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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+, Mg2+ and Ca2+. 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.
TRPV1 and TRPA1 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 TRPA1 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 TRPA1 during CHIKV infection in
macrophages was explored. Additionally, CHIKV-induced effector response was investigated.
Further, the potential role of TRPV1 and TRPA1 channels in calcium influx during CHIKV
infection was also studied. Similarly, in T cells also the probable role of TRPA1 in immuneactivation and TRPV1 in immunosuppression was examined. Additionally, T cell effector
responses during immune-activation and immunosuppression were also investigated. Further,

1

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
-IRTX and activation of TRPV1 via RTX either decreases or increases CHIKV infection,
respectively. Additionally, TRPV1 was found to regulate early phases of the CHIKV lifecycle,
and hence the pro-inflammatory cytokine responses as well. Finally, TRPV1 was found to
functionally contribute towards Ca2+ influx during CHIKV infection.
2. TRPA1 was found to regulate CHIKV infection in macrophages. Activation of TRPA1 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 Ca2+ influx
during CHIKV infection. It is noteworthy that TRPA1 plays an opposing role to TRPV1
during CHIKV 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 proinflammatory cytokine responses. Moreover, TRPA1 was also found to functionally
contribute towards Ca2+ 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 Ca2+ 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 Ca2+ levels markedly decreased
in the

-IRTX.

2
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1
1.1

Introduction
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 1. 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 3.
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 immunestimulating 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 4,5. 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)

1,3,4

.

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-

13

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

53

. 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.
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 1 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
14

can be further classified into helper T cells (Th-CD4 positive) and cytotoxic T cells (TC-CD8
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. Th1 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 antibodymediated 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 3.
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

-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

15

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 1,3,5,6.
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

7,8

. 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 7,9
12

. TRP channels are distributed between the plasma membrane and subcellular membranes of

various organelles serving as non-selective cation currents, such as [Na+]I, [Mg2+]I, [Ca2+]I, and
membrane voltage (Vm) across the membranes 9,13,14. 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 15,16,17.
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 12,18. TRPV1 is the only TRPV family
member sensitive to vanilloid ligands, the rest of the members of the TRPV subfamily are non16

sensitive to vanilloid compounds

19

. 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

20 23

. 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 23
1.7

29

.

Transient receptor potential ankyrin 1 (TRPA1)
TRPA1 is a calcium-permeable, cationic channel with polymodal activation properties

and is the sole member of the TRPA family. TRPA1 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 17ºC 30.
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 mechanosensation 31,32. 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

33 35

. 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) 36
1.8

47

.

Chikungunya Virus (CHIKV)
Chikungunya virus (CHIKV), an alphavirus with an enveloped positive-sense ssRNA

genome, belongs to the Togaviridae family. CHIKV 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 nonstructural (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 48.
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 B16F10-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 49

51

.

1.10 FK506 (Tacrolimus)
FK506 is a powerful macrolactam, a natural product which is produced by several
Streptomyces species 52,53. 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 54,55.
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

56 58

. 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 58.
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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 59
64

. 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

15 17

. In 1969, Cosens and Manning, first

reported the TRP-mutant in Drosophila melanogaster. Under low-light conditions, these
-

, presumably behaves as phototactically positive in T-maze but are

visually impaired and behave as blind in an optomotor apparatus 65. These mutants also show
transient response in electroretinogram (ERG) rather than the
66

. Later Baruch Minke, named these channels as TRP according to the responses in

ERG 67. In 1989, Craig Montell later cloned TRP genes and predicted TRP proteins structural
similarity with various other channels 68. In 1992, Roger Hardie and Barunch Minke identified
TRP channels as ion channels that opens in response to light stimulation69.
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 59. The light-induced calcium influx studies with trp mutant
cells have reduced intracellular calcium influx, which marked the beginning of TRP-mediated
calcium influx studies

66,68

. 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 trp
mutant with the exposure to light was still inconclusive

67

. 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
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Drosophila flies

69 72

. The mutation of the Aspartate residue at the 621st 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 nonselective nature and cation conduction of the TRP channels 59,73.
The mammalian homolog of TRP gene was identified by Lutz Birnbaumer in 1995 74.
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

74,75

. Further, reports on the mammalian TRPC1 paved the path to

numerous discoveries on various other TRP channels and their functions. TPRM2 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
TRPM7 in executing significant roles in hypomagnesemia and hypocalcemia 76

81

. 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 82
2.2

84

.

