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7. Future Directions and Implications

Transient receptor potential (TRP) channels are comparatively novel receptors
functionally expressed on various immune cells, including macrophage and T cells. TRP
channels are now known to be associated with different disease conditions and can modulate
macrophage and T cell effector functions. This study examined the TRP channel's regulatory
effect in macrophage and T cell functions. However, the signaling cascade associated with TRP
channels is still not elucidated for the active designing of TRP-specific therapeutic strategies
for the effective treatment of diseases associated with altered effector functions. Moreover, a
comparative study ascertaining the TRP channel's functional role can also be tested in various
experimental disease model systems in vivo, to further confirm their functional roles in various
immune cells. Interestingly, the TRP channels are also known to be functionally expressed as
heteromers (hybrid TRP channels formed of two different TRP channel families). It would be
fascinating to test the properties and signaling cascades associated with these TRP channels
and their functional contribution towards effector cell functions. Moreover, these TRP channels
are known to be expressed on both the surface as well as intracellularly in cells. In this study,
we have inspected the functional role of surface expressed TRP channels only. It would be
enthralling to test the function of intracellularly expressed TRP channels and investigate TRP
channel's functional association with other immune receptors such as Toll-like receptors
(TLRs), RIG-I-like receptors (RLRs) and NOD-like receptors. In the future, the
pharmacological intervention of TRP channels may have profound implications in developing

better strategies for effective pain management and in a plethora of disease conditions.
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SUMMARY

Transient receptor potential (TRP) channels are a class of non-selective, polymodal
gated and cationic channel superfamily. TRP channels mediate the transmembrane flux of
cations down their electrochemical gradient. These channels conduct both monovalent and
divalent cations, such as Na*, Mg?" and Ca**. Based on the homology of amino acid sequences,
mammalian TRP channels has been classified into six sub-families namely TRPC (canonical),
TRPV (vanilloid), TRPA (ankyrin), TRPM (melastatin), TRPML (mucolipin) and TRPP
(polycystin). Mammalian TRP superfamily comprises of 28 members. Functionally TRP
channels are involved in several cellular functions, including excitation, transcription,
proliferation, migration, differentiation, stress responses and cell death.

TRPVI1 and TRPAI are reported to act as transducers and amplifiers of pain and
inflammation. Both TRPV1 and TRPA1 have been attributed to be associated with various
disease and injury states, such as inflammatory bowel disease, neurogenic inflammation,
cancer pain, skin inflammation, pancreatic inflammation, lung inflammation, neurogenic
inflammation and airway hyperresponsiveness. Moreover, recent evidence suggests that both
TRPV1 and TRPA1 mutually control the transduction of inflammation-induced noxious
stimuli.

In the current study, we have observed that both TRPV1 and TRPAI1 are functionally
expressed on mouse macrophage cell line, RAW 264.7 and in mouse primary splenic T cells.
In macrophages, the putative role of TRPV1 and TRPAI during CHIKV infection in
macrophages was explored. Additionally, CHIKV-induced effector response was investigated.
Further, the potential role of TRPV1 and TRPAT1 channels in calcium influx during CHIKV
infection was also studied. Similarly, in T cells also the probable role of TRPA1 in immune-
activation and TRPV1 in immunosuppression was examined. Additionally, T cell effector

responses during immune-activation and immunosuppression were also investigated. Further,



the possible role of TRPA1 and TRPV1 channels in T cell immune responses was also studied.
The key findings of this study are:

1. TRPV1 was found to regulate CHIKV infection in macrophages. Inhibition of TRPV1 via
5-IRTX and activation of TRPV1 via RTX either decreases or increases CHIKV infection,
respectively. Additionally, TRPV 1 was found to regulate early phases of the CHIKYV life-
cycle, i.e., viral binding and entry. TRPV1 was also found to modulate the pNF-kB (p65)
and hence the pro-inflammatory cytokine responses as well. Finally, TRPV1 was found to
functionally contribute towards Ca>" influx during CHIKV infection.

2. TRPA1 was found to regulate CHIKV infection in macrophages. Activation of TRPATI via
AITC and inhibition of TRPA1 via HC-030031 either decreases or increases CHIKV
infection, respectively. Additionally, TRPA1 was found to regulate early phases of the
CHIKV life-cycle, i.e., viral binding and entry. TRPA1 was also found to modulate the
pro-inflammatory cytokine responses. Finally, TRPA1 was found to modulate Ca*" influx
during CHIKYV infection. It is noteworthy that TRPA1 plays an opposing role to TRPV1
during CHIKYV infection in macrophages.

3. TRPA1 was found to regulate T cell activation. Inhibition of TRPA1 by A967079 inhibits
T cell activation. Inhibition of TRPA1 was also found to downregulate the T cell pro-
inflammatory cytokine responses. Moreover, TRPA1 was also found to functionally
contribute towards Ca*" influx during T cell activation.

4. TRPV1 was found to regulate experimental immunosuppression in T cells. TRPV1 was
found to be upregulated in immunosuppressed T cells (via FK506 or B16F10-CS).
Subsequently, we observed an immediate rise in intracellular Ca?* levels in FK506 and a
progressive increase in B16F10-CS treated T cells as compared to ConA or TCR treated
T cells. Further, it was observed that the total intracellular Ca®* levels markedly decreased

in the presence of TRPV1 inhibitor 5-IRTX.
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1 Introduction
1.1 Introduction to the immune system

The immune system is defined as a complex network of diverse cells, an array of
defense proteins and molecules working synchronously to protect the host from invading
microorganisms, cancer and abnormal physiological conditions. The immune system's main
functions include identification of foreign antigens, detection of the threat level, execution of
necessary action to either neutralize or destroy it, protection against its host system
malfunctioning and going rogue !. The immune system forms the line of defense, but it is also
the overwatch. This vast complex network has been subdivided into many parts based on the
components and the functions it executes. The immune system is classified mainly into two
branches, the innate and the adaptive immune systems. Although each part of the immune
system has a distinct function, its interconnection is critical for its efficient functioning and
homeostasis ',
1.2 Innate immune system

Innate immune responses are largely dependent on the specific molecular patterns of
the invading organism or the specific signal which the system can recognize as non-self or
dangerous. It acts as the first line of defense combating pathogens and other immune-
stimulating agents. The patterns identified by the innate immune receptors are known as
pathogen-associated molecular patterns (PAMPs), which are unique to a specific type of
pathogens *°. Molecules on bacterial surfaces and viral DNAs are some examples. The innate
immune system can also recognize various signals other than from pathogens, including tissue
injury and toxins which are referred as danger-associated molecular patterns (DAMPs) 34,
The immune receptors against PAMPs and DAMPs are widely expressed in innate immune
cells such as macrophages, monocytes, dendritic cells and neutrophils. One of the most

important innate immune receptors for pathogen-specific responses are Toll-
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like receptor proteins (TLRs), which are expressed in plants, invertebrates, and vertebrate
animals. Vertebrate immune systems are rich in various other proteins, such as complement
proteins, which help neutralize toxins and microbes. These blood proteins work synchronously
to get rid of the pathogen through a series of complex pathways, finally disrupting pathogen
membranes, making them more susceptible to phagocytosis and producing an inflammatory
response >°. Another critical role of innate immunity is to pass the information (via APCs)
about the invading pathogenic micro-organisms to the adaptive immune system. Innate
immune cells such as dendritic cells and macrophages are considered as a bridge between the
innate and adaptive systems 2. Even though the innate immune system comprises the features
like distinguishing self and non-self, immediate immune responses, specific inheritance in the
genome, and interaction with a broad spectrum of molecular structures, the immunological

memory by the innate immune system is still not explained or appropriately understood '.

1.3 Adaptive immune system

The adaptive immune system is highly selective and capable of recognizing and
selectively eliminating the specific foreign antigens and molecules. The antigen presentation
from the innate immune cells educates the adaptive immune cells and then a series of
appropriate responses are triggered. The adaptive immune system comprises various immune
cells, such as B and T- Lymphocytes, derived from bone marrow and thymus, respectively.
The T and B cell diversity is the outcome of a rapid gene rearrangement called the VDJ
recombination. Based on the functions and the cellular processes involved, the adaptive

immune system is further classified as cell-mediated immunity and humoral immunity '3,

The collective immune responses executed by T lymphocytes, including the
immunological synapse formation with antigen-presenting cells, clonal selection, clonal
expansion, cytokine production, coupled innate immune activation, and stimulation of the

humoral immunity, are a few of the collective cell-mediated immune responses. T lymphocytes
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can be further classified into helper T cells (Th-CD4 positive) and cytotoxic T cells (Tc-CDS8
positive). Helper T cells finely tune which cytokines will allow the immune system to be most
useful or beneficial to the host, whereas cytotoxic T cells help in clearing out infected or
dysfunctional cells via perforin and granzymes. Thl tends to produce pro-inflammatory
responses responsible for clearing intracellular parasites and for autoimmune diseases. Th2
mediates the activation and maintenance of the antibody-mediated immune responses. The
regulatory T cells are a sub-population of T cells that maintain tolerance to self-antigens and
prevent autoimmune diseases. Additionally, depletion of Tregs elicits autoimmunity and
further augments immune responses to non-self antigens. Humoral immunity is an antibody-
mediated immune response produced by B lymphocytes. Antibodies produced are essential in
eliminating the specific pathogens through opsonization, neutralization, activation of NK cells,

complement activation, in accordance with the nature of the pathogen '=>.

1.4 Components of an immune system

In an overview, the immune system is comprised of various organs, cells, and secreted
molecules. The primary (bone-marrow and thymus) and secondary (spleen and lymph nodes)
lymphoid organs serve in the production and differentiation of immune cells. The immune
system cells range from the innate immune cells such as neutrophils, basophils, eosinophils,
monocytes, macrophages, and dendritic cells to adaptive immune cells such as T and B
lymphocytes. Some cells, such as yo-T cells and natural killer cells (NKT) cells, are considered
part of both innate and adaptive immune systems. Among these cells, the dendritic cells,
macrophages, and B cells possess the unique ability to present antigens to the T helper cells
effectively, called professional antigen-presenting cells. Upon encountering immunogenic
signals, the immune system's cells may secrete various proteins, including cytokines and
chemokines, such as interleukins, transforming growth factors and tumor necrosis factor. These

protein molecules facilitate various immunological processes including proliferative signalling
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and chemotaxis of other immune cells. Similarly, other secreted proteins in blood serum such
as complement proteins and antibodies help in immediate responses against invading

pathogens or harmful signals '3,

1.5 Transient receptor potential (TRP) channel

The transient receptor potential (TRP) channels are a superfamily of proteins with more
than 30 cationic channels which are distributed to 7 subfamilies and two groups based on their
sequence and topological differences. Even though these channel members possess a unique
genomic identity that accounts for their diversity, many conserved sequences have been
profoundly identified 7. The seven subfamilies of TRP channels named TRPC (Canonical),
TRPA (Ankyrin), TRPM (Melastatin), TRPV (Vanilloid), TRPP (Polycystin) and TRPML
(Mucolipin) are found to be diversely distributed in both excitable and non-excitable vertebrate
cells, contributing to various essential cellular functions. On the other hand, TRPN (NOMPC)
is reported to be an exclusion to vertebrate systems and is exclusively found in insects only 7~
12 TRP channels are distributed between the plasma membrane and subcellular membranes of
various organelles serving as non-selective cation currents, such as [Na“];, [Mg**];, [Ca?'];, and
membrane voltage (Vm) across the membranes *-'*!%. These non-selective TRP cation channels
are reported to be polymodal sensors of many extracellular and intracellular signals, including
temperature, physical stress, and various ligands. TRP channels carry out functions including
cellular division, migration, differentiation, stress responses, apoptosis and have been explicitly

reported to play crucial roles in cell signaling as well '>1617,

1.6 Transient receptor potential vanilloid 1 (TRPV1)

Transient receptor potential vanilloid 1 (TRPV1) is a polymodal receptor and acts as a
non-selective, calcium-permeable, cation channel. It belongs to the vanilloid cation channel
subfamily comprising of 6 members, namely TRPV1-V6 '>!®. TRPV1 is the only TRPV family

member sensitive to vanilloid ligands, the rest of the members of the TRPV subfamily are non-
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sensitive to vanilloid compounds !°. These cation channels are very well distributed across
various cells of the nervous system, including both central and peripheral nervous systems,
sensory epithelial tissues and cells of immune systems playing essential roles in cell function.
TRPV1, the founding member of the TRPV subfamily, is found to be an active molecular
sensor to differential temperature, noxious substances, and pain modalities 2>}, TRPV1 is
evidently described to be involved in inflammatory bowel disease (IBD), allergic asthma,
colitis, arthritis, hypersensitivity, chronic obstructive pulmonary disease (COPD), and various
auto-immune diseases 2%,

1.7 Transient receptor potential ankyrin 1 (TRPA1)

TRPAL is a calcium-permeable, cationic channel with polymodal activation properties
and is the sole member of the TRPA family. TRPAI acts as a sensor for pain, cold and itch.
The mammalian transient receptor potential ankyrin family is characterized by nearly 14
Ankyrin repeats in their N-terminus domain 7. TRPA subfamily has been recognized as cold
sensors and the mammalian TRPA1 are reported to have an activation temperature of 17°C *°,
TRPA1 channels are widely distributed in various sensory and non-sensory cells and contribute
to distinct cellular functions and are reported to play pivotal roles in hearing and mechano-
sensation 3'*2, Similar to the other TRP channels, TRPA1 channels are known to be polymodal
as they can be activated by a wide array of stimuli such as temperature, noxious substances,
mechanical pressure and PLC mediated receptors 3>3°. TRPA1 has been reported to be
associated with neuronal inflammation, neuropathic pain, kidney injury, TNBS colitis,
complex regional pain syndrome type-1, inflammatory bowel disease and chronic obstructive

pulmonary disease (COPD) 37,

1.8 Chikungunya Virus (CHIKYV)
Chikungunya virus (CHIKYV), an alphavirus with an enveloped positive-sense ssSRNA

genome, belongs to the Togaviridae family. CHIKYV is reported to have a lytic life cycle within

17



macrophages, epithelial cells, endothelial cells, and primary fibroblast as the main host cells.
The Chikungunya virus is reported to be transmitted through Aedes aegypti and Aedes
albopictus, the two well-known mosquito vectors. The genome of CHIKV consists of four non-
structural (nsP1-nsP4) and five structural proteins (E1-E3, capsid and 6K). The envelope
proteins E1/E2 have been well identified to play an essential role in receptor-mediated
endocytosis and various innate immune responses. The replication phase of CHIKV is
cytopathic and induces inflammation and pain but is susceptible to Type I and II interferons *®.
The outbreak of E1: A226V mutant CHIKV in 2008 has been a big catastrophe in India's
coastal areas as it is rapidly spread through the vector Aedes albopictus. Yet, no efficacious

vaccines or antiviral therapies are available to this date.

1.9 B16F10 culture supernatant (B16F10-CS)

B16F10 is a murine transplantable melanoma that has served as an excellent model
system for human melanoma. B16F10 tumor cell line is a useful tool to examine metastasis,
solid tumor formation and tumor progression. The B16F10 culture supernatant (B16F10-CS)
has been effectively used in various immune-suppressive studies. Recent studies on the
B16F10-CS with mouse splenic mononuclear lymphocytes have evidently described the effect
of the BI6F10-CS in immune suppression as the inflammatory cytokine levels were
significantly reduced. The components of a B16F10-CS are yet to be explored, yet a number
of recent studies highlight its immunosuppressive nature in diverse immune cells, namely B

cells, T cells, macrophages and neutrophils 4°=!.

1.10 FK506 (Tacrolimus)

FK506 is a powerful macrolactam, a natural product which is produced by several
Streptomyces species °>>. FK506 is commonly used in clinical procedures, particularly during
organ transplantation, for its immunosuppressive ability and is also known as Tacrolimus. It

has been extensively studied in various inflammatory and pathophysiology model systems >+,

18



The administration of FK506 has been known to suppress T cell activation and proliferation.
Moreover, FK506 disrupts signaling cascades mediated by calcium-dependent serine/threonine
protein phosphatase and calcineurin (CaN). Tacrolimus forms a complex with FK506 binding
protein (FKBP12), which further interacts with CaN and interferes with the activity of nuclear
factors of activated T cells (NFAT), a set of transcription factors in the regulation of
lymphokine gene expressions **-°%. The protein FKBP12 binds with FK506 and disrupts the
interaction of FKBP12 with ryanodine receptors (RyR) and IP3 receptors. Additionally, the

administration of FK506 is also known to induce calcium flux through RyR in various cells %,
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2 Review of Literature
2.1 History of TRP channels.

The transient receptor potential channels have acted as a salient tool in understanding
sensory physiology, including taste, hearing, smell, touch, physical stress, and temperature >°-
%4 These non-selective TRP cation channels have been reported to be actively participating in
an array of cellular functions, including excitation, migration, proliferation, transcription,
differentiation, cell death and stress responses '*!7. In 1969, Cosens and Manning, first
reported the TRP-mutant in Drosophila melanogaster. Under low-light conditions, these
“light-defective” mutants, presumably behaves as phototactically positive in T-maze but are
visually impaired and behave as blind in an optomotor apparatus %°. These mutants also show
transient response in electroretinogram (ERG) rather than the sustained response in “wild
types” . Later Baruch Minke, named these channels as TRP according to the responses in
ERG 7. In 1989, Craig Montell later cloned TRP genes and predicted TRP proteins structural
similarity with various other channels ®®. In 1992, Roger Hardie and Barunch Minke identified

TRP channels as ion channels that opens in response to light stimulation®.

The TRP channel's role in conducting calcium ions across the plasma membrane was
still a mystery, as in the initial days, the theory was strong that the TRP channels could not be
sensitive to light. Later studies with Drosophila melanogaster photoreceptor cells were
adequate in eliminating this theory *. The light-induced calcium influx studies with #7p mutant
cells have reduced intracellular calcium influx, which marked the beginning of TRP-mediated
calcium influx studies °¢%%. Studies with the voltage-clamp technique in the later era have
provided enough support for the TRP-induced calcium influx, yet the quantum bump in #p
mutant with the exposure to light was still inconclusive . This quantum bump was later
explained by the presence of TRP-like (TRPL) proteins in Drosophila mutants. Finally, the

TRP-mediated calcium influx was explicitly confirmed with Roger Hardie's studies in

21



Drosophila flies %72, The mutation of the Aspartate residue at the 621° position of TRP
channels at their selectivity filter markedly diminished the photoreceptor cell's calcium
sensitivity compared to the wild-type fly, which provided extensive information about the non-

selective nature and cation conduction of the TRP channels %73,

The mammalian homolog of TRP gene was identified by Lutz Birnbaumer in 1995 7,
This first report of complete characterization of the TRPC1 gene was revolutionary in the field
of mammalian cation channels and later succeeding reports on the existence of conserved TRP
channel genes from nematodes to humans addressed the roles of TRP channels apart from the
insect photoreceptors ’#7°. Further, reports on the mammalian TRPC1 paved the path to
numerous discoveries on various other TRP channels and their functions. TPRM?2 and TRPM7
were reported to be fused to enzyme domains that pioneered the TRP channel discoveries in
various biochemical reactions. Later, the chanzyme TRPM6 was reported to be associated with
TRPM?7 in executing significant roles in hypomagnesemia and hypocalcemia "*8!. In 1997, the
mammalian TRPV1 was discovered by Michael Caterina et al. and this discovery turned out
to be the most important in the history of TRP channels as these capsaicin receptor channels
helped in understanding the functions of TRPV1 in sensory physiology and cellular

functions 32784,

2.2 Diversity in TRP superfamily

The discovery of the mammalian TRP canonical (TRPC) channels harbored the TRP
field's scientific community's attention. Consequently, the following decade was allied with
several findings in TRP channels, including new TRP channel members and their association
and function relationship in various aspects of cellular functions !*7. These discoveries have
enumerated the TRP channels to 28 members in vertebrates %*°!. The TRP channels have been
classified into seven subfamilies and two groups based on their sequence similarity %°. The

founding member of the TRP superfamily was termed the transient receptor potential canonical
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or classical and the rest of the families were termed after the original designation or on the

name of the stimuli, the first discovered member has been actively found responding **%°.

The TRP subfamilies are grouped into two based on the sequence similarities and their
topological differences. The seven subfamilies are named as TPRC (canonical), TRPV
(vanilloid), TRPA (ankyrin), TRPML (mucolipin), TRPM (melastatin), TRPP (polycystin),
and TRPN (NOPMC) (Figure 1). The first group is composed of five subfamilies which bear
the highest sequence similarity to the founding member TRPC. This group includes TRPC,
TRPA, TRPV, TRPM, and TRPN 87 All the members in group 1 except for the TRPN are
expressed in various mammalian cells, integrating their function in sensory and subcellular
signaling. In contrast, the TRPN is expressed in insects and only in some vertebrates, such as
zebrafish %12, The members of this group possess a similar topology in their pore loop, ankyrin
repeats, and TRP box 1 and 2, which attributes to the TRP domain in the intracellular domains.
Group 2 is comprised of TRPP and TRPML, which are considered to be ancient as they are
extended from yeast to mammals %°. The group 2 channels are considered to be distantly related
to the group 1 channels. These channels share sequence homology and a conserved topology

of having a large loop separating the first two transmembrane segments *.

The subfamilies share sequence similarity and evolutionary relationships among their
members. The TRPC subfamily consists of six members named TRPCI-TRPC7. All
mammalian TRPC proteins are activated through protein kinase C (PKC) and associated with

PKC-mediated calcium influx 38887,

The TRPV channels are primarily found to be sensitive to vanilloid compounds and
they share sequence similarity of 25% with the canonical channels %2#°, The founding member
of this subfamily, the TRPV 1, was reported to be activated by a vanilloid compound capsaicin

and thus given the name transient receptor potential vanilloid channels 87°°. Apart from the
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capsaicin, TRPV1 channels are known to be sensitive to various other stimuli such as heat and
chemicals, including endocannabinoid, anandamide, camphor, and pungent compounds like

33829193 ‘There are six members in this subfamily

piperine in black pepper and allicin in garlic
named as TRPV1-TRPV6, and all of these channels are well-reported calcium-permeable

channels 6983909495  Among these channels, TRPV4 has been attributed as an osmolarity sensor

and TRPV6 has been reported to be associated with CRAC channel **%°.

TRPM, another important member of group 1, shares 20% sequence similarities to
TRPC 35, Members of this subfamily are enumerated to 8 as TRPM1-M8. TRPM channels are
reported to be expressed in an array of cells, such as neurons, melanoma cells, hepatocytes,

79,97—

splenocytes, bone marrow cells and lung epithelial cells 100 These channels are known to

act as active sensors of ADP-ribose, ATP, osmolarity changes and are sensitive to cold and

menthol 192,

TRPA channels are characterized by a large number of ankyrin repeats in their N
terminus domain and consist of a single member, TRPA1 #°. TRPAI is attributed to be a
calcium conductor and are found to be sensitive to cold stimuli, mustard oil, cannabinoids, and
PLC 3033351017103 T jke TRPA, the TRPN subfamily comprises a single member of TRPN1 and
a higher number of ankyrin repeats at the N-terminus. These channels are expressed in
invertebrates like worms, insects and few vertebrates such as zebrafish 7*~12. Their expression
in higher vertebrates is yet to be discovered. TRPN channels are attributed to being

mechanically gated 1%,

Group 2 members such as TRPP and TRPML share a sequence that is highly variant
from group 1. The members of the TRPP sub-family are enumerated to 5 as TRPP1-P5. TRPP
channels are known to be actively expressed in benign tumor cells and modulated by various

cell-derived molecules such as PIP, and EGF % TRPP channels are reported to be associated
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with fluid flow and actin cytoskeleton 195719 Similar to TRPP, the TRPML subfamily is
evolutionarily distant from group 1 and encodes three different variants, such as TRPMLI1,
TRPML2, and TRPML3. These channels are reported to be expressed in lysosomes and late

109-111

endolysosomal compartments . TRPMLI1 is attributed as monovalent cation channels

such as H" and Na" and thus, it is known to be sensitive to pH 197113,

TRPC

cTRP-3
cNOMPC

TRPN
NOMPC

TRPM

TRPV

TRPA

TRPP

TRPML

Figure 1 Phylogenetic tree of the evolutionary relationship between the TRP channels
The dendrogram tree of TRPs channels in vertebrates including humans, mouse, zebrafish. Other

invertebrates including C. elegans and Drosophila is also included (Source: 60).
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2.3  Structure of TRP channels

The TRP channels are similar to other voltage-gated ion channels '!'*!!>. TRP channels
follow six transmembrane segments typical architecture, with intracellular N and C termini !¢
8 Trrespective of the common features, TRP channels show high degrees of diversity in cation
selectivity and activation mechanisms *!!'7. The 6TM structure of the TRP channel consists of
two distinct structural and functional units with the C and N termini in the cytoplasmic domain
and a pore in between TM5 and TM6 with diverse functional subcellular domains (Figure 2).
Segment 1 (S1) to segment 4 (S4) forms a structure that acts as an anchor and voltage sensor,
while the S5 and S6 form the conduction pore °. Cationic selectivity of TRP channels is
critically dependent on the conserved domains, which function as a selectivity filter in each
channel. Most of the TRP channels have a conserved calcium selectivity filter, whereas TRPM4
and TRPMS5 were discovered to be calcium-dependent monovalent cation channels ', Even
though the TRP channels architecture is conserved across the superfamily, families of the two
groups differ based on their sequence homology and topology. Except for TRPM, all the
families in group 1 have conserved N-terminal ankyrin repeats, where the three members of
the TRPM have C-terminal enzyme domain repeats, called chanzymes *!!'. The two sub-
families of group 2, TRPPs and TRPML. TRPs have a shared sequence homology in segments
and a large loop between the first two transmembrane domains ''*. Even though TRP channels
share a typical architecture, the pore properties, subcellular domains, and affinity towards
various cations differ significantly. The N termini and C termini subcellular domains of TRP
subfamilies vary throughout the superfamily as these domains account for their cellular

signaling and sensory functions *!'*!17.

2.3.1 TRPC
The transient receptor potential canonical channels subfamily is considered

multifaceted for their cation selectivity within the sub-family '2°. TRPC4 and TRPCS are
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attributed as non-selective for monovalent and divalent cations, whereas the rest of the
members are reported specific towards divalent cations '?!7!23. Unlike many other TRP
channels, members of TRPC channels do not share the homology at transmembrane segments
5 and 6 to bacterial potassium channels !'7!?*. The TRPC1 channels have been shown to form
8 alpha-helix loops and out of them, only six are known to be membrane-spanning. One of the
non-membrane spanning helix is found to be located in the pore-forming region with a paucity
of negatively charged amino acids '>~'?’. Studies with TRPC1 and C5 pore-forming loop and
their specific residues have suggested that the channel selectivity is regulated by the aspartate
and glutamate residues at the distal part of the pore entrance '2°. The point mutation of these
residues has been reported to significantly reduce the calcium sensitivity but not the Na*

sensitivity of TRPC1 and TRPCS5 channels '%6.

2.3.2 TRPV

Transient receptor potential vanilloid channels are well known for their sequence similarities
to various other cation channels. Members of this family, such as TRPV1, 2, 3, and 4, are
permeable to Ca?" ions with a low affinity to monovalent cations. The PCa : PNa ratios of these
channels range from 1 to 10, while the TRPVS5 and six channels are highly calcium-selective
with a PCa: PNa ratio of 100 or more '24!2%12°. TRPV5 and TRPV6 channels show a minor
affinity towards protons and other monovalent cations (Na" ~ Li" > K" > Cs"). At a micro-
molar range of calcium concentration, these channels are highly selective to monovalent
cations. In contrast, higher calcium concentration leads to blockade of monovalent cation

permeability and enhanced selectivity towards divalent cations such as calcium 3132,

TRP channels subcellular domains include six ankyrin repeats at N terminus, a TRP
box and PDZ amino acid motif binding PDZ domains at C terminus, conserved throughout the
subfamily '*3. TRPV channels are known for their highly selective pore properties among the

TRP superfamily and these channels share a sequence similarity at the selectivity filter to
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bacterial potassium channels (KcsA, with the sequence TXXTXGYGD) 13128134 " A point
mutation in the aspartate residues in the selectivity filter has been reported to be reducing the
affinity to voltage-dependent cations such as Ca?" and Na*. The pore properties and affinity of
the channels are mainly determined by the GM(L)GD sequence motif at the putative pore
region for TRPV1, 2, 3 and 4 channels !'>!2#13%_Similar point mutations had minimal effect
on the TRPVS5 and V6 channels. Further studies have indicated that the pore properties of

TRPVS and V6 are determined by a ring of four aspartate residues at the selectivity filter *¢

138

2.3.3 TRPM

Transient receptor potential melastatin channels comprise eight members with
differential selectivity to cations '*°. Among TRPM channels superfamily, the TRPM4 and M5
possess the uniqueness that they are impermeable to Ca*" while TRPM2, M3 and M8 are
relatively permeable to Ca?*, and TRPM6 and M7 are known to have a higher affinity to Ca®".
TRPM channels share limited sequence homology to the bacterial KcsA and TRPV #°, Further,
the TM5 to TM6 sequences are highly conserved among the TRPM family members #1714 It

has been reported that the pore, loop and helix of TRPM channels consists of hydrophobic

amino acid stretch followed by aspartate repeats, which account for their selectivity filter 4,

2.34 TRPA

Transient receptor potential ankyrin channel follows a similar structure to TRPV and
KcsA channels with a minute difference at the helix amino acids forming the selectivity filter
and two acidic amino acids at the putative pore-forming loop '3*!4*. These channel’s
subcellular domains comprise 17 ankyrin repeats at N-terminus and a coiled-coil domain at the
C-terminus. TRPA1 channels form a heteromeric assembly with six transmembrane segments
and a putative pore loop segment between the 5% and 6™ transmembrane segments. Human

TRPA1 channels are considered to have a pore loop of 8.2 A. The aspartate residue at the pore's
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opening (D915) is considered the constriction point of the channels, which accounts for the
selectivity towards the divalent cations 414, These channels shows a PCa:PNa = 0.8 to 1.4.
The aspartate amino acids (D915) at the pore-forming loop and the glutamate amino acids
(E920, E924, E930) at the channels outer opening have been shown to regulate the cation
specificity, as the point mutation at these selected regions significantly diminished the cation

permeability 44146147,

2.3.5 TRPP and TRPML

TRPP2 forms homomeric channels and is also reported to heteromers with other TRP
subfamilies, including TRPV4 and TRPC1'*, The intracellular domain of TRPP proteins
comprises 16 PKD residues in a coiled-coil structure, which is essential for their functionality
and heteromeric complex formation. Apart from this coiled-coil domain, TRPP channels are
embedded with EF-hand, canonical Ca**-binding domain in TRPP1/PKD2, and endoplasmic
reticulum retention signal at the C- terminus, while the N-terminus is devoid of such domains
H7.133 = All three members of the TRPP family have been reported to have a PCa: PNa value in

a range of 1-5, indicating that they are highly selective towards calcium ''#.

Similarly, the TRPML family is also well known for its moderate calcium selectivity.
Members of this family are pH sensitive and reported to have a close association with two-pore
channels '*°. These channel's subcellular domains lack specialized domains except for an
endoplasmic reticulum retention signal at the C- terminus while the N terminus remains empty,

similar to TRPP channels %!'4117.133

. TRPML channels possess a low sequence similarity to
TRPV or KcsA channels and thus, it employs a differing selectivity filter with a PCa:PNa < 1.
The selectivity filter and pore properties of this TRPML channel are yet to be explored ''*.
Recent studies on point mutation in TRPML channels have revealed that loss of function point

mutations at T232P, F408del and F465L have impaired the channel's function and calcium

selectivity. In contrast, the gain of function mutation at A419P has induced an intracellular
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robust calcium influx. These studies indicate that the tryptophan and alanine residues may have

a significant role in the channel properties of TRPML"%151,
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Figure 2 Structure and subcellular domains of TRP channels

Structurally, TRP channels possess a predicted 6TM topology with S5 and S6 forming a pore-loop. The

intracellular N- and C- termini and the diverse functional domains for each subfamily are indicated

(Source: 152).

2.4 TRPVI1 and TRPA1 channels in macrophages

TRP channels are found to play important regulatory roles in many of the immune

functions and diverse functional roles in an array of immune cells, such as lymphocytes,

dendritic cells, T cells, monocytes and macrophages '>>7!°6. Macrophages, the phagocytic

innate immune cells, express several TRP channels such as TRPA1, TRPV1, TRPV2, TRPCI,

TRPC6, TRPM2, TRPM4 and TRPM7 #+157-139 The list of functional TRP channels expressed
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on macrophages is summarized in Table 1. Under various pathophysiological conditions,
TRPV1 and TRPAI channels have been reported to play an immense role in macrophage
activation, migration and effector responses, such as cytokine production and nitric oxide

production %3,

24.1 TRPV1

Transient receptor potential vanilloid channels are an essential contributor to the
survival and proper functioning of macrophages 6%/, TRPV1 functional and
pathophysiological roles in various macrophage-model systems have been actively explored.
Further, TRPV1 has also been found to be involved in macrophage polarization. Activation of
TRPV1 via capsaicin has been reported in polarizing M1 macrophages to M2 macrophages.
Conversely, inhibition of TRPV1 by capsazepine downregulated the M2 polarisation in
macrophages '2. TRPV1 has also been attributed to neovascularization. Activation of TRPV1
has been found to induce collateral vessel growth (arteriogenesis) in rat hind limbs '®.
Additionally, TRPV1 has been found to be regulating critical macrophage function such as
phagocytosis. A recent study on a sepsis model of cecal ligation and puncture (CLP) has shown
that the ablation of TRPV1 resulted in impaired bacterial clearance and phagocytosis in LPS-
stimulated TRPV1 KO mice compared to its WT (wild-type) mice and the functional inhibition
of TRPV1 through antagonist administration resulted in macrophage population with
dysfunctional phagocytosis. Similarly, studies with TRPV1 KO models have evidently
reported that TRPV1 deletion may impair the macrophage-defense mechanisms 3%161:164,
Moreover, TRPV1 has also been found to be involved in diverse pathophysiology. A
physiological dose of oral capsaicin prevented auto-immunity induced via P2-peptide in
experimental autoimmune neuritis (EAN) model in Lewis rat '®>. A recent report showed that
preserving the expression and function of TRPV1 may prevent renal ischemia-reperfusion (I/R)

in diet-induced obese mice by reducing renal macrophage infiltration and reducing pro-
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inflammatory cytokine response '°. Moreover, it has been found that after renal I/R injury,
TRPV1-positive nerves degeneration leads to exacerbation of salt-induced hypertension and
tissue injury in rats via macrophages '®’. Recently, it has been reported that injection of
complete Freund's adjuvant in the hind paw produces mechanical and thermal hyperalgesia in
mouse. In TRPV1 knock-out mice, direct injection of C5a did not produce any thermal
hyperalgesia. This study highlights the importance of macrophage-to-neuron signaling in pain
processing and the involvement of TRPV1 in cross-cellular communication 6816,
Interestingly, TRPV1 has also been reported to be associated with other receptors such as
TLRs. It has been reported that TRPV1 and TLR4 work in conjunction in an autoimmune
model of acute gout attack '7°.
24.2 TRPAI1

TRPA1 has been attributed to diverse functional roles in monocyte/macrophage
activation, migration and secretion of various immune molecules *!#>#=4717L172 It has been
found that TRPA1 regulates macrophage phenotype plasticity and in the possible regulation of
atherosclerosis !>, TRPA1 has also been found actively in promoting neovascularization.
During corneal wound healing, transactivation by vascular endothelial growth factor
receptors (VEGFR) of TRPA1 contributes to mediating neovascularization and macrophage
infiltration in cauterization corneal mouse wound healing model !7*. Like TRPV1, TRPA1 has
also been accredited in various pain modalities. It has been found that type II angiotensin II
receptor (AT2R) in macrophages triggers intercellular redox communications via TRPAI
channels ', Further, it has been reported that mechanical or cold allodynia in the hind limb of
chronic post-ischemia pain (CPIP) was reduced in Trpal” mice and transiently after
administration of TRPA1 agonists **. Further, knocking out TRPA1 has also been found to
exacerbate injury and inflammation, providing protection. It has been found that in Trpal-/-

mice, the proinflammatory cytokine and receptors are markedly overexpressed in the kidneys.
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Activation of murine macrophages with phorbol 12-myristate 13-acetate (PMA)
downregulated TRPA1 gene expression *°. Another similar study has shown that following
renal ischemia-reperfusion injury (IRI), Trpal”" mice developed alleviated acute kidney injury
(AKI) symptoms. Additionally, Trpal”~ mouse kidneys displayed increased M1 macrophage
infiltration !’ Further, in the atopic dermatitis (AD) model, reduced dermal mast cell
infiltration, Th2 cytokines, proinflammatory cytokines, and macrophage infiltration were
observed in the TRPA1” mice as compared to the WT. Moreover, AD-like symptoms were
also alleviated by TRPA1 antagonist HC-030031 in mice '”’. Recently, another report has
shown that the inhibition of TRPA1l may protect THP-1 derived macrophages from
lysophosphatidylcholine (LPC)-induced injury '”®. Similarly, a recent report has shown that
during colitis, the TRPAT is upregulated which exerts various protective roles by decreasing

proinflammatory neuropeptides, cytokines and chemokines. 4.

