T cells (also known as Vγ9Vδ2 T cells) was reported
when the dual stimulation of Vγ2Vδ2 T cells with anti-TCR antibody and Pam3 Cys increased synthesis and secretion of IFN-γ
and elevated the levels of CD107a expression. IFN-γ secretion and
cell surface CD107a levels are markers of increased effector function in Vγ2Vδ2 T cells (117). Similarly, Bruno et al. reported that
IL-23 and TLR2 co-stimulation induces IL17 expression in γδ T
cells. However, TLR1 and TLR2 expression was found only on
CCR6+ IL-17 producing murine peritoneal γδ T cells but not others. Thus, γδ T cells with innate receptor expression coupled with
IL-17 production establishes them as first line of defense that can
orchestrate an inflammatory response to pathogen-derived and
environmental signals long before Th17 can sense the bacterial
invasion (118). Pam3CSK4, TLR2 agonist was able to stimulate
only splenic γδ T cell proliferation but not the dermal γδ T cells
demonstrating that TLR2 signaling shows tissue tropism. (19).
Furthermore, a profound change in the circulating γδ T-cell population was observed in early burn injury (24 h). These γδ T-cells
showed TLR2 and TLR4 expression, priming them for TLR reactivity, However TLR expression was specific to circulatory γδ T
cell subset and was transient, since it was not observed after postinjury (7 days). Transient nature of the post-burn increase in γδ
T-cell TLR expression is likely to be protective to the host, most
likely via regulation of inflammation and initiation of healing
processes (119).Mitochondrial danger-associated molecular patterns (MTDs) induce TLR2 and TLR4 expression on γδ T cells in
dose dependent manner. MTDs also induced the production of IL1β, IL-6, IL-10, RANTES, and vascular endothelial growth factor
by γδ T-cells thereby resulting in initiation of sterile inflammation
leading to tissue/cellular repair (120).
Different studies have reported that γδ T cells express TLR3
(121, 122). TLR3 recognizes viral dsRNA, synthetic analogs of
dsRNA, polyinosinic–polycytidylic acid [poly (I:C)] and small
interfering (si) RNA. The direct stimulation of freshly isolated γδ
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T cells via TCR and surrogate TLR3 ligand poly (I:C) dramatically
increased IFN-γ production. Addition of neutralizing anti-TLR3
mAb inhibited the co-stimulatory effect of poly (I:C), presumably
by antagonizing the TLR3 signaling (122). Thus, the integrated
signals of TLR3 and TCR induce a strong antiviral effector function in γδ T cells supporting the decisive role of γδ T cells in early
defense against viral infection. In other study, it has been reported
that γδ cells of term babies and of adults express TLR3 and TLR7
while the preterm babies have reduced levels. The greater levels
of IFN-γ protein was observed in adult and cord blood cells costimulated with anti-CD3 and poly(I:C) whereas this was not seen
in γδ T cell clones of preterm babies. Thus, reduced level of TLR3
expression by preterm-derived clones had an overt functional consequence on IFN-γ levels (11). Interestingly, a primary role of
TLR3 in humans appears to mediate resistance to HSV-induced
encephalitis (123). Hence, premature babies are particularly susceptible to HSV infection because of reduced levels of TLR3 on γδ
T cells.
TLR4 was reported to be absent in the γδ T cells but can become
functional in γδ T cells depending on localization, environmental
signals, or γδ TCR usage (19, 118, 124). However, our own data has
shown that TLR4 is expressed on human γδ T cells. Stimulation
of γδ T cells with LPS (TLR4 ligand) increased their proliferation, IFN-γ release, and cytotoxic potential (125). DETCs lack
cell surface expression of TLR4–MD2. MD-2 physically associates
with TLR4 on the cell surface and is required for LPS signaling.
However, TLR4–MD2 expression was upregulated when DETCs
emigrated from the epidermis during cutaneous inflammation.
The migration signals of DETCs may promote the TLR4–MD2
expression (126). Cairns et al. showed that late post-burn injury
increased expression of TLR-4 on splenic T-cells (127). However,
Martin et al. reported transient TLR-4 expression post-burn in
the circulation or spleen but were specific for the γδ T-cell subset
(119). Several evidences suggest that murine γδ T cells recognize
LPS/LA through TLR2 or TLR4 (128, 129). Importantly activated
γδ T cells, especially Vδ2 T cells, in peripheral blood cells recognize LA, a major component of LPS, via TLR4 resulting in extensive
proliferation and production of IFN-γ and TNF-α in vitro (130).
The data suggest that γδ T cells play an important role in the control of infection induced by gram negative bacteria. Reynolds et al.
showed that a heterogeneous population of γδ T cells responds to
LPS via TLR4 dependent manner and demonstrate the crucial and
innate role of TLR4 in promoting the activation of γδ T cells, which
contributes to the initiation of autoimmune inflammation (100).
Another study showed the indirect role of TLR4 in HMGB–TLR4–
IL-23–IL17A axis between macrophages and γδ T cells, which
contribute to the accumulation of neutrophils and liver inflammation. Necrotic hepatocytes release HMGB1, a damage-associated
molecule or TLR4 ligand, which increased IL-23 production of
macrophages in a TLR4 dependent manner. IL-23 aids γδ T cells
in liver in the generation of IL-17A, which then recruits hepatic
neutrophils (131).
Human γδ T cells were found to express appreciable levels
of TLR7. Costimulation with poly I:C upregulated the TLR7
expression in TCR-cross linked freshly isolated γδ T cells (124).
In addition, tumor-infiltrating γδ T cells also express TLR7
(132). In case of mouse dermal γδ T cells, both TLR7 and
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TLR9 signaling promoted IL-17 production, which could be
synergistically enhanced with the addition of IL-23 (19).
The identification of dominant γδ T cells in the total population of tumor-infiltrating lymphocytes (TILs) in renal, breast,
and prostate cancer suggested that these cells might have the
potent negative immune regulatory function (132, 133). The breast
tumor-derived bulk γδ T cell lines and clones efficiently suppressed
the proliferation and IL-2 secretion of naïve/effector T cells and
inhibited DC maturation and function. Hence, their depletion
or the reversal of their suppressive function could enhance antitumor immune responses against breast cancer. Indeed as in CD4+
regulatory T cells (Tregs), the immunosuppressive activity of γδ T
cells could be reversed by human TLR8 ligands both in vitro and
in vivo. Study revealed that MyD88, TRAF6, IKKα, IKKβ and p38α
molecules in γδ1 cells were required for these cells to respond
to TLR8 ligands (132, 134, 135). Table 2 shows expression and
co-stimulatory effects mediated by TLR activation of γδ T cells

TLRs MODULATE CROSSTALK BETWEEN γδ T AND
DENDRITIC CELLS
The functional fate of effector T cells is governed by antigen
presentation and the cytokine milieu in the local environment.
Dendritic cells (DCs) being professional APCs, recognize the danger signal, process it, and present it to the T lymphocytes thereby
modulate adaptive immune response. γδ T cells influence the antigen presenting property of DCs. DCs pre-incubated with activated
γδ T cells enhance the production of IFN-γ by alloreactive T
cells in mixed lymphocyte reaction (136). Moreover, γδ T cells
not only upregulated CD86 and MHC I expression on DC but
themselves get activated, leading to up-regulation of CD25, CD69,
and cytokine production (137). These studies showed how γδ T
cell and DCs regulate each other’s function. There are reports,
which have shown how γδ T cells interact with DC or vice versa
via TLR ligands. Leslie et al. reported that stimulation with TLR
ligands in γδ/DC cocultures enhanced the maturation and production of IL12p70 by DCs (138). TLR also regulate the γδ T
cells and DC crosstalk in microbial context. TLR2-stimulated DCs
enhanced IFN-γ production by Vδ2 T cells; conversely, phosphoantigen activated Vδ2 T cells enhanced TLR2-induced DC maturation via IFN-γ, which co-stimulated interleukin-12 (IL-12) p70
secretion by DCs (139). Further, γδ T cells stimulated with TLR7
(CL097) or TLR3 (poly I: C) agonists produce IFN-γ, TNFα and/or
IL-6 thereby inducing DC maturation, which prime effector T
cells against West Nile Virus (WNV) infection (140). This study

confirmed that the antiviral effector immunity may be regulated
by interplay of DCs, γδ T cells and TLRs. Similarly, in human’s γδ T
cells and DCs regulate each other’s immunostimulatory functions.
TLR3 and TLR4 ligands stimulation of human PBMCs induced a
rapid and exclusive IFN-γ production by Vγ9Vδ2 subset dependent on type 1 IFN secreted by monocytic DC. TLR-induced IFN-γ
response of Vγ9Vδ2 T cells led to efficient DC polarization into IL12p70-producing cells (58). In another study, it was reported that
Vδ2 cells are indirectly activated by BCG and IL-12p70 secreted by
DCs. IL-12p70 production by DC is modulated by Toll like receptor 2/4 ligands from BCG and IFN-γ secreted by memory CD4 T
cells (141). This study portrayed the complex interplay between
cells of the innate and adaptive immune response in contributing
to immunosurveillance against pathogenic infections.