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 15

17

. These discoveries have

enumerated the TRP channels to 28 members in vertebrates 60,61. The TRP channels have been
classified into seven subfamilies and two groups based on their sequence similarity

85

. The

founding member of the TRP superfamily was termed the transient receptor potential canonical
22

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 60,85.
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 86,79. 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 10

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 85. 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 87.
The subfamilies share sequence similarity and evolutionary relationships among their
members. The TRPC subfamily consists of six members named TRPC1-TRPC7. All
mammalian TRPC proteins are activated through protein kinase C (PKC) and associated with
PKC-mediated calcium influx 86,88,89.
The TRPV channels are primarily found to be sensitive to vanilloid compounds and
they share sequence similarity of 25% with the canonical channels 82,85. The founding member
of this subfamily, the TRPV1, was reported to be activated by a vanilloid compound capsaicin
and thus given the name transient receptor potential vanilloid channels

87,90

. 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
piperine in black pepper and allicin in garlic 33,82,91

93

. There are six members in this subfamily

named as TRPV1-TRPV6, and all of these channels are well-reported calcium-permeable
channels 60,85,90,94,95. Among these channels, TRPV4 has been attributed as an osmolarity sensor
and TRPV6 has been reported to be associated with CRAC channel 94,96.
TRPM, another important member of group 1, shares 20% sequence similarities to
TRPC 85. 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,
splenocytes, bone marrow cells and lung epithelial cells 79,97

100

. These channels are known to

act as active sensors of ADP-ribose, ATP, osmolarity changes and are sensitive to cold and
menthol 99

102

.

TRPA channels are characterized by a large number of ankyrin repeats in their N
terminus domain and consist of a single member, TRPA1

85

. TRPA1 is attributed to be a

calcium conductor and are found to be sensitive to cold stimuli, mustard oil, cannabinoids, and
PLC 30,33,35,101

103

. Like 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 7,9 12. Their expression
in higher vertebrates is yet to be discovered. TRPN channels are attributed to being
mechanically gated 85,104.
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 PIP2 and EGF 105. TRPP channels are reported to be associated
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with fluid flow and actin cytoskeleton

85,105 108

. Similar to TRPP, the TRPML subfamily is

evolutionarily distant from group 1 and encodes three different variants, such as TRPML1,
TRPML2, and TRPML3. These channels are reported to be expressed in lysosomes and late
endolysosomal compartments

109 111

. TRPML1 is attributed as monovalent cation channels

such as H+ and Na+ and thus, it is known to be sensitive to pH 60,109

113

.

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 114,115. TRP channels

follow six transmembrane segments typical architecture, with intracellular N and C termini 116
118

. Irrespective of the common features, TRP channels show high degrees of diversity in cation

selectivity and activation mechanisms 9,117. 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 9. 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 TRPM5 were discovered to be calcium-dependent monovalent cation channels

119

. 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

9,117

. 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 114. 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 9,114,117.
2.3.1

TRPC
The transient receptor potential canonical channels subfamily is considered

multifaceted for their cation selectivity within the sub-family

120

. TRPC4 and TRPC5 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

121 123

. Unlike many other TRP

channels, members of TRPC channels do not share the homology at transmembrane segments
5 and 6 to bacterial potassium channels 117,124. 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 125

127

. 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

125

. The point mutation of these

residues has been reported to significantly reduce the calcium sensitivity but not the Na+
sensitivity of TRPC1 and TRPC5 channels 126.
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 Ca2+ ions with a low affinity to monovalent cations. The PCa : PNa ratios of these
channels range from 1 to 10, while the TRPV5 and six channels are highly calcium-selective
with a PCa: PNa ratio of 100 or more

124,128,129

. 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 130

132

.