2.5 Role of TRPV1 and TRPA1 channels in T-lymphocytes

Calcium is one of the key regulators of T-lymphocytes, and it is extensively reported
that calcium is essential for T cell development, maturation, effector functions and cytokine
release !"130. A wide array of calcium channels such as CRAC, RyR channels, L-type calcium
channels and various TRP channels are reported to be functionally expressed on T lymphocytes
179-181 ' These channel's functional inhibition impairs or abolishes the T cell development and
effector functions in various experimental model systems. TRP channels are regarded as an
essential contributor to T cell calcium influx. Members of this cation channel superfamily are
expressed in T lymphocytes modulating their functions **3°. Mammalian T lymphocytes
express several TRP channels, including TRPC1, TRPC3, TRPC5 and TRPC6 from the
canonical subfamily, TRPM2, TRPM4 and TRPM?7 from the melastatin subfamily, TRPV1,
TRPVS5 and TRPV6 from the vanilloid subfamily and TRPA1 from the ankyrin subfamily 3%°.

The canonical TRP channels play an essential role in TCR signaling, proliferation, and T
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lymphocyte's autoimmune suppression. Recent studies described the SOCE role of TRPCI1 in
CD4" lymphocytes as TRPC1 and C3 are functionally associated with STIM1 and the ORAI

182-183 The role of TRPM channels in various T cells has been

driven calcium influx in T cells
extensively explored over the years. TRPM2 and M4 channels are reported to be associated
with a wide array of T lymphocyte functions such as proliferation, cytokine release and IL-2

modulation '8%18>-

187 These channels are also essential for T cell development in the thymus
and fas-mediated apoptosis '%%. Additionally, T cell-specific TRPM?7 deletion in Trpm 7' (Ick-
Cre) mice have significantly reduced the thymic T cell development through the progressive

loss of medullary thymic tissue '®. The list of functional TRP channels expressed on T cells is

summarized in Table 1.

Similarly, TRP channel's vanilloid and ankyrin subfamily has been profoundly
expressed on the T lymphocytes population. Their critical roles in T cell survival, maturation,

activation and effector functions have been extensively reported over the recent years.

2.5.1 TRPV1

Transient receptor potential vanilloid channels are an essential contributor for T cell's
survival and proper functioning **°. TRPV1 functional and pathophysiological roles in various
T cell-model systems have been actively explored. Thymocytes from KO mice displayed
autophagy and proteasome dysfunction leading to increased apoptosis and reduced double-
positive thymocytes. Additionally, in peripheral blood and spleen, a reduction in CD8" and
CD4" T cells has been observed as compared to WT mice '*°. TRPV1 has also been found to
be essential for T cell activation. It has been observed that TCR induces Ca®" influx via the
TRPV1 channel. Inhibition of TRPV1 led to reduced T cell activation and effector cytokine
responses >*°!. Additionally, TRPV1 channels are also attributed in several T cell-associated
pathophysiology. Recently, it has been found that TRPV1 is involved in CD4" T cells in

allergic rhinitis. Trpv1”- and chemical inhibition reduced the Th2/Th17 cytokines compared to
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WT mice 2. In Rheumatoid arthritis (RA) model, it was reported that knockout of TRPV1
displayed attenuated RA pain '*>. A recent study on TRPV1 channels in CD4" cells has
documented evidence of constitutive expression of TRPV1 in mice and human peripheral blood
mononuclear cells (PBMCs) and Jurkat cells. Patch-clamp studies confirmed that the TRPV1
is functional in these cells as capsaicin-induced calcium currents were observed in wild-type
cells, while it is absent in TRPV1 mutant strains. Upon T cell activation, an independent
calcium influx apart from the conventional store-operated calcium entry was registered, which
was markedly reduced in TRPV1 KO cells 1% Further studies suggested that the TRPV1
channels are a component of the TCR signaling complex, as it is actively recruited to the TCR
cluster via the Src family of tyrosine kinase-dependent pathway. Additionally, the p38 and JNK
activation pathways are also reported to be impaired in TRPV1 KO cells compared to the WT

cells ',

2.5.2 TRPA1

Similar to TRPV1, the transient receptor ankyrin channels are also reported to affect T
cell activation and effector responses 20,38,39 significantly. Recent studies have reported that
TRPA1 is endogenously expressed on CD4" T cells and their essential role in regulating the
Th1 biased inflammatory responses '°>. TRPA1 channels have displayed protective functions
in an experimental colitis model, as their abolishment has increased Thl effector responses
such as IFN production '%. In a similar study, 1110”7 Trpal™ mice, the colitis was accelerated
and exacerbated with an increased Th1 biased, inflammatory responses 3%!°7. Further studies
have concluded that the colitis exacerbation in 11107 Trpal™ mice was due to the cytokine
IFN but not IL-17A. Further, upon TCR activation, 1110”7 Trpal” mice T cells displayed
diminished calcium influx. Additionally, the genetic or pharmacological ablation of TRPV1 in
these mice rescued the elevated calcium influx and associated inflammatory cytokine responses

in colitis °.
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Table 1: Functional roles of TRP channels in macrophages and T lymphocytes

TRP Immune Function References
channels cells
Modulate calcium
TRPM1 | T lymphocyte Inada et al., 2006
entry
Cytokine
production, Di et al., 2012; Gelderblom et al.,
Macrophages
Calcium entry, 2014; Yamamoto et al., 2008
TRPM2
ROS production
Proliferation,
T Guse et al., 1999; Magnone et al.,
Cytokine release,
lymphocytes 2012; Wenning et al., 2011
Development
Cytokine
Macrophages production, Billeter et al., 2014
phagocytosis
TRPM4
Inhibition of IL-2,
T Wenning et al., 2011; Yamamoto et
Cytokine
lymphocytes al., 2008
production
T
TRPM7 Apoptosis Jin et al., 2008
lymphocytes
Activation,
Cytokine
Elizabeth S. Fernandes et al., 2012;
TRPV1 Macrophages production,
Guptill et al., 2011, Téth et al., 2014
Phagocytosis,
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Migration

Activation,
T
Inflammation, Bertin et al., 2016; Majhi et al., 2015
lymphocytes
TCR signalling
Migration,
Phagocytosis,
TRPV2 Macrophages Heiner et al., 2003; Link et al., 2010
Cytokine
production
T
TRPVS Calcium entry Vassilieva et al., 2013
lymphocytes
T Calcium entry,
TRPV6 Vassilieva et al., 2013
lymphocytes proliferation
T Activation, Medic et al., 2013; Wenning et al.,
TRPC1
lymphocytes Calcium entry 2011
Development,
Solanki, Dube, Tano, Birnbaumer, &
Macrophages Polarization,
Vazquez, 2014; Tano et al., 2011
Apoptosis
TRPC3
TCR signalling,
T
Proliferation Wenning et al., 2011
lymphocytes
T Autoimmune-
TRPCS5S J. Wang et al., 2009
lymphocytes suppression
Inhibition of Romano, Borrelli, Fasolino, Capasso,
TRPA1 Macrophages

Nitric oxide,

Piscitelli, Cascio, et al., 2013
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T Activation,
Gouin, et al., 2017
lymphocytes cytokine release
T Immune
TRPML1 Zhang, et al., 2019
lymphocytes suppression
T Immune
TRPMS Arcas, et al., 2019
lymphocytes suppression

2.6 TRP channels and Virus infections

Viruses hijack the host cellular machinery and employ tailored calcium fluxes in host
cells to meet their own life-cycle necessities such as viral adsorption, infection, spread and
persistence '°*!%°, Studies have shown that viruses employ a range of diverse calcium channels
such as VOCCs, CRACs, L-type channels, VGCs, SOCEs, and other ligand-gated calcium
channels such as IP3Rs, RyR and TRP channels to meet their calcium requisite 20-2%

Transient receptor potential channels are recently reported to show association to
various virus infections helping the virus in multiple phases of their life-cycle. The tailored
calcium influx through the surface and intracellular TRP channels play an essential role in viral
infections. Association of TRPV1, TRPV4, TRPA1, TRPMS8, TRPMLI1, TRPML2 and
TRPML3 channels with a plethora of viruses has been reported over the years 2°2%_ A recent
study on the respiratory syncytial virus (RSV), measles virus (MV) and human rhinovirus
(HRV) infection in various host cells such as primary human bronchial epithelial cells (HBE),
BEAS-2B, dIMR-32, human neuroblastoma cells and PBECs, have shown the association of
endogenous host TRPA1, TRPV1 and TRPMS channels with the virus 2°¢2%7. TRPMS channels
were upregulated following the viral infection, and the upregulation was more prominent

during the later phases of the virus infections, indicating that TRPM8 may have a role in the

virus replication 2°7. Another temperature-sensitive channel, TRPV4, has also exhibited an
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association with virus infections such as dengue, hepatitis C, and Zika viruses in human Huh?7
cells. TRPV4 channels modulate the virus replication mechanism by regulating the DEAD-box

RNA helicase, DDX3X 2%.

Similarly, the transient receptor potential mucolipin-1 (TRPML1) channel was
associated with HIV-induced accumulation of sphingomyelin and amyloid-f peptides (AB)
clearance in the lysosome of CNS neurons. TRPMLI1 activation through an agonist has
displayed an accelerated clearance of the accumulated calcium, sphingomyelin and amyloid-f3
peptides (AP) from the neurons in infected host !°. Other mucolipin subfamily members, such
as TRPML2 and TRPMLS3 are shown to play a crucial role in an array of RNA virus infections
such as influenza A virus, yellow fever virus and zika virus. TRPML2 and TRPML3 channels
are found to be augmenting the virus infections in immortalized STAT1”~ human skin-derived
fibroblasts 2%, Further analysis has shown that the TRPML channels are profoundly expressed
in the endolysosomal compartments and associated to the virus vesicular trafficking at the entry
phase, which in turn helps the virus to escape the endolysosomal compartment 2!1-*12, The list

of TRP channels associated with diverse viruses is summarized in Table 2.

2.6.1.1 TRPVI1

TRPV1 and acid-sensing ion channel receptor 3 (ASIC3) are found to be upregulated
during infection with respiratory syncytial virus (RSV) and measles virus (MV) in respiratory
sensory neuronal and airway epithelial cells. HRV infection in dIMR-32 and lung fibroblast
show significant early and short upregulation of TRPV1 at 4 hpi 2’. RSV and MV show IL-8
dependent upregulation in BEAS-2B cells and in primary bronchial epithelial cells (PBECs),
where MV only shows IL-6 dependent upregulation in PBECs. These are considered important
aspects for antagonist drug development against respiratory viruses 2%, Development of
pruritus by upregulation of TRPV1 in neuronal cells by expression of TGRS, a bile acid

membrane receptor of GPCR during Hepatitis C virus (HCV) infection, has been reported.
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HCV induces STAT3 activation, which increases bioactive lipid mediators such as
lysophosphatidic acid (LPA), which is associated with the expression of G protein-coupled
receptors, including TRPV1 channels, which account for the HCV induced pruritus 23

Increased expression of TRPV1 is associated with herpes zoster skin disease associated
with pain caused by reactivation of varicella-zoster virus (VZV). TRPV1 mediated pain
responses in VZV infection are through chronic inflammation and peripheral nerve
sensitization in epidermal cells. Antiviral medications accounted for an effective reduction in
TRPV1 expression in epidermal cells, thereby reducing chronic pain, suggesting the direct role
of TRPV1 in VZV infection 2'%. Various viruses are being used as vectors for studying the
effects of TRP channels under multiple conditions. Lentivirus is one such widely used vector
system for multiple studies in vitro for HEK293 cell lines. Herpes simplex virus (HSV) vectors
expressing TRPV1 channels in the host cell have been developed as an important tool for
preventing virus replication 2°.
2.6.1.2 TRPA1

Respiratory viruses upregulate the TRP channel expression in differentiated sensory
neurons of the human airway. Human rhinovirus (HRV), which account for common cold and
chronic asthma, has also been shown to upregulate TRPA1 and TRPMS primarily causing
irritant induced airway refluxes 2°’. Infection of HRV in dIMR-32 and Wi lung fibroblast show
significant early upregulation of TRPA1 at 2 hpi and was persistent upto 24 hpi whereas
TRPMS8 was upregulated in later phases. Viral induced soluble factors such as NGF, IL-6 and
IL-8 were found to induce upregulation of TRPA 1, which shows the early stage association of

TRPA1 with virus 27,
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Table 2: TRP channels in diverse viral infections

virus-2 (HSV-2)

DRG neurons

Ton Upregulated/
Virus Host cell Reference
channel Downregulated
Human neuroblastoma
cells (SHSYSY), Omar et al.
Upregulated
Respiratory PBEC, 2017
syncytial virus BEAS-2B, dIMR-32
(RSV) Primary human
Harford et al.
bronchial epithelial ---
2018
cells (HBE)
Human neuroblastoma
Measles virus Omar et al.
cells(SHSYS5Y), PBEC, Upregulated
(MV) 2017
BEAS-2B, dIMR-32
dMIR-32, human lung
Human rhinovirus Abdullah et al.
TRPVI1 fibroblast(Wi-38), HEK Upregulated
(HRV) 2014
cells
Hepatitis C virus Primary Sensory Alhmada et al.
(HCV) neurons 2017
Herpes simplex CD-1 males, Cabrera et al.

2016

Herpes simplex

virus-1 (HSV-1)

Male Sprague-Dawley

rats

Kitagawa et al.

2013

Herpes Simplex

virus (HSV)

Vero

Reinhart et al.

2016
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Varicella zoster

Human epidermal

Upregulated Han et al. 2016
virus (VZV) keratinocytes
Dengue (DENV),
Donate-Macian
TRPV4 | Hepatitis C (HCV), Human Huh7 cells -
et al. 2018
Zika (ZIKV)
Respiratory Human neuroblastoma
Omar et al.
syncytial virus cells(SHSYS5Y), PBEC, Upregulated
2017
(RSV) BEAS-2B, dIMR-32
TRPA1
dMIR-32, human lung
Human rhinovirus Abdullah et al.
fibroblast(Wi-38), HEK Upregulated
(HRV) 2014
cells
Human neuroblastoma
Measles virus Omar et al.
cells(SHSYSY), PBEC, Upregulated
(MV) 2017
BEAS-2B, dIMR-32
dMIR-32, human lung
Human rhinovirus Abdullah et al.
TRPMS fibroblast(Wi-38), HEK Upregulated
(HRV) 2014
cells
Hippocampal neurons
Human
(C57BL/6 mutant
TRPML1 | immunodeficiency - Bae et al. 2014
gp120/APP/PS1) and
virus (HIV)
SHSYSY
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Zika virus (ZIKV),
Equine arteritis
virus (EAV)
immortalized STAT1™- Rinkenberger
Yellow fever virus
TRPML2 human skin-derived Upregulated and Schoggins
(YFV), Influenza
fibroblasts 2018
A virus (IAV),
Dengue virus
(DENV)
immortalized STAT1”- Rinkenberger
Influenza
TRPML3 human skin-derived Upregulated and Schoggins
A virus (IAV)
fibroblasts 2018

2.7 TRP channels in immune supression.

Even though the functional role of TRP channels in inflammation and associated
immune responses are well reported, the functional association of TRP channels in
immunosuppression is yet to be established **4>:172216.217 yarious immunosuppressive agents,
FK506 and cyclosporin, are reported to induce a rise in intracellular calcium levels 3218223 A
few of these immunosuppressants, such as rapamycin and tacrolimus are now associated with
TRP channels. Rapamycin is a potent immunosuppressant and is widely used in clinical
settings to prevent organ transplant rejection and treat certain types of cancer. It has been
demonstrated that rapamycin directly activates TRPMLI1, found in lysosomes triggering Ca>*
influx. Additionally, in vitro binding assays have shown that rapamycin directly binds to
TRPMLI1. In TRPMLI-deficient cells or in the presence of TRPMLI inhibitors, all the

d 224

rapamycin effects were abolishe . Like rapamycin, tacrolimus is also a potent

immunosuppressant being widely used during organ transplantation. In this study, it has been
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demonstrated that TRPMS is the pharmacological target of tacrolimus. Tacrolimus was found
to evoke an intracellular rise in calcium influx in cultured mouse DRG neurons. In TRPMS8-
deficient cells or in the presence of TRPMS inhibitors, all the tacrolimus effects were abolished
225 Together, it seems TRPML1 and TRPMS channels act as molecular targets of the

immunosuppressant rapamycin and tacrolimus.
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and
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3.1 Hypothesis

There might be differential functional surface expression of TRP channels during immune-

activation and immuno-suppression.

3.2 Specific Objectives

1. To study the surface expression and frequencies of TRP channels on T cells and
macrophages.

2. To investigate the surface expression and frequencies of TRP channels on T cells and
macrophages associated to immune-activation and immuno-suppression.

3. To investigate the altered CMI responses associated to TRP channels directed

functional regulation towards T cells and macrophages.
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4.1 Materials
4.1.1 Cell lines and virus

The RAW 264.7 (ATCC® TIB-71""), a mouse macrophage cell line was grown in RPMI-
1640 (Himedia, Mumbai, India) medium supplemented with 10% heat-inactivated fetal bovine
serum (PAN Biotech, Aidenbach, Germany), L-glutamine and penstrep antibiotics at 37°C in
a humidified incubator with 5% CO.. Vero cells (an African green monkey kidney epithelial
cell line), were grown in DMEM (Himedia, Mumbai, India) supplemented with 10% heat-
inactivated fetal bovine serum, L-glutamine and penstrep antibiotics at 37°C in a humidified
incubator with 5% COsx.

The Vero cells and the Indian outbreak strain of CHIKV (DRDE-06, accession no.
EF210157.2) were kind gifts from Dr. Manmohan Parida, Defence Research and Development
Establishment (DRDE), Gwalior, India.

4.1.2 Animals

8-10 weeks old either BALB/C or C57BL/6 mice (male or female) were used in the
present studies. All mice were supplied from the in-house animal facility of the National
Institute of Science Education and Research (NISER). Mice were maintained in 12h light/dark
cycle with standard rodent chow and water ad libitum. All the experiments were approved by
Institute, according to the guidelines set by the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA).
4.1.3 Antibodies:

Table 3: Details of antibodies used

SI. Antibodies (Concentration/dilution) Company Catalog
No. no./Clone
Tonbo biosciences, 20-0903-
1 a-mouse CD90.2 APC (0.025 pg/sample)
CA, USA U100/30-H12
2 a-mouse CD25 PE BD Biosciences, 553866/PC61
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(0.1 pg/sample)

CA, USA

o-mouse CD69 PE

BD Biosciences,

3 553237/H1.2F3
(0.1 pg/sample) CA, USA
Tonbo biosciences, 35-0691-
4 a-mouse CD69 FITC (0.1 pg/sample)
CA, USA U100/H1.2F3
Abgenex India Pvt. 10-
5 Mouse IgG1 Isotype control
Ltd. BBS, India 101/MOPC31C
Tonbo Biosciences, 40-0281-
6 In vivo Ready™ a-mouse CD28 (1 pg/ml)
CA, USA U100/37.51
Tonbo Biosciences, 40-0032-
7 Anti-Mouse CD3 (2 ug/ml)
CA, USA U500/17A2
BD Biosciences,
8 Isotype control APC (0.05 pg/sample) 553932
CA, USA
BD Biosciences,
9 Isotype control PE (0.05 pg/sample) 559841
CA, USA
Anti-TRPV1 Alomone Lab,
10 ACC-030 0.2 ml
polyclonal antibody (1:200) Jerusalem, Israel
Anti-TRPA1 Alomone Lab,
11 ACC-037 0.2 ml
polyclonal antibody (1:200) Jerusalem, Israel
F(ab')2-Goat anti-Rabbit IgG (H+L) Cross- Invitrogen, CA,
12 A-11070
Adsorbed Secondary Antibody, Alexa Fluor 488 USA
BD Biosciences,
13 HRP-goat anti-mouse IgG (1:3000) 554002/NA
CA, USA
BD Biosciences,
14 HRP-goat anti-rabbit IgG (1:3000) 554021/NA

CA, USA
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Invitrogen, CA,
15 phospho-NF-xB-p65 (Ser536) MAS5-15160
USA
4.1.4 Chemicals, reagents, and modulators:
Table 4: Details of chemicals used
SI. No. Chemicals Company Catalog no.
Himedia Laboratories Pvt.
1 Bovine serum albumin fraction-V GRM105-100G
Ltd., Mumbai, India
2 Triton X-100 Sigma Aldrich, MO, USA| MBO031-500ML
3 Sodium deoxycholate Sigma Aldrich, MO, USA D6750-25G
4 SDS (sodium dodecyl sulfate) Sigma Aldrich, MO, USA L6026
5 2-mercaptoehtanol Sigma Aldrich, MO, USA 63689
PhosStop™
6 Sigma Aldrich, MO, USA 04906837001
(phosphatase inhibitors cocktail)
Complete EDTA-free
7 Sigma Aldrich, MO, USA 05892970001
Protease inhibitor
8 Bromophenol blue Sigma Aldrich, MO, USA 114391
9 Crystal violet Sigma Aldrich, MO, USA Co6158
Himedia Laboratories Pvt.
10 Bis-Acrylamide MB005-250G
Ltd., Mumbai, India
Himedia Laboratories Pvt.
11 Glycine MBO013-1KG
Ltd., Mumbai, India
Himedia Laboratories Pvt.
12 Sodium chloride GRMO031-1KG
Ltd., Mumbai, India
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Himedia Laboratories Pvt.

13 Tris base TC072-1KG
Ltd., Mumbai, India
Himedia Laboratories Pvt.
14 Sodium azide GRM123-100G
Ltd., Mumbai, India
Himedia Laboratories Pvt.
15 EDTA R066-500ML
Ltd., Mumbai, India
Himedia Laboratories Pvt.
16 Glycerol MB060-500ML
Ltd., Mumbai, India
Himedia Laboratories Pvt.
17 Sulphuric acid (H2SO4) AS016-500ML
Ltd., Mumbai, India
Himedia Laboratories Pvt.
18 Tween-20 GRM156-500G
Ltd., Mumbai, India
19 Ammonium persulfate (APS) Bio-Rad, CA, USA 161-0700
Himedia Laboratories Pvt.
20 HPLC grade Methanol AS061-2.5L
Ltd., Mumbai, India
Himedia Laboratories Pvt.
21 Paraformaldehyde GRM-3660- 500GM
Ltd., Mumbai, India
Himedia Laboratories Pvt.
22 Acrylamide MBO068-1KG
Ltd., Mumbai, India
Antibiotic solution 100x liquid
Himedia Laboratories Pvt.
23 (10000 U Penicillint+ 10 mg AO001A-5x100ML
Ltd., Mumbai, India
Streptomycin)
Himedia Laboratories Pvt.
24 10X Phosphate Buffered Saline TL1032-500ML

Ltd., Mumbai, India
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Himedia Laboratories Pvt.

25 HiGlutaXL™ RPMI-1640 AL060G
Ltd., Mumbai, India
Himedia Laboratories Pvt.
26 TEMED MB026-100ML
Ltd., Mumbai, India
Fetal Bovine Serum (FBS), PAN Biotech, Aidenbach,
27 P30-1302
Australian origin Germany
Himedia Laboratories Pvt.
28 10x RBC lysis buffer R075-100ML
Ltd., Mumbai, India
Bangalore Genei,
29 20X TMB/H20, 62160118010A
Bangalore, India
Himedia Laboratories Pvt.
30 Trypan blue TC193
Ltd., Mumbai, India
31 Concanavalin A Sigma Aldrich, MO, USA C0412-5MG
32 RTX Sigma Aldrich, MO, USA R8756-1MG
33 5-IRTX Sigma Aldrich, MO, USA 19281-1MG
PAN Biotech,
34 DMEM P04-01550
Aidenbach, Germany
35 HC-030031 Sigma Aldrich, MO, USA H4415-10MG
36 AITC Sigma Aldrich, MO, USA 36682-1G
Himedia Laboratories Pvt.
37 DMSO TC185-250ML
Ltd., Mumbai, India
38 Methylcellulose Sigma Aldrich, MO, USA M0387-250g
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Macs Miltenyi Biotech,
39 FcR blocking reagent, mouse 130-092-575
Gladbach, Germany
40 Fluo-4 AM Invitrogen, CA, USA F14217
41 Crystal violet Sigma Aldrich, MO, USA Co6158

4.1.5 Buffers and other reagents composition

Table 5: Details of buffers used

SI. No. | Buffers and other reagents Composition
RIPA lysis buffer (Radio 150 mM sodium chloride, 0.1% SDS (sodium dodecyl
1 Immunoprecipitation Assay sulphate) (w/v), 1.0% NP-40 (v/v), 0.5% sodium
buffer) deoxycholate (w/v), 50 mM Tris, adjust to pH 8.0
4% SDS (w/v), 10% 2-mercaptoehtanol (v/v), 20%
2 2x Laemmli buffer glycerol (v/v), 0.125 M Tris HCl, 0.004%
bromophenol blue (w/v), adjust to pH 6.8
Ix TGS or SDS-PAGE
3 25 mM Tris base, 190 mM glycine, 0.1% SDS (w/v)
running buffer
25 mM Tris base, 190 mM glycine,
4 1x Transfer buffer
20% HPLC grade methanol (v/v)
5 4% Paraformaldehyde (PFA) 1x PBS (pH 7.4-7.6), 4% paraformaldehyde (w/v)
Blocking reagent Western
6 3% BSA fraction-V in TBST
blotting
0.0153 M Trizma HCI, 0.147 M NaCl in ultrapure water|
7 Tris-buffered saline (TBS)

(Milli Q), pH adjusted to 7.6 by HCI
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Tris-buffered saline
8 0.05% (v/v) Tween-20 in 1x TBS
Tween-20 (TBST)

0.5% BSA (w/v), 0.1% saponin (w/v),
9 Permeabilization buffer (ICS)
0.01% NaN3 (w/v), 1x PBS, (pH 7.2)

1% BSA (w/v), 0.1% saponin (w/v),

10 Blocking buffer (ICS)
0.01% NaN3 (w/v), 1x PBS, (pH 7.2)
Methylcellulose media
11 Complete DMEM media, 2% Methylcellulose (w/v)
(plaque assay)
4.1.6 Kits

EZcount™ MTT cell assay kit was purchased from Himedia Laboratories Pvt. Ltd,
(Mumbai, India). Mouse T cell purification kit (Catalog no.11413D) was purchased from
Invitrogen (Carlsbad, CA, USA). OptEIA™ ELISA kits for cytokines IL-2, IFN-y, TNF and
IL-6 were purchased from BD Biosciences (San Jose, CA, USA).

4.2 Methods
4.2.1 CHIKY infection in macrophages

RAW 264.7 cells were infected with CHIKV (DRDE-06) at a multiplicity of infection
(MOI) 5, as described previously 226227, 0.5 x 10° cells were seeded in 6 well plate in complete
RPMI-1640 and placed in an incubator for 20 hours. Next, the media is removed and washed
thrice with 1X PBS. CHIKYV diluted in serum-free RPMI is added to the cells and placed in the
incubator at 37°C. Manual shaking at every 15 minutes is performed to prevent cells from
drying up for 2 hours. Next, the virus is pipetted out, washed thrice with 1X PBS and RPMI-
1640 media is added. Then, the cells are harvested at either 8 or 12 hpi.

To examine TRP modulators effects during CHIKV infection, macrophages were pre-

treated for 2 hours before CHIKV infection, during CHIKV infection and after infection at 0
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hpi till the harvesting time-point. DMSO was used as solvent control. The remaining protocol
was followed as mentioned above.
4.2.2 Splenocyte isolation

Spleen was collected from either BALB/c or C57BL/6 mice aseptically, as described
previously 1% Using a syringe plunger, the spleen was disrupted through a 70 pum cell
strainer in complete RPMI-1640 media. Next, splenocytes were centrifuged at 350g for 5
minutes at 4°C. After centrifugation, the supernatant was slowly decanted and the pellet was
broken down by gentle tapping. RBCs were lysed by 1X RBC lysis buffer (Himedia, Mumbai,
India) with 1-minute incubation. For neutralization, an equal volume of 1X PBS or media was
added and washed twice at 350g for 5 minutes at 4°C. Splenocytes were later suspended in
complete RPMI-1640 media and placed in an incubator.
4.2.3 T cell purification

T cells were purified using dynabeads™ untouched™

mouse T cells kit from Invitrogen
(Carlsbad, CA, USA), as described previously 1%, 50 x10° splenocytes were suspended in
500 pl of isolation buffer 2mM EDTA + 2% FBS + 1X PBS) supplemented with additional
100 pl of FBS. Next, a biotinylated antibody cocktail was added to the cells and incubated in
ice for 20 minutes. After incubation, cells were washed with excess isolation buffer and
centrifuged at 350g for 5 minutes at 4°C. The supernatant was decanted and cells were added
with streptavidin-conjugated magnetic beads for 15 minutes at room temperature with gentle
mixing. After 15 minutes, an extra isolation buffer was added and gently pipetted and placed
on a magnet for 2 minutes. The clear solution containing purified T cells was collected in
another tube and centrifuged at 350g for 5 minutes at 4°C. Purified T cells were resuspended

in complete RPMI-1640 media. The purity of T cells was found to be > 95% via Flow

cytometry
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4.2.4 Flow cytometry (FC)

For quantification of cell markers, flow cytometry was performed, as described
previously 1°122°_ For cell surface staining, cells were suspended in FACS buffer (1% BSA,
0.01% NaN3, 1X PBS). Antibody cocktail is added to the cells and incubated for 30 minutes
on ice. Next, washing is performed by FACS buffer and cells are centrifuged at 350g for 5
minutes at 4°C. In the case of unconjugated primary antibodies, fluorochrome-conjugated
secondary antibody (1:1000) is added and incubated for 30 minutes on ice followed by
washing. Finally, cells are resuspended in FACS buffer containing 1% paraformaldehyde (w/v)
and stored at 4°C until acquisition.

For intracellular staining (ICS), the cells were fixed with 4% paraformaldehyde (w/v)
for 10 minutes at room temperature. The fixed cells were permeabilized via saponin-based
permeabilization buffer (0.5% BSA + 0.1% saponin + 0.01% NaN3 + 1X PBS), followed by
blocking with 1% BSA in permeabilization buffer for 30 minutes at room temperature. Using
permeabilization buffer, the cells were washed and incubated with primary antibodies for 30
minutes at RT. After incubation, fixed cells are washed twice with permeabilization buffer. In
the case of unconjugated primary antibody, fluorochrome-conjugated secondary antibody
(1:1000) is diluted in the permeabilization buffer and incubated for another 30 minutes,
followed by two washes with permeabilization buffer. For acquisition via Flow cytometry, the
cells were resuspended in FACS buffer and stored at 4°C.