TLRs COMPLEMENT CYTOTOXIC POTENTIAL OF γδ T CELLS
AGAINST TUMOR CELLS
γδ T cells have capability to lyse different types of tumors and
tumor-derived cell lines (49, 50, 142–145). Circulating as well as
tumor-infiltrating γδ T cells have the ability to produce abundant proinflammatory cytokines like IFN-γ and TNF-α, cytotoxic
mediators and MHC-independent recognition of antigens, render them as important players in cancer immunotherapy (143,
145). In addition to TCR, γδ T cells use additional stimulatory
co-receptors or ligands including TLRs to execute effector functions and TLR agonists are considered as adjuvants in clinical trial
of cancer immunotherapy (146). Kalyan et al. even quoted that
“TLR signaling may perfectly complement the anti-tumor synergy of aminobisphosponates and activated γδ T cells and this
combined innate artillery could provide the necessary ammunition to topple malignancy’s stronghold on the immune system”
(147). Paradoxically, TLR agonists execute dual role of enhancing immune response (148) as well as increasing invasiveness of
tumor cells (149–152). Hence, the tripartite cooperation of tumor
cell, TLRs, and γδ T cells should be carefully analyzed. In concordance to this, Shojaei et al. reported that Toll like receptor
3 and 7 agonists enhanced the tumor cell lysis by human γδ T
cells. The enhanced capability of γδ T cells to lyse tumor cells was
attributed to increased expression of CD54 and downregulation
of MHC class 1 on tumor cells. Poly(I:C) treatment of pancreatic adenocarcinomas resulted in overexpression of CD54 and
concomitant coculture of tumor cells with γδ T cells led to interaction between CD54 and its ligand CD11a/CD18 triggering effector
function in γδ T cells. However, TLR7 surrogate ligand induced

Table 2 | Expression and functions mediated by TLRs on γδ T cells.
TLR

Functions

References

TLR 2

Recognize LPS, enhance proliferation, induce IFNγ and CD107a expression, enhance IL17 secretion,

(19, 116–120)

expression transiently increases after burn injury, mitochondrial danger-associated molecular patterns
(MTDs) induce expression and production of IL-1β, IL-6, IL-10, RANTES, and VEGF
TLR3

Induce IFNγ production in conjunction with TCR stimulation, resistance to HSV induced encephalitis

TLR4

Increases proliferation, IFN-γ release, and cytotoxic potential, activation following burn injury

(100, 125, 127, 130)

TLR7/9

Upregulate upon poly I:C costimulation, promote IL-17 production

(19, 124, 132)

TLR8

Reversal of immunosuppressive activity

(132, 134, 135)
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downregulation of MHC class 1 molecule on tumor cells resulting in a reduced affinity for inhibitory receptor NKG2A on γδ T
cells (59). Manipulation of TLR signaling by using TLR8 agonists
reversed the suppressive potential of γδ Tregs found elevated in
breast cancer (132). Polysaccharide K (PSK) known for its antitumor and immuno-modulatory function can also activate TLR2
leading to increased secretion of IFN-γ by γδ T cells on stimulation. The cell–cell contact between γδ T cells and DC was required
for optimal activation of γδ T cells. However, PSK along with antiTCR could co-activate γδ T cells even in the absence of DC. The
study confirmed that the anti-tumor effect of PSK was through
activation of γδ T cells (153).
Studies from our lab have shown that the TLR signaling in γδ T
cells derived from the oral cancer (OC) patients may be dysfunctional. We reported that γδ T cells from healthy individuals (HI)
and OC patients express higher levels of TLR2, TLR3, TLR4, and
TLR9 than in αβT cells. Higher TLR expression was observed in
HI compared to OC patients. Stimulation with IL2 and TLR agonists (Pam3CSK, Poly I:C, LPS, and CpG ODN) resulted in higher
proliferative response of peripheral blood lymphocytes from HI
compared to OC patients. However, the role of other immune cells
that may influence the TLR ligand stimulation induced activation

FIGURE 1 | Improving γδ T cell functions by TLRs in combinatorial
therapy. (A) TLR agonists induce effector function of γδ T cells through
IFN-γ, TNF-α, IL-6 secretion, and increased expression of CD107a.
(B) IFN-γ, TNF-α, and IL-6 secreted by γδ T cells and TLR agonists promote
the maturation of dendritic cell. (C) γδ T cells upregulate CD86 and MHC I
expression on DCs and are themselves activated through up-regulation of
CD25, CD69, and cytokine production thereby modulating each other’s
function. (D) Co-stimulation of γδ T cells with TLR agonists and IL-1β
secreted by dendritic cells promote their polarization toward IL17
producing cells. (E) γδ TCR also recognizes the specific molecular patterns

www.frontiersin.org

TLRs modulate γδ T cells

status of lymphocytes cannot be ignored (125). Impairment in
TLR expression/signaling can be viewed as a strategy employed by
tumor cells to avoid immune recognition.

TLRs AND γδ T CELLS IN DISEASES
Studies have demonstrated the protective role of γδ T cells in
infection and inflammation (154–157). Inoue et al. showed that
during mycobacterial infection, γδ T cells precedes the αβ T cells,
indicating role of γδ T cells as first line of defense against infections (158). The conserved molecular patterns associated with
pathogens are directly recognized by γδ T cells leading to rapid
protective response against the danger signal. Unlike αβ TCR, γδ
TCR acts as pattern recognition receptor providing advantage in
anti-infection immunity by directly initiating cytotoxicity against
infected cells or through production of cytokine to involve multiple immune system components to combat infection (159, 160).
Activated γδ T cells through TLR3 and TLR4 ligands rescue the
repressed maturation of virus-infected DCs and mount a potent
antiviral response (58, 140). Malarial infection in MyD88 deficient mice resulted in impairment in CD27− IL-17A-producing
γδ T cell without affecting the IFN-γ producing γδ T cells (161).
This study specifies the role of TLR in promoting proliferation

such as IPP, which are induced upon inhibition of mevalonate pathway by
bisphosphonates. Moreover, NKG2D receptor on γδ T cells recognizes
MICA/B or ULBP expressed on tumor cells. This binding enhances release
of perforins and granzymes by the γδ T cells leading to tumor cell lysis.
(F) TLR agonists act as adjuvants and can induce CD54 expression and
downregulation of MHC class 1 on tumor cells. Interaction between CD54
and its ligand CD11a/CD18 trigger effector functions in γδ T cells.
Downregulation of MHC class 1 molecule on tumor cells result in reduced
signaling through the inhibitory receptor NKG2A on γδ T cells, which
enhances the cytotoxic potential of γδ T cell.
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of proinflammatory γδ T cells. Another study by Martin et al.
showed that IL17 producing γδ T cells express TLR1 and TLR2
and expand in response to their ligands and mount an adequate
response against heat-killed M. tuberculosis or C. albicans infection (118). However, γδ T cell are also known to directly recognize
the pathogen-derived molecules and mediate cytotoxic effector
function either through secretion of perforin and granzyme B or
by secretion of proinflammatory cytokine IL17 (162–164). The
involvement of TLRs in regulating anti-microbial γδ T cell function should be investigated in depth to exploit it as a cell based
therapy for infectious diseases.