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 133. 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
27

bacterial potassium channels (KcsA, with the sequence TXXTXGYGD)

115,128,134

. 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 Ca2+ 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

115,124,135

. Similar point mutations had minimal effect

on the TRPV5 and V6 channels. Further studies have indicated that the pore properties of
TRPV5 and V6 are determined by a ring of four aspartate residues at the selectivity filter 136
138

.

2.3.3

TRPM
Transient receptor potential melastatin channels comprise eight members with

differential selectivity to cations 139. Among TRPM channels superfamily, the TRPM4 and M5
possess the uniqueness that they are impermeable to Ca2+ while TRPM2, M3 and M8 are
relatively permeable to Ca2+, and TRPM6 and M7 are known to have a higher affinity to Ca2+.
TRPM channels share limited sequence homology to the bacterial KcsA and TRPV 140. Further,
the TM5 to TM6 sequences are highly conserved among the TRPM family members 141

143

. 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 143.
2.3.4

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

133,144

. 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 5th and 6th transmembrane segments. Human
TRPA1 channels are considered to have a pore loop of 8.2 Å. The aspartate residue at the pore's
28

opening (D915) is considered the constriction point of the channels, which accounts for the
selectivity towards the divalent cations

145,146

. 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 144,146,147.
2.3.5

TRPP and TRPML
TRPP2 forms homomeric channels and is also reported to heteromers with other TRP

subfamilies, including TRPV4 and TRPC1148. 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 Ca2+-binding domain in TRPP1/PKD2, and endoplasmic
reticulum retention signal at the C- terminus, while the N-terminus is devoid of such domains
117,133

. 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 114.
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

149

. 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

9,114,117,133

. TRPML channels possess a low sequence similarity to

TRPV or KcsA channels and thus, it employs a differing selectivity filter with a PCa:PNa
The selectivity filter and pore properties of this TRPML channel are yet to be explored

.
114

.

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
29

robust calcium influx. These studies indicate that the tryptophan and alanine residues may have
a significant role in the channel properties of TRPML150,151.

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

TRPV1 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

153 156

. Macrophages, the phagocytic

innate immune cells, express several TRP channels such as TRPA1, TRPV1, TRPV2, TRPC1,
TRPC6, TRPM2, TRPM4 and TRPM7 44,157

159

. The list of functional TRP channels expressed

30

on macrophages is summarized in Table 1. Under various pathophysiological conditions,
TRPV1 and TRPA1 channels have been reported to play an immense role in macrophage
activation, migration and effector responses, such as cytokine production and nitric oxide
production 38,39.
2.4.1

TRPV1
Transient receptor potential vanilloid channels are an essential contributor to the

survival and proper functioning of macrophages

160,161

. 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 162. TRPV1 has also been attributed to neovascularization. Activation of TRPV1
has been found to induce collateral vessel growth (arteriogenesis) in rat hind limbs

163

.

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 LPSstimulated 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

39,161,164

.

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 165. 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

166

. 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

167

. 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

168,169

.

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 170.
2.4.2

TRPA1
TRPA1 has been attributed to diverse functional roles in monocyte/macrophage

activation, migration and secretion of various immune molecules

41,42,44 47,171,172

. It has been

found that TRPA1 regulates macrophage phenotype plasticity and in the possible regulation of
atherosclerosis

173

. 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 174. 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 TRPA1
channels 175. Further, it has been reported that mechanical or cold allodynia in the hind limb of
chronic post-ischemia pain (CPIP) was reduced in Trpa1-/- mice and transiently after
administration of TRPA1 agonists

43

. Further, knocking out TRPA1 has also been found to

exacerbate injury and inflammation, providing protection. It has been found that in Trpa1-/mice, the proinflammatory cytokine and receptors are markedly overexpressed in the kidneys.