For isotype control, mouse IgG and rabbit IgG, as appropriate, were used. To prevent
any non-specific binding of Fc receptors in macrophages, FcR blocking reagent (Miltenyi
Biotech, Germany) was used at a concentration of 1:20. The cells were acquired using Flow

cytometer (BD FACSCalibur™ or BD FACSFortessa™).
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4.2.5 MTT assay

To determine the cellular viability of RAW 264.7 cells in presence of TRPVI
modulators, 5-IRTX and RTX, an MTT assay using an EZcount™ MTT Cell Assay Kit
(Himedia, Mumbai, India) was used, as described previously 2. 5 x 10° cells were seeded in
a flat-bottom, 96 well plate and placed in an incubator at 37°C. After 24 hours, the media was
removed and the TRPV 1 modulators were added to each well in triplicate. As a solvent control,
DMSO was used. After 24 hours of treatment, media was removed and were treated with fresh
RPMI media containing 10% MTT (v/v). For formazan crystal formation, cells were placed in
the incubator for more 2 hours. A 100 pl of solubilization buffer was added to each well
followed by incubation for 15 minutes at room temperature. Absorbance was measured at 570
nm, using a microplate reader (Bio-Rad, CA, USA) and the percentage of viable cells was
calculated in comparison to DMSO control cells.
4.2.6 Plaque assay

To determine the viral titer, a plaque assay was performed, as described elsewhere 226,
0.15 x 10°® Vero cells were seeded in a 24 well plate to attain upto 100% confluency. Next, the
various dilutions of cell culture supernatants were used to infect Vero cells. After infection,
Vero cells were washed thrice with 1X PBS and complete DMEM containing methylcellulose
(2% w/v) is overlaid on the cells and maintained in an incubator for 4-5 days, till the visible
plaques are formed. Then, the cells are fixed with 4% paraformaldehyde at RT. Next, the cells
are washed gently with distilled water to remove DMEM containing methylcellulose and
stained with crystal violet. The plaques were counted manually under white light.
4.2.7 Time-of-addition assay

To determine which stage of the CHIKYV life cycle does the TRP modulators affect, a
time-of-addition experiment was performed, as described elsewhere 2. In this assay, TRP

modulators were added to the host cells at different time points relative to the addition of
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CHIKV. A total of four different conditions were set up namely, (i) pre-during-post (TRP
modulators were added 2 hours before CHIKV infection, during CHIKV infection and post
CHIKYV infection at 0 hpi) (ii) pre-during (TRP modulators were added 2 hours prior to CHIKV
infection and during CHIKYV infection only, no TRP modulators were used post-infection) (iii)
post at 0 hpi (TRP modulators were added after CHIKV infection at 0 hpi) and (iv) post at 4
hpi (TRP modulators were added after CHIKV infection at 4 hpi). The cell-free supernatants
were collected at 12 hpi. The viral titer was quantified by either plaque assay or qRT-PCR by
amplifying the viral E1 gene.
4.2.8 Real-time RT-PCR

qRT-PCR was performed as described elsewhere ?2°. Using 140 ul of CHIK V-infected
supernatant, viral RNA was extracted, using a QIAamp Viral RNA Mini Kit (QIAGEN, Hilden,
Germany). Using random hexamers, 1 pg of viral RNA was used to prepare cDNA by using a
PrimeScript 1% Strand ¢cDNA Synthesis Kit (Takara, Kusatsu, Japan). This ¢cDNA was
amplified for the viral E1 gene by RT-PCR (Applied Biosystems QuantStudio 3), using the
primers F (5'-TGC CGT CAC AGT TAA GGA CG-3'), R (5'-CCT CGC ATG ACA TGT CCG
-3") and a MESA GREEN qPCR MasterMix Plus for SYBR Assay, No ROX (Eurogentec,
Belgium). A standard curve for Ct values was prepared by using six tenfold serial dilutions of
the E1 gene 23°2*!. This E1 gene was cloned in the plasmid pBiEx. The percentage of copy
number/ml was calculated from the corresponding Ct values.
4.2.9 Immunocytochemistry (ICC)

RAW 264.7 cells were seeded on sterile coverslips and infected with CHIKV (MOI=5)

as described elsewhere 232

. At time-points 8 and 12 hpi, cells were fixed with 4%
paraformaldehyde for 15 minutes at RT. Next, cells were permeabilized by blocking buffer
(3% BSA in 1X PBS) + 0.2% Triton X-100 for 10 minutes at RT. After permeabilization, cells

were washed thrice with 1X PBS for 10 minutes. Then, blocking was carried out for 1 hour at
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RT. Next, cells were incubated with primary antibodies for 1 hour at RT. After washing, the
cells are incubated with secondary antibody for 1 hour at RT followed by washing with 1X
PBS. DAPI was used as a nuclear stain. To reduce photobleaching, the coverslips were
mounted with antifade (Invitrogen, CA, USA). Fluorescence images were acquired, using a
63X objective. Finally, images were analysed using the ImagelJ software.
4.2.10 ELISA

To estimate the cytokine levels in cell-free culture supernatants, Sandwich ELISA was
performed, using a BD OptEIA™ kit (BD Biosciences, CA, USA) for TNF, IL-6, IFN-y and
IL-2 as described previously 22¢2*. 96 well, medi-binding strip immune-plates (SPL Life
Sciences, Korea) were used. Capture antibodies diluted in coating buffer (vol. 100 ul) were
dispensed into each well and incubated at 4°C overnight with a plate sealant. Next, each well
is aspirated and washed three times with 300 pul of wash buffer (1X PBS with 0.05% Tween-
20). Next, plates are incubated with 300 pl/well of assay diluent (1X PBS with 10% FBS) and
incubated at room temperature for 1 hour. After incubation, washing is performed three times
with wash buffer. Standards are serially diluted as recommended in the kit and samples are also
diluted as desired and added to the corresponding well. After incubation for 2 hours, washing
is performed five times with wash buffer. The detection antibody + streptavidin HRP reagent
(working detector) is added to all the wells and incubated for 1 hour at room temperature with
a plate sealer. Next, the plate is washed with wash buffer for seven times and incubated with
substrate solution (TMB/H20: diluted in H>O) in the dark without a plate sealer. The reaction
develops blue color. After 5-30 minutes, by adding 50 ul of stop solution (2N H>SO4), the
reaction was stopped. The reading was immediately taken at 450 nm by Bio-Rad iMark™
microplate absorbance reader. The cytokine concentration (pg/ml) was calculated in

comparison with the corresponding standard curve.
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4.2.11 Western blot

To assess the protein expression levels in CHIKV-infected macrophages, Western blot
was performed as described previously 22622”. Mock and CHIK V-infected macrophages treated
with different TRP modulators were harvested and lysed with RIPA buffer supplemented with
protease and phosphatase inhibitor cocktail (Roche, Mannheim, Germany). 30 ug of protein
was loaded in each well and subjected to 10% SDS-PAGE and blotted to polyvinylidene
fluoride (PVDF) membrane (Millipore, MA, USA). After blocking with 3% BSA for 1 hour at
RT, overnight incubation at 4°C with primary antibody was carried out. The membranes were
washed with TBST followed by addition of HRP-conjugated secondary antibody. Finally,
chemiluminescence was detected by Bio-Rad Gel Doc.
4.2.12 7-AAD staining

Purified mouse T cells were incubated with two-fold serial dilution of B16F10-CS, 5'-

IRTX and FK506 for 36 hours. Next, cells were washed with 1X PBS and stained with 7-AAD.
Cells were then immediately acquired in Flow cytometer (BD LSRFortessa™, BD
Biosciences). The analysis was performed by the software Flowjo V10.7.1.
4.2.13 Calcium Imaging

Cells are stained with calcium-sensitive dye, Fluo-4 AM (Invitrogen, CA, USA), 2 uM
for 30 minutes and incubated at 37°C with 5% CO», as described previously '°!. To remove any
excess dye, cells were washed twice with 1X PBS. After de-esterification, the cells were placed
in a live cell chamber and stimulated with specific reagents alone or in combinations as per
experimental conditions. Accordingly, the fluo-4 AM intensity was assessed by either via flow
cytometry or fluorescence-based microplate reader or confocal microscopy. Using the
GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA), the time-lapse kinetics

of calcium influx were plotted.
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4.2.14 Statistical analysis

The comparison between the groups was performed by either student t-test, one-way
ANOVA or two-way ANOVA. Using GraphPad Prism 7.0 (GraphPad Software Inc., San
Diego, CA, USA), statistical analysis was performed. Data are presented as the mean + SD.
Data presented are representative of three independent experiments. p < 0.05 is considered as

statistically significant difference between the groups (ns, non-significant, *p < 0.05, **p <

0.01, **%p < 0.001).
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5. Results
5.1 Regulatory role of TRPV1 in CHIKY infection

Several viral infections such as varicella-zoster virus (VZV), herpes simplex virus type
2 (HSV-2), hepatitis C virus (HCV), measles virus (MV), respiratory syncytial virus (RSV)
and human rhinovirus (HRV) infection upregulate TRPV 1 levels in host cells 206-207:214.234-236
Additionally, TRPV1 has also been reported to play vital roles in host-pathogen interactions,
including viral binding, entry and replication 29207214 Fuyrther, TRPV1 has also been
associated with post-viral infection pain and inflammation as well 206-207214.234=236 The cyrrent
study provides evidence that TRPV1 regulates CHIKV infection in macrophages. Further, the
regulatory role of TRPV1 in host-pathogen interactions, effector cytokine response, pNF-xB

(p65) expression and nuclear localisation, and calcium influx were also investigated.

5.1.1 CHIKY upregulates TRPV1 expression in macrophages

TRPV1 has been reported to be upregulated during various viral infections 206-207:214.234-

236 Thus, the surface expression levels of TRPV1 was assessed in CHIKV-infected
macrophages. For CHIKV infection, RAW 264.7 cells were infected with CHIKV at MOI 5
and the viral proteins (nsP2 and E2) and TRPV1 expression at both 8 and 12 hpi were quantified
by Flow cytometry. As reported earlier, the highest CHIKV protein-positive cells were found
at 8 hpi (nsP2: 7.74 £ 1.01; E2: 14.66 + 1.09). At 12 hpi (nsP2: 4.87 + 1.01; E2: 11.15 £ 0.85),
a marginal decrease in CHIKV protein-positive cells were found. (Figure 3A). Further, it was
observed that in CHIKV-infected macrophages, TRPV1 expression levels significantly
increased as compared to mock cells at both 8 hpi (mock: 43.147 + 1.48; CHIKV: 51.13 £ 1.32)
and 12 hpi (mock: 47.22 £ 1.58; CHIKV: 64.79 + 0.52) (Figure 3B). Simultaneous detection
of viral proteins and TRPV1 expression could not be performed because of saponin. TRPV1 is

closely associated with cholesterol in plasma membrane 2*"2*°, Since saponin creates transient

pores in the plasma membrane by removing cholesterol, it leads to membrane loss and
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consequently loss of TRPV1 signal 24*2%3_ These findings suggest that TRPV1 is upregulated

during CHIKV infection in a time-dependent manner.
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Figure 3 CHIKY upregulates TRPV1 expression in macrophages

RAW 264.7 cells were infected with CHIKV at an MOI of 5, harvested at 8 and 12 hpi and finally
acquired by Flow cytometry (FC). (A) FC dot-plot analysis showing the percentage of cells positive for
the viral proteins nsP2 and E2 with representative bar diagram. (B) FC analysis depicting TRPV1
expression in CHIKV- infected RAW 264.7 cells with representative bar diagram. Data represents the

mean + SD of three independent experiments. P < 0.05 were considered statistically significant (* * *, p

<0.001).

5.1.2 Assessment of TRPV1 antibody specificity

TRPV1 antibody is polyclonal in origin. Hence, the specificity of the TRPV1 antibody
was assessed via Flow cytometry (FC), using a control blocking peptide antigen '°!. RAW
264.7 cells were stained with TRPV1 antibody in the presence or absence of the blocking

peptide. As anticipated, it was found that the percentage of cells that were positive for TRPV1
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decreased in a dose-dependent manner from 42.21 £ 3.90 to 7.75 £ 2.74 in the presence of 1X
control blocking peptide antigen, and it decreased further to 2.03 £ 0.69 in the presence of 3X
control blocking peptide antigen, confirming the specificity of the TRPV1 antibody in RAW

264.7 cells (Figure 4).
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Figure 4 Assessment of TRPV1 antibody specificity

FC analysis depicting TRPV1 expression in RAW 264.7 cells, in presence or absence of control blocking
peptide antigen as dot plot (upper panel) and MFI (lower panel) representing TRPV1 expression in
isotype (purple filled), TRPV1 (green), TRPV1 + blocking peptide (1X) (pink) and TRPV1 + blocking
peptide (3X) (blue) along with representative bar diagram. Data represents the mean = SD of three
independent experiments. P < 0.05 were considered statistically significant (ns, non-significant; *, p <

0.05; * * * p <0.001).

5.1.3 Cell viability assay for macrophages in the presence of TRPV1 modulators

TRPV1 specific functional modulators, 5-IRTX and RTX were used in this study
191192244 = To determine the cellular cytotoxicity of 5-IRTX and RTX, an MTT assay was
performed. The drugs, 5-IRTX (0.625 uM to 160 uM) and RTX (0.08 uM to 10 uM) were
two-fold serially diluted. DMSO was used as solvent control. It was observed that the

percentage of cell viability for 0.625 uM of 5-IRTX and RTX was ~ 97% and ~ 100%,

66



respectively (Figure 5). A similar observation has also been reported earlier as well 24247,

Hence for further experiments, 0.625 uM of 5-IRTX and RTX were used.
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Figure 5 Percentage of cell viability via MTT assay

Bar diagram showing the percentage of viable RAW 264.7 cells treated with two-fold serially diluted

concentrations of RTX (left panel) and 5'-IRTX (right panel) as compared to the DMSO (solvent control,

as determined by MTT assay. Data represents the mean + SD of three independent experiments.
5.1.4 TRPVI1 regulates CHIKY infection

TRPV1 has been reported to regulate various viral infections, including varicella-zoster

virus (VZV), herpes simplex virus type 2 (HSV-2), hepatitis C virus (HCV), measles virus
(MV), respiratory syncytial virus (RSV) and human rhinovirus (HRV) 206:207:214.234=236
However, no such role of TRPV1 in CHIKYV infection has been reported. To determine whether
pharmacologically regulating TRPV1 functioning via 5-IRTX or RTX can also regulate
CHIKYV infection in macrophages, RAW 264.7 cells were infected with CHIKYV in the presence
of TRPV1 modulators. Flow cytometric analysis revealed that in the presence of 5-IRTX, the
percentage of CHIKYV positive cells (nsP2: 6.46 + 0.72; E2: 8.32 £ 1.41) decreased whereas,
in the presence of RTX, the percentage of CHIKYV positive cells (nsP2: 14.04 = 1.38; E2: 17.86
+2.05) increased as compared to CHIKV+DMSO control (nsP2: 9.71 +0.86; E2: 16.45 = 3.87)

(Figure 6A). Similarly, Western blot analysis has shown that E2 and nsP2 have significantly

decreased in the presence of 5-IRTX as compared to CHIKV+DMSO control. However, in

67



RTX-treated cells, only nsP2 expression was significantly increased (Figure 6B). These
findings suggest that TRPV1 may regulate CHIKV infection in macrophages.

Subsequently, the TRPV1 expression levels were also quantified in 5’-IRTX or RTX
treated CHIKV-infected macrophages. A significant change was observed only in CHIKV +
DMSO (8 hpi: 50.16 £ 2.55) as compared to Mock + DMSO (8 hpi: 41.92 + 1.09). However,
no significant change was observed in the presence of 5-IRTX (8 hpi: 55.7 £ 2.43) and RTX
(8 hpi: 52.01 + 3.21; treated CHIK V-infected macrophages as compared to CHIKV + DMSO
(Figure 6C). Taken together, these results indicate that upon CHIKV infection in macrophages,
surface TRPV1 levels increase significantly. Although TRPV1 modulators can modulate
CHIKYV infection, no significant change in TRPV1 expression levels was observed, since the

TRPV1 modulators used in this study are functional modulators.
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The RAW 264.7 cells were treated with either TRPV1 modulators or DMSO. (A) FC dot-plot showing

percentage of positive cells for viral proteins, nsP2 or E2 (8 and 12 hpi) with either 5-IRTX or RTX

treated CHIK V-infected macrophages with representative bar diagram (B) Western blot analysis showing

viral proteins, E2 and nsP2 levels at 8 hpi. The bar diagram below shows relative band intensities of nsP2

and E2. (C) Representative FC dot-plot depicting percent positive cells for TRPV1 at 8 hpi and 12 hpi

with its corresponding bar diagram. Data represents the mean + SD of three independent experiments. P

< 0.05 were considered statistically significant (ns, non-significant; * p < 0.05; * * * p < 0.001).
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5.1.5 TRPV1 regulates CHIKY viral titer

To determine whether TRPV1 regulates CHIKV wviral titer, a plaque assay was
performed 22%2%®, Cell-free supernatants containing the infectious viral particles from the
experiments were collected and stored at -80°C. CHIKYV viral titer significantly decreased in
the presence of 5-IRTX to 3.33 x 10°+ 6.66 x 10° (0.57-fold) and conversely increased in the
presence of RTX to 1.13 x 107 £ 1.15 x 10° (1.96 fold) as compared to CHIKV + DMSO
control (5.77 x 10° £ 7.69 x 10°) (Figure 7). This result indicates that TRPV1 also regulates

CHIKYV viral titer.

1.6x10% -
1.3=10"7 4
10107
7.5=10

5.0x=10"

Virus Titer (PFUImI)

2,5x10%

B

Figure 7 TRPV1 regulates CHIKY viral titer

The RAW 264.7 cells were treated with either DMSO or TRPV1 modulators. As determined by plaque
assay, bar diagram showing viral plaque-forming units (PFU/ml), from the supernatants of CHIKV-
infected macrophages at 12 hpi treated with either 5’-IRTX, RTX or DMSO as control. Data represents
the mean + SD of three independent experiments. P < 0.05 were considered statistically significant (* p

<0.05; * * * p < 0.001).

5.1.6 TRPV1 modulates the early phases of the CHIKY life-cycle

TRPVI1 has been widely reported to affect various viral life-cycle stages such as
adsorption, entry and replication 20297214 To determine which phase of the CHIKV life-cycle
does TRPV1 affects, we performed a plaque assay from supernatants (collected after CHIKV

infection, containing unbound virus) and time-of-addition studies.
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To perform plaque assay, supernatants containing the unbound virus after CHIKV
infection were used. It was observed that a significantly higher viral titer was present in
5-IRTX treated CHIK V-infected macrophages (3.02 x 10° 2.7 x 10* PFU/ml, 32% more than
DMSO only). In contrast, a significantly lower viral titer in RTX treated CHIKV-infected
macrophages (1.35 x 10° + 1.5 x 10* PFU/ml, 40.77% less than DMSO only) as compared to
CHIKYV + DMSO control (2.28 x 10° £+ 1.01 x 10%) (Figure 8A). These findings suggest that
the viral adsorption and/or entry decreases in the presence of 5-IRTX and increases in RTX
presence during CHIKYV infection in macrophages.

Next, the time-of-addition assay as described in Methods depicted that the addition of
TRPV1 modulators with respect to virus addition profoundly affects the CHIKV viral copy
number. The CHIKYV infection significantly altered in the presence of TRPV1 modulators in
the “Pre+During+Post” and “Pre+During” conditions. The percentage of CHIKV infection in
the presence of 5-IRTX reduced significantly to 13.79% and 47.29% in “Pre+During+Post”
and “Pre+During” respectively as compared to the corresponding CHIKV + DMSO control.
Conversely, the percentage of CHIKV infection in the presence of RTX increased to 130% and
110% in “Pre+During+Post” and “Pre+During”, respectively as compared to CHIKV + DMSO

control. In the presence of TRPV1 modulators, both at “post 0 hpi” or “post at 4 hpi”, a non-
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Figure 8 TRPV1 modulates early phases of the CHIKYV life-cycle

RAW 264.7 cells were pre-treated with 5-IRTX, RTX or DMSO for 2 h prior to CHIKV addition. After
CHIKYV adsorption to the cells, the unbound virus in the left-over supernatant was collected and plaque
assay was performed. (A) Bar diagram depicting the number of viral plaque-forming units (PFU/ml)
derived from left-over supernatant from the TRPV1 treated CHIKV-infected macrophages. (B) CHIKV
infection was carried out in RAW 264.7 cells by adding TRPV1 modulators in different phases of CHIKV
addition to RAW 264.7 cells like pre + during + post (i), pre + during (ii), post at 0 hpi (iii) and post at 4
hpi (iv). Real-time RT-PCR was performed for viral gene (E1) expression. Data are expressed in the
percentage of copy number/ml normalized to CHIKV + DMSO. Data represents the mean + SD of three
independent experiments. P < 0.05 were considered statistically significant (ns, non-significant; * p<

0.05; * * p<0.01; * * * p<0.001).
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significant change in CHIKV infection was observed (Figure 8B). Taken together, these results
suggest that the TRPV1 might affect the early phases of the CHIKV viral life-cycle i.e., viral

adsorption and/or entry.

5.1.7 TRPV1 modulates the CHIKV-induced pro-inflammatory cytokine response in

host macrophages

CHIKYV has been widely reported to induce robust pro-inflammatory cytokine response

226,227,249-251

in host macrophages . To quantitate the secreted cytokines during CHIKV

infection, we performed sandwich ELISA. As expected, the cytokines TNF and IL-6 were

markedly upregulated during CHIKV infection at both 8 and 12 hpi.
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Figure 9 TRPV1 modulates the CHIKV-induced pro-inflammatory cytokine response in host
macrophages

Sandwich ELISA was performed from the cell-free supernatants collected from the CHIKV-infected
macrophages. Bar diagram showing the amount of secreted (pg/ml) at both 8 and 12 hpi (A) TNF and (B)
IL-6. Data represent the mean + SD of three independent experiments. Data represents the mean = SD of
three independent experiments. P < 0.05 were considered statistically significant (ns, non-significant; *
p <0.05;* * p<0.01; * * * p<0.001).

In RTX-treated CHIKV-infected macrophages, the cytokine TNF and IL-6 were further

significantly upregulated as compared to CHIKV + DMSO control. Unprecedentedly, in 5'-
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IRTX treated CHIKV-infected macrophages, the cytokines TNF and IL-6 were also
significantly upregulated as compared to CHIKV + DMSO control, albeit lesser than CHIKV
+ RTX (Figure 9). These results suggest that the RTX-treated CHIK V-infected macrophages
produces the maximum upregulation in cytokine responses as compared to CHIKV + DMSO
control. Surprisingly, pro-inflammatory cytokine response was also found to be increased in

5-IRTX treated CHIKV-infected macrophages.

5.1.8 Pro-inflammatory cytokine response in macrophages treated with TRPV1
modulators
To determine whether TRPV1 modulators alone can induce cytokine response in
macrophages, we performed a sandwich ELISA. We observed that both 5-IRTX and RTX did
not induce any change in TNF and IL-6 levels at both 8 and 12 hpi as compared to mock cells
(Figure 10). These findings indicate that TRPV1 modulators alone cannot induce any change

in both TNF and IL-6 levels in macrophages.

[ Mock + DMSO
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IL-6 (pg/ml)

[5:]
(-]
1

&

Figure 10 TRPV1 modulators alone cannot induce pro-inflammatory cytokine response in host
macrophages

RAW 264.7 cells were treated with TRPV1 modulators. Sandwich ELISA was performed from the cell-

free supernatants collected from the RAW 264.7 cells at both 8 and 12 hours. Graphical bar diagram

depicting the amount of secreted TNF (A) and IL-6 (B) in 5-IRTX or RTX treated mock macrophages.
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Data represents the mean + SD of three independent experiments. P < 0.05 were considered statistically

significant (ns, non-significant).

5.1.9 Expression and nuclear localization of pNF-kB (p65S) in CHIKV-infected
macrophages, in presence or absence of TRPV1 modulators
NF-kB is a protein complex involved in various cellular processes, including

26252253 1tg phosphorylated

transcription, cell survival, cytokine and chemokine production
form (pNF-«xB) plays a central role in inflammation. To determine the discrepancy in the
cytokine production of 5-IRTX treated CHIKV-infected macrophages, we assessed the
pNF-xB (p65) expression and nuclear localization via Immunofluorescence and Flow
cytometry. Immunofluorescence studies reveal that CHIKV infection-induced pNF-xB
expression and nuclear localization at both 8 and 12 hpi as compared to mock cells. In RTX-
treated CHIKV-infected macrophages, the pNF-«B levels reached maximum elevation.
Similarly, in 5-IRTX treated CHIK V-infected macrophages, the pNF-kB expression was also

elevated as compared to CHIKV-infected macrophages, albeit lesser than the RTX treated

CHIK V-infected macrophages (Figure 11 A, B).
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Figure 11 Expression and nuclear localization of pNF-kB (p65) in CHIKV-infected macrophages,
in presence or absence of TRPV1 modulators

pNF-kB (p65) expression and nuclear localisation was studied by Immunofluorescenc at both (A) 8 hpi
(left panel) and 12 hpi (right panel) and Flow cytometry at 8 hpi. CHIKV infected macrophages in
presence or absence of TRPV1 modulators were stained with CHIKV E2 monoclonal (red) (al, bl, cl,
dl and el, f1, g1, h1). The immunofluorescence images show the nuclear localisation of pNF-kB (p65)
(green) (a2, b2, c2, d2 and e2, f2, g2, h2) in CHIK V-infected macrophages as compared to mock. Nuclei
were stained with DAPI (a3, b3, c3, d3 and e3, f3, g3, h3). pNF-kB levels in rainbow scale (a4, b4, c4,
d4 and e4, f4, g4, h4). Mock cells are used as negative control. (B) Scatter plot showing pNF-kB (p65)
intensity at 8 hpi (left panel) and 12 hpi (right panel) in TRPV1 modulator treated CHIKV-infected
macrophages. (C) FC histogram plot depicting MFI of pNF-kB (p65) at 8 hpi in TRPV1 modulator treated
CHIK V-infected macrophages. with representative bar diagram. Data represents the mean + SD of three
independent experiments. P < 0.05 were considered statistically significant (ns, non-significant; * p <

0.05;* * p < 0.01; * * * p < 0.001).
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The flow cytometry data at 8 hpi is also in agreement with the above results (Figure
11C). Taken together, these results suggest that the pNF-xB levels markedly increase in 5'-
IRTX treated CHIKV-infected macrophages as compared to CHIKV-infected macrophages,
which might explain the discrepancy in cytokine response in 5-IRTX treated CHIK V-infected

macrophages.

5.1.10 TRPV1 modulates Ca?* influx in macrophages

TRPV1 is a non-selective calcium-permeable cation channel 2>*2%7. Here, we have
assessed the functional contribution of TRPV1 in Ca?' influx during CHIKV infection in
macrophages. The macrophages were stained with Ca®" sensitive dye fluo 4-AM 2°%25% The
addition of Ca?" solution only did not induce any Ca?" influx indicating that the Ca*" solution
is not triggering any non-specific change in Ca>" levels. Next, upon the addition of 5-IRTX,
we observed a slight reduction in fluo-4 intensity. Further, we observed a robust increase in
fluo-4 intensity upon treatment with RTX indicating Ca®>" influx via TRPV1 channels.
Similarly, upon treatment with CHIKV, we observed an increase in Ca?" influx, indicating that
CHIKV binding to host macrophages induces Ca’?’ influx. Next, upon the addition of
CHIKV+5-IRTX, we observed that the Ca®" influx has reduced. Conversely, upon treatment
with CHIKV+ RTX, the fluo-4 intensity increased maximum (Figure 12A). To further quantify
the above results, we have estimated the area under the curve (AUC). The estimated AUC
values for different treatments were: -99.28 a.u. (calcium solution), -55.6 a.u. (5'-IRTX),
+128.2 a.u. (RTX), +94.03 a.u. (CHIKV + DMSO), -14.14 a.u. (CHIKV + 5-IRTX), and
+179.4 a.u. (CHIKV + RTX) (Figure 12B). These results suggest that TRPV1 regulates Ca*"

influx during CHIKYV infection in macrophages.
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Figure 12 TRPV1 modulates Ca?" influx in macrophages

RAW 264.7 cells were stained with Fluo-4 AM, a calcium-sensitive dye. (A) Fluo-4 (>10 frame) refers
to fluorescence before the addition of reagent at 10™ frame and fluo-4 (50 frame) refers to fluorescence
level at 50" frame. The treatment conditions from top to bottom order is as Mock + Ca>" solution (al, a2,
a3), TRPV1 inhibitor (5’-IRTX) only (b1, b2, b3), TRPV1 activator (RTX) only (c1, c2, c3), CHIKV +
DMSO (dl1, d2, d3), CHIKV + 5’-IRTX (el, €2, e3) and CHIKV + RTX (fl, 2, f3). Using the pseudo 16
color, the fluorescence intensities are represented (White and black represent the highest and lowest
intracellular Ca®" levels, respectively). (B) Time-lapse kinetics of intracellular calcium influx treated with
(i) Ca?* solution (i) 5’-IRTX (iii) RTX (iv) CHIKV (v) CHIKV + 5’-IRTX (vi) CHIKV + RTX. The
intensity (F/Fo) of each cell is represented in grey lines and the average in black lines. The black arrows
indicate the time of addition of a specific reagent. Representative data is of three independent

experiments.
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5.2 Regulatory role of TRPA1 in CHIKY infection

Like TRPV1, TRPAI has also been reported to be upregulated during several viral
infections, including human rhinovirus (HRV), respiratory syncytial virus (RSV) and measles
virus (MV) 296207 TRPA1 has also been known to play vital roles in viral binding, entry and
replication 2%%2%7. Further, TRPA1 has also been found to be associated with pain and
inflammation 3!4345:47.260-263 The current study provides evidence that TRPA1 regulates
CHIKYV infection in macrophages. Further, the regulatory role of TRPA1 in host-pathogen
interactions, effector cytokine response and calcium influx were also investigated.
5.2.1 CHIKY upregulates TRPA1 expression in macrophages

TRPATI has been reported to be actively involved in various inflammatory diseases,

such as, inflammatory bowel disease, neurogenic inflammation, skin inflammation, bone-
cancer pain, pancreatic inflammation, lung inflammation and airway hyperresponsiveness
195,197.217.261.262 " Fyyrthermore, it has also been testified to be upregulated during diverse viral
infections as well 2°62%7 Thus, the TRPA1 surface expression levels was assessed in CHIK V-
infected macrophages. For CHIKV infection, RAW 264.7 cells were infected with CHIKYV at
MOI 5 and the viral proteins (nsP2 and E2) and TRPA1 expression at 8 hpi were quantified by
Flow cytometry. It was observed that CHIKV viral proteins (nsP2: 8.85 + 0.73; E2: 15.97 +
0.75) significantly increased as compared to mock cells (nsP2: 0.70 &+ 0.30; E2: 0.52 &+ 0.53)
(Figure 13A). Further, it was observed that in CHIKV-infected macrophages, TRPAI1
expression levels significantly increased as compared to mock cells at 8 hpi (mock: 36.17 +
1.21; CHIKV: 46.17 +2.25) (Figure 13B). Simultaneous detection of viral proteins and TRPA 1
expression could not be performed because of saponin. TRPA1 is closely associated with
cholesterol in plasma membrane 2!7-642%Since saponin creates transient pores in the plasma

membrane by removing cholesterol, it leads to membrane loss and consequently loss of TRPA1
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signal 24243 These findings suggest that TRPA1 is upregulated during CHIKV infection in a

time-dependent manner.
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Figure 13 CHIKY upregulates TRPA1 expression in macrophages

RAW 264.7 cells were infected with CHIKV at an MOI of 5 and analyzed for viral proteins, nsP2 and E2
via Flow cytometry (FC) at both 8 and 12 hpi. (A) FC dot-plot depicting the percentage of cells positive
for the viral proteins nsP2 (upper panel) and E2 (lower panel) in CHIKV-infected macrophages along
with representative bar diagram. (B) FC analysis showing increased TRPA1 expression in CHIKV-
infected RAW 264.7 cells with representative bar diagram. Data represents the mean + SD of three

independent experiments. P < 0.05 were considered statistically significant ( * * * p < 0.001).
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5.2.2 Assessment of TRPA1 antibody specificity

TRPA1 antibody is polyclonal in origin 2. Using a control blocking peptide antigen
the specificity of the TRPA1 antibody in RAW 264.7 was assessed via FC. RAW 264.7 cells
were stained with TRPAT antibody in the presence or absence of the blocking peptide. As
expected, it was found that the percentage of cells that were positive for TRPV1 decreased in
a dose-dependent manner from 35.17 £ 1.21 to 2.50 £ 0.79 (1X control blocking peptide
antigen) and further reduced to 0.83 + 0.28 (3X control blocking peptide antigen), confirming

the specificity of the TRPAT1 antibody (Figure 14).
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Figure 14 Assessment of TRPA1 antibody specificity
FC analysis depicting TRPA1 expression in RAW 264.7 cells, in presence or absence of control blocking
peptide antigen as dot plot. Data represents the mean + SD of three independent experiments. P < 0.05

were considered statistically significant (ns, non-significant; * * * p < 0.001).

5.2.3 Cell viability assay for macrophages in the presence of TRPA1 modulators

TRPA1 specific functional modulators, HC-030031 and AITC were used 27-2%°. To
determine the cellular cytotoxicity of HC-030031 and AITC in macrophages, an MTT assay
was performed. The drugs, HC-030031 (2.5 uM to 80 uM) and AITC (2.5 uM to 80 uM) were
two-fold serially diluted. DMSO was used as solvent control. It was observed that the

percentage of cell viability for 10 pM of HC-030031 and AITC was ~93% and ~100%,
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respectively (Figure 15). Hence for further experiments, 10 uM of HC-030031 and AITC were

used.
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Figure 15 Percentage of cell viability via MTT assay
Bar diagram depicting the percentage of viable RAW 264.7 cells treated with two-fold serially diluted
concentrations of HC-030031 (left panel) and AITC (right panel) with respect to the solvent control

(DMSO), as determined by MTT assay. Data represents the mean + SD of three independent experiments.

5.2.4 TRPAT1 regulates CHIKY infection

TRPAT1 has been reported to regulate various viral infections, including respiratory
syncytial virus (RSV), measles virus (MV), and human rhinovirus (HRV) 2°¢2%7. However, no
such role of TRPA1 in CHIKYV infection has been reported. To ascertain whether TRPAI
regulates CHIKV infection, RAW 264.7 cells were infected with CHIKV in the presence of
TRPA1 modulators (HC-030031 or AITC). Flow cytometric analysis revealed that in presence
of HC-030031, CHIKV percentage positive cells (nsP2: 9.78 £ 0.27; E2: 19.08 + 0.57)
increased whereas in presence of AITC, the CHIKV percentage positive cells (nsP2: 4.72 +
0.55; E2: 10.75 £ 0.5) decreased as compared to CHIKV+DMSO control (nsP2: 7.83 + 1.23;
E2: 17.13 £ 0.68) (Figure 16A, 1). Similarly, at 12 hpi, CHIKV percentage positive cells in

presence of HC-030031 (nsP2: 7.45 = 0.31; E2: 15.07 £ 1.67) increased whereas in presence
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of AITC, the CHIKYV percentage positive cells (nsP2: 2.91 = 0.46; E2: 6.72 + 0.86) decreased
as compared to CHIKV+DMSO control (nsP2: 4.44 + 0.43; E2: 11.53 £ 0.75) (Figure 16A, ii).

Taken together, these findings suggest that TRPA1 may regulate CHIKV infection in

macrophages.

Subsequently, the TRPA1 expression levels were also quantified in CHIKV-infected
macrophages treated with TRPA1 modulators. In CHIKV + DMSO (8hpi: 45.05 £ 2.55; 12hpi:
54.37 + 1.41), a significant change was observed as compared to Mock + DMSO (8hpi: 35.4 +
1.09; 12hpi: 44.6 = 1.45). However, no significant change was observed in presence of HC-
030031 (8hpi: 44.1 + 2.43; 12hpi: 55.73 £ 2.06) and AITC (8hpi: 45.55 +2.31; 12hpi: 54.63 +
3.20) treated CHIKV-infected macrophages as compared to CHIKV + DMSO (Figure 16C).
Taken together, these results indicate that upon CHIKV infection in macrophages, surface
TRPALI levels increase significantly. Although TRPA1 modulators can modulate CHIKV
infection, no significant change in TRPAT expression levels was observed since the TRPA1

modulators used in this study are functional modulators.
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Figure 16 TRPA1 regulates CHIKYV infection

TRPAL, 12 hpi

The RAW 264.7 cells were treated with either DMSO or TRPA1 modulators, HC-030031 or AITC at

both 8 and 12 hpi. (A) Representative FC dot plot depicting percent positive cells for viral proteins, nsP2

(i) and E2 (ii) with either HC-030031 or AITC treatment. (B) Representative FC dot plot depicting percent

positive cells for TRPA1 in CHIKV-infected macrophages treated with TRPA1 modulators Data

represents the mean £ SD of three independent experiments. P < 0.05 were considered statistically

significant (ns, non-significant; * p < 0.05; * * p<0.01; * * * p <0.001).
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5.2.5 TRPAT1 regulates CHIKY viral titer

To determine whether TRPA1 regulates CHIKV wviral titer, a plaque assay was
performed as mentioned elsewhere 22243, Cell-free supernatants containing the infectious viral
particles from the experiments were collected and stored at -80°C. CHIKV viral titer
significantly increased in the presence of HC-030031 to 2.32 x 10% =2 x 107 (1.33-fold) and
conversely decreased in presence of AITC to 1.36 x 10%+ 1.9 x 107 (0.78-fold) as compared to
CHIKYV + DMSO control (1.74 x 108+ 1.5 x 107) (Figure 17). This result indicates that TRPA1

also regulates CHIKV viral titer.
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Figure 17 TRPA1 regulates CHIKYV infection

The RAW 264.7 cells were treated with either DMSO or TRPA1 modulators, HC-030031 or AITC. Bar
diagram showing viral plaque-forming units (PFU/ml), as determined by plaque assay from CHIKV-
infected macrophages with HC-030031 or AITC treatment at 12 hpi. Data represents the mean + SD of
three independent experiments. P < 0.05 were considered statistically significant (ns, non-significant; *

P <0.05;* *p <0.01; * * * p <0.001).
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5.2.6 TRPA1 modulates the early phases of the CHIKY life-cycle

TRPAT1 has been widely reported to affect various viral life-cycle stages such as
adsorption, entry and replication 227, To determine which phase of the CHIKV life-cycle
does TRPAL affects, we performed time-of-addition studies. The time-of-addition assay as
described in Methods showed that the addition of TRPA1 modulators with respect to the
CHIKYV addition profoundly affects the CHIKV tier estimated via plaque assay from culture
supernatants at 12 hpi. CHIKV infection significantly altered in the presence of TRPAIl
modulators in the “Pret+During+Post” and “Pre+During” conditions. The percentage of
CHIKYV infection in presence of HC-030031 increased significantly to 30.92% and 36.79% in
“Pre+During+Post” and “Pre+During”, respectively as compared to the corresponding CHIKV
+ DMSO control. Conversely, the percentage of CHIKV infection in the presence of AITC
decreased to 27.22% and 25.47% in “Pre+During+Post” and “Pre+During” respectively as
compared to the corresponding control (CHIKV + DMSO). At “post 0 hpi”, a non-significant
change in CHIKYV infection was observed (Figure 18). Taken together, these results suggest
that the TRPA1 may affect the early phases of the CHIKYV viral life-cycle i.e., viral adsorption

and/or entry.
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Figure 18 TRPA1 modulates early phases of the CHIKYV life-cycle
CHIKYV infection was carried out in RAW 264.7 cells by adding TRPA1 modulators, HC-030031 or

AITC in different phases of CHIKV infection like (i) pre + during + post, (ii) pre + during and (iii) post
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at 0 hpi. Data are expressed in plaque-forming units (PFU/ml) and represented as mean + SD of three
independent experiments. P < 0.05 were considered statistically significant (ns, non-significant; * p<

0.05; * * p< 0.01; * * * p< 0.001).