CONCLUDING REMARKS
The characteristic copious IFN-γ or IL17 secretion, MHCindependent antigen recognition, tissue tropism, and potent cytotoxicity make γδ T cells promising targets for immunotherapy.
Similar to αβ T cells, γδ T cells exhibit functional and phenotypic
plasticity, which influences the nature of the downstream adaptive immune response. The adoptive transfer of ex vivo expanded
Vγ9Vδ2 T cells or in vivo activation of Vγ9Vδ2 T cells (phosphoantigens or amino-bisphosphonates) can be utilized as adjuvant
to conventional therapies. Clinical trials of Vγ9Vδ2 T cells as
immunotherapeutic agents have shown encouraging results that
could be attributed to its low toxicity grade. Combinations of
cellular immune-based therapies with chemotherapy and other
anti-tumor agents may be of clinical benefit in the treatment of
malignancies. Combinatorial treatment using, chemotherapeutic
agents or bisphosphonate zoledronate (ZOL) sensitizes tumorderived cell lines to rapid γδ T cells killing. Vγ9Vδ2 T cell triggering
may be also enhanced by combining TCR stimulation with engagement of TLRs. Various TLR agonists are currently under investigation in clinical trials for their ability to orchestrate anti-tumor
immunity. In one study, simultaneous use of both Imiquimod
(TLR7 agonist) and CpG–ODN (TLR9 agonist) loaded onto virus
like nanoparticles was found to be effective in triggering effector
and memory CD8+ T cell response (165). Similarly, combination
of γδ T cells and DCs along with nanoparticle loaded TLR agonists can be employed for developing effective immunotherapeutic
strategies. The direct or indirect stimulation of γδ T cells by TLR
agonists could be a strategy to optimize Th1-mediated immune
responses as adjuvant in vaccines against infectious or malignant
diseases.
Administration of an “immunogenic chemotherapy” (such as
oxaliplatin or anthracycline or an X-ray-based regimen) or local
delivery of TLR surrogates in the tumor microenvironment (which
stimulate local DCs and provides a source of IL-1β) may be also
instrumental in polarization of γδ TILs into IL17 producing cells.
Tγδ17 cells play a crucial role in anti-microbial immunity but their
role in tumor immunity remains controversial. Tγδ17 have both
pro and anti-tumor properties. TLR use in combinatorial therapy,
therefore, could be a double edged sword. Careful use of TLR agonists in combinatorial γδ T cell based therapy is needed to strike
the balance between pro and anti-tumor effects (Figure 1).
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Involvement of Notch in Activation and Effector Functions of
gd T cells
Dimpu Gogoi, Asif A. Dar, and Shubhada V. Chiplunkar

C

ompared with ab T cells (.90%), gd T cells are a minor
fraction of T lymphocytes in the peripheral blood (,10%).
gd T cells differ from classical ab T cells with respect
to Ag recognition, tissue localization, and the use of TCR
gene repertoire (1). Vg9Vd2 represents the dominant subset of
the peripheral blood in humans (2). gd T lymphocytes play a
major role in defense against pathogens and tumors (3–5). gd
T lymphocytes are activated by phosphoantigens-isopentyl pyrophosphate (IPP) or 4-hydroxy-3-methyl-but-2-eneyl pyrophosphate, which is produced through the mevalonate pathway
in mammalian cells or nonmevalonate/rohmer pathway in nonmammalian cells, respectively (6). Aminobisphosphonates are synthetic analogs of inorganic pyrophosphates and are widely used
in the treatment of skeletal disorders (7). Nitrogen-containing
bisphosphonates such as risedronate and zoledronate inhibit farnesyl pyrophosphate synthase, a key enzyme of the mevalonate
pathway leading to accumulation of IPP pool in the cells (8). Upon
activation, gd T cells release copious amounts of IFN-g and TNF-a
(2, 5, 9). Earlier data from our own laboratory and others have
shown that gd T cells isolated from cancer patients can mediate
potent antitumor immunity (10–12). Tumor cells treated with
bisphosphonate zoledronate are actively lysed by activated gd
T cells (13, 14).
The Notch signaling pathway, originally described in drosophila,
controls the development and activation of a variety of immune cells
(15). Notch signaling is suggested to play a role in cell fate decisions and has been implicated in gd versus ab lineage decisions
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(16, 17). The molecular events triggering T cell development (gd
versus ab lineage) are essentially different in human and mice. In
mice, it was reported that the development of gd T cells from gd
TCR-expressing T cell progenitors requires the absence of Notch
ligand interaction (16–18). In contrast, there is an opposing role
for Notch signal in human ab/gd lineage decision. The induction of
gd-lineage precursors to split off from the ab T cell program
by Notch1 activity was observed in humans (19). It was also reported that high level of Notch activation generates T lineage
precursors and gd T cells but inhibits differentiation toward ab
lineage (20).
The role of Notch in regulating effector functions of CD8+
T cells and NK cells have been described (21, 22). Signaling
through the TCR in both CD4+ and CD8+ T cells induces the
activation of Notch1 (22, 23). However, the role of Notch in
regulating the effector functions of human gd T cells has not been
reported earlier.
Notch proteins are single-pass transmembrane receptors that
require multiple enzymatic cleavages to produce the full-length
heterodimer expressed on the cell surface. In mammals, there are
four Notch receptors (Notch1-4) and five Notch ligands, three
delta-like (Dll1, Dll3, and Dll4) and two Jagged (Jag1 and Jag2)
(24). The interaction between Notch receptor and ligand pair
cleaves the extracellular and transmembrane domain of Notch
through activation of ADAM proteases and g-secretase, respectively (25). The g-secretase–induced cleavage generates Notch
intracellular domain (NICD), which translocates to the nucleus.
In the nucleus, NICD binds to cofactors like CBF-1/suppressor
of hairless/Lag1, mastermind like1, and p300/CBP to create
a complex that acts as a transcriptional coactivator. Notch signaling then induces the expression of target genes, for example,
HES1 (hairy and enhancer of split-1), HES-related repressor
protein, and so on (26).
In this report, we describe the expression of Notch receptors on
human gd T cells in the peripheral blood of healthy individuals
and further demonstrate the importance of Notch pathway in Agspecific responses of gd T cells. Our data demonstrate that Notch
pathway also regulates the cytotoxic effector functions of gd T cells
against tumor cells. These results suggest that Notch signaling can be
viewed as an additional mechanism regulating antitumor effector
functions of gd T cells.
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Notch signaling plays a pivotal role in cell fate decision and lineage commitment of lymphocytes. Although the role of Notch in CD4+
and CD8+ ab T cells is well documented, there are no reports on how Notch signaling regulates effector functions of gd T cells. gd
T cells are a minor fraction in the peripheral blood but are known to play a major role in defense against pathogens and tumors.
In this study, we show that Notch receptors (mRNA and protein) are expressed in peripheral gd T cells. Inhibition of Notch
signaling by g-secretase inhibitor inhibited the proliferation and IFN-g secretion of gd T cells in response to stimulation with
phosphoantigens and anti-CD3 mAb. In the presence of g-secretase inhibitor, the antitumor cytolytic ability of gd T cells was
inhibited with a decreased CD107a expression. Knockdown of Notch1 and Notch2 genes in gd T cells using small interfering RNA
inhibited their antitumor cytotoxic potential. Our study describes for the first time, to our knowledge, the role of Notch as an
additional signal contributing to Ag-specific effector functions of gd T cells. The Journal of Immunology, 2014, 192: 2054–2062.
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Materials and Methods
gd T cell expansion and purification

Quantitative RT-PCR
RNA was extracted from immunomagnetically purified gd T cells using
TRIzol reagent (Invitrogen Life Technologies, Grand Island NY) in
accordance with the company’s instructions. Quantitative RT-PCR for
different Notch receptor isoforms, ligands, and its target genes was performed with PRISM 7700 (PE Applied Biosystems, Foster City, CA). Samples
were analyzed using TaqMan primer sets purchased from Applied Biosystems (NOTCH1 Hs01062011_m1, NOTCH2 Hs01050719_m1, NOTCH3
Hs01128541_m1, NOTCH4 Hs00270200_m1, DLL1 Hs00194509_m1,
DLL3 Hs00213561_m1, DLL4 Hs00184092_m1, JAG1 Hs01070036_m1,
JAG2 Hs00171432_m1, HES1 Hs00172878_m1, NF-kB Hs00765730_m1,
ACTB [b-actin] Hs99999903_m1). All values were normalized to the expression of the housekeeping gene b-actin.