32

Activation of murine macrophages with phorbol 12-myristate 13-acetate (PMA)
downregulated TRPA1 gene expression

46

. Another similar study has shown that following

renal ischemia-reperfusion injury (IRI), Trpa1-/- mice developed alleviated acute kidney injury
(AKI) symptoms. Additionally, Trpa1-/- mouse kidneys displayed increased M1 macrophage
infiltration

176

. 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

177

. Recently, another report has

shown that the inhibition of TRPA1 may protect THP-1 derived macrophages from
lysophosphatidylcholine (LPC)-induced injury

178

. Similarly, a recent report has shown that

during colitis, the TRPA1 is upregulated which exerts various protective roles by decreasing
proinflammatory neuropeptides, cytokines and chemokines. 44.
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 179,180. 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

38,39

. Mammalian T lymphocytes

express several TRP channels, including TRPC1, TRPC3, TRPC5 and TRPC6 from the
canonical subfamily, TRPM2, TRPM4 and TRPM7 from the melastatin subfamily, TRPV1,
TRPV5 and TRPV6 from the vanilloid subfamily and TRPA1 from the ankyrin subfamily 38,39.
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 TRPC1 in
CD4+ lymphocytes as TRPC1 and C3 are functionally associated with STIM1 and the ORAI
driven calcium influx in T cells 182

184

. The role of TRPM channels in various T cells has been

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 182,185

187

. These channels are also essential for T cell development in the thymus

and fas-mediated apoptosis 188. Additionally, T cell-specific TRPM7 deletion in Trpm7-/fl (lckCre) mice have significantly reduced the thymic T cell development through the progressive
loss of medullary thymic tissue 189. 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 38,39. 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 doublepositive thymocytes. Additionally, in peripheral blood and spleen, a reduction in CD8+ and
CD4+ T cells has been observed as compared to WT mice 190. TRPV1 has also been found to
be essential for T cell activation. It has been observed that TCR induces Ca2+ influx via the
TRPV1 channel. Inhibition of TRPV1 led to reduced T cell activation and effector cytokine
responses 36,191. 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
34

WT mice

192

. In Rheumatoid arthritis (RA) model, it was reported that knockout of TRPV1

displayed attenuated RA pain

193

. 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

190,194

. 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 190.
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 195. TRPA1 channels have displayed protective functions
in an experimental colitis model, as their abolishment has increased Th1 effector responses
such as IFN production 196. In a similar study, Il10 Trpa1

mice, the colitis was accelerated

and exacerbated with an increased Th1 biased, inflammatory responses
have concluded that the colitis exacerbation in Il10 Trpa1

36,197

. Further studies

mice was due to the cytokine

IFN but not IL-17A. Further, upon TCR activation, Il10 Trpa1

/

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 36.
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Table 1: Functional roles of TRP channels in macrophages and T lymphocytes
TRP

Immune

channels

cells

TRPM1

T lymphocyte

Function

References

Modulate calcium
Inada et al., 2006
entry
Cytokine
production,

Di et al., 2012; Gelderblom et al.,

Calcium entry,

2014; Yamamoto et al., 2008

Macrophages
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, Tóth 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
TRPV5

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.,

lymphocytes

Calcium entry

2011

TRPC1
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-

lymphocytes

suppression

TRPC5

TRPA1

J. Wang et al., 2009
Inhibition of

Romano, Borrelli, Fasolino, Capasso,

Nitric oxide,

Piscitelli, Cascio, et al., 2013

Macrophages
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T

Activation,

lymphocytes

cytokine release

T

Immune

lymphocytes

suppression

T

Immune

Gouin, et al., 2017

TRPML1

Zhang, et al., 2019

TRPM8

Arcas, et al., 2019
lymphocytes

2.6

suppression

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 198,199. 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 200

205

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, TRPM8, TRPML1, TRPML2 and
TRPML3 channels with a plethora of viruses has been reported over the years 206

209

. 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 TRPM8 channels with the virus 206,207. TRPM8 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