5.2.7 TRPA1 modulates the CHIKV-induced pro-inflammatory cytokine response in
host macrophages
CHIKYV has been widely reported to induce robust pro-inflammatory cytokine response
in host macrophages 22622724251 To quantitate the secreted cytokines during CHIKV

infection, we performed sandwich ELISA.
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Figure 19 TRPA1 modulates the CHIKV-induced pro-inflammatory cytokine response in host
macrophages
The cell-free supernatants from CHIKV-infected macrophages were collected at 8 and 12 hpi. Sandwich
ELISA was performed to determine the levels of the pro-inflammatory cytokine. Bar diagram depicting
the amount of (A) TNF and (B) IL-6 secreted in mock-treated and HC-030031 or AITC-treated CHIKV-
infected macrophages in pg/ml. Data represents the mean + SD of three independent experiments. P <

0.05 were considered statistically significant (* * p <0.01; * * * p <0.001).
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As expected, the cytokines TNF and IL-6 were markedly upregulated during CHIKV
infection at both 8 and 12 hpi. In HC-030031 treated CHIKV-infected macrophages, the
cytokine TNF and IL-6 were further significantly upregulated as compared to CHIKV + DMSO
control. Similarly, in AITC treated CHIKV-infected macrophages, the cytokines TNF and IL-
6 were significantly downregulated as compared to CHIKV + DMSO control (Figure 19).
These results suggest that upon TRPA inhibition or activation, the pro-inflammatory response
either increased or decreased respectively in CHIKV-infected macrophages as compared to

CHIKYV + DMSO control, respectively.

5.2.8 TRPA1 modulates Ca** influx during CHIKY infection in macrophages

TRPALI is a non-selective calcium-permeable cation channel. Here, we have assessed
the functional contribution of TRPA1 in Ca*" influx during CHIKV infection in macrophages.
The macrophages were stained with Ca®" sensitive dye fluo 4-AM. The addition of Ca*"
solution did not induce any Ca2+ influx, indicating that the Ca2+ solution does not trigger any
non-specific change in Ca?" levels. Next, upon the addition of HC-030031, we observed a slight
reduction in fluo-4 intensity. Further, upon treatment with AITC, we observed a robust increase
in fluo-4 intensity indicating Ca®" influx via TRPA1 channels. Similarly, upon treatment with
CHIKV, we observed an increase in Ca®" influx, indicating that CHIKV binding to host
macrophages induces Ca®" influx. Next, upon the addition of CHIKV + HC-030031, we
observed that the Ca*" influx has reduced. Conversely, upon treatment with CHIKV + AITC,
the fluo-4 intensity increased to maximum (Figure 20). To further quantify the above results,
we have estimated the area under the curve (AUC). The estimated AUC values for different
conditions were ionomycin (+1756 a.u.), HC-030031 (-316.4 a.u.), AITC (+447.8 a.u.),
CHIKV + DMSO (+383.6 a.u.), CHIKV + HC-030031 (+282.4 a.u.), and CHIKV + AITC
(+952.4 au.) (Figure 20). These results indicate that TRPA1 plays a regulatory role in

regulating Ca** influx during CHIKV infection in macrophages.
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Figure 20 TRPA1 modulates Ca?" influx during CHIKYV infection in macrophages

RAW 264.7 cells were treated with Fluo-4 AM, a calcium-sensitive dye. The intensity (F/Fo) was
estimated for 60 minutes and the varying treatment conditions were Mock + DMSO (dotted blue), HC-
030031 only (pink), AITC only (blue), CHIKV + DMSO (green), CHIKV + AITC (red), CHIKV + HC-

030031 (yellow) and Tonomycin (black). Representative data is of three independent experiments.
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5.3 Regulatory role of TRPA1 in T cell activation

Recently, several TRP channels, including TRPV1, TRPV4 and TRPMS, have been
attributed to T cell activation 912799899 Al these TRP channels are reported to contribute
immensely towards the calcium influx required during T cell activation. Moreover, it has been
reported that the unavailability of Ca?" in T cells leads to inadequate activation of T cells and
its associated effector functions 2’'=2"3. Additionally, signaling molecules such as PKC, NFAT,
NF-kB, JNK and calmodulin-dependent kinase also requires Ca** for their function '81:274:275,

Accordingly, in the current study, the possible role of TRPA1 in T cell activation was explored.

Moreover, inflammatory cytokines response and subsequent Ca?" influx was also investigated.

5.3.1 TRPATI1 expression in mouse T cells

A number of TRP channels are expressed on T cells 1?1:194270:276 1 order to determine
whether TRPAL1 is expressed on T cells, Flow cytometry was performed. It was observed that
~37.8 % of resting T cells were positive for TRPA1 and upon TCR activation, TRPA1 levels

increases to 60.1% (Figure 21). These results suggest that TRPAT1 is expressed on T cells.
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Figure 21 TRPA1 expression in mouse T cells

Purified T cells were activated by TCR and stained with the a-TRPA1 antibody. In TCR-treated T cells,
the surface TRPA1 expression levels markedly increased as compared to resting T cells. Data represents
the mean + SD of three independent experiments. P < 0.05 were considered statistically significant (* *

p< 0.01).
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Additionally, TRPA1 antibody specificity was tested by using control blocking peptide

1 Consequently, T cells were stained with a-TRPA1

antigen as mentioned elsewhere
antibody in the presence or absence of the 1X control blocking peptide. It was observed that
the percentage of TRPAI1 positive cells significantly reduced from ~38% to ~2% in the
presence of 1X control blocking peptide antigen. Similarly, it was observed that in TCR-

activated T cells, the TRPAT levels reduced from ~60% to ~2%, as shown below. These results

indicate that the TRPAT1 antibody is highly specific towards the TRPA1 antigen in T cells.

Frequency of TRPA1 (%)
Experimental . . . .
conditions (-) blocking peptide | (+) blocking peptide
Resting T cells ~38 ~2
TCR activated
T cells ~ 60 2

5.3.2 TRPAI regulates T cell activation

In order to determine whether TRPA 1 regulates T cell activation, we assessed the levels
of CD69 and CD25 in TCR mediated T cell activation in A-967079 (TRPAI1 inhibitor) pre-
treated T cells via Flow cytometry. It was observed that in A-967079 pre-treated and TCR
stimulated T cells, CD69 (CD4: 14.47 + 3.83, CDS8: 13.11 + 3.02) and CD25 (CD4: 12.86 +
2.19, CD8: 12.29 + 1.58) levels significantly reduced as compared to control TCR activated T
cells in both CD4 (CD69: 41.71 £2.6, CD25: 46.3 +2.53) and CD8 (CD69: 60.5 +£4.58, CD25:
55.02 £4.18) T cells (Figure 22). These results indicate that TRPA1 plays a functional role in

T cell activation.
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Figure 22 TRPAI regulates T cell activation
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Purified T cells were either activated with TCR or pre-treated with A-967079 and stimulated with TCR.

Additionally, the T cells were also stained for Th cells (A) and T¢ cells (B). The T cell activation markers

(CD69 and CD25) were upregulated in TCR-activated T cells. Conversely, in T cells pre-treated with A-

967079 and later stimulated with TCR, the CD69 and CD25 levels markedly decreased. Data represents

the mean + SD of three independent experiments. P < 0.05 were considered statistically significant (* *

*p <0.001).
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5.3.3 TRPA1 modulates T cell effector cytokine response

T cell activation is known to induce a robust effector or pro-inflammatory cytokine

191,270

response Hence, to determine any change in effector cytokine response in

immunosuppressed T cells, sandwich ELISA was performed as studied elsewhere '°!-233
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Figure 23 TRPA1 modulates T cell effector cytokine response

Cell-free supernatant was collected at 36 h and sandwich ELISA was performed to determine the level of
cytokines. Data are expressed in the percentage of fold change. Bar diagram showing the amount of
secreted (A) TNF, (B) IFN-y and (C) IL-2 in T cells. Data represents the mean + SD of three independent

experiments. P < 0.05 were considered statistically significant (* * * p <0.001).

The estimated IL-2, IFN-y and TNF levels decreased in A-967079 pre-treated T cells
stimulated with TCR as compared to TCR activated T cells (Figure 23). These results suggest

the TRPAT functional role in pro-inflammatory cytokine production in T cells.

5.3.4 TRPA1 modulates Ca** influx during T cell activation

A number of TRP channels are reported to contribute immensely towards the calcium
influx required during T cell activation %°'%®, To assess whether TRPA1 also contributes
towards the TCR-mediated rise in intracellular Ca** levels, we performed Ca*" influx studies.
We observed that the application of TCR beads led to an immediate increase in TCR-mediated
Ca?" influx in T cells as compared to resting T cells. Conversely, A967079 pre-treated T cells
stimulated with TCR led to reduced Ca?" influx as compared to TCR activated T cells
(Figure 24). These results indicate that the TRPA1 channel might contribute to the calcium

influx required during T cell activation.

95



Framel Frame25 Frame50 Frame75 Frame 10 DIC

Rest +
DMSO

TCR +
DMSO

A-967079 +
TCR

Figure 24 TRPAI1 regulates TCR mediated calcium influx

Purified T cells were stained with Fluo 4-AM, a calcium-sensitive dye, as mentioned in the methods.
Next, T cells were activated with TCR beads or pre-treated with A-967079 and stimulated with TCR
beads. T cells treated with TCR beads show a rise in intracellular Ca*" levels. Conversely, in T cells pre-
treated with A-967079 and later stimulated with TCR, the intracellular Ca®" levels were reduced as

compared to TCR-activated T cells. Representative data is of three independent experiments.
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5.4 Regulatory role of TRPV1 in experimental T cell immunosuppression

Recently, the functional role of TRPV1 in T cell activation has been established '?!:194276,
Further, TRPV1 has also been reported to affect T cell effector cytokine responses and
contribute to the Ca?* influx associated with T cell activation '°1°+27 On the other hand, many
immunosuppressive agents, such as, FK506 and cyclosporin, have also been reported to

immediately induce rise in intracellular Ca*' levels °%218-223

. However, the potential
contribution of TRPV1 in the increase of intracellular calcium levels during
immunosuppression has not been investigated. Accordingly, in this study, the probable
functional role of TRPV1 in experimental immunosuppression via FK506 or BI6F10-CS was

investigated. Further, FK506 or B16F10-CS driven down-regulation in T cell activation,

inflammatory cytokine responses and subsequent Ca>" influx was also explored.

Accordingly, in the current study, the probable role of TRPV1 during experimental
immunosuppression was explored. Moreover, FK506 or B16F10-CS driven regulation in T cell

activation, inflammatory cytokines response and subsequent Ca*" influx was also investigated.

5.4.1 TRPV1 expression in mouse T cells

T cells express several TRP channels, including TRPV1, TRPV4, TRPA1 and TRPMS
36191270277 To determine the levels of TRPV1 expression in purified T cells, we performed
Flow cytometry. The TRPV1 percent positive cells were 15.63 = 1.25 compared to an isotype
control (0.49 £0.18) (Figure 25). Additionally, TRPV1 antibody specificity was tested by using
blocking peptide antigen. Consequently, T cells were stained with a-TRPV1 antibody in the
presence or absence of the blocking peptide. It was observed that the percentage of TRPV1
positive cells significantly reduced from 15.63 + 1.25 to 3.86 £+ 0.34 in the presence of 1X
control blocking peptide antigen and further reduced to 1.30 + 0.06 in the presence of 3X

control blocking peptide antigen (Figure 25). These findings suggest the expression of TRPV1
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on the surface of T cells and the a-TRPV1 antibody is high specificity towards the TRPV1

antigen in T cells.
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Figure 25 TRPV1 expression in purified mouse T cells

Resting T cells were stained with anti-TRPV1 antibody for 30 mins in FACS buffer followed by
secondary antibody staining and acquired via Flow cytometry (FC). Representative FC images showing
TRPV1 expression in resting T cells. TRPV1 antibody specificity is shown in the presence or absence of
control blocking peptide as dot-plot. Data represents the mean + SD of three independent experiments. P

< 0.05 were considered statistically significant (* *p <0.01; * * * p <0.001).

5.4.2 Cell viability assay for T cells in the presence of B16F10-CS, 5-IRTX and FK506
To determine the percentage of cell viability in the presence of BI6F10-CS, 5-IRTX

and FK506, 7-AAD staining was performed as mentioned in methods.

% viable cells
% viable cells
% viable cells

Figure 26 T cell viability in the presence of B16F10-CS, 5'-IRTX and FK506

Bar diagram showing the percentage of viable T cells (7-AAD negative) treated with different
concentrations of B16F10-CS (A), 5-IRTX (B) and FK506 (C) with respect to the solvent control
(DMSO), as determined by 7-AAD staining. The data shown are representative of three independent

experiments.
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All the reagents were two-fold serially diluted. DMSO was used as solvent control, as
applicable. It was observed that the percentage of cell viability was at least ~ 95% in all the
concentrations of reagents tested (Figure 26). Accordingly, for further experiments, the desired

concentration of each reagent has been chosen.

5.4.3 Upregulation of TRPV1 during immune-activation and immunosuppression

TRPV1 has been reported to play a functional role in T cell activation and its effector
responses °11%4, To assess the T cell activation status during immunosuppression, early T cell
activation marker, CD69 and late T cell activation marker, CD25, were analyzed via FC. For
immunosuppression, FK506 or BI6F10-CS pre-treated T cells were stimulated with either
TCR or ConA. Upon Flow cytometric analysis, we observed that both CD69 and CD25
decreased in pre-treated T cells with either FK506 (CD69: 24.2 + 5.36, CD25: 13.51 &+ 10.65)
or B16F10-CS (CD69: 34.37 £3.85, CD25: 18.18 & 12.94) stimulated with ConA as compared
to ConA activated T cells (CD69: 60.23 +£9.64, CD25: 56.03 = 13.51). Similarly, we observed
that both CD69 and CD25 decreased in pre-treated T cells with either FK506 (CD69: 8.19 +
1.93, CD25: 5.03 £2.92) or B16F10-CS (CD69: 19.43 +2.45, CD25: 20.87 + 5.31) stimulated
with TCR as compared to TCR activated T cells (CD69: 41.43 + 3.37, CD25: 31.44 + 4.21)
(Figure 27 A, B).

Subsequently, the TRPV1 percent positive cell expression levels were also quantified
in immunosuppressed T cells. Surprisingly, the TRPV1 expression levels increased
significantly in FK506 (26.9 £ 1.11) or BI6F10-CS (23.97 & 1.04) treated T cells as compared
to resting T cells (16.5 £ 0.52). Additionally, the TRPV1 expression levels were found to be
increased in FK506 (34.53 + 0.86) or B16F10-CS (33.77 £ 0.85) pre-treated T cells stimulated
with ConA as compared to ConA activated T cells (28.83 £+ 1.19). Similarly, the TRPV1

expression levels also increased in FK506 (33.97 £ 0.77) or B16F10-CS (36.1 £+ 1.31) pre-
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treated T cells stimulated with TCR as compared to TCR activated T cells (30.07+ 0.20) (Figure

270).
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Figure 27 Upregulation of TRPV1 during both immune-activation and immune-suppression
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FK506 or B16F10-CS pre-treated T cells were stimulated with either ConA or TCR. Representative FC

dot-plot depicting T cell activation markers (A) CD69 and (B) CD25 along with its corresponding bar

diagram. (C) Dot-plot representing TRPV1 expression showing rest, FK506, B16F10-CS, ConA, ConA

+ FK506, ConA + B16F10-CS, TCR, TCR + FK506, TCR + B16F10-CS along with bar diagram. Data

represents the mean = SD of three independent experiments. P < 0.05 were considered statistically

significant (* p <0.05; ** p < 0.01; *** p <0.001).
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As reported earlier, the TRPV1 expression levels significantly increased in ConA or
TCR activated T cells as compared to resting T cells. These results indicate that although
surface TRPV1 expression levels increase in ConA or TCR activated T cells, it reaches to
maximum levels in immunosuppressed T cells stimulated with either ConA or TCR, signifying
the potential role of TRPV1 in immunosuppression.
5.4.4 Modulation of cytokine response in immunosuppressed T cells

T cell activation is known to induce a robust pro-inflammatory cytokine response '°1:194,
On the contrary, immunosuppressed T cells stimulated with ConA or TCR respond via
attenuated effector cytokine response. Hence, to determine any change in effector cytokine

response in immunosuppressed T cells, a sandwich ELISA was performed.
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Figure 28 Modulation of cytokine response in immunosuppressed T cells

FK506 or BI6F10-CS pre-treated T cells stimulated either with ConA or TCR. The supernatant was
collected at 36h and sandwich ELISA was performed to quantitate secreted cytokines, such as, (A) IL-2,
(B) IFN-Y and (C) TNF. Data represents the mean + SD of three independent experiments. P < 0.05 were
considered statistically significant (p < 0.001).

The estimated pro-inflammatory cytokine responses, including IL-2, IFN-y and TNF
decreased in FK506 or B16F10-CS pre-treated T cells stimulated with ConA as compared to
ConA activated T cells. Similarly, these cytokines also decreased in FK506 or BI6F10-CS pre-

treated T cells stimulated with TCR as compared to TCR activated T cells (Figure 28).
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Altogether, these results suggest that both FK506 or B16F10-CS pre-treated T cells stimulated
with either ConA or TCR show decreased T cell activation cytokines response as compared to

ConA or TCR activated T cells.

5.4.5 Modulation of intracellular Ca?* via TRPV1 channel

Activation of various immune cells has been marked with a rise in intracellular Ca®"
levels 114 On the other hand, a number of immunosuppressive agents, such as, FK506 and
cyclosporin, have also been reported to immediately induce a rise in intracellular Ca®" levels
36.191.270277 - To  determine whether immunosuppressive FK506 or B16F10-CS triggers
increased accumulated intracellular Ca2+ levels via TRPV1 channels, cells were stained with

the calcium-sensitive dye, Fluo 4-AM and the changes in intensities were measured via Flow

cytometry
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Figure 29 Modulation of intracellular Ca?* via TRPV1 channel

T cells were stained with Fluo-4 AM, a calcium-sensitive dye. The accumulated intracellular Ca?" was
represented as a percentage normalized to resting control. All the experimental conditions were divided
into two sets. The first subset of T cells were treated as per the experimental conditions whereas the other

subset of T cells were pre-treated with 5-IRTX followed by further treatment as per experimental
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conditions. In the inset. ionomycin-treated T cells exhibited the rise in intracellular Ca?" levels (positive
control). Each column represents three independent experiments.

Accordingly, T cells were stained with fluo-4AM, a calcium-sensitive dye. Next, T cells
were pre-treated with TRPV1 inhibitor, 5-IRTX followed by varying experimental conditions
as mentioned. It was observed that in FK506 or B16F10-CS conditions, the fluo-4 AM intensity
increased indicating robust calcium influx. Conversely, in the corresponding 5-IRTX treated
conditions, the fluo-4 AM intensity drastically decreased indicating lower intracellular Ca**
levels. Similarly, in T cells pre-treated with FK506 and stimulated with either ConA or TCR,
the intracellular Ca** increased markedly. Conversely, in the corresponding 5-IRTX treated
conditions, the fluo-4 AM intensity drastically decreased indicating lower intracellular Ca®*
levels. Similarly, in T cells pre-treated with BI6F10-CS and stimulated with either ConA or
TCR, the intracellular Ca** increased modestly as compared to resting cells. Conversely, in the
corresponding 5-IRTX treated conditions, the fluo-4 AM intensity drastically decreased
indicating lower intracellular Ca*" levels. The figure inset depicts the treatment of T cells with
ionomycin used as a positive control. (Figure 29). These results highlight that the TRPV1
channel contributes to elevated intracellular Ca®" levels during immune activation and

immunosuppression.
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6.  Discussion

TRPVI1 and TRPA1 channels are members of the TRP superfamily of structurally
related, Ca®>" permeable channels with polymodal activation properties '*!2%° Formerly,
TRPV1 and TRPAI channels have been attributed in the field of thermo-sensitive pain
responses, especially in the context of neurophysiological responses 272! Interestingly, it has
been found that TRPV1 is co-expressed with TRPAT1 in sensory neurons and both integrate a
variety of noxious stimuli '°>28%2%5  Current studies indicate that the TRPV1 and TRPAI
channels might operate in the immunological context as well. Several recent reports suggest
that these TRP channels are also functionally expressed on immune cells, including
macrophages, T cells, B cells, NK cells and dendritic cells 2339276286287 The current study
provides the first evidence that the TRPV1 and TRPA1 may functionally regulate CHIKV
infection in macrophages and regulate T cell functions during both immune activation and
suppression.

TRPV1 and TRPA1 have been reported to be markedly upregulated during several viral
infections, including herpes simplex virus-2 (HSV-2), varicella-zoster virus (VZV), herpes
simplex virus-1 (HSV-1), hepatitis C virus (HCV), human rhinovirus (HRV), measles virus
(MV) and respiratory syncytial virus (RSV) 206.207:214235.236 ' TRPV] and TRPA1 have been
reported to play a pivotal role in critical host-pathogen interactions, such as viral binding, viral
entry, viral replication, viral exit and egress 2°¢?%7_ In this study, it has been demonstrated for
the first time that the TRPV1 and TRPA1 are markedly upregulated during CHIKV infection
in macrophages. Upon treatment with either TRPV1 or TRPA1 modulators, the CHIKV
infection was also modulated. In the presence of TRPV1 inhibitor (5-IRTX) or TRPAI
activator (AITC), CHIKV infection decreased. Conversely, in the presence of a TRPV1
activator (RTX) or TRPA1 inhibitor (HC-030031), CHIKYV infection increased. Moreover, the

quantification of viral titer via plaque assay has also shown a similar trend. However, TRPV1
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and TRPAT1 expression levels did not alter in CHIK V-infected macrophages in the presence of
TRPV1 or TRPAI modulators. Since the modulators used in this study are functional
modulators, which may modulate TRP channels functional activity rather than affecting the
TRP channel expression '°!2%. These findings suggest that both TRPV1 and TRPA1 play a
regulatory role during CHIKYV infection in macrophages. Further, TRPV1 and TRPA1 were
found to play an opposing role in CHIKV-infected macrophages. Nevertheless, further
investigation is warranted to understand the relationship among TRPV1, TRPAI, host cell
immunity and CHIKYV together.

Additionally, TRPV1 has also been found to be associated with the nociceptive and pro-
inflammatory role in various disease and injury states, such as arthritis, diabetic neuropathy,
cancer, urinary bladder infection, non-erosive reflux disease (NERD) and gastro-oesophageal
reflux disease (GERD) 21:2828-292 However, recent reports have suggested a differential role
of TRPVI1. It has been found that the abrogation of TRPV1 expression enhances the pro-
inflammatory responses in various model systems, including cardiovascular system, sepsis,

161293297 1n the current study, we have

dermatitis, salt hypertension and renal inflammation
also observed that CHIKV infection in the presence of 5-IRTX decreased yet the pro-
inflammatory cytokine response increased compared to CHIKV control. To further investigate
the apparent discrepancy in cytokine responses, the expression and nuclear localization of pNF-
kB (p65) has been studied. pNF-«B (p65) is the well-characterized subunit and reported to play
vital roles in cellular activation and transcription events 2*32253 Immunofluorescence and
Flow cytometry assays have shown that in CHIK V-infected macrophages, pNF-xB (p65) was
induced and translocated to the nucleus as compared to mock cells. In the presence of TRPV 1

modulators, the expression and nuclear translocation of pNF-kB (p65) was further enhanced as

compared to CHIKV control. The above findings suggest that both constitutive inhibition or
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activation of TRPV1 may lead to enhanced pNF-«B (p65), thus leading to increased pro-
inflammatory cytokine response.

Like TRPV1, TRPAT has also been reported to act as a transducer and amplifier of pain
and inflammation 31:43:43:47:260-263 TRPA has been found to be associated with various disease
and injury states, such as inflammatory bowel disease, neurogenic inflammation, skin
inflammation, bone-cancer pain, pancreatic inflammation, lung inflammation and airway
hyperresponsiveness 1°%197:217:261.262 T the present study, we have observed that the CHIKV
infection in presence of HC-030031 increases and the pro-inflammatory cytokine response also
increased as compared to CHIKV control. On the contrary, the CHIKV infection in the
presence of AITC decreased and the pro-inflammatory cytokine response was also reduced as
compared to CHIKV control.

A number of TRP channels, including TRPV1, TRPA1, TRPV4, TRPMLI1, TRPML2,
TRPML3 and TRPMS, have been demonstrated to regulate various phases of the viral life-
cycle 296298214 TRPV1 and TRPA1 have been reported to regulate viral binding and entry in
diverse viruses such as, respiratory syncytial virus (RSV), human rhinovirus (HRV) and
measles virus (MV) 2°¢207 To determine which phase of the CHIKV life-cycle does TRPV1
and TRPAL affects, we have performed time-of-addition studies. We observed that the TRP
modulators affect CHIKV infection most effectively in the “pre+during+post™ set-up followed
by the “pre+during” set-up. TRP modulators were found to be ineffective at “post 0 hpi” and
“post 4 hpi”. These findings suggest that both TRPV1 and TRPA1 channels regulate the early
stages of CHIKV life-cycle, i.e., viral binding and entry as reported in other viral model
systems as well 206-207,

Viruses are adept in tailoring their calcium requirements during viral adsorption,
infection, spread and persistence 2°>**%=3% It has been reported that viral adsorption and entry

are accompanied by calcium influx at plasma membrane 200205392395 Since TRP channels are
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Ca?" permeable channels, we further explored whether CHIKV binding to host macrophages
in the presence of TRP modulators can modulate differential Ca?" influx, thereby affecting the
CHIKYV infection. We observed that the application of CHIKV to host macrophages induced
Ca®" influx. In the presence of TRPV1 and TRPAI activator, Ca™ influx increased and
conversely decreased in the presence of TRPV1 and TRPAT inhibitor as compared to CHIKV
control. These results suggest that TRP modulators can regulate Ca** influx and thereby can
affect the CHIKYV early stages, i.e., viral adsorption and entry.

TRPV1 and TRPAI1 are found to be functionally expressed on T cells 3191192194,
Additionally, TRPV1 and TRPAI are reported to be functionally expressed as heteromers 3¢
308 In the current study, it has been observed that during T cell activation by ConA or TCR,
TRPAL levels significantly increased in mouse T cells. A-967079, a TRPA1 inhibitor, pre-
treated T cells stimulated by TCR have significantly downregulated T cell activation (CD69
and CD25). These results are similar to the functional role of TRPV1 and TRPV4 in T cell
activation as reported elsewhere °1''%4, Further, these results highlight that TRPAL1 is crucial
for T cell activation.

T cell activation is associated with robust cytokine response '°!233270 Th1 cytokines,
such as IFN-y, IL-2 and TNF, were upregulated during T cell activation. In the current study,
we have observed that the cytokines IFN-y, IL-2 and TNF were also upregulated during T cell
activation via TCR. Further, upon pre-treatment with A-967079 and TCR stimulation, the
cytokine levels reduced significantly. These findings indicate that the TRPA1 activation is
pivotal during T cell activation for optimum effector responses.

T cell activation is marked with calcium influx leading to a rise in intracellular Ca®*
levels 113997313 Increased intracellular Ca?* levels trigger various cellular signaling events vital
for optimum T cell activation and effector responses 3'4=!®, Upon ConA or TCR treatment, an

immediate calcium influx was observed. TCR stimulated T cells pre-treated with TRPA1
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inhibitor, A-967079, displayed reduced Ca*" influx and lower intracellular Ca®" levels. These
results indicate that TRPA1 immensely contributes towards Ca** influx during T cell activation
and consequently for optimum T cell activation and effector responses.

Although the functional role of TRPV1 in T cells during immune activation is very well
reported, its role in immunosuppression has not been studied previously 192194 It was
observed that the treatment of T cells with FK506 or B16F10-CS enhanced surface TRPV1
expression as compared to resting T cells. Moreover, TRPV1 expression markedly increased
in immunosuppressed T cells stimulated with either TCR or ConA as compared to
corresponding TCR or ConA control.

Intracellular calcium signaling plays a crucial role in cellular processes, including
activation, migration, proliferation and differentiation 8119275319324 Resting T cells maintain
low cytosolic calcium either by extruding calcium to the extracellular environment or by
sequestrating in the endoplasmic reticulum 8123325 1t has been earlier reported that T cell
activation is marked with a rise in intracellular Ca®" levels. In the current study, we have
observed that intracellular Ca®" levels also increase during immunosuppression. Treatment of
T cells with either FK506 or B16F10-CS increased intracellular Ca®" levels as compared to
resting T cells. A similar increase in intracellular Ca*" levels was also reported in other non-
immune models as well 38218223,

TRPV1 functional modulation via 5-IRTX further validates the FK506 or B16F10-CS
driven rise in intracellular Ca®" levels in T cells. It has been observed that T cells treated with
FK506 or B16F10-CS have shown an increase in cytosolic Ca** as compared to resting T cells
control. Moreover, pre-treatment with 5-IRTX has led to a marked decrease in cytosolic Ca®"
accumulation. Next, in FK506 treated T cells, either in the presence or absence of ConA or
TCR, the cytosolic Ca?" levels increased and pre-treatment with 5-IRTX has led to a marked

decrease in cytosolic Ca®" levels. Similarly, in B16F10-CS treated T cells, either in the
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presence or absence of ConA or TCR, the cytosolic Ca** levels increased modestly yet lesser
than corresponding ConA or TCR controls. Moreover, pre-treatment with 5-IRTX has led to a
marked decrease in cytosolic Ca** levels. These findings indicate that both FK506 or B16F10-
CS employ a similar rise in cytosolic Ca?" levels yet induce different immunosuppression
levels. Further, these results also suggest that during both immune-activation and
immunosuppression, the TRPV1 may be the key Ca*' channel playing an important role in
elevating cytosolic Ca®" levels in T cells. Mechanistically, a rise in intracellular Ca?" has been
reported to activate CaMKK?2, which in return can induce immunosuppression. Moreover, in
vivo studies show deletion of CaMKK2 inhibits tumor growth *2°. Further studies are warranted
for an in-depth mechanism between increased cytosolic Ca’*" and induction of
immunosuppressive environment.

The current study focused on the functional roles of TRPV1 and TRPA1 during immune
activation and immunosuppression in both macrophages and T cells. In macrophages, TRPV 1
has been found to act as a pro-inflammatory channel where activation or inhibition of the
TRPV1 channel has either increased or decreased CHIKV infection. The relationship between
TRPV1 and CHIKYV infection in macrophages is schematically plotted as a model in Figure 30.
Similarly, TRPA1 has been found to act as an anti-inflammatory channel in macrophages
where activation or inhibition of the TRPA1 channel has either decreased or increased CHIKV
infection. The relationship between TRPAI1 and CHIKV infection in macrophages is
schematically plotted as a model in Figure 31. TRPV1 and TRPA1 play opposing roles during
CHIKYV infection in macrophages. Interestingly, in T cells, TRPA1 has been found to act as a
pro-inflammatory channel regulating T cell activation and its effector responses. The current
understanding of the relationship between TRPA1 and T cell activation is schematically
summarized in the working model shown in Figure 32. Although TRPV1 has been earlier

reported as a pro-inflammatory channel in T cells, its dual role as an anti-inflammatory channel
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has been established. The current understanding of the relationship between TRPV1 and T cell
immunosuppression is schematically summarized in the working model shown in Figure 33.
TRPV1 and TRPA1 may play entirely diverse functional roles in different host and model
systems. These findings may also have broader implications for understanding the role of
TRPV1, TRPA1 and Ca®" in various pathophysiological conditions, such as inflammatory,

immunosuppressive and autoimmune diseases as well.
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Figure 30 Proposed working model depicting the functional role of TRPV1 in CHIKYV-infected
macrophages.

TRPV1 is expressed on the surface of macrophages. (A) Upon CHIKV adsorption, TRPV1 channels get
triggered and facilitate Ca®" influx in macrophages and entry. (B) Upon treatment with the TRPV1
inhibitor, the TRPV1 channel is blocked, leading to attenuated Ca>" entry into the macrophages, leading
to a lower viral entry. Interestingly, TNF and IL-6 production increased as compared to CHIKV+DMSO
control. (C) Upon treatment with the TRPV1 activator, the TRPV1 channel gets triggered and facilitates
heightened Ca?' influx in macrophages and viral entry, thereby resulting in elevated TNF and IL-6

responses.
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Figure 31 Proposed working model depicting the functional role of TRPA1 in CHIKV-infected
macrophages.

TRPAL is expressed on the surface of macrophages. (A) Upon CHIKV infection, TRPA1 channels get
activated, facilitating Ca®" influx in macrophages. (B) Upon treatment with the TRPA1 inhibitor, the
TRPAI1 channel gets inactivated and consequently, the CHIKV infection and pro-inflammatory cytokine
response increases as compared to control CHIKV + DMSO. (C) Upon treatment with the TRPA1
activator, the TRPA1 channel gets activated, which leads to lower CHIKV infection and thus, the pro-

inflammatory cytokine response also decreases.
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Figure 32 Model depicting the relationship between TRPA1 and Ca?* in T cell activation.
TRPAL is expressed on the surface of T cells. (A) Upon T cell activation via TCR, Ca®* influx is induced

via various Ca?" channels, including TRPAI1 leading to T cell activation and downstream effector
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cytokine response. (B) In TRPA1 inhibitor, pre-treated T cells stimulated with TCR, the Ca?" influx via

TRPAL is abolished and consequent downstream effector cytokine response is also attenuated.
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Figure 33 Model depicting the relationship between TRPV1 expression and Ca?" levels in both
activated and immuno-suppressed T cells

Resting T cells maintain basal levels of TRPV1 expression and cytosolic Ca?*. (A) Upon activation with
either ConA or TCR, both cytosolic Ca?>" and TRPV1 expression are upregulated along with robust
effector cytokine responses. (B) Upon treatment with immunosuppressive FK506 or BI6F10-CS, both
TRPV1 expression and cytosolic Ca?* markedly increased. (C) Immunosuppressed T cells shows reduced
activation as well as effector cytokine response. However, immunosuppressed T cells exhibit

significantly higher TRPV1 expression and cytosolic Ca®".
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7. Future Directions and Implications

Transient receptor potential (TRP) channels are comparatively novel receptors
functionally expressed on various immune cells, including macrophage and T cells. TRP
channels are now known to be associated with different disease conditions and can modulate
macrophage and T cell effector functions. This study examined the TRP channel's regulatory
effect in macrophage and T cell functions. However, the signaling cascade associated with TRP
channels is still not elucidated for the active designing of TRP-specific therapeutic strategies
for the effective treatment of diseases associated with altered effector functions. Moreover, a
comparative study ascertaining the TRP channel's functional role can also be tested in various
experimental disease model systems in vivo, to further confirm their functional roles in various
immune cells. Interestingly, the TRP channels are also known to be functionally expressed as
heteromers (hybrid TRP channels formed of two different TRP channel families). It would be
fascinating to test the properties and signaling cascades associated with these TRP channels
and their functional contribution towards effector cell functions. Moreover, these TRP channels
are known to be expressed on both the surface as well as intracellularly in cells. In this study,
we have inspected the functional role of surface expressed TRP channels only. It would be
enthralling to test the function of intracellularly expressed TRP channels and investigate TRP
channel's functional association with other immune receptors such as Toll-like receptors
(TLRs), RIG-I-like receptors (RLRs) and NOD-like receptors. In the future, the
pharmacological intervention of TRP channels may have profound implications in developing

better strategies for effective pain management and in a plethora of disease conditions.
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Abstract

Chikungunya virus (CHIKV), a virus that induces pathogenic inflammatory host immune responses, is re-emerging world-
wide, and there are currently no established antiviral control measures. Transient receptor potential vanilloid 1 (TRPV1),
a non-selective Ca>*-permeable ion channel, has been found to regulate various host inflammatory responses including
several viral infections. Immune responses to CHIKYV infection in host macrophages have been reported recently. However,
the possible involvement of TRPV1 during CHIKYV infection in host macrophages has not been studied. Here, we investi-
gated the possible role of TRPV1 in CHIKYV infection of the macrophage cell line RAW 264.7. It was found that CHIKV
infection upregulates TRPV1 expression in macrophages. To confirm this observation, the TRPV 1-specific modulators
5’-iodoresiniferatoxin (5°-IRTX, a TRPV1 antagonist) and resiniferatoxin (RTX, a TRPV1 agonist) were used. Our results
indicated that TRPV1 inhibition leads to a reduction in CHIKYV infection, whereas TRPV 1 activation significantly enhances
CHIKYV infection. Using a plaque assay and a time-of-addition assay, it was observed that functional modulation of TRPV1
affects the early stages of the viral lifecycle in RAW 264.7 cells. Moreover, CHIKYV infection was found to induce of pNF-xB
(p65) expression and nuclear localization. However, both activation and inhibition of TRPV1 were found to enhance the
expression and nuclear localization of pNF-kB (p65) and production of pro-inflammatory TNF and IL-6 during CHIKYV infec-
tion. In addition, it was demonstrated by Ca** imaging that TRPV 1 regulates Ca>* influx during CHIKV infection. Hence,
the current findings highlight a potentially important regulatory role of TRPV1 during CHIKYV infection in macrophages.
This study might also have broad implications in the context of other viral infections as well.