Western blotting
A total of 1 3 106 gd T cells was incubated with rIL-2 (100 U/ml; Peprotech)
and bromohydrin pyrophosphate (BrHPP/IPH1101), which was kindly
provided by Innate Pharma (Marseille, France) at a concentration of 200
nM for 24 h. These cells were pretreated for 30 min at 37˚C with
g-secretase inhibitor-X, L-685,458 (GSI-X) (Calbiochem, La Jolla, CA)
at a concentration of 15 mM, or left untreated, before stimulation. The
expression of Notch1 intracellular domain (N1ICD) and c-Myc were
analyzed by Western blot analysis. Whole-cell lysates (1 3 106 cells)
were prepared in SDS sample buffer (62.5 mM Tris-HCl, 2% w/v SDS,
10% glycerol, 50 mM DTT, and 0.1% bromphenol blue), vortexed to
reduce sample viscosity, denatured by boiling, and then cooled on ice.
Samples were resolved on 8% SDS-PAGE gels, transferred onto HybondECL nitrocellulose membrane (Amersham Pharmacia Biotech, Piscataway,
NJ). The primary Abs to N1ICD (R&D Systems, Minneapolis, MN), c-Myc
(Santa Cruz Biotechnology, Santa Cruz, CA), and b-actin (Sigma-Aldrich)
as loading control were added at 1:5000, 1:1000 and 1:1000 dilution, respectively. Immunostaining was performed using appropriate secondary
Ab at a dilution of 1:1000 and developed with ECL plus Western blot
detection system (Amersham Pharmacia).

Flow cytometry
Purified gd T cells were rested overnight at 37˚C. Next day, these cells
were rinsed in cold PBS and cold-fixed in 1% paraformaldehyde in PBS
for 10 min at 4˚C. The cells were washed and permeabilized for 15 min
with 0.1% saponin in PBS. Cells were stained with allophycocyaninlabeled mouse anti-human gd TCR Ab (BD Bioscience, San Diego, CA),
sheep anti-human N1ICD Ab, or goat anti-human Notch2 intracellular
domain Ab (R&D Systems) for 45 min at 4˚C. Thereafter, cells were
washed and incubated with FITC-labeled donkey anti-sheep IgG or FITClabeled rabbit anti-goat IgG, respectively, for another 45 min at 4˚C.
For cell-surface markers, nonpermeabilized cells were stained with labeled
Abs for CD14-PerCP, CD15-Pacific Blue, CD19-PE, CD33-PECF594,
and CD56-FITC (BD Biosciences, San Diego, CA). gd T cells were also
stained with rabbit anti-human Dll1 and Jag1 ligands (Calbiochem) for 45 min
at 4˚C. Thereafter, cells were washed and incubated with FITC-labeled

goat anti-rabbit IgG (Sigma Aldrich) for another 45 min at 4˚C. Appropriate isotype controls were used. The Annexin propidium iodide (PI)
staining was performed to determine the effect of GSI-X on the cell
viability. In brief, gd T cells were left untreated or were stimulated with
rIL-2 alone or rIL-2 and BrHPP for 48 h at 37˚C in round-bottomed, 96well plates (Nunc). GSI-X was added as described earlier. Cells were
then harvested, suspended in binding buffer (10 mM HEPES pH 7.4, 150
mM NaCl, 0.25 mM CaCl2), and incubated with PI and FITC-conjugated
Annexin V (BD Biosciences) in dark for 15 min at room temperature.
After incubation, 400 ml binding buffer was added and cells were analyzed. For analyzing cell-surface expression of activation markers, gd
T cells were left untreated or treated with rIL-2 and BrHPP for 24 h with
GSI-X or left untreated as previously described. Cells were then incubated
with FITC-conjugated CD69 or PE-conjugated CD25 (BD Biosciences) for
45 min in dark and subsequently washed with FACS buffer (0.01 M PBS
pH 7.4, 1% FCS, 0.01% sodium azide), fixed with 1% paraformaldehyde,
and the intensity of fluorescence was measured using flow cytometer
(FACSAria; BD Biosciences).
For degranulation assay, purified gd T cells were incubated alone or with
rIL-2 (0.1 U; Peprotech) overnight at 37˚C in round-bottom, 96-well plates
(Nunc) and were taken as effector cells. The target cells were oral cancer
cell line, AW13516 (28), and were treated for 18 h with zoledronate (100
mM; Panacea Biotech, New Delhi, India). Cells were cocultured at an E/T
ratio of 4:1 in the presence of monensin (5 mg/ml; Sigma-Aldrich). Anti–
CD107a-PE Ab (BD Biosciences) was added at the start of coculture assay.
After 4 h, cells were washed and gd T cells were then stained using antihuman TCR-gd FITC Ab (BD Biosciences), and were acquired and analyzed on flow cytometer for the expression of CD107a on gd T cells.
For the above experiments, gd T cells were gated on the basis of their
forward and side scatter characteristics and the fluorescence intensity was
measured. Cells were analyzed using FlowJo software (Tree Star, Ashland,
OR).

Proliferation assays and cytokine ELISA
Proliferation of gd T cells was assayed by [3H]thymidine uptake assay. A
total of 5 3 104 gd T cells was pretreated for 30 min at 37˚C with GSI-X
(Calbiochem, La Jolla, CA) at different concentration ranging from 2.5 to
15 mM, or left untreated, before cells were stimulated in round-bottom, 96well tissue culture plates with rIL-2 (0.1 IU/ml; Peprotech) and platebound anti-CD3 mAb (1 mg/well; BD Biosciences) for 72 h.
Similarly, gd T cells were also incubated in round-bottom, 96-well
tissue culture plates with rIL-2 (0.1 IU/ml; Peprotech) plus BrHPP (200
nM; Innate Pharma) or IPP (40 mM; Sigma-Aldrich) or 20 nM c-HDMAPP
(IPH1201/picostim; Innate Pharma) for 72 h. For experiments using GSIX, cells were pretreated with 15 mM GSI-X. The cultures were pulsed with
1 mCi [3H]thymidine (Board of Radiation and Isotope Technology, Mumbai,
India) during the last 18 h of the assay. The radioactivity incorporated in
the DNA was measured in a liquid beta scintillation counter (Packard,
Meriden, CT).
For cytokine ELISA, gd T cells were stimulated with anti-CD3 mAb with
or without GSI-X as described earlier. Likewise, gd T cells were treated with
different phosphoantigens (IPP, BrHPP, and c-HDMAPP). After 24 h, supernatants were collected, and IFN-g concentration was assayed with an ELISAbased assay using anti–IFN-g purchased from BD Biosciences.

Cytotoxicity assay
[51Cr] release assay was used to measure the cytotoxicity of gd T cells
against oral cancer cell line (AW13516) as target cells. gd T cells were left
alone or treated with rIL-2 (0.1 U; Peprotech) overnight at 37˚C, and
AW13516 cells were treated for 18 h with zoledronate (100 mM; Panacea Biotech). For experiments using GSI-X, cells were pretreated as described earlier. Standard 4 h [ 51Cr] release assay was performed as
previously described (13). AW13516 cells were labeled with [51Cr] for 90
min at 37˚C. Labeled target cells (AW13516) were incubated with effector
cells (gd T cells) at 40:1 E/T ratio at 37˚C in 5% CO2 for 4 h. After incubation,
plates were centrifuged, supernatants were collected, and radioactive
chromium release was measured using 1470 Wallac automated gamma
counter (Perkin-Elmer, Downers Grove, IL). Spontaneous release was
determined by incubating the target cells with medium alone, and maximum release was determined by incubating target cells with 10% Triton
X-100. The percent specific lysis was calculated as [(experimental release 2
spontaneous release)/(maximum release 2 spontaneous release)] 3 100.

Small interfering RNA
gd T cells isolated by MACS column (as described earlier) were transfected with small interfering RNA (siRNA) specific for NOTCH1, NOTCH2
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Blood samples were collected from healthy individuals. The study was
approved by the institutional Ethics Committee, and written informed
consent was obtained from the donor before collection of blood samples.
PBMCs were isolated by differential density gradient centrifugation (Ficoll
Hypaque; Sigma-Aldrich, St. Louis, MO), and gd T cells were enriched
from peripheral blood using plate-bound anti-CD3 (OKT3) mAb and rIL-2
(Peprotech, Rocky Hill, NJ). In brief, lymphocytes were cultured with
RPMI 1640 medium supplemented with 10% heat-inactivated human
AB serum plus rIL-2 (100 U/ml), 2 mM glutamine, and antibiotics. Five
milliliters of cell suspension (1 3 106/ml) was added to 25-cm2 culture
flasks (Nunc, Roskilde, Denmark) precoated with 1 mg/ml anti-CD3 mAb,
as described in earlier study (27). Cells were incubated at 37˚C and fed
daily with 1 ml growth medium containing 100 U/ml rIL-2. On the fifth
day, cells were transferred to 75-cm2 culture flask containing10 ml growth
medium containing 500 U/ml IL-2. Cells were then subcultured after every
2 d with the addition of fresh growth medium until day 12. gd T cells
were purified from the expanded PBMCs using MicroBeads (Miltenyi
Biotec, Bergish Gladbach, Germany). The separation procedure was conducted according to the manufacturer’s instructions. The purity of separated
cells was .95% as determined by flow cytometry (BD Biosciences, San
Jose, CA).
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genes, and fluorescent oligonucleotide SiGLO (transfection indicator; Thermo
Fisher Scientific, Waltham, MA). siRNA oligos were transfected at a concentration of 50 nM using X-tremeGENE HP transfection reagent (Roche
Diagnostics, Indianapolis, IN). The inhibition of Notch1 and Notch2 expression were assessed at 48 h.

Statistical analysis
Statistical analyses were performed using GraphPad Prism version 5.0. The
Student t test was used as the test of significance.

Results
Expression of Notch receptors and ligands in human
peripheral blood gd T cells

(Fig. 1C). Cells were positive for CD56, which is a marker
expressed by gd T cells. The expression of NICD in gd T cells
further confirmed that Notch signaling may be active in gd T cells.
Disruption of Notch signaling in activated gd T cells reduces
expression of Notch receptor and target genes
The release of NICD mediated by g-secretase activity is required
by all Notch receptors (Notch1-4) to initiate downstream signaling
(29). In this study, we used GSI-X to block g-secretase activity
in gd T cells (30). gd T cells were stimulated with rIL-2 and
BrHPP in the presence and absence of GSI-X. Stimulation of
gd T cells with BrHPP and rIL-2 triggered the activation of
Notch signaling, which can be observed by abundant release of
N1ICD by Western blot analysis (Fig. 2A). Treatment of BrHPP
and rIL-2 activated gd T cells with GSI-X decreased release of
processed Notch1 (decreased NICD expression) compared with
gd T cells stimulated with BrHPP and rIL-2 alone (Fig. 2A).
Stimulation of the Notch signaling pathway leads to the induction of
c-Myc expression (31). Finally, we assessed whether activation of gd
T cells with BrHPP and rIL-2 was necessary for the Notch-mediated
induction of cell-cycle regulator, c-Myc. We observed that Notch1
activation governs the downstream induction of c-Myc expression, which was abrogated upon GSI-X treatment (Fig. 2A).
Simultaneously, we also monitored expression of mRNA for
Notch receptors (1–4) and Notch ligands (Dll1, Dll3, Dll4, Jag1,
and Jag2) in gd T cells stimulated with BrHPP and rIL-2 in the
presence and absence of GSI-X (Fig. 2B). After treatment with

FIGURE 1. Notch receptors are expressed on peripheral gd T cells. gd T cells were MACS purified from the peripheral blood. (A) Real-time quantitative
PCR showed mRNA expression of Notch1, Notch2, Dll1, and Jag1 on gd T cells. Data were normalized to expression of GAPDH. Data represent mean of
four independent experiments. (B) Expression of N1ICD, Notch2 intracellular domain, Dll1, and Jag1 on gd T cells. The MFI in each case has been
corrected for the MFI of the isotype control. (C) Purified gd T cells were negative for CD14, CD15, CD19, and CD33 receptors, and were positive for CD56
marker. Filled histogram indicates the isotype control.
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The mRNA expression of Notch genes (Notch1-4) and its ligands
Dll1, Dll3, and Dll4 and Jag1 and Jag2 were quantitated in ex vivo
expanded and purified gd T cells. The mRNA expression of
Notch2 gene was higher than Notch1 (Fig. 1A). Relatively very
low expression of Dll1 and Jag1 mRNA was observed. mRNA of
Notch3, Notch4, Dll3, Dll4, and Jag2 was not detected in gd
T cells. After Notch activation, NICD enters the nucleus and then
regulates the expression of target genes (25). Flow cytometry
showed that Notch receptors (Notch1 and Notch2) are dominantly
expressed on gd T cells (Fig. 1B), although a low-level expression
of ligands Dll1 and Jag1 are observed. The purity of isolated
gd T cells was analyzed by flow cytometry (95 6 5%) and further,
the contamination of non–T cell was ruled out by staining isolated
gd T cells for CD14, CD15, CD19, CD33, and CD56 markers
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GSI-X, a marked decrease in the expression of mRNA for Notch1
receptor was observed in Ag-activated gd T cells (Fig. 2B).
In addition to the well-known canonical Notch signaling
pathway, evidence has emerged that noncanonical Notch signaling may also play an important role in T cells (32). We
therefore investigated the expression of two target genes Hes1
and NF-kB in gd T cells, which are representatives of canonical
and noncanonical Notch signaling pathway, respectively. Using
real-time PCR, we demonstrated that relative expression of
mRNA for Hes1 and NF-kB were reduced in BrHPP and rIL-2
activated gd T cells upon treatment with GSI-X (Fig. 2C).

Inhibition of Notch signaling blocks gd T cell activation and
proliferation
To determine the functional consequences of Notch signal in
activated gd T cells, we assessed gd TCR-mediated proliferation response by [3H]thymidine incorporation assay. Purified
gd T cells were pretreated with different concentrations of GSIX (15, 10, 5, and 2.5 mM) or left untreated, before cells were
activated with plate-bound anti-CD3 mAb and rIL-2. A marked
increase in the proliferation of gd T cells was observed in the
presence of anti-CD3 mAb and rIL-2. However, blocking of
Notch signal by GSI-X leads to decreased proliferative response