Introduction

Transient receptor potential (TRP) channels constitute a
superfamily of ion channels that are non-selective, poly-
modal gated, and permeable to cations [1-4]. TRP channels
can conduct an array of both monovalent and divalent cati-
ons, such as Na®, Mg?*, and Ca** [5, 6]. Based on amino
acid sequence similarity, the mammalian TRP superfamily
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is divided into six subfamilies: TRPC (canonical), TRPV
(vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPML
(mucolipin), and TRPP (polycystin). In total, the mamma-
lian TRP superfamily has 28 members [7-10]. TRP chan-
nels have been shown to be involved in a number of cellular
functions, including cell division, proliferation, excitation,
migration, transcription, differentiation, stress responses,
and cell death [11-13].

Transient receptor potential cation channel subfamily
V member 1 (TRPV1) is also known as vanilloid receptor
1 [14-16]. TRPV1 channels are widely distributed in the
central and peripheral nervous systems as well as in vari-
ous non-neuronal cells, where they act as molecular sensors
to differential temperature, noxious substances, and pain
modalities [14, 17-19]. In addition, TRPV1 is involved
in various inflammatory conditions, such as in inflamma-
tory bowel disease (IBD), cutaneous neurogenic inflamma-
tion, brain inflammation, allergic asthma, colitis, arthritis,

@ Springer
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hypersensitivity, chronic obstructive pulmonary disease
(COPD), and autoimmune diseases [15, 19-24].

Recently, TRPV1 has been found to be significantly
upregulated in numerous viral infections, including human
rhinovirus (HRV), respiratory syncytial virus (RSV), mea-
sles virus (MV), hepatitis C virus (HCV), herpes simplex
virus type 2 (HSV-2), herpes simplex virus type 1 (HSV-
1), and varicella-zoster virus (VZV) infections [25-31]. It
has been suggested that TRPV1 plays a pivotal role in host-
pathogen interactions involved in virus binding, viral entry,
and viral replication. Moreover, TRPV 1 has been found to be
closely associated with post-viral-infection pain and inflam-
mation [25-31].

Chikungunya virus (CHIKYV) is a positive-sense, single-
stranded RNA virus belonging to the genus Alphavirus, fam-
ily Togaviridae. Chikungunya is now considered a re-emerg-
ing disease, and it is endemic to Africa, India, China, and
many parts of Asia [32, 33]. The symptoms of chikungunya
fever (CHIKF) include high fever, nausea, vomiting, head-
ache, rashes, polyarthralgia, and myalgia [34-36]. CHIKV
infects a wide range of both immune and non-immune cells.
Amongst them, monocytes/macrophages play important
roles in modulating adaptive immune responses [35, 37-39].

Recent studies on cell-mediated immunity have demon-
strated a functional expression of TRPV1 during immune
activation responses [4, 40, 41]. TRPV1 has been found to
play an active role in macrophage function and survival. In
a sepsis model of cecal ligation and puncture (CLP), LPS-
stimulated TRPV1 KO (TrpvI”") mice exhibited decreased
bacterial clearance and phagocytosis compared to CLP
WT (wild-type) mice. Similarly, treatment with a TRPV1
antagonist resulted in dysfunctional phagocytosis in mac-
rophages. TRPV1 deletion has been found to be associated
with impaired macrophage-defense mechanisms [41-43].
Additionally, TRPV1 activation has been shown to facilitate
microglial migration by increasing the intramitochondrial
Ca** concentration. Furthermore, microglia derived from
TRPV1-KO mice showed delayed Ca’*" influx compared
to those from wild-type mice. Moreover, the regulation of
TRPV1 has been reported to modulate NF-xB activation
[44—-46]. Therefore, it appears that modulation of TRPV1
may contextually regulate host immune activation and
inflammatory responses [6, 15, 19, 23, 24, 41, 42, 47-53].

CHIKV-infection-associated immune responses in the
host macrophages have been reported recently [34, 35, 38,
39, 54, 55]. However, the potential involvement of TRPV1
during CHIKYV infection in host macrophages has not been
investigated. Therefore, in the present study, the possible
role of TRPV1 during CHIKYV infection and replication in
macrophages was explored. Moreover, CHIKV-induced
production of inflammatory cytokines, subsequent Ca™2
influx, and the involvement of NF-xB (p65) associated with
TRPV 1-regulated macrophage responses were investigated.

@ Springer

The current study might have implications for TRPV1-
driven regulation of CHIKYV infection and the associated
altered immune responses of host macrophages, and it might
have implications for other viral infections as well.

Materials and methods
Cell lines and virus

The RAW 264.7 (ATCC® TIB-71™) mouse monocyte/mac-
rophage cell line was maintained in Roswell Park Memorial
Institute 1640 medium (RPMI-1640; PAN Biotech, Aiden-
bach Germany) supplemented with antibiotics, including
penicillin (100 U/ml) and streptomycin (0.1 mg/ml), 2.0
mM L-glutamine (Himedia Laboratories Pvt. Ltd., Mum-
bai, India), and 10% heat-inactivated fetal bovine serum
(FBS; PAN Biotech, Aidenbach Germany) at 37 °C in a
humidified incubator with 5% CO,. Vero cells (an African
green monkey kidney epithelial cell line), were maintained
in Dulbecco’s modified Eagle’s medium (DMEM; Himedia)
with the same supplements and conditions listed above [35,
39, 56].

The Indian outbreak strain of CHIKV (strain DRDE-06,
accession no. EF210157.2) and Vero cells were kind gifts
from Dr. Manmohan Parida, Defence Research and Develop-
ment Establishment (DRDE), Gwalior, India.

Antibodies, reagents, and drugs

The mouse anti-CHIKV-nsP2 monoclonal antibody used in
this study was developed by us [56]. The anti-CHIKV-E2
monoclonal antibody was a kind gift from Dr. Manmohan
Parida, DRDE, Gwalior, India. Rabbit polyclonal antibody
for extracellular TRPV1 with a specific blocking peptide
(TRPV1, NSLPMESTPHKSRGS) was purchased from
Alomone Laboratories (Jerusalem, Israel). Phospho-NF-kB
(p65) (Ser536), anti-mouse Alexa Fluor 647, anti-rabbit
Alexa Fluor 488, and Fluo-4 AM were obtained from Inv-
itrogen (Carlsbad, CA, USA). Mouse and rabbit IgG1 iso-
type controls were procured from Abgenex India Pvt. Ltd.
(Bhubaneswar, India). Saponin and bovine serum albumin
fraction V (BSA) were purchased from Merck Millipore
(Billerica, MA, USA). The TRPV1 channel modulatory
drugs 5'-IRTX and RTX were obtained from Alomone Labo-
ratories (Jerusalem, Israel). 5'-IRTX and RTX were used as
functional modulators of TRPV1, and these modulators do
not affect the expression levels of TRPV1 [4, 57].

MTT assay

An MTT assay was performed to assess cellular cytotox-
icity and the viability of RAW 264.7 cells after treatment
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with the TRPV1 modulators 5'-IRTX and RTX, using an
EZcount™ MTT Cell Assay Kit (Himedia Laboratories Pvt.
Ltd., Mumbai, India) as described earlier [35, 39]. In brief,
RAW 264.7 cells were seeded in a flat-bottom, polystyrene-
coated, 96-well plate at a density of 5 x 10°/well. After 24
h, the medium was removed, and the cells were washed three
times with 1X PBS. Each specific modulator was diluted to
the desired concentration and applied to each well in trip-
licate. DMSO was used as a solvent control. After 24 h of
treatment, the cells were treated with 10% MTT (v/v) dis-
solved in complete RPMI medium. Cells were left in the
incubator at 37°C for 2 h to form formazan crystals. The
medium was then carefully removed, and 100 pl of solubi-
lization buffer is added to each well, followed by incuba-
tion for 15 min at room temperature (RT). Absorbance was
measured at 550 nm using a microplate reader (Bio-Rad,
Hercules, CA, USA), and the percentage of viable cells was
calculated in comparison to the control cells of the same
plate in triplicate.

CHIKV infection in macrophages

RAW 264.7 cells were infected with CHIKV (DRDE-06) at
multiplicity of infection (MOI) of 5 as described earlier [35,
39]. Briefly, cells were seeded in a 6-well plate, and after 20
h, at a monolayer confluency of 60%-70%, the cells were
washed three times with 1X PBS, infected with CHIKYV in
serum-free medium (SFM), and incubated for 2 h at 37 °C
with manual shaking every 15 minutes. The virus inoculum
was removed by washing with 1X PBS, and the cells were
maintained at 37°C in RPMI-1640 medium. The infected
cells and the supernatants were collected at different time
points and subjected to further processing according to the
assay. Further, the CHIK V-infected and mock-infected cells
were examined under a microscope (200X magnification),
and images were taken at different times postinfection to
observe the cytopathic effect (CPE).

To assess the effect of TRPV1 modulators on CHIKV
infection, RAW 264.7 cells were pre-treated with specific
modulators for 2 h prior to infection, during CHIKYV infec-
tion, and after infection until harvesting. DMSO was used
as a solvent control. The remaining protocol was followed
as described above.

Plaque assay

For determination of virus titers, a plaque assay was per-
formed as described earlier [58]. Vero cells were seeded in
a 24-well plate at a concentration of 0.15 x 10° cells per well
and were infected using different dilutions of cell culture
supernatants for 90 min. After infection, Vero cells were
overlaid with complete DMEM containing methylcellulose
(2% w/v) and maintained in an incubator at 37° C. After the

development of visible plaques in 3-4 days, the cells were
fixed, washed gently with distilled water, and stained with
crystal violet. The plaques were counted manually under
white light.

Flow cytometry (FC)

For quantification of CHIKYV infection and other cell mark-
ers, a flow cytometric assay was performed as described pre-
viously [35, 39]. In brief, mock- and CHIKV- infected RAW
264.7 cells were harvested by scraping and were subjected
to FC staining. For TRPV1 staining, cells were stained
with primary a-TRPV1 for 30 minutes on ice. After incu-
bation, excess unbound antibody was removed by washing
with FACS buffer (1X PBS, 1% BSA, 0.01% NaN). Then,
secondary fluorochrome-conjugated AF488 was added and
incubated for 30 minutes, followed by washing with FACS
buffer. Rabbit IgG was used as an isotype control.

For intracellular staining (ICS) of CHIKYV antigens and
pNF-kB (p65), RAW 264.7 cells were harvested by scraping
and immediately fixed with 4% paraformaldehyde (PFA) for
10 min at RT. Next, the cells were suspended in FACS bufter
and stored at 4°C. For ICS, the cells were first permeabilized
in permeabilization buffer (0.5% BSA + 0.1% saponin +
0.01% NaN, + 1X PBS), followed by blocking with 1% BSA
(in permeabilization buffer) for 30 min at RT. Then, the cells
were washed with permeabilization buffer, incubated with
anti-CHIKV-nsP2, E2, or pNF-kB (p65) antibodies. After
incubation, cells were washed twice in permeabilization
buffer, followed by incubation with Alexa Fluor 647—con-
jugated chicken anti-mouse IgG (H + L) secondary antibody
or Alexa Fluor 488—conjugated chicken anti-rabbit IgG (H
+ L) secondary antibody, as appropriate. After two washes
with permeabilization buffer, the cells were suspended in
FACS buffer and stored at 4°C. Both the primary and sec-
ondary antibodies were diluted in permeabilization buffer.
Mouse IgG or rabbit IgG, as appropriate, was used as an
isotype control for ICS. To prevent nonspecific binding of Fc
receptors on macrophages, FcR blocking reagent (Miltenyi
Biotec, Bergisch Gladbach, Germany) was used at a dilu-
tion of 1:20.

Finally, the cells were acquired using a BD FACS
Calibur™ flow cytometer (BD Biosciences) and analyzed
using CellQuest Pro software (BD Biosciences). Approxi-
mately ten thousand cells were acquired per sample.

Western blot

Protein expression was examined by Western blot analysis
as described earlier [35, 39]. Mock- and CHIK V-infected
RAW 264.7 cells were harvested at 8 h postinfection (hpi)
and lysed with RIPA buffer (150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH
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8.0) supplemented with a protease inhibitor and phosphatase
inhibitor cocktail (Roche, Mannheim, Germany). An equal
amount of protein (30 pg) per well was subjected to 10%
SDS-PAGE and blotted on to a polyvinylidene fluoride
(PVDF) membrane (Millipore, MA, USA). After blocking
with 3% BSA, overnight incubation at 4°C with primary
antibodies against E2, nsP2, TRPV1, p-actin and GAPDH
was carried out. The antibodies on the PVDF membrane
were detected by chemiluminescence (Immobilon Western
Chemiluminescent HRP Substrate [Millipore] or SuperSig-
nal West Femto Reagent [Thermo Scientific, Waltham, MA,
USA] using Bio-Rad Gel Doc with Quantity One software
(Bio-Rad). For band intensity quantification, Western blot
images were analyzed using Quantity One 1-D analysis
software while normalizing to the corresponding loading
control.

Real-time RT-PCR

For quantitative RT-PCR, the supernatant of CHIKV-
infected RAW 264.7 cells treated with 5'-IRTX or RTX
as described above was collected at 12 hpi, and 140 ul of
supernatant was used to extract viral RNA using a QlAamp
Viral RNA Mini Kit (QIAGEN, Hilden, Germany) as per
the manufacturer’s protocol [59]. The extracted viral RNA
was quantified, and 1 ug was used to prepare cDNA using
a PrimeScript 1st Strand cDNA Synthesis Kit (Takara,
Kusatsu, Japan) and random hexamers. This cDNA was used
to amplify the E1 gene by RT-PCR (Applied Biosystems
QuantStudio 3, using the primers F (5'-TGCCGTCACAGT
TAAGGACG-3' and R (5'-CCTCGCATGACATGTCCG
-3") and a MESA GREEN gPCR MasterMix Plus for SYBR
Assay No ROX (Eurogentec, Belgium). A standard curve
for Ct values was prepared using six tenfold serial dilutions
of the El gene cloned in the plasmid pBiEx [60, 61]. Per-
centage of copy number/ml for experimental samples was
calculated from the corresponding Ct values. All samples
were tested in triplicate.

Time-of-addition assay

A time-of-addition assay was performed to determine which
stage of viral life cycle is affected by the TRPV1 modulators
[62]. In brief, TRPV1 modulators were added to the host
RAW 264.7 cells at different time points relative to the addi-
tion of virus. In this study, four different conditions were set
up. In the "pre-during-post" setup (i), the TRPV1 modulators
were added 2 h prior to infection, during CHIKV infection,
and after infection (0 hpi). In the "pre-during" setup (ii),
the TRPV1 modulators were added 2 h prior to infection
and during CHIKYV infection only (no TRPV1 modulators
were added after infection). Finally, in the "post" setup, the
TRPV1 modulators were added after infection only, either
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at 0 hpi (iii) or at 4 hpi (iv). The supernatants were collected
at 12 hpi in each of the four conditions. Viral RNA in the
supernatant was quantified by qRT-PCR by amplifying the
viral E1 gene.

Calcium imaging

Resting RAW 264.7 cells were cultured on sterile coverslips.
After 20 hours, cells were loaded with the Ca**-sensitive
dye Fluo-4 AM (Invitrogen) for 45 min at 37 °C. Then, the
cells were washed twice with 1X PBS to remove the excess
dye and placed in an incubator for 30 min for de-esterifi-
cation. The cells were placed in a live cell chamber, and
images were acquired every 5 s. The Fluo-4 AM signal was
acquired using a Zeiss LSM800 confocal microscope [4, 63],
and images were analyzed using the ImagelJ software. The
intensity profile was represented with a pseudo-scale, and
the time-lapse kinetics of intracellular calcium were plotted
using the GraphPad Prism 7.0 software (GraphPad Software
Inc., San Diego, CA, USA).

Confocal microscopy

RAW 264.7 cells were seeded on sterile coverslips and
infected with CHIKV at an MOI of 5 as described above.
At 8 and 12 hpi, cells were fixed in 4% PFA for 15 min. For
permeabilization, cells were treated with blocking buffer
(3% BSA in 1X PBS) + 0.2% Triton X-100 for 10 min and
washed three times with 1X PBS. Blocking was carried out
for 1 hour. The cells were then incubated with a monoclo-
nal antibody (mAb) against phospho-NF-kB-p65 (Ser536)
for 1 h at RT. After washing, the cells were incubated with
AF594-conjugated anti-mouse antibody for 1 h at RT. Then,
the coverslips were mounted with antifade (Invitrogen) to
reduce photobleaching. Fluorescence microscopic images
were acquired using a Leica TCS SP5 confocal micro-
scope (Leica Microsystems, Heidelberg, Germany) using a
63X objective and images were analysed using the ImageJ
software.

ELISA

Sandwich ELISA was performed to analyze the cytokine
levels in cell culture supernatants using a BD OptEIA™
Sandwich ELISA Kit for TNF and IL-6 (BD Biosciences)
according to the manufacturer’s instructions [4, 35, 39]. The
cytokine concentrations in the test samples were calculated
in comparison with the corresponding standard curve, which
was constructed using different concentrations of the recom-
binant cytokines in pg/mL.
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Statistical analysis

Statistical analysis was performed using the GraphPad Prism
7.0 software (GraphPad Software Inc., San Diego, CA,
USA). Data are presented as the mean + SD. Comparisons
between the groups were performed by one-way ANOVA
or two-way ANOVA with the Bonferroni post-hoc test. The
data presented are representative of at least three independ-
ent experiments. Statistical significance is represented by
asterisks (*) for p-value(s) and is marked correspondingly
in the figures (¥, p < 0.05; **, p < 0.01; ***, p < 0.001).

Results

CHIKV upregulates TRPV1 expression
in macrophages.

TRPV1 has been shown to play a pivotal role in different
inflammatory and autoimmune diseases [15, 16, 24, 49,
64—67]. Recently, TRPV1 has been shown to play a role
in different viral infections [25-30]. Moreover, it has been
reported that CHIKV infection induces robust inflamma-
tory responses in macrophages [32, 35, 68, 69]. Hence, the
specific role of TRPV1 during CHIKYV infection in a mac-
rophage cell line was studied. For this, RAW 264.7 cells
were infected with CHIKV [35, 39], and the infected cells
were analyzed by flow cytometry (FC) to detect viral pro-
teins (nsP2 and E2) and TRPV1 expression at 8 and 12 hpi.
As reported earlier, the highest percentage of positive cells
for CHIKYV antigens was observed at 8 hpi (nsP2, 7.74 +
1.01; E2, 14.66 + 1.09), followed by a marginal decrease
towards 12 hpi (nsP2, 4.87 = 1.01; E2, 11.15 + 0.85)
(Fig. 1A). To determine whether the expression of TRPV1
is altered during CHIKYV infection, both infected and mock-
infected cells were subjected to FC analysis. It was found
that the percentage of cells that were positive for TRPV 1
was 51.13 + 1.32 at 8 hpi and 64.79 + 0.52 at 12 hpi, which
was higher than in the mock-infected control (8 hpi, 43.147
+ 1.48; 12 hpi, 47.22 + 1.58) (Fig. 1B). Simultaneous detec-
tion of viral protein (nsP2 or E2) and TRPV1 could not be
done due to technical limitations. TRPV1 is closely asso-
ciated with cholesterol in the cell membrane [70-73], and
treatment with saponin forms transient pores due to removal
of cholesterol, leading to membrane loss and hence loss of
the TRPV1 expression signal (data not shown) [71, 74-77].
Taken together, it appears that CHIKYV infection may upreg-
ulate TRPV1 expression (1.18-fold at 8 hpi and 1.37-fold at
12 hpi) in host macrophages in a time-dependent manner.
The specificity of the TRPV1 antibody in RAW 264.7
cells was tested using a control blocking peptide antigen [4].
For this purpose, RAW 264.7 cells were stained with anti-
TRPV1 antibody in the presence or absence of the blocking

peptide. As reported earlier, it was found that the percent-
age of cells that were positive for TRPV1 decreased in a
dose-dependent manner from 42.21 + 3.90 to 7.75 + 2.74
(p < 0.001) in the presence of 1X control blocking peptide
antigen, and it decreased further to 2.03 + 0.69 (p < 0.001)
in the presence of 3X control blocking peptide antigen, con-
firming the specificity of the TRPV1 antibody in RAW 264.7
cells (Supplementary Fig. 1).

TRPV1 regulates CHIKV infection

The altered expression of TRPV1 during CHIKV infection
prompted us to look at whether TRPV1 plays a regulatory
role during CHIKYV infection. For this, the TRPV1 activa-
tor RTX and the inhibitor 5'-IRTX were used in this study.
Both RTX and 5'-IRTX are highly specific modulators of
TRPV1 and have been used previously in various studies
[4, 78]. In order to determine the cellular cytotoxicity of
TRPV1 modulators, MTT assay was carried out using differ-
ent concentrations of RTX (0.08 uM to 10 pM) and 5"-IRTX
(0.625 uM to 160 uM). DMSO was used as a solvent control.
It was observed that approximately 97% of the RAW 264.7
cells were viable at a 0.625 uM concentration of 5'-IRTX,
and nearly 100% of the cells were viable at a concentration
range of 0.08 uM to 5 uM RTX (Fig. 2A). Similar obser-
vations have been reported previously [79-81]. Hence, for
further experiments, the same concentration, 0.625 uM, was
selected for both TRPV 1 modulators, RTX and 5'-IRTX.
In order to determine whether TRPV1 modulates
CHIKYV infection in macrophages, RAW 264.7 cells were
infected with CHIKYV in the presence of 5'-IRTX, RTX, or
DMSO alone. The TRPV1 modulators were added to the
cells 2 h prior to the infection and were maintained dur-
ing infection until the cells were harvested at 8 hpi or 12
hpi. As expected, a cytopathic effect (CPE) was observed
in CHIKV-infected macrophages (membrane blebbing,
rounding off, and detachment) at both 8 hpi and 12 hpi
(Fig. 2B) [35]. Quantitation of CPE revealed higher CPE in
RTX-treated cells and significantly lower CPE in 5'-IRTX-
treated cells when compared to the CHIKV + DMSO con-
trol (Fig. 2B). Additionally, FC analysis was carried out
to estimate the infectivity of CHIKYV in the presence of
TRPV1 modulators by determining the percentage of posi-
tive cells. Upon treatment with 5'-IRTX, the percentage
of cells that were positive for CHIKV antigens decreased
significantly at 8 hpi (nsP2, 6.46 + 0.72; E2, 8.32 + 1.41)
compared to the CHIKV + DMSO control (nsP2, 9.71 +
0.86; E2, 16.45 + 3.87) (Fig. 2C), whereas in the pres-
ence of RTX, the percentage of cells that were positive
for the CHIKV nsP2 antigen increased, and no such sig-
nificant increase in the CHIKV E2 antigen was observed
at 8 hpi (nsP2, 14.04 + 1.38; E2, 17.86 + 2.05) (Fig. 2C).
Similarly, Western blot analysis showed that expression
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Fig.1 CHIKV upregulates TRPV1 expression in macrophages. Mac-
rophages (RAW 264.7 cells) were infected with CHIKV at an MOI of
5 and analyzed at 8 hpi and 12 hpi. (A) Flow cytometry (FC) dot-plot
analysis with a representative bar diagram showing the percentage of
cells positive for the viral proteins nsP2 and E2. (B) FC analysis and

of E2 and nsP2 significantly decreased in 5'-IRTX-treated
cells compared to the CHIKV + DMSO control. However,
in RTX-treated cells, only nsP2 expression was found to
increase significantly, which is in agreement with the FC
data (Fig. 2D). Taken together, the results suggest that
TRPV1 may regulate CHIKYV infection in macrophages.
Subsequently, the expression of TRPV1 was assessed
in the presence of TRPV1 modulators after CHIKV infec-
tion, and a significant change was observed only in the
CHIKYV + DMSO cells relative to the mock + DMSO cells
(Supplementary Fig. 2). However, no significant change
was observed between the CHIKV + DMSO control and
CHIKV-infected macrophages treated with TRPV1 modu-
lators (Supplementary Fig. 2A-C). Western blot analysis
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» TRPV1, 12 hpi

representative bar diagram depicting TRPV1 expression in CHIKV-
infected RAW 264.7 cells. Data represent the mean + SD of three
independent experiments. Differences between groups with a p-value
less than 0.05 were considered statistically significant (ns, non-signit-
icant; *, p < 0.05; * *, p < 0.01; * * * p <0.001).

also showed a similar trend (Supplementary Fig. 2C), as the
modulators possibly affect mostly the function of TRPV1
[4, 57]. Similarly, no such changes in TRPV1 expres-
sion were observed in mock-treated cells (Supplementary
Fig. 2D)

Finally, to assess the effect of TRPV1 modulators, a
plaque assay was performed to quantify the release of
infectious virus particles. Cell-free supernatants were
collected from the above experiments, and it was found
that upon treatment with 5'-IRTX, the viral titer decreased
to 3.33 x 10% + 6.66 x 103 (0.57-fold) compared to the
CHIKYV + DMSO control (Fig. 2E). On the other hand,
upon treatment with RTX, the viral titer increased to 1.13
x 107 + 1.15 x 10° (1.96 fold) compared to the CHIKV
+ DMSO control (5.77 x 10° + 7.69 x 10%) (Fig. 2E).
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Fig.2 TRPVI regulates
CHIKYV infection. RAW 264.7
cells were treated with either
DMSO or with a TRPV1
modulator, 5’-IRTX or RTX.
(A) Bar diagram showing the
percentage of viable RAW
264.7 cells treated with dif-
ferent concentrations of RTX
and 5’-IRTX with respect to

the solvent control (DMSO),

as determined by MTT assay.
(B) Cells treated with TRPV1
modulators, 5'-IRTX or RTX.
RAW 264.7 cells were infected
with CHIKV at an MOI of 5
and observed under a bright-
field microscope at a magnifica-
tion of 200X for a possible cyto-
pathic effect (CPE). Infected
cells showed considerable CPE,
indicated by white arrows, with
membrane blebbing, round-

ing off, and detachment. The
bar diagram represents the
quantitative measurement of
the cells showing CPE at 8 hpi
(left panel) and 12 hpi (right
panel). (C) Representative FC
dot plot depicting the percent-
age of cells positive for the viral
proteins nsP2 and E2 at 8 and
12 hpi with 5'-IRTX or RTX
treatment. Bar diagram showing
the percentage of cells positive
for the viral proteins nsP2 and
E2 for mock + DMSO, CHIKV
+ DMSO, CHIKV + 5"-IRTX,
and CHIKV + RTX. (D)
Western blot analysis showing
the relative levels of the viral
proteins E2 and nsP2. The bar
diagram shows the relative band
intensities of nsP2 and E2. (E)
Bar diagram showing the viral
titer (PFU/ml), determined by
plaque assay from CHIKV-
infected macrophages at 12 hpi
with 5'-IRTX or RTX treat-
ment. The data represent the
mean =+ SD of three independ-
ent experiments. Differences
between groups with a p-value
less than 0.05 were considered
statistically significant (ns, non-
significant; *, p < 0.05; * *, p <
0.01; * * *, p < 0.001).
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This result indicates that TRPV1 may regulate CHIKV
infection.

TRPV1 modulates early stages of the CHIKV life cycle

To determine whether TRPV1 has a regulatory role in the
CHIKYV life cycle, the viral titers in the supernatants after
viral adsorption (containing unbound virus) were measured
in the presence of 5'-IRTX or RTX. Interestingly, it was
observed that there was a significantly higher titer of virus
particles, 3.02 x 10° + 2.7 x 10* PFU/ml (32% more than
DMSO only), in the left-over supernatant in the presence of
the TRPV1 inhibitor 5’-IRTX when compared to the DMSO
control (2.28 x 10° + 1.01 x 10%. Conversely, there was a
significantly lower titer of virus particles, 1.35 x 10° + 1.5 x
10* PFU/ml (40.77% less than DMSO only) during CHIKV
infection in the presence of the TRPV1 activator RTX in
the left-over supernatant when compared to the DMSO con-
trol (Fig. 3A). These results suggest that the efficiency of
viral adsorption and/or entry is decreased by treatment with
5'-IRTX and increased by treatment with RTX.

A time-of-addition experiment, as described in Materials
and methods, showed that the addition of TRPV1 modula-
tors at different time points profoundly affected the viral
copy number at 12 hpi (Fig. 3B). CHIKYV infection in the
presence of 5'-IRTX markedly reduced infection in the "pre-
during-post" (i) (13.79%) and "pre-during" (ii) (47.29%)
experiments compared to the corresponding CHIKV +
DMSO controls. A non-significant change in infection was
observed when the modulators were added at O hpi (iii) or 4
hpi (iv). Moreover, CHIKV infection was enhanced mark-
edly in the presence of RTX in the "pre-during-post at O hpi"
(1) (130%) and "pre-during" (ii) (110%) experiments as com-
pared to the corresponding CHIKV + DMSO controls. No
significant change in infection was observed when RTX was
added at O hpi (iii) or 4 hpi (iv) (Fig. 3B). Together, these
findings indicate that the functional modulation of TRPV1
might alter the susceptibility of macrophages to infection by
regulating the early stages of the CHIKYV life cycle.

TRPV1 modulates the CHIKV-induced cytokine
response in host macrophages

CHIKYV is known to induce pro-inflammatory cytokines
in host macrophages [34, 35, 39, 54, 69]. Hence, cell cul-
ture supernatants were collected at both 8 hpi and 12 hpi to
assess the effect of 5'-IRTX and RTX on the release of TNF
and IL-6. Interestingly, in RTX-treated CHIKV-infected
macrophages, the levels of both TNF and IL-6 were sig-
nificantly higher than in the DMSO control. Surprisingly,
in the presence of 5'-IRTX, the levels of both TNF and IL-6
increased despite the reduction in CHIKYV infection (Fig. 4).
However, TNF and IL-6 levels did not change significantly
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Fig.3 TRPV1 modulates early stages of the CHIKV life cycle.
RAW 264.7 cells were pre-treated with TRPV1-specific modula-
tors (5'-IRTX/RTX) for 2 h prior to infection. After adsorption of
CHIKV to RAW 264.7 cells, the remaining supernatant contain-
ing unbound virus was collected and a plaque assay was performed.
(A) Bar diagram showing the virus titer (PFU/ml) remaining in
the supernatant of 5-IRTX or RTX treated CHIKV-infected mac-
rophages. (B) CHIKYV infection was carried out in RAW 264.7 cells
by adding TRPV1 modulators (5'-IRTX and RTX) at the following
stages of CHIKYV infection: "pre + during + post at 0 hpi" (i), "pre
+ during" (ii), "post" at O hpi (iii) and "post" at 4 hpi (iv). qRT-PCR
was performed using CHIKV E1 gene-specific primers, and data are
expressed as a percentage of copy number/ml normalized to CHIKV
+ DMSO. Data represent the mean + SD of three independent exper-
iments. Differences between groups with a p-value less than 0.05
were considered statistically significant (ns, non-significant; *, p <
0.05; * *, p < 0.01; * * * p < 0.001).

in mock-infected cells treated with 5'-IRTX or RTX (Sup-
plementary Fig. 3). This suggests that CHIK V-infected
macrophages produce a robust pro-inflammatory cytokine
response, which was found to be markedly elevated upon
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Fig.4 TRPV1 modulates the CHIKV-induced cytokine response in
host macrophages. RAW 264.7 cells were infected with CHIKV at an
MOI of 5. The supernatant was collected at 8 and 12 hpi, and sand-
wich ELISA was performed to determine the level of cytokines. Bar
diagram showing the amount of secreted (pg/ml) (A) TNF and (B)
IL-6 in mock-treated and 5'-IRTX- or RTX-treated CHIK V-infected
macrophages. Data represent the mean + SD of three independent
experiments. Differences between groups with a p-value less than
0.05 were considered statistically significant (ns, non-significant; * p
< 0.05; ** p <0.01; * * * p <0.001).

RTX treatment, and unexpectedly, increased pro-inflamma-
tory cytokine levels were also observed in 5'-IRTX-treated
CHIKV-infected macrophages.

pNF-kB (p65) expression and nuclear localization
during CHIKV infection in macrophages treated
with TRPV1 modulators

Nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB) is a protein complex that controls diverse cel-
lular functions as a potential transcription factor, regulating
cell survival and cytokine and chemokine production. “Its
phosphorylated form” (pNF-xB) acts as a central mediator
of inflammation that responds to a large variety of inflam-
matory diseases [21, 82, 83]. An immunofluorescence
assay was performed to examine the expression and locali-
zation of pNF-xB (p65). It was observed that, in CHIKV-
infected macrophages, pNF-kB (p65) expression and nuclear

localization increased at 8 hpi and 12 hpi as compared to the
mock-infected control (Fig. 5SA). The level of pNF-«xB (p65)
was found to increase further in the presence of either of
the TRPV1 modulators (Fig. 5A and B). For quantification,
fluorescence intensity of pNF-«B is presented in scatter plots
(Fig. 5B). Interestingly, after CHIKV + 5'-IRTX treatment,
the pNF-«xB levels increased compared to the CHIKV +
DMSO control at both 8 and 12 hpi. Moreover, the pNF-xB
levels reached their highest peak after CHIKV + RTX treat-
ment. The results of flow cytometry analysis and confocal
microscopy showed a similar trend (Fig. 5C), showing that
nuclear localization of pNF-xB in CHIKV-infected mac-
rophages is further elevated in RTX-treated CHIK V-infected
macrophages. Unprecedentedly, the pNF-kB levels were also
increased in 5'-IRTX-treated CHIK V-infected macrophages.

TRPV1 modulates Ca?* influx during CHIKV infection
in macrophages

TRPV1 is a non-selective calcium (Ca2+)-permeable cat-
ion channel. Here, the functional contribution of TRPV1
to Ca’*influx was assessed during CHIKV infection in
macrophages. For this purpose, a live- cell Ca’* imaging
experiment was carried out using the Ca**-sensitive dye
Fluo 4-AM [4]. Upon addition of the Ca**-solution only, no
increase in Fluo-4 intensity was observed, indicating that
there was no change in intracellular Ca>* levels. Upon addi-
tion of 5'-IRTX, there was a reduction in Fluo-4 intensity.
Interestingly, in the presence of CHIKYV, there was a marked
increase in Fluo-4 intensity, indicating robust Ca* influx.
Next, the effect of CHIKV + 5'-IRTX was evaluated, and
it was observed that there was a decrease in Fluo-4 inten-
sity. With RTX, both in presence or absence of CHIKYV, the
Fluo-4 intensity increased (Fig. 6A and B). RTX is a spe-
cific and well-known inducer of calcium influx via TRPV1
channels [67, 85-87]. The area under the curve (AUC) was
estimated from the baseline (Y = 1) for peaks both above
and below the baseline (Fig. 6B). The AUC values for the
following experimental conditions were determined: calcium
solution (-99.28 a.u.), 5'-IRTX (-55.6 a.u.), RTX (+128.2
a.u.), CHIKV + DMSO (+94.03 a.u.), CHIKV + 5'-IRTX
(-14.14 a.u.), and CHIKV + RTX (+179.4 a.u.). Together,
these results suggest a functional role of TRPV1 in regu-
lating intracellular Ca®* influx during CHIKV infection in
macrophages.