FIGURE 3. Inhibition of Ag-driven proliferation of gd T cells by GSI-X. (A) Ex vivo–expanded gd T cells were stimulated with anti-CD3 mAb in the
presence of rIL-2, for 72 h, with or without GSI-X treatment. Addition of GSI-X leads to decrease in the proliferative response of gd T cells in a concentration-dependent manner (15, 10, 5, and 2.5 mM). (B) Freshly isolated gd T cells were stimulated with phosphoantigens (BrHPP, IPP, and c-HDMAPP),
for 72 h, in the presence of rIL-2 with or without GSI-X treatment (C) Ex vivo–expanded gd T cells were stimulated with BrHPP, IPP, and c-HDMAPP, for
72 h, in the presence of rIL-2 with or without GSI-X treatment. Addition of GSI-X leads to decrease in the proliferative response of gd T cells. Proliferation
was determined by [3H]thymidine incorporation assay. Results represent the mean 6 SE of cpm of three replicates studied in each experiment. Data shown
are representative figures from three independent experiments. *p , 0.05, **p , 0.005, ***p , 0.0005, compared with cpm of the cells without GSI-X
treatment. #p , 0.05, ##p , 0.005, compared cpm of cells treated with rIL-2 alone.
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FIGURE 2. GSI-X treatment leads to decreased expression of Notch receptors and its
target genes in Ag-activated gd T cells. (A)
Western blotting for detection of 120-kDa NICD
and 67-kDa c-Myc in unstimulated (lane 1),
BrHPP, and rIL-2–activated (24 h) gd T cells in
the presence (lane 3) or absence of GSI-X (lane
2), using Abs that recognize the cleaved active
form of Notch1 (N1ICD) and c-Myc. (B) Realtime PCR was performed for all the notch receptor
isoforms (Notch1-4) and its ligands (Dll1, Dll3,
and Dll4; Jag1 and Jag2) on gd T cells. (C) gd
T cells were analyzed for both canonical (HES1)
and noncanonical (NF-kB) target gene expression.
In both (B) and (C), total RNA was extracted from
BrHPP and IL-2–stimulated gd T cells (4 h) with
or without GSI-X treatment. The expression of
specific mRNA is relative to GAPDH and is
normalized to that same ratio in unstimulated
cells. The Student t test was used as the test of
significance (*p , 0.05, **p , 0.005).
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in a concentration-dependent manner (Fig. 3A). We also used
freshly isolated, as well as ex vivo–stimulated and expanded,
gd T cells to compare their ability to respond to phosphoantigens in the presence and absence of GSI-X (15 mM). We
observed a significantly increased proliferative response of gd
T cells to phosphoantigens (BrHPP, IPP, and c-HDMAPP) in the
presence of rIL-2 (Fig. 3B, 3C). Freshly isolated gd T cells

NOTCH ACTIVATES gd T CELLS
showed robust proliferative responses to Ags compared with
ex vivo–expanded gd T cells. However, in the presence of
GSI-X, the proliferative responses of gd T cells to Ags were
significantly reduced in both sets of isolated gd T cells (Fig. 3B,
3C).
The expression of early and late activation markers, CD69 and
CD25, respectively, were analyzed on unstimulated and Ag-stimulated

Downloaded from http://www.jimmunol.org/ at Adv Ctr Treatmnt/Rsch/Edu in Cancer on December 7, 2014

FIGURE 4. GSI-X inhibits the expression of activation markers on gd T cells but does not induce apoptotic or necrotic cell death in gd T cells. (A) The
effect of GSI-X on cell-surface expression of late (CD25) and early (CD69) activation markers on unstimulated and BrHPP-stimulated (24 h) gd T cells was
analyzed by flow cytometry. Blocking of Notch signaling by GSI-X inhibits the surface expression of activation markers. Data indicate the MFI of the
activation markers. Dark shaded histogram indicates isotype control. (B) Annexin V and PI staining of unstimulated gd T cells (gd), rIL-2–activated gd
T cells (gd+IL-2), and gd T cells stimulated with BrHPP in the presence of rIL-2 (gd+IL-2+BrHPP) without GSI-X (upper panel) or with GSI-X (lower
panel). These cells were stained after culturing for 24 h and analyzed by flow cytometry. The unaffected, early apoptotic, late apoptotic, and necrotic cells
are present in the lower left, lower right, upper right, and upper left quadrant, respectively. Dot plots show the mean percentage of positive cells. Results
shown are representative of three independent experiments.

The Journal of Immunology
Notch regulates cytolytic potential of gd T lymphocytes

Notch signaling has been reported to regulate cytotoxic responses
in both CTL and NK cells (33, 34). The effect of Notch signaling
in cytolytic potential of gd T lymphocytes was examined. Purified
gd T cells were coincubated for 4 h with zoledronate-treated oral
cancer cells. We evaluated CD107a (lysosome-associated membrane protein-1 [LAMP1]) expression, a marker of degranulation
in unstimulated and rIL-2–stimulated gd T cells in the presence
and absence of GSI-X. Upon coincubation with the oral cancer
cells, few gd T cells showed surface expression of CD107a
(18.4%). However, in the presence of rIL-2, the proportion of
CD107a+ gd T cells increased (40.9%; Fig. 5A). Addition of
GSI-X leads to reduction in the percentage of CD107a+ in both
unstimulated gd T lymphocytes (13.1%) and rIL-2–stimulated gd
T cells (12.4%). The cytotoxic potential of gd T cells against
zoledronate-treated tumor cells (AW13516) was determined by

FIGURE 5. Notch signaling regulates cytolytic effector functions of gd T cells. (A) Expression of CD107a or LAMP1 (marker for degranulation) on gd
T cells. Effector gd T cells alone or in the presence of rIL-2 were cocultured with target oral cancer cell line (AW13516) at the ratio of 4:1 and incubated for
4 h. AW13516 were previously treated with zoledronate (100 mM) for 16 h. Decreased expression of CD107a was observed when the cells were treated with
GSI-X (lower panel). Panel is representative of three experiments. (B) Zoledronate-treated AW13516 cells labeled with [51Cr] used as target cells were
cocultured with gd T cells at different E/T ratios in a standard 4-h [51Cr] release assay. Data represent percentage cytotoxicity as described in Materials and
Methods. Representative data of an independent experiment. (C) Cytolytic ability of gd T cells alone or in the presence of rIL-2 against zoledronate-treated
AW13516 was determined by [51Cr] release assay at the ratio of 40:1. Treatment of gd T cells with GSI-X blocked the target cell lysis. *p , 0.05 compared
with percentage cytotoxicity of both gd T cells and gd T cells with rIL-2 without GSI-X. Results are mean percentage cytotoxicity of gd T cells from five
healthy individuals. (D) gd cells were transfected with 50 nM control (SiGLO) or different Notch-specific SiRNA duplexes. Forty-eight hours posttransfection, cells were harvested and samples were subjected to Western blot analysis for Notch1 and Notch2 (top panel) or b-Actin (bottom panel). The
latter was included as loading/normalization control. (E) gd T cells were transfected with 50 nM control (SiGLO) or specific Notch1 and Notch2 siRNA
duplexes, Forty-eight hours posttransfection, the cytolytic effector function of rIL-2–activated gd T cells against zoledronate-treated AW13516 was determined by [51Cr] release assay at the ratio of 40:1. Silencing of either Notch1 or Notch2 inhibits target cell lysis by gd T cells. **p , 0.005 compared
with percentage cytotoxicity of Notch-specific siRNA with SiGLO-treated gd T cells. The results are mean percentage cytotoxicity of gd T cells from five
healthy individuals.

Downloaded from http://www.jimmunol.org/ at Adv Ctr Treatmnt/Rsch/Edu in Cancer on December 7, 2014

gd T cells with or without GSI-X treatment. Ex vivo–expanded gd
T cells alone (unstimulated) or after stimulation with BrHPP and
rIL-2 showed higher expression of CD25 compared with CD69.
Treatment with GSI-X showed a moderate reduction in CD69
expression. A marked reduction in the expression of late activation marker CD25 was observed on both unstimulated and BrHPPstimulated gd T cells (Fig. 4A).
We then investigated whether treatment with GSI-X results
in apoptotic/necrotic cell death of Ag-activated gd T cells. To
verify, we compared the effects of GSI-X on the frequency of
apoptotic cells in unstimulated gd T cells and after stimulation with rIL-2 alone or with both rIL-2 and BrHPP. We did
not observe differences in the frequency of early apoptotic
(Annexin V+), late apoptotic (apoptotic V+ PI+), and necrotic
(PI+) gd T cells in untreated compared with GSI-X–treated cells
(Fig. 4B).
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Notch signaling regulates cytokines production in activated gd
T cells
To address whether Notch signal has any role in the effector
functions of activated gd T cells, we examined the effect of GSI-X
on cytokine production. The consequence of GSI-X treatment on
the concentration of TH1 (IL-2, IFN-g, and TNF-a), TH2 (IL-4,
IL-6, and IL-10), and TH17 (IL-17) production by gd T cells
treated with rIL-2 alone or along with BrHPP was assayed. It
was observed that inhibition of Notch signaling leads to marked
reduction in TNF-a, IFN-g, and IL-17 production by activated gd
T cells (data not shown). The inhibition was more pronounced in
IFN-g production. We therefore confirmed the effect of GSI-X on

IFN-g production by ELISA. Activated human gd T cells secrete
IFN-g, and Notch signaling regulates IFN-g secretion in activated
CD4+ T cells (5, 23). gd T cells were stimulated with c-HDMAPP,
IPP, and BrHPP, which leads to increased production of IFN-g.
The amount of IFN-g decreased when the cells were pretreated
with GSI-X (Fig. 6A). Like phosphoantigens, anti-CD3 mAb
stimulation of gd T cells was also inhibited by GSI-X, which is
depicted by dose-dependent decrease in IFN-g production (Fig. 6B).
Thus, a role of Notch in regulating IFN-g production in gd T cells
is unraveled, which suggests that Notch plays a role in effector
functions of gd T cells.

Discussion
The role of Notch signaling in T cell differentiation, activation, and
effector functions have been well documented in CD4 and CD8
T cells (22, 23). However, there is a lacuna of studies addressing
the role of notch signaling in effector functions of human gd
T cells. A recent report showed that Hes1 is critically involved in
the development of IL-17–producing gd T cells (35). In these
investigations, we report for the first time, to our knowledge, that
peripheral human gd T cells express notch receptors and notch
signaling is required in Ag-specific responses of gd T cells. We
report Notch1 and Notch2 expression in gd T cells at mRNA and
protein level as analyzed by real-time PCR and flow cytometry. gd
T cells are known to be activated by phosphoantigens, for example, IPP and 4-hydroxy-3-methyl-but-2-eneyl pyrophosphate,
which are intermediates of the mevalonate pathway of cholesterol
metabolism in eukaryotic cells and rohmer pathway in prokaryotic
cells (6). Using BRHPP, a synthetic analog of IPP in the presence
of pharmacological GSI-X, we show that loss of Notch signaling
in gd T cells results in downregulation of mRNA for Notch1 and
Notch2 receptors. Reduction in the expression of NICD by GSI-X
in BrHPP-stimulated gd T cells further confirmed the involvement
of Notch signaling in regulating Ag-specific responses of gd
T cells. Activation of the Notch signaling pathway leads to the
induction of c-Myc expression in immune cells (36), which was
also observed in gd T cells. Recent reports suggest that Notch
signaling involves both canonical and noncanonical pathways
in T cells, and these interactions will influence cell fate decisions
and functions (32, 37). We therefore analyzed the expression of