Discussion

Transient receptor potential vanilloid 1 (TRPV1) is a mem-
ber of the TRP family of channels, which have recently been
found to play a functional role in a number of immune cells,
including macrophages, T cells, NK cells, and dendritic cells
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Fig.5 pNF-kB (p65) expression and nuclear localization during
CHIKYV infection in macrophages treated with TRPV1 modula-
tors. RAW 264.7 cells were infected with CHIKV at an MOI of 5,
and nuclear localization of pNF-kB (p65) was examined by confocal
microscopy at both 8 hpi (left panel) and 12 hpi (right panel). Mock-
treated and 5'-IRTX- or RTX-treated CHIKV-infected macrophages
were stained with a monoclonal antibody against CHIKV E2 (red)
(al, bl, cl, d1 and el, f1, g1, hl). The immunofluorescence images
show the nuclear localization of pNF-kB (p65) (green) (a2, b2, c2,
d2 and e2, {2, g2, h2) in CHIKV-infected macrophages compared to
mock-infected. Nuclei were stained with DAPI (a3, b3, ¢3, d3 and e3,
3, g3, h3). pNF-kB levels in rainbow scale (a4, b4, c4, d4 and e4,

[4, 19, 40, 88, 89]. CHIKYV has been known to infect and
persist in macrophages serving as major reservoirs for the
virus [32, 35, 39, 68]. The present study provides the first
evidence that TRPV1 channels might regulate CHIKV infec-
tion in macrophages. This study also highlights an important
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Scatter plot depicting pNF-kB (p65) intensity at 8 hpi (left panel)
and 12 hpi (right panel) in 5'-IRTX- or RTX-treated CHIK V-infected
macrophages. (C) Representative FC histogram plot depicting MFI
for transcription factor pNF-xB (p65) at 8 hpi with 5'-IRTX or RTX
treatment. Bar diagram showing MFI for pNF-kB (p65) for mock +
DMSO, CHIKV + DMSO, CHIKV + 5-IRTX, and CHIKV + RTX.
Data represent the mean + SD of three independent experiments. Dif-
ferences between groups with a p-value less than 0.05 were consid-
ered statistically significant (ns, non-significant; * p < 0.05; * * p <
0.01; * * * p < 0.001).

role of TRPV1 in the initial surge of Ca** influx, modula-
tion of pro-inflammatory cytokine responses, altered NF-kB
(p65) expression, and nuclear localization during CHIKV
infection in macrophages.
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ment conditions from top to bottom are mock + Ca®* solution (al,
a2, a3), TRPV1 inhibitor (5'-IRTX) only (b1, b2, b3), TRPV1 activa-
tor (RTX) only (cl, c2, ¢3), CHIKV + DMSO (d1, d2, d3), CHIKV
+ 5-IRTX (el, ¢2, ¢3), and CHIKV + RTX (f1, 2, £3). The fluo-

Several viruses have been shown to upregulate TRPV1
expression in host cells, including respiratory syncytial
virus, measles virus, human rhinovirus, and varicella-zos-
ter virus [26, 27, 29]. In the current study, it was demon-
strated for the first time that the alphavirus CHIKYV also

Time (sec)

Time (sec)

rescence intensities are represented in pseudo 16 colour (Black and
white represent the lowest and highest intracellular Ca’** levels,
respectively). (B) Time-lapse kinetics of intracellular calcium influx.
The intensity (F/F;) of each cell is represented in grey lines along
with average in black lines for each experimental setup. The black
arrows indicate the time of addition of (i) Ca?* solution, (ii) 5'-IRTX,
(iii) RTX, (iv) CHIKYV, (v) CHIKV + 5-IRTX, and (vi) CHIKV +
RTX. The data are representative of three independent experiments.

has a similar effect. CHIK V-infected macrophages showed
increased levels of TRPV1 expression at both 8 and 12 hpi.
Upon treatment with 5'-IRTX or RTX, which are functional
modulators of TRPV1, CHIKYV infection in macrophages
was found to be significantly decreased or increased,
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respectively. However, the level of TRPV1 expression did
not change in CHIK V-infected macrophages treated with
TRPV1 modulators, as these are functional modulators,
which modulate the functional activity of TRPV1 rather than
affecting TRPV1 expression [4, 57]. As expected, when cells
were treated with 5'-IRTX, the viral titer decreased, whereas
upon RTX treatment, the viral titer increased considerably.
Our study highlights a possible regulatory role of TRPV1
during CHIKYV infection in macrophages. However, further
investigation is needed to understand the mechanistic rela-
tionships between TRPV1, CHIKYV infection, and host cell
immunity.

TRPV1 has been found to play a pro-inflammatory and
nociceptive role in various diseases and injury states, e.g.,
diabetic neuropathy, cancer, arthritis, airway hypersensitiv-
ity, fecal incontinence, non-erosive reflux disease (NERD),
gastro-oesophageal reflux disease (GERD), and urinary
bladder infection [16, 18, 23, 90-92]. Accordingly, it appears
that TRPV1 might work as a pathological marker for vari-
ous altered physiological processes. However, recent reports
have also suggested a differential role of TRPV 1. For exam-
ple, i.e., ablation of TRPV1 expression has been found to
enhance the pro-inflammatory response. In particular, abro-
gation of TRPV1 results in an increased pro-inflammatory
response in the cardiovascular system and in cases of endo-
toxin and sepsis, dermatitis, malaria, salt hypertension, air-
way hypersensitivity, and renal inflammation [41, 42, 47, 50,
51, 84, 93-95]. In accordance with those observations, in the
current study, we also observed a rise in the pro-inflamma-
tory response despite downregulation of CHIKYV infection in
the presence of the TRPV1 inhibitor 5'-IRTX. To understand
these apparent discrepancies, the expression and nuclear
localization of NF-kB (p65) were investigated. NF-xB, espe-
cially p63, is the best-studied subunit and plays an important
role during cellular activation and subsequent transcription
of pro-inflammatory cytokines [96-98]. pNF-xB (p65) is
known to be translocated from cytoplasm to the nucleus
during cellular activation [83, 99]. Immunofluorescence
assays showed that nuclear translocation of pNF-kB (p65)
was induced in CHIKV-infected macrophages compared to
uninfected cells, and this was further elevated in the pres-
ence of TRPV1 modulators. Both 5'-IRTX- and RTX-treated
CHIKV-infected macrophages showed enhanced nuclear
localization of NF-xB compared to the CHIKV + DMSO
control. The observation that inhibition of TRPV1 leads
to higher pNF-kB expression has been reported previously
[47, 84]. This in general may suggest that both constitu-
tive activation and constitutive inhibition of TRPV1 might
affect the status of the cell and induce nuclear translocation
of NF-xB. These observations might explain the apparently
paradoxical increase in pro-inflammatory cytokines found
in TRPV1-inhibited CHIKV-infected macrophages as well,
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where the functional deficiency of TRPV1 might also lead
to inflammatory responses, as reported earlier [41, 42, 93].

Recent reports have suggested that TRP channels con-
tribute to a number of host—virus interactions. There is
ample evidence that numerous TRP channels, such as
TRPV1, TRPV4, TRPA1, TRPMS8, TRPML1 TRPML2,
and TRPML3, contribute to various phases of the viral life
cycle, including binding and entry, replication, and egress
[26, 29, 100, 101]. TRPV1 in particular has been associ-
ated with various stages of the viral life cycle, including
binding, entry, and replication, in the case of a number
of different viruses, including respiratory syncytial virus
(RSV), measles virus (MV), human rhinovirus (HRV),
hepatitis C virus (HCV), herpes simplex virus (HSV) and
varicella-zoster virus (HZV) [25-30]. However, no such
role of TRPV1 in CHIKYV infection in macrophages had
been described. In order to determine whether TRPV1
affects the early stages of the viral life cycle, we measured
the viral titer remaining in the supernatant after infection.
A high level of inhibition in the early stages of the viral
life cycle was observed in CHIKV + 5'-IRTX-treated cells,
whereas a marked increase in the early stages of viral life
cycle was found in CHIKV + RTX-treated cells. Similarly,
in a time-of-addition assay, the TRPV1 modulators were
most effective in the "pre-during-post" setup, followed by
the "pre-during" setup, further confirming that TRPV1
modulators might regulate the early stages of viral infec-
tion. Taken together, the data suggest that CHIKV infec-
tion in macrophages may be regulated by the functional
activity of TRPV1, affecting the early stages of the viral
life cycle.

Viruses are adept at tailoring the calcium concentration
in host cells to meet their own requirements for viral adsorp-
tion, infection, spread, and persistence. It is well estab-
lished that virus adsorption onto host cells is immediately
accompanied by calcium influx at the plasma membrane
[102—-106]. As TRP channels are Ca2+-permeable channels,
we further explored the possibility of differential calcium
influx during CHIKYV infection with TRPV1 modulators.
In this study, it was found that CHIKV infection led to an
increase in intracellular Ca>* levels. Moreover, CHIKV +
RTX increased the intracellular Ca>* levels further. Concur-
rently, in the case of CHIKV + 5'-IRTX, the Ca”* influx
decreased, suggesting that the TRPV1 channel might play a
crucial role in Ca** influx during viral infection.

In summary, the present study provides evidence that
TRPV1 channel expression is induced during CHIKV
infection of macrophages. Our current understanding of
the relationship between TRPV1 and CHIKYV infection in
macrophages is schematically summarized in the working
model shown in Figure 7. TRPV1 may effectively regulate
CHIKY infection in host macrophages, primarily affecting
the early stages of the viral life cycle, which might have
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Fig.7 Proposed working model depicting the functional role of
TRPV1 in CHIKV-infected macrophages. (A) Upon CHIKYV infec-
tion, TRPV1 channels get activated, facilitating Ca®* influx in mac-
rophages and entry of host cells. (B) Upon treatment with the TRPV1
inhibitor 5'-IRTX, the TRPV1 channel gets inactivated and, sub-
sequently, less Ca>* enters the cell, leading to a lower rate of virus

implications for the future design of anti-CHIKYV strate-
gies. These findings might also have broader implications
for understanding the role of TRP channels in the case of
other viruses as well.
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Abstract:

An intracellular rise in calcium (Ca®") is an essential requisite underlying T cell activation and its
associated pro-inflammatory cytokine production. Transient receptor potential vanilloid channel
(TRPV1) is a thermo-sensitive, polymodal gated and permeable to cations such as Ca*". It has
been reported that TRPV1 expression increases during T cell activation. However, the possible
involvement of TRPV1 during immunosuppression of T cells has not been studied yet. Here, we
investigated the possible role of TRPV1 in FK506 or B16F10-culture supernatant (B16F10-CS)
driven experimental immunosuppression in T cells. Intriguingly, it was found that TRPV1
expression is further elevated during immunosuppression compared to ConA or TCR activated T
cells. Similarly, in B16F10 tumor-bearing mice, the TRPV1 expression was upregulated in T
cells as compared to control mice, in vivo. Moreover, we observed an immediate rise in
intracellular Ca®" levels in FK506 and B16F10-CS treated T cells as compared to ConA or TCR
treated T cells. Likewise, in BI6F10 tumor-bearing mice, the basal intracellular calcium level
was upregulated in T cells as compared to control mice, in vivo. To further investigate the
possible mechanism of such rise in intracellular Ca®" levels, TRPV1 specific functional inhibitor,
5[1-iodoresiniferatoxin (57 -IRTX) was used in calcium influx studies. It was observed that the
total intracellular Ca®" levels decreased significantly in presence of 5[1-IRTX for either the
FK506 or B16F10-CS as well as with ConA or TCR stimulated T cells, indicating the functional
role of TRPV1 channels in FK506 or B16F10-CS mediated increase in intracellular Ca*" levels.
The current findings highlight an essential role of the TRPVI1 channel in upregulating
intracellular calcium levels during both immune-activation and immunosuppression. This study
might also have broad implications in the context of other immune-suppressive diseases as well.

Keywords: B16F10-CS, FK506, Immunosuppression, TRPV1



1. Introduction:

Transient receptor potential channels (TRP) belong to a superfamily of ion channels that
are thermo-sensitive, polymodal gated and permeable to cations (Gees et al., 2010; Nilius, 2007;
Samanta, Hughes, & Moiseenkova-Bell, 2018). Transient receptor potential vanilloid channels
(TRPV1) are reported to have a regulatory role in various T cell processes including
differentiation, proliferation and activation (Amantini et al., 2017; Majhi et al., 2015). Activation
of TRPV1, via ligand binding, significantly increases TCR mediated Ca®" influx and downstream
signaling pathways (Majhi et al., 2015; Bujak et al., 2019). TRPV1 is distributed widely in
immune cells and are involved in various inflammatory conditions such as in inflammatory
bowel disease (IBD), cutaneous neurogenic inflammation, chronic obstructive pulmonary disease
(COPD), allergic asthma, brain inflammation, arthritis, auto-immune diseases, hypersensitivity
and colitis (Bassi et al., 2019; Silva et al., 2018) and various viral infections as well (Bassi et al.,
2019; Kumar et al., 2020; Omar et al., 2017; Omari et al., 2017; Silva et al., 2018).

Free Ca”" ions serve as a second messenger of cells including different immune cells such
as T and B lymphocytes and macrophages regulating various physiological processes like
differentiation, gene transcription and effector function (Oh-hora & Rao, 2008; Vig & Kinet,
2009). Receptor-mediated activation of different immune cells has been reported to upregulate
intracellular Ca*" levels (Vig & Kinet, 2009). Abnormality in Ca®* signaling or unavailability in
immune cells may lead to wvarious immunological disorders like severe combined
immunodeficiency (SCID) and Wiskott—Aldrich syndrome (WAS) (Feske, 2007) or hamper
proper activation of naive T cell and effector function (Birx et al., 1984; Nakabayashi et al.,
1992; Watman, et al., 1988) respectively. Different intracellular signaling members of T cells
like PKC, NFAT, NF-kB, calmodulin-dependent kinase, JNK require Ca”" for their function
(Ando et al., 2014; Komada et al., 1996; Vig & Kinet, 2009).

Concanavalin A (ConA), a plant lectin (carbohydrate-binding protein), extracted from
Jack Bean (Canavalia ensiformis), acts as a mitogen for T cell (Mackler et al., 1972) and can
increase intracellular Ca®" concentration required for IL-2R expression and IL-2 production
(Komada et al., 1996). ConA binds to the mannose moieties of glycoproteins and glycolipids,
including the T cell receptor (TCR) and is responsible for nonspecific T cell proliferation (Ando
et al., 2014). On the other hand, T cell activation via TCR stimulation with anti-CD3 and anti-
CD28 is more specific proliferation which also results in the rise of intracellular Ca®" levels
(Pang et al., 2012). Collectively, ConA or TCR induced increase of intracellular Ca*" involves
PLC/InsP3, which releases Ca*" from intracellular compartments like the endoplasmic reticulum
and then opens plasma membrane residing Ca”" channels like calcium release-activated calcium
channel (CRAC) and different TRP channels (Pang et al., 2012; Majhi et al., 2015).

FK506 (tacrolimus), a clinical immunosuppressive agent, binds calcineurin and impede
pro-inflammatory cytokine production by T cells (Almawi et al., 2001; Annettet al., 2020;
Sakuma et al., 2000). FK506 binds to FK506 binding protein (FKBP) and forms complex

2



FK506-FKBP. FK506 binds to FK506 binding protein (FKBP) and forms FK506-FKBP
complex (Bultynck et al., 2000). FKBPs are reported as important modulators of intracellular
Ca”". FKBPs regulate intracellular ryanodine and IP; receptor Ca’" release channels (Bultynck et
al., 2000; Cameron et al., 1995; MacMillan, 2013). Recently, it has been reported that FK506
induces Ca*" influx via TRPA1 channels (Bultynck et al., 2000; Kita et al., 2019).

B16F10, a mouse melanoma cell line, has been widely used as a transplantable murine
melanoma model (Burghoff et al., 2014; Chen et al., 2019; Langer et al., 2006; Overwijk &
Restifo, 2001). Additionally, it has also been reported to secrete various soluble factors from
B16F10 derived tumors, suppressing lymphocyte activation in vitro (Sun et al., 2015, 2013,
2011). B16F10 derived soluble factors, such as interleukin-10 (IL-10), transforming growth
factor-beta (TGF-f), vascular endothelial growth factor (VEGF), play an important role in
immunosuppression. These soluble factors are known to develop an immunosuppressive network
spanning from the primary tumor site to secondary lymphoid organs and peripheral vessels
(Yang & Carbone, 2004; Zou, 2005). Tumor microenvironment milieu enriched with these
soluble factors induces immune cells to become immunosuppressive and hinders T cell
activation associated with antitumor responses (Kusmartsev & Gabrilovich, 2002; Kusmartsev et
al., 2004). Additionally, tumor-released extracellular vesicles from the supernatant of malignant
effusions or tumor cells such as B16F10 and ascites of cancer patients are also reported to induce
immunosuppression. Immune cells such as T cells, B cells, neutrophils and macrophages can

take up these tumor-released extracellular vesicles and induce an immunosuppressive
environment (Chen et al., 2019; Gao et al., 2018; Wen et al., 2018; Zhou et al., 2016).

The functional role of TRPVI in cell-mediated immunity (CMI) and its role towards an
increase in intracellular Ca*>* has been reported (Bertin ef al., 2014; Majhi et al., 2015; Kumar et.
al., 2020). Moreover, a number of immunosuppressive agents, such as rapamycin, tacrolimus and
cyclosporin has also been reported to induce intracellular rise in Ca*" (Bielefeldt, Sharma,
Whiteis, Yedidag, & Abboud, 1997; Bultynck et al., 2000; Cameron, Steiner, Roskams, et al.,
1995; Cameron, Steiner, Sabatini, et al., 1995; Kanoh et al., 1999; D. MacMillan & McCarron,
2009; Van Acker et al., 2004). Based on these previous findings, we hypothesized that TRPV1
may also be contributing towards the intracellular rise in Ca®" levels, subsequent
immunosuppressive downstream signaling and cellular responses. Therefore, in the present
study, the possible role of TRPV1 during experimental immunosuppression was explored.
Moreover, FK506 or B1I6F10-CS driven regulation in T cell activation, inflammatory cytokines
response and subsequent Ca®" influx was investigated. The current study might have importance
in understanding the TRPV1 driven FK506 or B16F10-CS induced immunosuppression in T
cells, and it might have implications in various immunosuppressive diseases as well.



2. Materials and Methods:

2.1 Mice

6 to 8 weeks old both male and female C57BL/6 mice from the National Institute of
Science Education and Research (NISER), Bhubaneswar were used for experimentation. All
protocols were approved by the Institutional Animal Ethics Committee (IAEC), NISER
following Committee for the Purpose of Control and Supervision of Experiments on Animals,
CPCSEA guidelines (IAEC protocol no. AH-112).

2.2 Antibodies, reagents and drugs

FK506 (Cat. no. F4679-5MG), Concanavalin A (ConA) (Cat. no. C0412-5MG), 501-
IRTX (Cat. no. 19281-1MG) were purchased from Sigma Aldrich (St. Louis, MO, USA); anti-
mouse CD25 (Cat. no. 553866), OptEIA kits for IL-2 (Cat. n0.555148), IFN-y (Cat. n0.555138),
TNF (Cat. no. 558534) for sandwich ELISA were from BD Biosciences, SJ, CA, USA.; anti-
mouse CD69 (Cat. no. 35-0691-U100), anti-mouse CD90.2 (Cat. no. 20-0903-U100) from
Tonbo Biosciences, San Diego, CA, USA; anti-mouse TRPV1 (Cat. no. ACC-029) from
Alomone Laboratories (Jerusalem, Israel); anti-mouse CD3 (Cat. no. 40-0032-U500) and anti-
mouse CD28 (Cat. no. 40-0281-U500) [functional assay grade] were procured from Tonbo
Biosciences, San Diego, CA, USA. Secondary anti-rabbit Alexa Fluor 488 and T cell isolation
kit (Dynabeads™ Untouched™ Mouse T Cells Kit, Cat. no. 11413D) were procured from
Invitrogen, Carlsbad, CA USA. RPMI-1640 cell culture medium and FBS were purchased from
PAN Biotech, Aiden Bach, Germany; DMEM cell culture medium, 10X RBC lysis buffer, 10X
PBS, L-glutamine, penicillin, streptomycin was from Himedia Laboratories, Mumbai,
Mabharashtra, India.

2.3 T cell isolation, purification and cell culture

Spleens were collected from C57BL/6 mice and splenocytes were isolated as mentioned
previously (Sahoo et al., 2018). In brief, spleens were mechanically dispersed with a syringe
plunger (Dispovan) and passed through a 70 uM cell strainer (SPL Life Sciences, Korea). After
centrifugation, RBCs were lysed using RBC lysis buffer, washed with 1X PBS, centrifuged and
resuspended in RPMI-1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 100
U/mL penicillin, and 0.1 mg/mL streptomycin. T cells were then purified using Mouse
Untouched T cell isolation kit as per manufacturer protocol. Briefly, splenocytes were incubated
with biotinylated antibodies for 20 mins following resuspension in isolation buffer (2% FBS, 2
mM EDTA in 1X PBS). Cells were then washed with excess isolation buffer, centrifuged and
incubated for 15 minutes with streptavidin-conjugated magnetic beads and then placed in a
magnet for 2 minutes. Purity of T cells was >95% measured using flow cytometry (BD
FACSCalibur™ flow cytometer, BD Biosciences).

B16F10 (ATCC® CRL-6475™) cells were cultured in DMEM supplemented with 10%
FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin and maintained as
per ATCC protocol. For B16F10 culture supernatant (B16F10-CS) collection, 1X10° B16F10
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cells were seeded in a T-75 cell culture flask (SPL Life Sciences, Korea). When the confluency
reaches around 60-70%, culture medium was replaced with fresh medium and allowed to grow
for 24 hours. Culture medium was then collected, centrifuged, filtered through 0.22 uM filter and
stored at -80°C till further use. Purified T cells [1.0X10° cells per well in a 48 well cell culture
plate (SPL Life Sciences, Korea), 1 mL total volume] were then stimulated with either ConA (5
ug/mL) or anti-CD3 (plate-bound) and anti-CD28 (soluble) (2 ug/mL each) following
pretreatment with FK506 (1 hour) or B16F10-CS inside a humidified incubator with 5% CO, and
37°C temperature. After 36 hours, cells were harvested, stained and analyzed via flow cytometry.
Cell culture supernatants were collected and stored at -20°C for ELISA.

2.4 B16F10 subcutaneous injection

B16F10 cells in the logarithmic growth phase (<50% confluency) were harvested and
suspended in ice-cold HBSS buffer. After counting, 2 x 10> cells/mouse were injected in the
right flank of wild type C57BL/6 mice. From 14" day, tumor growth was periodically monitored
in an interval of every second day (Overwijk & Restifo, 2001). On 21 day, the mice were
sacrificed and spleen was harvested for further processing.

2.5 7-AAD staining

Purified mouse T cells were incubated with different doses of BI6F10-CS, 5L -IRTX and
FK506 for 36 hours. Next, cells were harvested and washed with 1X PBS, followed by
incubation with 7-AAD for 15 minutes at RT. Cells were then acquired in BD LSRFortessa' ™
(BD Biosciences) and analyzed via FlowJo V10.7.1. 7-AAD negative cells were considered as
live cells (Nayak et al., 2017; Sahoo et al., 2018).

2.6 Flow Cytometry

Flow cytometric staining of T cell was performed as per the method reported previously
(Majhi et al., 2015; Sahoo et al., 2018, 2019). Cells were harvested, washed with 1X PBS,
resuspended in FACS staining buffer (1% BSA, 0.01% NaNj; in 1X PBS) and incubated with
fluorochrome-conjugated antibodies for 30 minutes on ice in dark and then washed twice with
FACS staining buffer. For TRPVI staining only, secondary fluorochrome-conjugated AF488 was
added and incubated for 30 minutes, followed by washing with FACS buffer. Cells were then
fixed and acquired using the BD FACSCalibur™ flow cytometer or BD LSRFortessa' " (BD
Biosciences) and analyzed via Flowjo V10.7.1.

2.7 Enzyme-linked Immunosorbent Assay (ELISA)

Sandwich ELISA was performed to quantitate the cytokine levels in cell culture
supernatants. ELISA for IL-2, IFN-y and TNF were performed using BD OptEIA ELISA Kkits as
per manufacturer’s protocol (Kumar et al., 2020; Sahoo et al., 2019). The cytokine concentration
in supernatants was estimated by comparing the corresponding standard curve using different
concentrations of the recombinant cytokines in pg/ml.



2.8 Ca’" influx

Ca” influx in purified splenic T cells was performed as reported elsewhere (Kume &
Tsukimoto, 2019; Majhi et al., 2015; Sahoo et al., 2019) Here in brief, purified splenic T cells
were loaded with Ca®" sensitive dye (Fluo-4 AM, 2 puM) for 60 minutes at 37°C. Next, T cells
were washed twice with 1X PBS and placed inside the incubator for another 30 minutes for de-
esterification. The cell suspension was added to RIA vials and then treated as per the
experimental conditions and acquired by Flow cytometer. Such values were plotted for
fluorescence signal relative to starting signal as (F/F).

To estimate the intracellular Ca*" contributed by the TRPV1 channel, we performed a
minor modification to the Fluo-4 AM staining protocol. The minor modification has been
detailed below. First, the T cells were loaded with Ca®" sensitive dye (Fluo-4 AM, 2 uM) along
with FK506, B16F10-CS, ConA or TCR for 60 minutes at 37 °C, as per the experimental
conditions (instead of adding the above reagents, during acquiring). Additionally, another similar
set-up of T cells were pre-treated with 5[1-IRTX for 15 minutes before addition of the FK506,
B16F10-CS, ConA or TCR for 60 minutes at 37 °C, as per the experimental conditions. Next, T
cells were washed twice with 1X PBS and placed inside an incubator for another 30 minutes for
de-esterification. The cell suspension was added to the RIA vials for the measurement of
accumulated intracellular Ca*" levels. The cells were acquired in flow cytometer. The rationale
behind the idea was to test whether the treatment with these reagents (FK506, B16F10-CS, ConA
or TCR) lead to rise in intracellular Ca*" over time whereas T cells pre-treated with 5[ J-IRTX
(Kumar et al., 2020; Majhi et al., 2015) may regulate intracellular Ca®" in T cells.

2.9 Statistical Analysis

Statistical analysis was performed using the GraphPad Prism 7.0 software (GraphPad
Software Inc., San Diego, CA, USA). Data are represented as Mean + SEM. The comparison
between the groups was performed by one-way ANOVA or student!|s t-test with the sidak
posthoc test. Data presented are representative of at least three independent experiments.
Statistical significance is represented by asterisks (*) for p-value(s) and is marked
correspondingly in the figures (*p< 0.05, **p<0.01, ***p<0.001)

3. Results

3.1 Upregulation of TRPV1 during immune-activation and immunosuppression

A number of TRP channels are known to be expressed on T cells including TRPV1,
TRPV4, TRPAI, TRPMS (Acharya et al., 2020; Bertin et al., 2014; Majhi et al., 2015; Sahoo et
al., 2019). To determine the expression of TRPV1 channels in mouse splenic purified resting T
cells, we performed Flow cytometry, using specific antibodies against TRPV1. It was observed
that the TRPV1 percent positive cells were 17.86 + 1.34 as compared to isotype control (0.02 +
0.01) (Supplementary Figure 1, A). Further, the specificity of the TRPV1 antibody in T cells was



tested by using control blocking peptide antigen. For that, T cells were stained with anti-TRPV1
antibody in the presence or absence of the blocking peptide. It was observed that the percentage
of positive cells for TRPV1 was markedly reduced in a dose-dependent manner from 17.86 +
1.34 to 1.46 £ 0.11 in the presence of 1X control blocking peptide antigen and further reduced to
0.74 £ 0.09 in the presence of 3x control blocking peptide antigen. These results indicate that
TRPV1 is expressed on T cells and the anti-TRPV1 antibody is highly specific towards TRPV1
expressed on T cells (Supplementary Figure 1, A).

7-aminoactinomycin D (7-AAD) is a fluorescent intercalator that undergoes a spectral
shift upon association with DNA. It is one of the widely used cell viability dye (Nayak et al.,
2017; Sahoo et al., 2018). In order to determine the cellular cytotoxicity of 5[1-IRTX, FK506
and B16F10-CS in purified mouse T cells, we performed 7-AAD staining. It was observed that
upto 96% of the cells were 7-AAD negative for 5[ -IRTX in a concentration range of 2.5 uM to
20 pM. Similarly, approximately upto 96% of the cells were 7-AAD negative for FK506 in a
concentration range of 1.25 pg/ml to 20 pg/ml. Likewise, approximately upto 95% of the cells
were 7-AAD negative for BI6F10-CS in a range of 5% to 40% w.r.t. total media volume (Figure
I, A). In all the experiments, heat-killed purified T cells were used as a positive control. For
further experiments, we have chosen concentration with upto 95% viability. Accordingly, we
have chosen 10 pM 501-IRTX, 5 pg/ml FK506 and 20 % of B16F10-CS.

TRPV1 has been attributed in functional activation and regulation of T cells (Bertin et al.,
2014; Majhi et al., 2015; Omari et al., 2017). Recently, TRPV1 has also been reported to play an
active role in various inflammatory and autoimmune diseases (Bassi et al., 2019). To determine
the status of T cell activation during immunosuppressive treatment with either FK506 or
B16F10-CS, T cell activation markers including CD69 and CD25 were analyzed via Flow
cytometry. For immunosuppression, T cells were treated with either FK506 or B16F10-CS for 1
hour prior to the addition of either ConA or TCR. It was observed that in T cells treated with
FK506 or B16F10 in presence of ConA, CD69 decreased significantly to 24.2 +£ 5.36 and 34.37 +
3.85 respectively as compared to control ConA activated cells (60.23 + 9.64). Similarly,
treatment with FK506 or B16F10 in presence of TCR stimulations, CD69 decreased significantly
to 8.19 = 1.93 and 19.43 £ 2.45 respectively as compared to control TCR activated cells (41.43 +
3.37) (Figure 1, B). These results indicate that CD69 significantly decreases in FK506 or
B16F10-CS treated T cells stimulated with ConA or TCR.

Correspondingly, in FK506 or B16F10-CS treated T cells, stimulated with ConA, CD25
decreased significantly to 13.51 + 10.65 and 18.18 + 12.94 respectively as compared to control
ConA activated cells (56.03 £ 13.51). Similarly, FK506 or B16F10-CS treated T cells stimulated
with TCR, CD25 decreased significantly to 5.03 + 2.92 and 20.87 + 5.31 respectively as
compared to control TCR activated cells (31.44 + 4.21) (Figure 1, C). These results indicate that



CD25 significantly decreases in FK506 or BI6F10-CS treated T cells stimulated with ConA or
TCR.

T cell activation is accompanied by proliferation of T cells. To ascertain whether
immunosuppressed T cell’s stimulation via either ConA or TCR leads to reduced proliferation,
we performed T cell proliferation assay via CFSE staining. It has been observed that 84.53 +
1.33 % of cells proliferated in presence of ConA. In T cells pre-treated with FK506 or B16F10-
CS and later stimulated with ConA, we found that 0.32 + 0.18% of cells and 16.5 + 6.09% of
cells proliferated, respectively. Similarly, it has been observed that 71.1 + 3.74% of cells
proliferated in presence of TCR. In T cells pre-treated with FK506 or B16F10-CS and later
stimulated with TCR, we found that 0.62 + 0.22% of cells and 7.62 £ 0.83% of cells proliferated,
respectively (Figure 1, D). These results indicate that immunosuppression via either FK506 or
B16F10-CS attenuates T cell proliferation.

Subsequently, the expression of TRPV1 was assessed in immunosuppressed T cells.
Intriguingly, TRPV1 expression levels significantly increased in T cells treated with FK506 or
B16F10-CS (26.9 = 1.11 or 23.97 + 1.04) as compared to resting T cells (16.5 £ 0.52).
Moreover, the TRPV1 expression further increased in FK506 or B16F10-CS treated T cells with
ConA or TCR stimulation. FK506 or B16F10-CS treated T cells stimulated with ConA or TCR,
the TRPV1 expression was 34.53 £ 0.86 or 33.77 + 0.85 respectively as compared to control
ConA activated T cells (28.83 = 1.19). Similarly, in TCR activated FK506 or B16F10-CS treated
T cells, the TRPV1 expression was 33.97 = 0.77 or 36.1 = 1.31 respectively as compared to
control TCR activated T cells (30.07 £ 0.20) (Figure 1, E). Interestingly, the current findings
indicate that the TRPV1 expression also increases significantly in FK506 or BI6F10-CS treated
T cells as compared to resting T cells, which were further elevated in FK506 or B16F10-CS
treated T cells and later stimulated with either ConA or TCR as compared to ConA or TCR
activation alone.

3.2 Modulation of cytokine response in immunosuppressed T cells

ConA or TCR mediated activation is known to induce robust pro-inflammatory cytokines
production in T cells (Majhi et al, 2015; Sahoo et al, 2019, 2018). Conversely,
immunosuppressed (FK506 or B16F10-CS treated) T cells stimulated by ConA or TCR show
attenuation of pro-inflammatory cytokine response (Almawi et al., 2001; Chen et al., 2019; Sun
et al., 2015). Hence, cell culture supernatant were collected at 36 hours to assess the release of
cytokines IFN-y, IL-2 and TNF as studied elsewhere (Majhi et al., 2015; Sahoo et al., 2019,
2018).

For IFN-y, upon treatment with immunosuppressive FK506 or B16F10-CS T cells,
stimulated with ConA, the IFN-Y levels decreased to 486 + 91.31 pg/ml and 657.5 + 130.8 pg/ml
respectively as compared to control ConA activated cells (6265 = 752 pg/ml). Similarly, upon



treatment with immunosuppressive FK506 or BI6F10-CS, T cells stimulated with TCR, the IFN-
vy levels decreased to 388.3 = 111 pg/ml and 704.8 £ 106.7 pg/ml as compared to control TCR
activated cells (5472 + 827 pg/ml) (Supplementary Figure 2 A). These results indicate that both
FK506 and B16F10-CS stimulated with Con A or TCR show decreased production of T cell
effector cytokine IFN-y as compared to ConA or TCR activated T cells.

For IL-2, upon treatment with immunosuppressive FK506 or B16F10-CS T cells
stimulated with ConA, the IL-2 levels decreased to 181.5 +44.29 pg/ml and 295.3 + 58.97 pg/ml
respectively as compared to control ConA activated cells (14081 £+ 1740 pg/ml). Similarly, upon
treatment with FK506 or B16F10-CS, T cells activated with TCR, the IL-2 levels decreased to
140.8 = 13.38 pg/ml and 318.8 + 72.85 pg/ml as compared to control TCR activated cells (12199
+ 565.7 pg/ml) (Supplementary Figure 2, B). These results indicate that both FK506 and
B16F10-CS stimulated with Con A or TCR show decreased production of T cell activation
cytokine IL-2 as compared to ConA or TCR activated T cells.

For TNF, upon treatment with immunosuppressive FK506 or BI6F10-CS, T cells activated with
Con A, the TNF levels decreased to 609.3 + 76.57 pg/ml and 590 + 55.5 pg/ml respectively as
compared to control ConA activated cells (1230 + 57.36 pg/ml). Similarly, upon treatment with
immunosuppressive FK506/B16F10-CS, T cells activated with TCR, the TNF levels decreased
to 608.5 = 35.71 pg/ml and 576.8 + 43.57 pg/ml as compared to control TCR activated cells
(1380 + 37.38 pg/ml) (Supplementary Figure 2, C). These results indicate that both FK506 and
B16F10-CS stimulated with Con A or TCR show decreased production of pro-inflammatory
cytokine TNF as compared to ConA or TCR activated T cells. Together these results suggest that
the pro-inflammatory cytokines decreased in ConA or TCR stimulated T cells treated with
FK506 or B16F10-CS.