FIGURE 6. Treatment with GSI-X blocks IFN-g production by gd T cells. (A) gd T cells alone, gd T cells with rIL-2, or along with three different
phosphoantigens (BrHPP, IPP, and c-HDMAPP) were cultured in the presence or absence of GSI-X for 24 h in 96-well plates. (B) gd T cells were either
cultured alone, or in the presence of anti-CD3 mAb or with rIl2 and in the presence or absence of different concentration of GSI-X (15, 10, 5, and 2.5 mM)
for 24 h in 96-well plates. Supernatants were collected, and level of IFN-g was measured by sandwich ELISA. GSI-X treatment decreases IFN-g production
by both unstimulated and stimulated gd T cells. Results shown are mean of three experiments. *p , 0.05, **p , 0.005, compared with IFN-g production of
the cells without GSI-X treatment. #p , 0.5, ##p , 0.05, compared with cpm of cells treated with rIL-2 alone.
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titration at different E/T ratio ranging from 5:1 to 40:1. As seen in
Fig. 5B, maximum cytotoxicity of gd T cells was observed at E/T
ratio of 40:1. This ratio of E/T was used in further experiments
where effect of GSI-X on cytolytic ability of gd T cells was examined. At E/T ratio of 40:1, ex vivo–expanded gd T cells in the
presence of rIL-2 efficiently lysed zoledronate-treated oral tumor
cells compared with untreated cells. Addition of GSI-X significantly reduced the cytotoxic ability of gd T cells against zoledronatetreated tumor targets (Fig. 5C).
Because pharmacological inhibition of the g-secretase complex
may have nonspecific effects, we assessed the contribution of the
Notch pathway in regulating the cytotoxic potential using siRNAmediated knockdown of individual Notch receptors. The synthetic
siRNA sequences targeting the Notch1 and Notch2 were transfected into the gd T cells. gd T cells were transfected with 50 nM
control (SiGLO) or different Notch-specific siRNA duplexes. After
48 h, cells were harvested and lysates were prepared. Western blot
analysis for Notch1 and Notch2 showed that siRNA transfection led
to the reduced expression of Notch1 and Notch2 receptors compared with fluorescent oligonucleotide SiGLO (Fig. 5D). Next, we
compared antitumor cytotoxic ability of gd T cells transfected with
siRNA specific for Notch1 and Notch2 against zoledronate-treated
tumor cells (AW13516). Cytotoxicity of gd T cells was observed
at E/T ratio of 40:1 and consistent with GSI-X treatment data
(Fig. 5C); silencing of both Notch1 and Notch2 led to significant
reduction in cytotoxic potential of gd T cells (Fig. 5E). This observation confirms that cytotoxic potential of gd T cells is regulated by Notch signaling.
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pathogens and tumors (47–49). We showed that blocking Notch
signaling with GSI-X inhibited the IFN-g secretion by gd T cells
stimulated with phosphoantigens BrHPP, IPP, and c-HDMAPP.
Likewise, we observed that GSI-X inhibits IFN-g production by
anti-CD3 mAb–activated gd T cells. gd T cells provide an early
source of IFN-g in tumor immunosurveillance and against viral
challenge (47, 50). Epigenetic program that regulates IFN-g gene
transcription in gd T cells is different from CD4+ and CD8+
T cells (51). Eomesodermin contributes to T bet–independent IFN-g
production in gd T cells (51). We observed that BrHPP-stimulated
gd T cells produced IL-17, and its secretion was inhibited in the
presence of GSI-X (data not shown). gd T cells have been reported
to be a potent source of IL-17 (52, 53). It has been reported that
DLL4 upregulates RORC expression in T cells, and both RORC and
IL-17 gene promoters are direct transcriptional notch targets and
enhance Th17 cell population (54).
In this study, we describe for the first time, to our knowledge,
the role of Notch in regulating the effector functions of human
gd T cells. Notch signaling appears to play an important role
in modulating the Ag-specific proliferation of gd T cells, their
ability to lyse tumor targets and secrete IFN-g upon stimulation.
Taken together, these studies identify Notch as an additional signal
contributing to Ag-specific effector functions of gd T cells. These
studies may have important implications in clinical situations where
new strategies for the clinical manipulation of gd T cells for cancer
immunotherapy are being investigated.
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mRNA for Hes1 and NF-kB in BrHPP-stimulated gd T cells after
inhibiting the Notch signaling by GSI-X. A decrease in the Notch
target gene NF-kB indicates that noncanonical Notch signaling
pathway is active in activated gd T cells.
Further, inhibiting the Notch signaling in anti-CD3 mAb-stimulated
gd T cells resulted in marked decrease in proliferation of gd
T cells, confirming TCR engagement as a key initiating event
affected by GSI-X treatment. Similarly, gd T cells (freshly
isolated and ex vivo expanded) activated with BrHPP, IPP, and
c-HDMAPP as Ags resulted in a significantly decreased proliferation of gd T cells in response to these Ags. The observation that
Notch signaling is involved in regulating Ag-specific proliferative
responses of gd T cells prompted us to look at the expression of
early and late activation markers CD69 and CD25 on gd T cells
stimulated with the Ag (BrHPP) in the presence and absence of
GSI-X. Reduction in CD69 expression and a marked decrease in
CD25 (IL-2R) expression on Ag-stimulated gd T cells was observed
when Notch signaling was inhibited. Various reports have shown that
Notch signaling induces the expression of CD25 in immune cells
(38–40). NF-kB, which is downstream of Notch signaling, also
regulates the expression of CD25 (41). gd T cells are dependent
on IL-2 for their growth and survival, and express high-affinity CD25
(42). It is therefore not surprising that CD25 expression in gd T cells
is also regulated by Notch signaling, and IL-2 stimulation will
thereby enhance the proliferative response and cytokine production
of gd T cells via IL-2R (CD25).
The importance of Notch signaling in mediating cytotoxic responses in immune cells has been well documented. Earlier studies
carried out in murine CD8+ T lymphocytes and NK cells have
demonstrated the importance of Notch signaling in regulating their
effector functions (22, 33). Notch signaling was shown to directly
regulate granzyme B expression in CD8+ cytotoxic T lymphocytes
(34). The involvement of Notch in antitumor immunity was further
supported by studies that showed that deficiency of Notch2 decreased the antitumor responses of CD8+ T cells in mice models
(43). Notch signaling also contributes to dendritic cell–mediated
NK cell activation, which enhanced the killing activity of NK cells.
Murine NK cells exhibit enhanced cytokine expression and cytotoxic function in response to signaling from tumor cells or dendritic
cells transduced with Jag2 (33).
We therefore expected that Notch signaling may similarly regulate cytotoxic effector functions of gd T cells. We showed that
blocking of Notch signaling in gd T cells by GSI-X inhibits the
ability of gd T cells to lyse tumor targets. We used oral tumor cell
line AW13516 treated with zoledronate as target cell line. Earlier
data from our laboratory have demonstrated that tumor cells
treated with zoledronate are aggressively killed by gd T cells (10,
13). Our data demonstrate that treatment with GSI-X blocks the
ability of gd T cells to lyse both untreated and zoledronate-treated
tumor cells. Moreover, we found that specific silencing of either
Notch1 or Notch2 by siRNA led to the reduced cytotoxic potential
of gd T cells. This result suggests that both Notch1 and Notch2 are
involved in the cytolytic activity of gd T cells. Cho and colleagues
(22) demonstrated that Notch1 regulates expression of eomesodermin, perforin, and granzyme B through direct binding to the
promoters of these effector molecules. In CD8+ T cells, Notch2
signaling was shown to directly control CTL effector molecules
including granzyme B, by integrating RBP-J and CREB1 (40). We
observed that GSI-X treatment of gd T cells alone or gd T cells
activated with IL-2 results in a reduction of CD107a expression in
these cells. CD107a or LAMP1 is a marker of degranulation in
cytotoxic T lymphocytes (44–46).
gd T cells are known to secrete copious amounts of IFN-g. IFN-g
plays a crucial role in protective immune response against certain
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Selective activation of resting human gamma delta T lymphocytes by interleukin-2. Eur. J. Immunol. 23: 2092–2099.
Sugimoto, K., Y. Maekawa, A. Kitamura, J. Nishida, A. Koyanagi, H. Yagita,
H. Kojima, S. Chiba, M. Shimada, and K. Yasutomo. 2010. Notch2 signaling is
required for potent antitumor immunity in vivo. J. Immunol. 184: 4673–4678.
Kwon, C., P. Cheng, I. N. King, P. Andersen, L. Shenje, V. Nigam, and
D. Srivastava. 2011. Notch post-translationally regulates b-catenin protein in
stem and progenitor cells. Nat. Cell Biol. 13: 1244–1251.
Raghu, H., C. S. Gondi, D. H. Dinh, M. Gujrati, and J. S. Rao. 2011. Specific
knockdown of uPA/uPAR attenuates invasion in glioblastoma cells and xenografts by inhibition of cleavage and trafficking of Notch -1 receptor. Mol. Cancer
10: 130.
van Tetering, G., N. Bovenschen, J. Meeldijk, P. J. van Diest, and M. Vooijs.
2011. Cleavage of Notch1 by granzyme B disables its transcriptional activity.
Biochem. J. 437: 313–322.
Gao, Y., W. Yang, M. Pan, E. Scully, M. Girardi, L. H. Augenlicht, J. Craft, and
Z. Yin. 2003. Gamma delta T cells provide an early source of interferon gamma
in tumor immunity. J. Exp. Med. 198: 433–442.
Schoenborn, J. R., and C. B. Wilson. 2007. Regulation of interferon-gamma
during innate and adaptive immune responses. Adv. Immunol. 96: 41–101.
Skeen, M. J., and H. K. Ziegler. 1995. Activation of gamma delta T cells for
production of IFN-gamma is mediated by bacteria via macrophage-derived
cytokines IL-1 and IL-12. J. Immunol. 154: 5832–5841.
Wang, T., E. Scully, Z. Yin, J. H. Kim, S. Wang, J. Yan, M. Mamula,
J. F. Anderson, J. Craft, and E. Fikrig. 2003. IFN-gamma-producing gamma
delta T cells help control murine West Nile virus infection. J. Immunol. 171:
2524–2531.
Chen, L., W. He, S. T. Kim, J. Tao, Y. Gao, H. Chi, A. M. Intlekofer, B. Harvey,
S. L. Reiner, Z. Yin, et al. 2007. Epigenetic and transcriptional programs lead to
default IFN-gamma production by gammadelta T cells. J. Immunol. 178: 2730–
2736.
Lockhart, E., A. M. Green, and J. L. Flynn. 2006. IL-17 production is dominated
by gammadelta T cells rather than CD4 T cells during Mycobacterium tuberculosis infection. J. Immunol. 177: 4662–4669.
Umemura, M., A. Yahagi, S. Hamada, M. D. Begum, H. Watanabe,
K. Kawakami, T. Suda, K. Sudo, S. Nakae, Y. Iwakura, and G. Matsuzaki. 2007.
IL-17-mediated regulation of innate and acquired immune response against
pulmonary Mycobacterium bovis bacille Calmette-Guerin infection. J. Immunol.
178: 3786–3796.
Mukherjee, S., M. A. Schaller, R. Neupane, S. L. Kunkel, and N. W. Lukacs.
2009. Regulation of T cell activation by Notch ligand, DLL4, promotes IL-17
production and Rorc activation. J. Immunol. 182: 7381–7388.

Downloaded from http://www.jimmunol.org/ at Adv Ctr Treatmnt/Rsch/Edu in Cancer on December 7, 2014

13. Dhar, S., and S. V. Chiplunkar. 2010. Lysis of aminobisphosphonate-sensitized
MCF-7 breast tumor cells by Vg9Vd2 T cells. Cancer Immun. 10: 10.
14. Mattarollo, S. R., T. Kenna, M. Nieda, and A. J. Nicol. 2007. Chemotherapy and
zoledronate sensitize solid tumour cells to Vgamma9Vdelta2 T cell cytotoxicity.
Cancer Immunol. Immunother. 56: 1285–1297.
15. Yuan, J. S., P. C. Kousis, S. Suliman, I. Visan, and C. J. Guidos. 2010. Functions
of notch signaling in the immune system: consensus and controversies. Annu.
Rev. Immunol. 28: 343–365.
16. Tanigaki, K., M. Tsuji, N. Yamamoto, H. Han, J. Tsukada, H. Inoue, M. Kubo,
and T. Honjo. 2004. Regulation of alphabeta/gammadelta T cell lineage commitment and peripheral T cell responses by Notch/RBP-J signaling. Immunity
20: 611–622.
17. Washburn, T., E. Schweighoffer, T. Gridley, D. Chang, B. J. Fowlkes, D. Cado,
and E. Robey. 1997. Notch activity influences the alphabeta versus gammadelta
T cell lineage decision. Cell 88: 833–843.
18. Ciofani, M., G. C. Knowles, D. L. Wiest, H. von Boehmer, and J. C. ZúñigaPfl€
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