3.3 Modulation of intracellular Ca** via TRPV1 channel

SU-IRTX is a potent and specific functional inhibitor of TRPV1 channel and can block
TRPV1 directed Ca®" influx (Kumar et al., 2020; Majhi et al., 2015). Here, the intracellular Ca*
levels were assessed by using the Ca®" sensitive dye Fluo-4 AM (Majhi et al., 2015; Sahoo et al.,
2019). Accordingly, T cells were pre-treated with 5[ -IRTX to determine any change in
accumulated intracellular Ca*" during various experimental conditions. Pre-treatment of T cells
with TRPV1 functional inhibitor, 5[1-IRTX led to reduced calcium influx and subsequently
lowers intracellular Ca*" in T cells compared to their corresponding controls. In T cells, treated
with FK506, the intracellular Ca*" levels increased markedly compared to resting T cells.
Similarly, in T cells, treated with FK506 and stimulated with either ConA or TCR, the Ca’
levels also increased. Further, pre-treatment with 5[/-IRTX, leads to marked decrease in
accumulated Ca”" levels in T cells (Figure 2). Moreover, in T cells, treated with B16F10-CS, the
Ca”" levels also increased compared to resting T cells. Further, pre-treatment with 5[J-IRTX, led
to decrease in accumulated Ca®" levels in T cells. Further, in T cells, treated with BI6F10-CS



and stimulated with either ConA or TCR, the Ca>" levels modestly elevated as compared to its
corresponding ConA or TCR controls. Further, pre-treatment with 5[-IRTX, led to marked
decrease in accumulated Ca®" levels in T cells (Figure 2). As a positive control, the maximum
increase in intracellular Ca*" levels were depicted with ionomycin (positive control) (Figure 2,
inset). These results highlight that the TRPV1 channel might be acting as a major contributor in
elevating intracellular Ca*" levels during both immune-activation and immunosuppression.

3.4 Modulation of TRPV1 expression and intracellular Ca®>" levels in B16F10-tumor
bearing mice, in vivo

B16F10, a mouse melanoma cell line, has been injected subcutaneously as described in
material and methods. In order to ascertain the modulation of TRPV1 expression and consequent
rise in intracellular Ca*" levels in splenic T cells isolated from B16F10-tumor bearing mice, we
performed Flow cytometry and calcium influx studies. It has been observed that TRPVI
expression levels significantly increased in T cells isolated from B16F10-tumor bearing mice as
compared to control mice (Figure 3, A). Next, we assessed whether the increase in TRPV1
expression levels has also led to the concurrent rise in intracellular Ca*" levels. We found that the
basal intracellular Ca** levels also increased in T cells isolated from B16F 10-tumor bearing mice
as compared to control mice (Figure 3, B). These results indicate that TRPV1 expression
increases in T cells isolated from B16F10-tumor bearing mice and consequently the basal
intracellular Ca®" levels were also increased as compared to control mice, in vivo.

4. Discussion

TRPV1 is a member of vanilloid group of TRP family and has been attributed in
functional expression in a range of immune cells including T cells, macrophages, dendritic cells
and NK cells (Assas et al., 2016; Kim et al., 2014; Majhi et al., 2015; Omari et al., 2017). The
contributing role of TRPV1 towards Ca®" influx has been very well accredited in T cell
development and activation. Moreover, a number of immunosuppressive agents, such as
rapamycin, tacrolimus and cyclosporin has also been reported to induce intracellular rise in Ca**
(Bielefeldt et al., 1997; Bultynck et al., 2000; Cameron, Steiner, Roskams, et al., 1995; Cameron,
Steiner, Sabatini, et al., 1995; Kanoh et al., 1999; D. MacMillan & McCarron, 2009; Van Acker
et al., 2004). However, the role of TRPV1 in calcium influx induced by immunosuppressive
agents is not well studied. The current study provides the first evidence that the TRPV1 may also
contribute towards FK506 or B16F10-CS driven rise in intracellular calcium associated to
immunosuppression of T cells. This study further highlights the modulation of T cell activation,
pro-inflammatory cytokine responses and modulation of intracellular Ca** levels.

TRPV1 is functionally expressed on T cells. TRPV1 has been reported to be upregulated

during T cell activation and its associated immune responses (Bertin ef al., 2014; Majhi et al.,
2015). Moreover, TRPV1 has also been reported to be actively involved in various inflammatory
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conditions and pathophysiology (Bujak et al., 2019; Kumar et al., 2020; Majhi et al., 2015;
Omari et al., 2017). Upon T cell activation via ConA or TCR, CD69 and CD25 increased
significantly. As reported earlier, TRPV1 expression levels increased in activated T cells.
Similarly, upon treatment with immunosuppressive FK506 or B16F10-CS, CD69 and CD25
decreased significantly. Unprecedentedly, TRPV1 expression has further increased significantly
in immunosuppressed T cells as compared to resting T cells. Furthermore, TRPV1 expression
has also been found to be significantly upregulated in FK506 or B16F10-CS treated
immunosuppressed T cells stimulated with either ConA or TCR as compared to activated T cells.
Moreover, B16F10 tumor-bearing mice also displayed a significant increase in TRPVI
expression levels in T cells. This in general may suggest that during immunosuppressive
environment, TRPV1 expression is upregulated in T cells during both in vitro and in vivo.

T cell activation and suppression are associated with robust cytokine response (Almawi et
al., 2001; Majhi et al., 2015; Sahoo et al., 2019, 2018; Sakuma et al., 2000). Upon T cell
activation, pro-inflammatory cytokines like IFN-y, IL-2 and TNF get upregulated. However, T
cells treated with immunosuppressive FK506 or B16F10-CS, and stimulated in presence of
ConA or TCR, the pro-inflammatory cytokine responses are downregulated. Similar decreasing
trend in cytokine response was also reported by others as well (Chen et al., 2019; Sun et al.,
2015).

Intracellular Ca>" plays a pivotal role in cell signaling. Modulation of intracellular Ca*"
levels is marked with various cellular responses including activation, migration, differentiation
and suppression (Aghdasi et al., 2001; Cameron et al., 1995; Feske, 2007; Komada et al., 1996;
MacMillan, 2013; Oh-hora & Rao, 2008; Pang et al., 2012; Vig & Kinet, 2009; Wille et al.,
2013). T cell activation is marked with rise in intracellular calcium and so as immunosuppression
as well. Hence, modulation of TRPV1 channel via 5[J-IRTX has been used to validate the
contribution of TRPV1 channel towards the FK506 or B16F10-CS driven accumulated
intracellular Ca** levels in T cells. 5[ -IRTX is widely used as a functional inhibitor of TRPV1
channel and acts as a functional blocker of TRPV1-mediated Ca*" influx (Kumar et al., 2020;
Majhi et al., 2015). In FK506 treated T cells, stimulated with either ConA or TCR, the
accumulated intracellular Ca*" levels markedly increased and pre-treatment with 5[ 1-IRTX led to
marked decrease in accumulated intracellular Ca** levels. In B16F10-CS treated T cells, a
modest increase in accumulated intracellular Ca®" levels were observed as compared to resting T
cells. Further, in other experimental conditions such as, BI6F10-CS treated T cells, both in
presence or absence of ConA or TCR stimulation, showed a modest increase in accumulated
intracellular Ca*" levels as compared to ConA or TCR control. This might be due to the various
secreted soluble factors in B16F10-CS released which may regulate increased Ca*" levels (Sun et
al., 2015, 2013, 2011; Yang & Carbone, 2004; Zou, 2005). Moreover, B16F10-tumor bearing
mice also displayed a significant increase in basal calcium levels in T cells. This in general may
suggest that during immunosuppressive environment, the basal calcium levels is upregulated in T
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cells during both in vitro and in vivo. These findings indicate that the TRPV1 channel might be
acting as a major contributor in elevating intracellular Ca®" levels in T cells. Mechanistically,
Ca”*" has been reported to activate CaMKK2 which further induces an immunosuppressive
microenvironment. Moreover, deletion of CaMKK2 has been reported to attenuate tumor growth,
in vivo (Racioppi et al., 2019). Further studies are warranted for detailed mechanisms underlying
the possible association between elevated calcium and immunosuppressive microenvironment.

In brief, the present study provides evidence that the TRPV1 channel expression is
induced on T cells during both immune-activation and immunosuppression. Interestingly, it was
found that during immunosuppression, the TRPV1 channel expression and intracellular Ca**
levels in T cells are further elevated. Moreover, the heightened elevation of intracellular Ca*"
during experimental immunosuppression was found to be regulated by TRPV1 channel. The
current understanding of TRPV1 in T cell activation or suppression is schematically summarized
as a proposed working model in figure 4. These findings might also have broad implication to
understand the role of TRPV1 channel in various immunosuppressive diseases as well.

Acknowledgement

We are thankful to Dr. Chandan Goswami, SBS/NISER, Bhubaneswar, India, for the necessary
advices for the work. We are also thankful to the Animal House Facility and Flow Cytometry
Facility of NISER for their support.

Funding

This study was partly funded by CSIR, India grant no. 37(1675)/16/EMR-II to SC and DST FIST
grant no. SR/FST/ LSI-652/2015 to SBS/NISER. It was supported by National Institute of
Science Education and Research, HBNI, Bhubaneswar, under Department of Atomic Energy,
Government of India.

Conflict of interest

The authors declare that they have no conflict of interest. The funding sponsors had no role in the
design of the study; in the collection, analysis, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

Author Contributions

Conceptualization: P Sanjai Kumar, Tathagata Mukherjee, Subhasis Chattopadhyay;
Methodology: P Sanjai Kumar, Tathagata Mukherjee, Somlata Khamaru, Dalai Jupiter Nanda
Kishore, Subhransu Sekhar Sahoo; Formal analysis and investigation: P Sanjai Kumar, Tathagata
Mukherjee, Subhasis Chattopadhyay; Writing - original draft preparation: P Sanjai Kumar,
Tathagata Mukherjee, Subhasis Chattopadhyay; Writing - review and editing: P Sanjai Kumar,
Tathagata Mukherjee, Somlata Khamaru, Dalai Jupiter Nanda Kishore, Subhransu S. Sahoo,

12



Subhasis Chattopadhyay; Funding acquisition: Subhasis Chattopadhyay; Resources: Subhasis
Chattopadhyay; Supervision: Subhasis Chattopadhyay

References:

Acharya, T. K., Tiwari, A., Majhi, R. K., & Goswami, C. (2020). TRPMS channel augments T
cell activation and proliferation. Cell Biology International, (November).
https://doi.org/10.1002/cbin. 11483

Aghdasi, B., Ye, K., Resnick, A., Huang, A., Ha, H. C., Guo, X., ... Snyder, S. H. (2001).
Physiologic Regulator of the Cell Cycle. Proceedings of the National Academy of Science,
98(5), 2425-2430.

Almawi, W. Y., Assi, J. W., Chudzik, D. M., Jaoude, M. M. A., & Rieder, M. J. (2001).
Inhibition of cytokine production and cytokine-stimulated T-cell activation by FK506
(Tacrolimus)1. Cell Transplantation, 10(7), 615-623.
https://doi.org/10.3727/000000001783986387

Amantini, C., Farfariello, V., Cardinali, C., Morelli, M. B., Marinelli, O., Nabissi, M., ...
Santoni, G. (2017). The TRPV1 ion channel regulates thymocyte differentiation by
modulating autophagy and proteasome activity. Oncotarget, 8(53), 90766-90780.
https://doi.org/10.18632/oncotarget.21798

Ando, Y., Yasuoka, C., Mishima, T., Ikematsu, T., Uede, T., Matsunaga, T., & Inobe, M. (2014).
Concanavalin A-mediated T cell proliferation is regulated by herpes virus entry mediator
costimulatory molecule. /n Vitro Cellular and Developmental Biology - Animal, 50(4), 313—
320. https://doi.org/10.1007/s11626-013-9705-2

Annett, S., Moore, G., & Robson, T. (2020). FK506 binding proteins and inflammation related
signalling pathways; basic biology, current status and future prospects for pharmacological
intervention. Pharmacology & Therapeutics, 215, 107623.
https://doi.org/10.1016/j.pharmthera.2020.107623

Assas, B. M., Wakid, M. H., Zakai, H. A., Miyan, J. A., & Pennock, J. L. (2016). Transient
receptor potential vanilloid 1 expression and function in splenic dendritic cells: A potential
role in immune homeostasis. Immunology, 147(3), 292-304.
https://doi.org/10.1111/imm.12562

Bassi, M. S., Gentile, A., lezzi, E., Zagaglia, S., Musella, A., Simonelli, L., ... Buttari, F. (2019).
Transient receptor potential vanilloid 1 modulates central inflammation in multiple
sclerosis. Frontiers in Neurology, 10(JAN), 1-8. https://doi.org/10.3389/fheur.2019.00030

Bertin, S., Aoki-Nonaka, Y., De Jong, P. R., Nohara, L. L., Xu, H., Stanwood, S. R., ... Raz, E.
(2014). The ion channel TRPV1 regulates the activation and pro-inflammatory properties of
CD4+T cells. Nature Immunology, 15(11), 1055-1063. https://doi.org/10.1038/ni.3009

Bielefeldt, K., Sharma, R. V., Whiteis, C., Yedidag, E., & Abboud, F. M. (1997). Tacrolimus
(FK506) modulates calcium release and contractility of intestinal smooth muscle. Cell
Calcium, 22(6), 507-514. https://doi.org/10.1016/S0143-4160(97)90078-6

Birx, D. L., Berger, M., & Fleisher, T. A. (1984). The interference of T cell activation by
calcium channel blocking agents. The Journal of Immunology, 133(6).

13



Buyjak, J. K., Kosmala, D., Szopa, I. M., Majchrzak, K., & Bednarczyk, P. (2019, October 16).
Inflammation, Cancer and Immunity—Implication of TRPV1 Channel. Frontiers in
Oncology, Vol. 9, p. 1087. Frontiers Media S.A. https://doi.org/10.3389/fonc.2019.01087

Bultynck, G., De Smet, P., Weidema, A. F., Ver Heyen, M., Maes, K., Callewaert, G., ... De
Smedt, H. (2000). Effects of the immunosuppressant FK506 on intracellular Ca2+ release
and Ca2+ accumulation mechanisms. Journal of Physiology, 525(3), 681-693.
https://doi.org/10.1111/§.1469-7793.2000.t01-1-00681.x

Burghoff, S., Gong, X., Viethen, C., Jacoby, C., Flogel, U., Bongardt, S., ... Schrader, J. (2014).
Growth and metastasis of B16-F10 melanoma cells is not critically dependent on host CD73
expression in mice. BMC Cancer, 14(1), 898. https://doi.org/10.1186/1471-2407-14-898

Cameron, A. M., Steiner, J. P., Roskams, A. J., Ali, S. M., Ronnettt, G. V., & Snyder, S. H.
(1995). Calcineurin associated with the inositol 1,4,5-trisphosphate receptor-FKBP12
complex modulates Ca2+ flux. Cell, 8§3(3), 463—472. https://doi.org/10.1016/0092-
8674(95)90124-8

Cameron, A. M., Steiner, J. P., Sabatini, D. M., Kaplin, A. 1., Walensky, L. D., & Snyder, S. H.
(1995). Immunophilin FK506 binding protein associated with inositol 1,4,5-trisphosphate
receptor modulates calcium flux. Proceedings of the National Academy of Sciences of the
United States of America, 92(5), 1784—1788. https://doi.org/10.1073/pnas.92.5.1784

Chen, Y.-Q., Li, P.-C., Pan, N., Gao, R., Wen, Z.-F., Zhang, T.-Y., ... Wang, L.-X. (2019). c.
Journal for ImmunoTherapy of Cancer, 7(1), 178. https://doi.org/10.1186/s40425-019-
0646-5

Feske, S. (2007). Calcium signalling in lymphocyte activation and disease. Nature Reviews
Immunology, 7(9), 690-702. https://doi.org/10.1038/nri2152

Gao, R., Ma, J., Wen, Z., Yang, P., Zhao, J., Xue, M., ... Pan, N. (2018). Tumor cell-released
autophagosomes ( TRAP ) enhance apoptosis and immunosuppressive functions of
neutrophils. Oncolmmunology, 7(6), 1-11. https://doi.org/10.1080/2162402X.2018.1438108

Gees, M., Colsoul, B., & Nilius, B. (2010). The role of transient receptor potential cation
channels in Ca2+ signaling. Cold Spring Harbor Perspectives in Biology, 2(10), a003962—
a003962. https://doi.org/10.1101/cshperspect.a003962

Kanoh, S., Kondo, M., Tamaoki, J., Shirakawa, H., Aoshiba, K., Miyazaki, S., ... Nagai, A.
(1999). Effect of FK506 on ATP-induced intracellular calcium oscillations in cow tracheal
epithelium. American Journal of Physiology - Lung Cellular and Molecular Physiology,
276(6 20-6), 891-899. https://doi.org/10.1152/ajplung.1999.276.6.1891

Kim, H. S., Kwon, H. J., Kim, G. E., Cho, M. H., Yoon, S. Y., Davies, A.J., ... Kim, Y. K.
(2014). Attenuation of natural killer cell functions by capsaicin through a direct and
TRPV1-independent mechanism: Capsaicin-induced NK cell dysfunction. Carcinogenesis,
35(7), 1652—1660. https://doi.org/10.1093/carcin/bgu091

Kita, T., Uchida, K., Kato, K., Suzuki, Y., Tominaga, M., & Yamazaki, J. (2019). FK506 (
tacrolimus ) causes pain sensation through the activation of transient receptor potential
ankyrin 1 ( TRPA1 ) channels. The Journal of Physiological Sciences, 69(2), 305-316.
https://doi.org/10.1007/s12576-018-0647-z

Komada, H., Nakabayashi, H., Hara, M., & Izutsu, K. (1996). Early calcium signaling and
calcium requirements for the IL-2 receptor expression and IL-2 production in stimulated
lymphocytes. Cellular Immunology, 173(2), 215-220.
https://doi.org/10.1006/cimm.1996.0270

Kumar, P. S., Nayak, T. K., Mahish, C., Sahoo, S. S., & Radhakrishnan, A. (2020). Inhibition of

14



transient receptor potential vanilloid 1 ( TRPV1 ) channel regulates chikungunya virus
infection in macrophages. Archives of Virology, 1(0123456789), 17-19.
https://doi.org/10.1007/s00705-020-04852-8

Kume, H., & Tsukimoto, M. (2019). TRPMS channel inhibitor AMTB suppresses murine T-cell
activation induced by T-cell receptor stimulation, concanavalin A, or external antigen re-
stimulation. Biochemical and Biophysical Research Communications, 509(4), 918-924.
https://doi.org/10.1016/j.bbrc.2019.01.004

Kusmartsev, S., & Gabrilovich, D. 1. (2002, August 1). Immature myeloid cells and cancer-
associated immune suppression. Cancer Immunology, Immunotherapy, Vol. 51, pp. 293—
298. https://doi.org/10.1007/s00262-002-0280-8

Kusmartsev, S., Nefedova, Y., Yoder, D., & Gabrilovich, D. I. (2004). Antigen-Specific
Inhibition of CDS8 + T Cell Response by Immature Myeloid Cells in Cancer Is Mediated by
Reactive Oxygen Species . The Journal of Immunology, 172(2), 989-999.
https://doi.org/10.4049/jimmunol.172.2.989

Langer, F., Amirkhosravi, A., Ingersoll, S. B., Walker, J. M., Spath, B., Eifrig, B., ... Francis, J.
L. (2006). Experimental metastasis and primary tumor growth in mice with hemophilia A.
Journal of Thrombosis and Haemostasis!1: JTH, 4(5), 1056-1062.
https://doi.org/10.1111/5.1538-7836.2006.01883.x

Mackler, B. F., Wolstencroft, R. A., & Dumonde, D. C. (1972). Concanavalin a as an inducer of
human lymphocyte mitogenic factor. Nature New Biology, 239(92), 139-142.
https://doi.org/10.1038/newbi0239139a0

MacMillan, D., & McCarron, J. G. J. (2009). Regulation by FK506 and rapamycin of Ca2+
release from the sarcoplasmic reticulum in vascular smooth muscle: the role of FK506
binding proteins and mTOR. British Journal of Pharmacology, 158(4), 1112—1120.
https://doi.org/10.1111/5.1476-5381.2009.00369.x

MacMillan, Debbi. (2013). FK506 binding proteins: Cellular regulators of intracellular Ca 2+
signalling. European Journal of Pharmacology, 700(1-3), 181-193.
https://doi.org/10.1016/j.ejphar.2012.12.029

Majhi, R. K., Sahoo, S. S., Yadav, M., Pratheek, B. M., Chattopadhyay, S., & Goswami, C.
(2015). Functional expression of TRPV channels in T cells and their implications in
immune regulation. FEBS Journal, 282(14), 2661-2681. https://doi.org/10.1111/febs.13306

Nakabayashi, H., Komada, H., Yoshida, T., Takanari, H., & Izutsu, K. (1992). Lymphocyte
calmodulin and its participation in the stimulation of T lymphocytes by mitogenic lectins.
Biology of the Cell, 75(1), 55-59. https://doi.org/10.1016/0248-4900(92)90124-J

Nayak, T. K., Mamidi, P., Kumar, A., Singh, L. P. K., Sahoo, S. S., Chattopadhyay, S., &
Chattopadhyay, S. (2017). Regulation of viral replication, apoptosis and pro-inflammatory
responses by 17-aag during chikungunya virus infection in macrophages. Viruses, 9(1).
https://doi.org/10.3390/v9010003

Nilius, B. (2007). TRP channels in disease. Biochimica et Biophysica Acta - Molecular Basis of
Disease, 1772(8), 805-812. https://doi.org/10.1016/j.bbadis.2007.02.002

Oh-hora, M., & Rao, A. (2008, June 1). Calcium signaling in lymphocytes. Current Opinion in
Immunology, Vol. 20, pp. 250-258. Elsevier Current Trends.
https://doi.org/10.1016/j.c01.2008.04.004

Omar, S., Clarke, R., Abdullah, H., Brady, C., Corry, J., Winter, H., ... Cosby, S. L. (2017).
Respiratory virus infection upregulates TRPV1, TRPA1 and ASICS3 receptors on airway
cells. PLoS ONE, 12(2), 1-21. https://doi.org/10.1371/journal.pone.0171681

15



Omari, S. A., Adams, M. J., & Geraghty, D. P. (2017). TRPV1 Channels in Immune Cells and
Hematological Malignancies. In Advances in Pharmacology (1st ed., Vol. 79, pp. 173-198).
Elsevier Inc. https://doi.org/10.1016/bs.apha.2017.01.002

Overwijk, W. W., & Restifo, N. P. (2001). B16 as a Mouse Model for Human Melanoma.
Current Protocols in Immunology, 39(1), Unit 20.1.
https://doi.org/10.1002/0471142735.im2001s39

Pang, B., Shin, D. H., Park, K. S., Huh, Y. J., Woo, J., Zhang, Y. H., ... Kim, S. J. (2012).
Differential pathways for calcium influx activated by concanavalin A and CD3 stimulation
in Jurkat T cells. Pflugers Archiv European Journal of Physiology, 463(2), 309-318.
https://doi.org/10.1007/s00424-011-1039-x

Racioppi, L., Nelson, E. R., Huang, W., Mukherjee, D., Lawrence, S. A., Lento, W., ...
McDonnell, D. P. (2019). CaMKK2 in myeloid cells is a key regulator of the immune-
suppressive microenvironment in breast cancer. Nature Communications, 10(1), 1-16.
https://doi.org/10.1038/s41467-019-10424-5

Sahoo, S. S., Majhi, R. K., Tiwari, A., Acharya, T., Kumar, P. S., Saha, S., ... Chattopadhyay, S.
(2019). Transient receptor potential ankyrinl channel is endogenously expressed in T cells
and is involved in immune functions. Bioscience Reports, 39(9), BSR20191437.
https://doi.org/10.1042/BSR20191437

Sahoo, S. S., Pratheek, B. M., Meena, V. S., Nayak, T. K., Kumar, P. S., Bandyopadhyay, S., ...
Chattopadhyay, S. (2018). VIPER regulates naive T cell activation and effector responses:
Implication in TLR4 associated acute stage T cell responses. Scientific Reports, 8(1), 1-9.
https://doi.org/10.1038/s41598-018-25549-8

Sakuma, S., Kato, Y., Nishigaki, F., Sasakawa, T., Magari, K., Miyata, S., ... Goto, T. (2000).
FK506 potently inhibits T cell activation induced TNF-a and IL-1f production in vitro by
human peripheral blood mononuclear cells. British Journal of Pharmacology, 130(7),
1655-1663. https://doi.org/10.1038/sj.bjp.0703472

Samanta, A., Hughes, T. E. T., & Moiseenkova-Bell, V. Y. (2018). Transient receptor potential
(TRP) channels. In Subcellular Biochemistry (Vol. 87, pp. 141-165). Springer New Y ork.
https://doi.org/10.1007/978-981-10-7757-9 6

Silva, R. O., Bingana, R. D., Sales, T. M. A. L., Moreira, R. L. R., Costa, D. V. S., Sales, K. M.
0., ... Souza, M. H. L. P. (2018). Role of TRPV1 receptor in inflammation and impairment
of esophageal mucosal integrity in a murine model of nonerosive reflux disease.
Neurogastroenterology and Motility, 30(8), 1-8. https://doi.org/10.1111/nmo.13340

Sun, L. X., Li, W. D., Lin, Z. Bin, Duan, X. S., Xing, E. H., Jiang, M. M, ... Lu, J. (2015).
Cytokine production suppression by culture supernatant of B16F10 cells and amelioration
by Ganoderma lucidum polysaccharides in activated lymphocytes. Cell and Tissue
Research, 360(2), 379-389. https://doi.org/10.1007/s00441-014-2083-6

Sun, L. X., Lin, Z. Bin, Duan, X. S., Lu, J., Ge, Z. H., Li, M., ... Li, W. D. (2013). Ganoderma
lucidum polysaccharides counteract inhibition on CD71 and FasL expression by culture
supernatant of B16F10 cells upon lymphocyte activation. Experimental and Therapeutic
Medicine, 5(4), 1117-1122. https://doi.org/10.3892/etm.2013.931

Sun, L. X, Lin, Z. Bin, Duan, X. S., Lu, J., Ge, Z. H,, Li, X. J., ... Li, W. D. (2011). Ganoderma
lucidum polysaccharides antagonize the suppression on lymphocytes induced by culture
supernatants of B16F10 melanoma cells. Journal of Pharmacy and Pharmacology, 63(5),
725-735. https://doi.org/10.1111/j.2042-7158.2011.01266.x

Van Acker, K., Bultynck, G., Rossi, D., Sorrentino, V., Boens, N., Missiaen, L., ... Callewaert,

16



G. (2004). The 12 kDa FK506-binding protein, FKBP12, modulates the Ca 2+-flux
properties of the type-3 ryanodine receptor. Journal of Cell Science, 117(7), 1129-1137.
https://doi.org/10.1242/jcs.00948

Vig, M., & Kinet, J. P. (2009, January 17). Calcium signaling in immune cells. Nature
Immunology, Vol. 10, pp. 21-27. https://doi.org/10.1038/n1.£.220

Watman, N. P., Crespo, L., Davis, B., Poiesz, B. J., & Zamkoff, K. W. (1988). Differential effect
on fresh and cultured T cells of PHA-induced changes in free cytoplasmic calcium: Relation
to IL-2 receptor expression, IL-2 production, and proliferation. Cellular Immunology,
111(1), 158-166. https://doi.org/10.1016/0008-8749(88)90060-3

Wen, Z. F., Liu, H., Gao, R., Zhou, M., Ma, J., Zhang, Y., ... Wang, L. X. (2018). Tumor cell-
released autophagosomes (TRAPs) promote immunosuppression through induction of M2-
like macrophages with increased expression of PD-L1. Journal for ImmunoTherapy of
Cancer, 6(1), 1-16. https://doi.org/10.1186/s40425-018-0452-5

Wille, A. C. M., Chaves-Moreira, D., Trevisan-Silva, D., Magnoni, M. G., Boia-Ferreira, M.,
Gremski, L. H., ... Veiga, S. S. (2013). Modulation of membrane phospholipids, the
cytosolic calcium influx and cell proliferation following treatment of B16-F10 cells with
recombinant phospholipase-D from Loxosceles intermedia (brown spider) venom. Toxicon,
67, 17-30. https://doi.org/10.1016/j.toxicon.2013.01.027

Yang, L., & Carbone, D. P. (2004). Tumor-host immune interactions and dendritic cell
dysfunction. Advances in Cancer Research, 92, 13-27. https://doi.org/10.1016/S0065-
230X(04)92002-7

Zhou, M., Wen, Z., Cheng, F., Ma, J., Li, W., Ren, H., ... Wang, L. (2016). Tumor-released
autophagosomes induce IL-10- producing B cells with suppressive activity on T
lymphocytes via TLR2-MyD88-NF- « B signal pathway. Oncolmmunology, 5(7), 1-14.
https://doi.org/10.1080/2162402X.2016.1180485

Zou, W. (2005, April 18). Immunosuppressive networks in the tumour environment and their
therapeutic relevance. Nature Reviews Cancer, Vol. 5, pp. 263-274.
https://doi.org/10.1038/nrc1586

17



FIGURES CAPTIONS

FIGURE 1 Upregulation of TRPV1 during immune-activation and immunosuppression.

(A) T cells viability upon treatment with different concentrations of either (i) FK506, (ii)
B16F10-CS or (iii) 5[1-IRTX, as assessed by 7-AAD staining. FC dot-plot depicting T cell
activation markers (B) CD69 and (C) CD25 along with its corresponding bar diagram. (D)
Histogram representing T cell proliferation as determined by CFSE staining along with its
corresponding bar diagram. (E) FC dot-plot showing TRPV1 expression in T cells along with its
corresponding bar diagram. Representative data of three independent experiments are shown. P <
0.05 was considered as statistically significant difference between the groups (ns, non-
significant; * p <0.05; ** p <0.01; *** p <0.001).

FIGURE 2 Modulation of intracellular Ca** via TRPV1 channel.

T cells were incubated with calcium sensitive dye, Fluo-4 AM as mentioned in material and
methods and acquired via Flow cytometry (FC). Fluo-4 intensity representing intracellular Ca*"
has been expressed as percentage normalized to resting control. The various experimental
conditions were pre-treated with 5[/IRTX, followed by treatment as per experimental conditions.
The inset depicts the rise in intracellular Ca*" levels in ionomycin treated T cells. Representative
data is of three independent experiments.

FIGURE 3 Modulation of TRPV1 expression and intracellular Ca** levels in B16F10-
tumor bearing mice, in vivo. Splenic T cells were isolated from tumor bearing mice and
analyzed via FC. (A) FC dot-plot depicting TRPV1 expression on T cells along with its
corresponding bar diagram. (B) Basal intracellular Ca’" levels in B16F10-tumor bearing mice as
compared to control mice. Fluo-4 intensity representing intracellular Ca*" has been expressed as
percentage normalized to resting T cells of control mice. Representative data of three
independent experiments are shown. P < 0.05 was considered as statistically significant
difference between the groups (ns, non-significant; * p <0.05; ** p <0.01; *** p <0.001).

Figure 4 Model depicting functional expression of TRPV1 and intracellular calcium levels
in activated and immuno-suppressed T cells.

Resting T cells maintain low levels of cytosolic Ca*” and basal levels of TRPV 1 expression. (A)
Upon activation with either ConA or TCR, both cytosolic Ca** and TRPV1 are upregulated
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significantly along with robust effector cytokine responses. (B) Upon treatment with
immunosuppressive FK506 or BI6F10-CS, both cytosolic Ca*” and TRPV1 expression increases
significantly. (C) T cells during experimental immunosuppression (treated with FK506/B16-CS)
and stimulated either by ConA or TCR, although shows decreased cytokine response, may show
significantly higher cytosolic Ca®" and TRPV1 expression.
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FIGURE 1: Upregulation of TRPV1 during immune-activation and immunosuppression.

(A) T cells viability upon treatment with different concentrations of either (i) FK506, (ii)
B16F10-CS or (iii) SLI-IRTX, as assessed by 7-AAD staining. FC dot-plot depicting T cell
activation markers (B) CD69 and (C) CD25 along with its corresponding bar diagram. (D)
Histogram representing T cell proliferation as determined by CFSE staining along with its
corresponding bar diagram. (E) FC dot-plot showing TRPV1 expression in T cells along with its
corresponding bar diagram. Representative data of three independent experiments are shown. P <
0.05 was considered as statistically significant difference between the groups (ns, non-
significant; * p <0.05; ** p <0.01; *** p <0.001).
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FIGURE 2: Modulation of intracellular Ca>" via TRPV1 channel.

T cells were incubated with calcium sensitive dye, Fluo-4 AM as mentioned in material and
methods and acquired via Flow cytometry (FC). Fluo-4 intensity representing intracellular Ca*"
has been expressed as percentage normalized to resting control. The various experimental
conditions were pre-treated with 5T /IRTX, followed by treatment as per experimental conditions.
The inset depicts the rise in intracellular Ca®" levels in ionomycin treated T cells. Representative
data is of three independent experiments.
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FIGURE 3: Modulation of TRPV1 expression and intracellular Ca’" levels in B16F10-
tumor bearing mice, in vivo. Splenic T cells were isolated from tumor bearing mice and
analyzed via FC. (A) FC dot-plot depicting TRPV1 expression on T cells along with its
corresponding bar diagram. (B) Basal intracellular Ca*" levels in B16F10-tumor bearing mice as
compared to control mice. Fluo-4 intensity representing intracellular Ca*" has been expressed as
percentage normalized to resting T cells of control mice. Representative data of three
independent experiments are shown. P < 0.05 was considered as statistically significant
difference between the groups (ns, non-significant; * p <0.05; ** p <0.01; *** p <0.001).
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Figure 4: Model depicting functional expression of TRPV1 and intracellular calcium levels
in activated and immuno-suppressed T cells. Resting T cells maintain low levels of cytosolic
Ca”" and basal levels of TRPV 1 expression. (A) Upon activation with either ConA or TCR, both
cytosolic Ca*" and TRPV1 are upregulated significantly along with robust effector cytokine
responses. (B) Upon treatment with immunosuppressive FK506 or B16F10-CS, both cytosolic
Ca’" and TRPVI1 expression increases significantly. (C) T cells during experimental
immunosuppression (treated with FK506/B16-CS) and stimulated either by ConA or TCR,

although shows decreased cytokine response, may show significantly higher cytosolic Ca®* and
TRPV1 expression.
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OPEN a ACCESS Transient receptor potential channel subfamily A member 1 (TRPA1) is a non-selective
cationic channel, identified initially as a cold sensory receptor. TRPA1 responds to diverse
exogenous and endogenous stimuli associated with pain and inflammation. However, the
information on the role of TRPA1 toward T-cell responses remains scanty. In silico data sug-
gest that TRPA1 can play an important role in the T-cell activation process. In this work,
we explored the endogenous expression of TRPA1 and its function in T cells. By reverse
transcription polymerase chain reaction (RT-PCR), confocal microscopy and flow cytome-
try, we demonstrated that TRPA1 is endogenously expressed in primary murine splenic T
cells as well as in primary human T cells. TRPA1 is primarily located at the cell surface.
TRPA1-specific activator namely allyl isothiocyanate (AITC) increases intracellular calcium
ion (Ca*) levels while two different inhibitors namely A-967079 as well as HC-030031 re-
duce intracellular Ca®* levels in T cells; TRPA1 inhibition also reduces TCR-mediated cal-
cium influx. TRPA1 expression was found to be increased during «CD3/«xCD28 (TCR) or
Concanavalin A (ConA)-driven stimulation in T cells. TRPA1-specific inhibitor treatment pre-
vented induction of cluster of differentiation 25 (CD25), cluster of differentiation 69 (CD69)
in ConA/TCR stimulated T cells and secretion of cytokines like tumor necrosis factor (TNF),
interferon -y (IFN-y), and interleukin 2 (IL-2) suggesting that endogenous activity of TRPA1
may be involved in T-cell activation. Collectively these results may have implication in T
cell-mediated responses and indicate possible role of TRPA1 in immunological disorders.
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equally as co-second authors. Transient receptor potential cation channel subfamily A member 1 (TRPA1) is the only member of the
These authors contributed mammalian ‘ankyrin’ type subfamily of TRP channels [1]. TRPAL1 is a calcium ion (Ca**)-permeable
equally as co-third authors. non-selective cation channel that is expressed in a set of nociceptive/thermo-receptive neurons that can
Received: 22 May 2019 detect noxious cold temperatures below 17°C. It is often co-expressed with the heat-sensitive channel,
Revised: 02 August 2019 transient receptor potential cation channel subfamily transient receptor potential vanilloidl (TRPV1)
Accepted: 21 August 2019 rather than with the cold-sensitive channel TRPMS. Initial reports suggested that the large influx of Ca**
Accepted Manuscript Online: at lower temperatures (such as at 10°C) is primarily due to the direct activation of this channel by cold
05 September 2019 stimuli [2,3]. Apart from low temperature as a stimulus, TRPA1 also acts as a nociceptive receptor that
Veersion of Record published: detects noxious chemicals that can cause tissue damage. TRPAL1 also acts as a mediator of inflammatory
20 September 2019 pain generated by either noxious cold or chemical irritants [4,5].
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Ca?* channels are an integral part of T-cell activation, differentiation, and formation of an immunological synapse
between mature CD4* T cells and Antigen-Presenting Cells (APC), and even exocytosis of vesicles in cytotoxic T
cells. It also influences cytokine release patterns which in turn affect T-cell functions like the development of an-
ergy, maturation, and differentiation of naive T cells into Th1 and Th2 cells [6]. In agreement with these reports,
abnormality in Ca?*-signaling results in several immunological disorders such as SCID and Wiskott-Aldrich syn-
drome (WAS) [6]. T-cell motility is also regulated by Ca** in consortium with protein kinase C (PKC) which regulates
the rearrangement of actin cytoskeleton in them. Activation of several transcription factors such as NFAT, NF-«B,
calmodulin-dependent kinase, JNK, and others are known to be involved in T-cell regulation and require Ca** [7].
Moreover, recently a strategic usage of cation channel blockers toward T-cell activation, cytokine secretion, and pro-
liferation has been demonstrated [8]. Transient receptor potential (TRP) channels act as Ca**-permeable channels
and thereby regulate Ca®* homeostasis. So far, few members of the TRP family have been identified, by us and other
groups, that are endogenously expressed in T cells and regulate T-cell functions [9,10].

Endogenous inflammatory agents such as Reactive Oxygen Species (ROS) induce the production of
4-hydroxy-2-nonenal (HNE) that directly activates TRPA1 [9]. Nitrated fatty acids and prostaglandins like 15d-PGJ2
are released at the site of inflammation, and such compounds can also directly activate TRPA1 [10,11]. It is also known
that lymphoma and inflammation associated itch is mediated by a Th2 cell-derived cytokine, interleukin (IL)-31
(IL-31), that directly interacts with its receptor IL-31RA located on TRPV1"/TRPA1" sensory nerves in skin [12].
These compounds can also play a role in T-cell activation. In addition, lipopolysaccharide (LPS, a noxious by-product
of Gram-negative bacteria) activates TRPA1 via a TLR4-independent mechanism and thereby generates a rapid no-
ciceptive response and neurogenic inflammation [13]. In this work, we have probed the expression, localization of
TRPA1 channel in T cells and also characterized the function of TRPA1 toward T-cell activation.

Materials and methods

Bioinformatics analysis

TRPA1 gene input was made into Search Tool for the Retrieval of Interacting Genes/Proteins (STRING 10) [14] web
tool for exploring protein—protein interactions with the confidence score higher than 0.7 with the top interacting
partners; Kyoto Encyclopaedia of Genes and Genomes (KEGG) and Gene Ontology annotations were deduced for
TRPAL interacting partners using g:profiler webserver [15].

Reagents

The TRPA1 channel modulatory drugs allyl isothiocyanate (AITC, activator), A-967079 (inhibitor), and HC-030031
(another inhibitor) were obtained from Sigma-Aldrich (St. Louis, MO, U.S.A.). Concanavalin A (ConA) was pur-
chased from HiMedia (India). Knockout validated rabbit polyclonal antibody against the first extracellular loop
(747-760 aa) of hTRPA1 and its specific blocking peptide (NSTGIINETSDHSE) were purchased from Alomone
Laboratories (Jerusalem, Israel; Cat. no: ACC-037). The other rabbit polyclonal antibody against the N-terminus
of TRPA1 was procured from Novus Biologicals (Centennial, CO, U.S.A.; Cat. no: NB110-40763). The Ca®*-sensitive
dye Fluo-4AM was procured from Molecular Probes (Eugene, OR, U.S.A.). Calcium chelating agents BAPTA-AM
(1,2-bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid tetrakis (acetoxymethyl ester)) and EGTA (ethylene
glycol-bis([3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid) were procured from Sigma (St. Louis, MO, US.A.).
TRIzol was purchased from Life Technologies (Carlsbad, CA, U.S.A.). Verso cDNA synthesis kit was obtained
from Thermo Scientific (Waltham, MA, U.S.A.). SYBR Green for reverse transcription polymerase chain reaction
(RT-PCR) was procured from Life Technologies (Carlsbad, CA, U.S.A.). The RT-PCR primers for TRPA1 and GAPDH
were obtained from IDT (Coralville, IO, U.S.A.). Anti-mouse cluster of differentiation 25 (CD25)-PE, cluster of dif-
ferentiation 69 (CD69)-PE, and anti-human CD3-PE as well as functional grade (azide-free) anti-CD3 and anti-CD28
mAbs were obtained from BD Biosciences (San Jose, CA, U.S.A.). CD3/CD28 T-cell activation beads were purchased
from Thermo Fisher (Gibco). The CD90.2-APC antibody was from Tonbo Biosciences (San Diego, CA, U.S.A.). The
sequences of the primers used in the study are mentioned below:

TRPA1 Forward: 5'- GTC CAG GGC GTT GTC TAT CG - 3
TRPAL1 Reverse: 5'- CGT GAT GCA GAG GAC AGA AT - 3
GAPDH Forward: 5'- CCG CAT CTT CTT GTG CAG TG- 3/
GAPDH Reverse: 5'- CCC AAT ACG GCC AAA TCC GT- 3.
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Isolation and culture of T cells

T cells were isolated and cultured as described previously [16]. Briefly, murine spleen cells were obtained from 6-
to 8-week-old BALB/c mice as per the approval of the Institutional Animal Ethics Committee (IAEC protocol no.
NISER/SBS/TAEC/AH-39). Single cell suspension was made by passing the suspended splenocytes through a 70-um
cell strainer. T cells were purified from the non-adherent splenocyte population by using BD IMag™ Mouse T Lym-
phocyte Enrichment Set - DM according to the manufacturer’s instructions. The isolated cells were cultured in a
24-well polystyrene cell culture plate (3 x 10° cells/well) with RPMI (PAN Biotech, Aidenbach, Germany) supple-
mented with 10% FBS (PAN Biotech). The percentage purity of the purified T cells was above 95% in each case. All
the experiments were performed at approximately 36 h after plating the cells as most of the primary T cells were
found to be activated during 36-48 h after ConA or TCR treatment (data not shown). Primary murine T cells were
activated with either a combination of plate-bound «-CD3 (2 pg/ml) and soluble x-CD28 (2 pg/ml), or with ConA
(4 pg/ml) alone for 36 h before experiments. Similarly, human peripheral blood mononuclear cell (hPBMC)-derived
T cells were purified by Human T cell isolation kit from Invitrogen (Invitrogen Dynal AS, Oslo, Norway) according
to manufacturer’s instructions. Treatment of T cells was carried out with selective TRPA1 activator AITC (100 M)
and inhibitor A-967079 (100 uM) with or without ConA or x-CD3/CD28.

RNA isolation and RT-PCR

Approximately 5 x 10° T cells were used for RNA isolation. For positive control, spinal cord tissue from mice was
used. RNA isolation was done using TRIzol reagent according to the manufacturer’s instructions. Nanodrop readings
were taken and 1 pg of RNA was converted into cDNA using verso cDNA synthesis kit as per the mentioned protocol.
RT-PCRs were performed for TRPA1 and GAPDH in ABI7500 system (Applied Biosystems, Foster City, CA, U.S.A.)
using 2x SYBR Green Mix following the reaction gene expression was visualized in 1% agarose gel.

Flow cytometry

Flow cytometry analysis of T cells was performed as described previously [16]. For probing TRPA1 expression, cells
were stained with the TRPA1-specific antibody mentioned before and subsequently flow cytometric analysis was per-
formed as described previously [16,17]. For evaluating the profile of immune markers, mouse T cells were incubated
with anti-CD25-PE, CD69-PE and CD90.2-APC mAbs dissolved in FACS buffer (1 x PBS, 1% BSA, and 0.05% sodium
azide) for 30 min on ice and then washed further. Stained cells were washed twice with the same FACS buffer before
the line-gated acquisition of approximately 10000 cells. hPBMC-derived T cells were stained with anti-human CD3
antibody and were acquired with FACS Calibur (BD Biosciences). Data were analyzed using CellQuest Pro software
(BD Biosciences). The percentages of cells expressing the markers are represented in dot-plots while the MFI values
represent the expression levels of the markers per cell.

Immunofluorescence analysis and microscopy

Immunofluorescence analysis of T cells was performed as described previously [16]. For immunocytochemical anal-
ysis, immediately after harvesting, T cells were diluted in PBS and fixed with paraformaldehyde (final concentration
2%). After fixing the cells with paraformaldehyde, immunostaining was done by two procedures: in first case cell per-
meabilization was not performed as the antibody detecting TRPA1 recognizes an extracellular region of TRPA1. In
other cases, the cells were permeabilized with 0.1% Triton X-100 in PBS (5 min). Subsequently, the cells were blocked
with 5% BSA for 1 h. The primary antibody was used at 1:400 dilution. In some experiments, blocking peptides were
used to confirm the specificity of the immunoreactivity. The ratio of blocking peptides with specific antibody was 1:1
(in concentration). Another rabbit polyclonal antibody (procured from Novus Biologicals) detecting epitope present
in the N-terminal cytoplasmic domain of TRPA1 was used (1:1000 dilution) in some experiments to confirm the
endogenous expression of TRPA1 in T cells. All primary antibodies were incubated overnight at 4°C in PBST buffer
(PBS supplemented with 0.1% Tween-20). AlexaFluor-488 labeled anti-rabbit antibody (Molecular Probes) was used
as secondary antibody and at 1:1000 dilutions. All images were acquired on a confocal laser scanning microscope
(LSM-780, Zeiss) with a 63x objective and analyzed with the Zeiss LSM image examiner software followed by com-
pilation using Adobe Photoshop.

Ca?* imaging

Ca?* imaging of primary murine splenic T cells was performed as described previously with minor modifications
[16,18]. In brief, primary murine splenic T cells were loaded with Ca**- sensitive dye (Fluo-4 AM, 2 uM for 30 min).
Ca?*-chelation experiment was performed by treating the cells with 5 uM BAPTA-AM for 1 h and extracellular Ca?*
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Figure 1. Possible involvement of TRPA1 in immuno-functions based on protein interaction data

(A) Overview of protein—protein interaction partners of TRPA1. The interaction network suggests that TRPA1 may be involved in
inflammatory processes based on KEGG (B) and GO annotations MF (C), BP (D) and CC (E). Abbreviations: BP, biological process;
CC, cellular component; MF, molecular function.

was chelated with 5 uM EGTA for 1 h. The cell suspension was added to the live cell chamber for Ca®* imaging and
images were acquired at every 5-s intervals. The cells were stimulated with specific agonists alone or in a combination
of agonists and antagonists and CD3/CD28 T-cell activation beads as described. Fluo-4 AM signal was acquired using
a Zeiss microscope (LSM 780) and Olympus microscope (FV3000) and with the same settings. The images were
analyzed using LSM software and Fiji. The intensities specific for Ca**-loaded Fluo-4 are represented in artificial
rainbow color with a pseudo scale (red indicating the highest level of Ca** and blue indicating the lowest levels of
Ca**). For quantification of the changes in the intracellular Ca** levels, fluorescence intensity of T cells present in
view field was measured before and just after adding the drugs. Such values were plotted for relative changes.

Enzyme-linked immunosorbent assay

Supernatants from the respective experiments were collected and stored at —80°C. Enzyme-linked immunosorbent
assay (ELISA) for different T-cell effector cytokines tumor necrosis factor (TNF), IL-2, and interferon-y (IFNy) were
performed using BD Biosciences Sandwich ELISA kits (San Jose, CA, U.S.A.) as per the manufacturer’s instructions.
The readings were acquired using a microplate reader (Bio-Rad iMARK) at 450 nm.

Statistical tests

The primary data were imported into R software for statistical analysis. The ANOVA test was performed for dataset
comprising more than two experimental groups. To check the reliability and significance. Student’s ¢ test was per-
formed in GraphPad Prism 7 to derive significance of the calcium imaging data with two experimental groups. The
P-value of <0.05 was considered statistically significant. Data presented here are representative of three independent
experiments. The significance values are as follows: ****, P<0.0001; ***, P between 0 and 0.001; **, P between 0.001
and 0.01; *, P between 0.01 and 0.05; ns, P above 0.05.

Results

Gene set enrichment analysis reveals that TRPA1 has immune function
Protein—protein interaction patterns of TRPA1 were examined using STRING11 [14] with confidence cut-off score
(>0.7) (Figure 1A). These proteins interacting with TRPA1 were evaluated for their roles using gene set enrichment
analysis via g: Profiler webserver [15]. This computational analyses suggests that TRPA1 is potentially associated with
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Figure 2. Endogenous expression of TRPA1 primary murine T cells
(A) RT-PCR for TRPA1 and GAPDH from mRNA isolated from T cell. Total mRNA isolated from mouse spinal cord is used as a
positive control and no-template control (NTC) is used as negative control. (B) Immunolocalization of TRPA1 in the surface of

ConA

Probed with TRPA1-specific antibody 2

unpermeabilized T cells. (C) Immunodetection of TRPA1 in T cell by using another antibody recognizing the epitope present in the
N-terminal cytoplasmic domain. In permeabilized cells this antibody detects TRPA1 at low levels in resting condition and modest
level in ConA-treated condition. This antibody does not detect TRPA1 in non-permeabilized T cells as its epitope at N-terminus is
located in intracellular region.

immune function associated processes along with typical function as of ion channels (Figure 1B-E). This indicates
that TRPA1 might possibly be involved in regulation of immune system. Hence, this imposed further experimental
evaluation.

TRPA1 is expressed endogenously in primary murine and human T cells
Expression of TRPA1 at mRNA level in T cells was confirmed by RT-PCR (Figure 2A). The surface expression of
specific ion channels is critical for signaling events. Therefore we used a specific antibody (from Alomone labs) for
which the epitope is present at the extracellular loop-1 of TRPAL1 (i.e., present outside the cell surface). This antibody
allowed us to probe the surface expression of TRPA1 (in unpermeabilized cells) and as well as total TRPA1 expression
(in Triton X-100-permeabilized cells). This antibody detected endogenous TRPA1 signal at the surface of unpermeal-
ized T cells (Figure 2B). To confirm the endogenous expression of TRPA1 in T cell, we used another antibody (Novus
Biologicals) raised against epitope present in the N-terminal cytoplasmic domain of TRPA1. This antibody detects
TRPA1 modestly in resting T cells and strongly in ConA (a lectin that acts as a mitogen and results in T-cell activa-
tion) activated T cells, but after permeabilization (Figure 2C, right-hand side). This antibody does not detect TRPA1
in unpermeabilized T cells, indicating specificity of the antibody (Figure 2C, left-hand side). Taken together, the data
strongly suggest that TRPA1 is endogenously expressed in murine T cells.

Next, we probed surface as well as total expression of TRPA1 in murine T cells that are at resting (naive) stage
and/or activated with either ConA or by T-cell receptor (TCR) stimulation with x-CD3/x-CD28 antibodies [19,20].

Confocal microscopy of unpermeabilized cells revealed that TRPA1 is endogenously expressed in resting and acti-
vated T cells as distinct clusters that are primarily located at the cell surface (Figure 3A(i)). Notably, the TRPA1 signal
was blocked upon pre-incubating the antibodies with their antigenic peptide confirming the specificity of the anti-
body used (Figure 3A(i),B). The intracellular localization of TRPA1 was almost minimal as there was no significant
difference in its expression in surface versus in whole cell (in resting conditions) (Figure 3A,C). However, all the T
cells do not express TRPA1 at resting state. Flow cytometry results confirmed that the expression level of TRPA1 was
increased in ConA-activated and in TCR-activated T cells (Figure 3B,C).

(© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 3. TRPA1 expression increases during murine T-cell activation

(A) Expression of TRPA1 is increased in activated T cells compared with the resting conditions. TRPA1 present at the surface only (in
non-permeabilized cells) and in whole cell (in permeabilized cells) were probed. Triton X-100 permeabilized cells when stained with
TRPA1-specific antibody pre-incubated with its antigenic peptide results in loss of TRPA1 signal, indicating the specificity of the an-
tibody. Confocal images of purified CD3* murine T cells stained with antibody detecting the extracellular loop of TRPA1 are shown.
Both surface level and total expression of TRPA1 in resting cells (i), in ConA-activated cells (ii), and in x-CD3/x-CD28-activated
T cells (iii) are shown. Fluorescence intensity of the TRPA1 signal is indicated in rainbow scale (right panels). (B) Dot-plot values
indicating the percentage of cells expressing TRPA1 at the surface. The number of TRPA1*'¢ cells are much higher in activated
conditions. This staining is completely blocked when the same antibody is pre-treated with its specific blocking peptide. (C) Mean
fluorescence intensity determined by flow cytometry analysis reveal that ConA-activated and «x-CD3/x-CD28-activated T cells have
higher levels of TRPA1 than the resting T cells. The difference in TRPA1 expression level (both in surface as well in whole cell) be-
tween resting stage with ConA-activated or x-CD3/x-CD28-activated T cells are significant. The P-values are: ns, non-significant;
*, <0.05; **, <0.01; ***,<0.001.

Similar to murine T cells, APBMC-derived T cells also show TCR and ConA activation driven increased expression
of TRPA1 (Figure 4A). The Z-section images showed an increase in TRPA1 at the surface on T-cell activation by ConA
or TCR (Figure 4B). Moreover, we have also studied the expression of TRPA1 in resting and activated hPBMC-derived
T cells and found that percent positive cells for TRPA1 was increased in activated T cells as compared with resting
T cell (Figure 4C). However, we did not observe any marked change in the MFI of TRPAI in hPBMC-derived T
cell in resting and activated cells (Figure 4D). These qualitative and quantitative data strongly suggest that TRPA1 is
endogenously expressed in T cells and increased surface expression of TRPA1 correlates with T-cell activation process.

TRPA1 activation induces increased Ca?* level in T cells
In order to explore if the TRPA1 present in T cells are functional, we performed Ca**-imaging experiments (Figure
5). For that purpose, we have used purified mouse T cells loaded with Fluo-4 AM. Live cell imaging revealed that

(© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 4. Human T cells show increased surface expression of TRPA1 upon activation

(A) Confocal imaging revealed that TRPA1 is endogenously expressed in purified CD3* human T cells and TRPA1 expression
increases in activated T cells. (B) Optical sections (Z1-Z8) of T cells reveal that TRPA1 is present mostly at or near the cell surface
both in resting and in activated conditions. (C) Flow cytometry dot-plot values indicate that approximately 60% of human T cells
are TRPA1*V® under resting conditions while approximately 90% cells are TRPA1*'€ in immunologically activated state. (D) MFI for
TRPA1 of hPBMC-derived T cells in resting, ConA, and TCR stimulated cells.

in the absence of any stimuli, there is no increase in Fluo-4 intensity in majority of the cells with respect to time.
However, upon stimulation by TRPA1 activator AITC, intracellular Ca®* level increases in most of the T cells (Figure
5A). This AITC-mediated increase in Ca®* level was effectively blocked by TRPA 1-specific inhibitors A-967079, and
HC-030031 (Figures 5 and 6). Calcium chelation experiments with BAPTA-AM as well as by EGTA (present in extra-
cellular media) suggest that TRPA1 regulates Ca®*influx from both extracellular and intracellular reserves (Figure 6).
Similarly, the level of intracellular Ca** goes down after adding the inhibitor in activator (AITC) treated cells (Figure
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Figure 5. TRPA1 activation induces increase in intracellular Ca2* levels in murine T cells

(A,B) Fluorescence intensity images derived from time-series imaging of view fields containing multiple cells loaded with
Ca?*-sensing dye Fluo 4-AM are depicted here. The time difference between each frame is 5 s. The cells were treated with different
pharmacological agents at the 10th frame (F10). Activation of TRPA1 by its specific activator AITC (100 M) causes increment in the
Ca?* level (A) which can be blocked by pre-incubating the cells with TRPA1-specific inhibitor A967079 (A96; 100 M) for 30 min (B).
(C) Fluo 4 intensity of T cells at resting stage or incubated with AITC (100 uM), A96 (100 M), or combination of AITC (100 uM) and
A96 (100 uM) for 12 h is shown. (D) Quantification of Fluo-4 intensity from six random fields after acquisition of 200 frames (~1000
s) of two independent experiments is depicted. AITC (100 uM) treatment significantly increases Ca?* levels, while A96 (100 uM)
treatment reduces intracellular Ca?* levels below that of resting T cells. The P-values are: ns, non-significant; *, <0.05; **, <0.01;
** <0.001.

6F). To confirm all these effects quantitatively, we compared the level of Ca** in T cells just before and after adding
the TRPA1 modulatory drugs (Figure 6G). The analysis clearly suggests the changes in the fluorescence intensity in
quick time. This confirmed that functional TRPAL1 is expressed in T cells.

TRPA1 regulates TCR-mediated Ca2*-influx during T-cell activation
TCR-mediated T-cell stimulation leads to increase in intracellular Ca®* levels in T cells which is critical for optimum
T-cell activation. As we have observed that TRPA1 activation initiates Ca** influx in T cells; hence we studied the effect

8 (© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 6. TRPA1 activation-induced increase in intracellular Ca2* can be altered by Ca2*-chelators and channel inhibitors
Fluorescence intensity images derived from time-series imaging of view fields containing multiple cells loaded with Ca?*-sensing
dye Fluo 4-AM are depicted here. The time difference between each frame is 5 s. Untreated cells at resting stage or pre-incubated
with specific Ca*-chelators or TRPA1 blocker. Activation of TRPA1 by AITC at the 10th frame causes increment in the Ca?* level (A)
which can be reduced by pre-incubating the cells with BAPTA-AM (intracellular Ca2*-chelator) (B) or with extracellular Ca®*-chelator
(EGTA) (C). Application of HC-030031, another inhibitor of TRPA1 results in reduced intracellular level of Ca2* (D). Application of
AITC on population preincubated with HC-030031 fails to increase the basal Ca?* levels (E). Application of HC-030031 after AITC
results in initial rise (due to activation) followed by reduction (due to inhibition) in the basal Ca2* levels (F). In each case, the DIC
image represents the number and morphology of cells in the view-field at the end of the experiments (200th frame). (G) Quantification
of basal Ca?* levels in multiple cells before and after addition of TRPA1 modulatory agents. The maximum time gap between these
two measurements is ~5 s. *** indicates P-value <0.0001. For more details see Supplementary Movies.
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Figure 7. TRPA1 regulates TCR mediated Calcium influx

(A) Representative images in rainbow scale shows addition of x-CD3/CD28 (TCR) beads elevates Ca?* levels in murine T cells com-
pared with the resting T cells. Reduced Ca?* levels observed in T cells treated with TRPAT inhibitors A967079 and HC-030031 upon
TCR-mediated stimulation. (B) Graph showing elevated calcium levels in T-cell population after addition of TCR beads. (C,D) Graph
shows no significant change in calcium levels in A967079 and HC-030031 treated T cells after TCR beads treatment, respectively.
***P< 0.0001.

of TRPA1 inhibition in Ca** influx during TCR-mediated stimulation. TCR stimulation increased intracellular Ca**
levels (Figure 7A,B), while TRPAL1 inhibition by A-967079 and HC-030031 significantly reduced the TCR-mediated
Ca** influx in T cells (Figure 7A,C,D).

TRPA1 is involved in ConA/TCR-mediated T-cell activation and effector

cytokine secretion

In order to explore the role of TRPA1 in T-cell activation, we have activated the cells either by ConA or via TCR
stimulation and probed for the expression of activation markers, namely CD25 and CD69 in the purified murine
T cell (CD90%**) population. The expression of these markers was probed after ConA treatment with or without
TRPA1 channel modulators (Figure 8). Flow cytometric evaluation revealed a shift in the T-cell population expressing
CD25 upon T-cell activation (in resting condition, 3.495 %+ 0.95%; in ConA-activated condition, 73.795 % 0.82%; in
TCR-activated condition, 59.075 4 1.14%). Notably, in the presence of TRPA1 inhibitor (A-967079, 100 uM), T-cell
activation by ConA or TCR was significantly inhibited (Figure 8A,C). In this condition (after treatment with both
ConA and A-967079), 27.87 £ 0.41% of the cells express CD25. Similar down-regulation was seen when cells were
treated with TCR in combination with A-967079, where only 30.495 4 1.08% T cells are found to be CD25*.

1 0 (© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Figure 8. Pharmacological inhibition of endogenous TRPA1 blocks T-cell activation
(A,B) T-cell activation markers CD25 and CD69 were analyzed by flow cytometry after incubating the cells with TRPA1 modulators
for 36 h. Inhibition of TRPA1 by A96 (100 M) reduces the ConA-mediated activation. Treatment of murine T cells with AITC (50
uM) or A96 (100 uM) alone do not increase the % of CD25* cells or % of CD69* cells. The average number + SD values of
CD25" or CD69* cells are mentioned in the upper right corner of each dot-plot. Representative dot plots of three independent
experiments are shown. (C,D) T cells treated with A96 (100 puM) along with ConA (5 ug/ml) or plate-bound «x-CD3 (2 png/ml) and
soluble x-CD28 (2 ug/ml) have reduced percentage of CD25% or CD69* cells. The corresponding levels/intensity of CD25 or CD69
expression (determined from MFI values) in response incubation with indicated modulators are shown (n=3). (E) Graphical bars
represent the concentration (in pg/ml) of effector cytokines TNF (i), IL-2 (ji), IFNYy (iii) released from T cells at approximately after
36 h. Incubation of TRPA1 inhibitor A96 (100 M) along with plate-bound x-CD3 (2 ng/ml) and soluble x-CD28 (2 pug/ml) resulted
in significant reduction in the release of cytokines TNF, IL-2 and IFNy. The P-values are: ns, non-significant; **, <0.01; ***, <0.001

(n=8 independent experiments).
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Figure 9. A proposed model for the expression and involvement of TRPA1 in T-cell activation

Both percentage of T cells and level of TRPAT1 per cell increases during T-cell activation. TRPA1 activation mediates Ca?*-influx
to the cell. Inhibition of endogenous TRPA1 activity reduces the T-cell activation and release of certain cytokines. However, further
investigation are needed to explore how TRPA1 regulates T-cell activation and cytokine release during T-cell activation process.

In a similar manner, TRPA1 inhibitor (A-967079) also reduced CD69 expression. The effect of TRPA1 inhibitor on
CD69 expression was also reflected by the percentage of CD69 positive cells (in resting condition, 1.36 & 0.33%; in
ConA-activated condition, 46.33 £ 1.79%; in TCR-activated 31.48 £ 1.28%) which was reduced after treating with
the inhibitor (in combination of ConA and A-967079, 16.19 4+ 0.22%; in TCR and A-967079 combination, 5.62 +
5.41%) (Figure 8B,D).

T-cell activation involves an increased level of secretion of several effector cytokines like TNE IFNy, and IL-2.
We explored the role of TRPA1 in the production of these cytokines by analyzing the culture supernatants by ELISA
(Figure 8E). TCR-stimulation induced high levels of TNF (resting condition: 151.8 £ 94.88 pg/ml; TCR-mediated
activated condition: 2931.98 4 220.85 pg/ml) while inhibition of TRPA1 by A-967079 blocked the effect of these
stimulators on TNF production (TCR + A-967079 combination: 597.74 £ 71.83 pg/ml) (Figure 8E). TRPA1 inhibition
also blocked IL-2 secretion (resting: 62 4 37.91 pg/ml; TCR: 1067.4 £ 267.003 pg/ml; TCR + A-967079 combination:
200.33 =+ 83.25 pg/ml) (Figure 8E). Moreover IFNYy production was down-regulated by A-967079 treatment (resting:
912.83 £ 216.20 pg/ml; TCR: 10279.5 £ 2702.65 pg/ml; TCR + A-967079 combination: 1421.72 4 599.3 pg/ml)
(Figure 8E).

Taken together, the results indicate that TRPA1 is expressed in T cells and may positively regulate T-cell activation
and effector cytokine release.

Discussion
T-cell activation involves several distinct signaling events, and the influx of Ca** is vital during this process. However,
so far only a few Ca?* channels have been detected in T cells, whereas the identity of the major Ca** channels present
in T cells is unknown. In addition, the mode of regulation of these channels and their exact role in the context of T-cell
functions are mostly unknown. Although expression of TRPA1 in the peripheral sensory neurons and its involvement
in the neural excitation has been widely demonstrated, limited information is currently available about the expression
and role of TRPA1 in non-neuronal cells. In this work, the endogenous expression of TRPA1 in primary murine and
human T cell was observed by using two different TRPA1 specific antibodies. Expression of TRPA1 was found to be
mostly predominant at the surface of these cells rather than being present in intracellular regions. We also provided
evidence for the functional role of TRPA1 in immune functions. Flow cytometric analysis coupled with confocal
imaging conclusively suggested enhanced expression of TRPA1 (both at surface level and in total) in activated T
cells as compared with resting conditions. TRPA1 activation by specific ligands leads to increased intracellular Ca®*
concentration in purified murine T cells, confirming that this channel is present in a functional form in resting T
cells. Moreover TRPA1 inhibition down-regulated the Ca** influx during TCR-mediated T-cell stimulation.

TRPA1 can be activated by several means and also by endogenous factors. Though TRPA1 has been initially con-
sidered as a ‘cold-activated ion channel, its true thermosensitive nature is debatable. For example, it has been shown
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that TRPA1 is not directly gated by cold but rather gated by increased intracellular Ca** levels as a consequence of
cooling [21]. Recently TRPA1 has been demonstrated as a sensor of noxious heat (>45°C) in association with two
other heat sensors TRPV1 and TRPM3 [22]. Notably, animals where both TRPV1 and TRPA1 were knocked out, still
continued to sense noxious heat, indicating that these channels are not essential and in the absence of TRPV1 and
TRPA1, some other ion channel/s take/s up their function [22]. Further, it has been demonstrated that pharmacolog-
ical inhibition of TRPA1 by HC030031 (100 uM) shows the same effect as TRPA1 knockout mice [22]. In these cases,
at least in neuronal systems, any increase in neuronal firing or heat avoidance is observed in mice lacking TRPA1.
This suggests that TRPV1 and TRPA1 act in synergistic manner, rather than TRPA1 inhibiting TRPV1 as proposed
recently [23].

In this work, we demonstrated that functional TRPA1, a non-selective cation channel is expressed in the human
and murine T cells. Our results suggest that TRPA1 plays an important role relevant to T-cell activation, much similar
to that of two other heat sensors namely TRPV1 and TRPV4 reported by us earlier [16]. TRPA1 modulation by
different endogenous factors are likely to play a major role in this process. The functional expression of TRPA1 in
murine and human CD4* T cells has also been shown to regulate T-cell activation and having anti-inflammatory
role as reported recently [23]. However, in contrast with these findings, so far majority of the previous reports have
suggested a pro-inflammatory role of TRPA1 toward immune activation and/or inflammation [24]. TRPA1 has been
considered as one of the critical regulators of neurogenic inflammation and neuropeptide release [25]. It has also been
reported that TRPA1 is associated with inflammation and puritogen responses in dermatitis [26]. A recent paper has
shown that both TRPV1 and TRPA1 are pro-inflammatory in nature and act in a similar manner (not antagonistic
manner as claimed) [23] in DSS-induced colitis using TRPA1 and TRPV1 knockout mice [27]. The association of
TRP channels toward inflammation and immunogenic responses has been largely found to be positively regulated
during the immune-physiology of the cellular and systemic responses. TRPA1 has been reported to contribute to the
inflammation-induced pain and is also associated with experimental colitis in mice models [26-30]. Taken together,
our data are in line with majority of reports showing TRPA1 as a pro-inflammatory regulator.

Inhibition of TRPA1 by its specific inhibitor reduces TCR- and ConA-driven mitogenic activation of T cells. This
suggests that TRPA1 might be involved in the signaling pathways toward T-cell activation. Thus, inhibiting TRPA1
activity has profound inhibitory effects on CD25 and CD69 expression together with the secretion of signature effec-
tor cytokines such as TNE, IFN7y, and IL-2. TNF production is associated with several pro-inflammatory responses
[31]. Additionally TNF is shown to be a major mediator of different inflammatory disease conditions like colitis and
rheumatoid arthritis (RA) [32,33]. TRPA1 channel expression is found to be increased in peripheral blood leukocytes
of RA patients and associated with pain [34]. Moreover, it has been shown that TRPA1 facilitates TNF-directed in-
flammatory responses in various pathophysiological conditions and blockade of TRPA1 receptors may be beneficial
in reducing TNF-induced chronic pain [35,36]. Functional role of IFNY as a signature Th1 cytokine is also implicated
in pro-inflammatory responses and disease conditions like colitis [37]. However, there are some reports which sug-
gest an anti-inflammatory role of IFN7y in the mouse model of colitis as well [38,39]. Apparently, these reports may
indicate that these cytokines may differentially regulate inflammatory responses in different disease conditions. In-
terestingly, we have found that during in vitro TCR activation the induction of signature Th1 and pro-inflammatory
cytokines like IL-2, IFN'y, and TNF could be down-regulated by the TRPA1 specific inhibitor, A-967079. TRPA1~/~
CD4" T cells have been recently reported to produce higher IL-2 and IFNvy but not TNF during TCR stimulation
[23]. This difference with our data could be due to difference in the type of cells used or a complicated consequence
of TRPA1 knockdown triggering compensatory roles by other ion channels in knockout animals. Also T cells derived
from colitis-induced animals can be very different from naive T cells isolated from healthy individuals.

Moreover, ConA and TCR stimulated induction of T-cell activation markers like CD25 and CD69 were also found
to be down-regulated in presence of A-967079. TRPA1 inhibition not only prevents T-cell activation in the general
CD3* T cells, but also in subsets of T cells like CD4* and CD8* T cells (data not shown). This role of TRPA1 in T-cell
activation could be primarily due to its role in regulating intracellular Ca** levels in T cells. TRPA1 upon activation by
its specific activator (AITC) was found to increase the Ca** levels, while two different inhibitors namely A-967079 and
HC-030031 are able to reduce the intracellular Ca** levels. Therefore, it seems that during T-cell activation, TRPA1
becomes functional and shows augmented expression and executes immune-regulatory functions, whereas, inhibition
of this channel inhibits T-cell activation. Recent report demonstrating the activation of TRPA1 by specific microRNA
can also be relevant for T-cell activation [40]. While our current work confirms the functional expression of TRPA1
channel and its requirement toward T-cell activation, the involvement of this ion channel in T-cell activation process
associated with inflammatory diseases needs further investigation (Figure 9).
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In brief, our current findings demonstrated an in vitro T-cell activation directed functional expression and re-
quirement of TRPAI in T cells. This is in line with the earlier reports of inflammatory responses associated with the
function of TRPA1 in various physiological systems. The current observation might have implication in the immuno-
genic and inflammatory role of T cell responses as well.
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