207

. Another temperature-sensitive channel, TRPV4, has also exhibited an

38

association with virus infections such as dengue, hepatitis C, and Zika viruses in human Huh7
cells. TRPV4 channels modulate the virus replication mechanism by regulating the DEAD-box
RNA helicase, DDX3X 209.
Similarly, the transient receptor potential mucolipin-1 (TRPML1) channel was
associated with HIV-induced accumulation of sphingomyelin and amyloidclearance in the lysosome of CNS neurons. TRPML1 activation through an agonist has
displayed an accelerated clearance of the accumulated calcium, sphingomyelin and amyloidst 210. Other mucolipin subfamily members, such
as TRPML2 and TRPML3 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 208. 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 211,212. The list
of TRP channels associated with diverse viruses is summarized in Table 2.
2.6.1.1 TRPV1
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 207. 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

206

. Development of

pruritus by upregulation of TRPV1 in neuronal cells by expression of TGR5, a bile acid
membrane receptor of GPCR during Hepatitis C virus (HCV) infection, has been reported.

39

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 213.
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

214

. 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 215.
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 TRPM8 primarily causing
irritant induced airway refluxes 207. 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
TRPM8 was upregulated in later phases. Viral induced soluble factors such as NGF, IL-6 and
IL-8 were found to induce upregulation of TRPA1, which shows the early stage association of
TRPA1 with virus 207.
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Table 2: TRP channels in diverse viral infections
Ion
channel

Upregulated/
Virus

Host cell

Downregulated

Reference

Human neuroblastoma
cells (SHSY5Y),

Omar et al.
Upregulated

Respiratory

PBEC,

syncytial virus

BEAS-2B, dIMR-32

(RSV)

Primary human

2017

Harford et al.
bronchial epithelial

--2018

cells (HBE)
Human neuroblastoma
Measles virus

Omar et al.
cells(SHSY5Y), PBEC,

Upregulated

(MV)

2017
BEAS-2B, dIMR-32
dMIR-32, human lung

TRPV1

Human rhinovirus

Abdullah et al.
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.

virus-2 (HSV-2)

DRG neurons

2016

Herpes simplex

Male Sprague-Dawley

Kitagawa et al.

virus-1 (HSV-1)

rats

---

--2013

Herpes Simplex

Reinhart et al.
Vero

virus (HSV)

---

2016
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Varicella zoster

Human epidermal

virus (VZV)

keratinocytes

Upregulated

Han et al. 2016

Dengue (DENV),
TRPV4

Hepatitis C (HCV),

Human Huh7 cells

---

Donate-Macian
et al. 2018

Zika (ZIKV)
Respiratory

Human neuroblastoma

syncytial virus

cells(SHSY5Y), PBEC,

(RSV)

BEAS-2B, dIMR-32

Omar et al.
Upregulated
2017
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(SHSY5Y), PBEC,

Upregulated

(MV)

2017
BEAS-2B, dIMR-32
dMIR-32, human lung

Human rhinovirus
TRPM8

Abdullah et al.
fibroblast(Wi-38), HEK

Upregulated

(HRV)

2014
cells
Hippocampal neurons

Human
(C57BL/6 mutant
TRPML1

immunodeficiency
virus (HIV)

---

Bae et al. 2014

gp120/APP/PS1) and
SHSY5Y
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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

immortalized STAT1-/-

Rinkenberger

A virus (IAV),
Dengue virus
(DENV)
Influenza
TRPML3

human

skin-derived

Upregulated

and Schoggins

A virus (IAV)
fibroblasts
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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 44,45,172,216,217. Various immunosuppressive agents,
FK506 and cyclosporin, are reported to induce a rise in intracellular calcium levels 58,218

223

.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 TRPML1, found in lysosomes triggering Ca2+
influx. Additionally, in vitro binding assays have shown that rapamycin directly binds to
TRPML1. In TRPML1-deficient cells or in the presence of TRPML1 inhibitors, all the
rapamycin effects were abolished

224

. Like rapamycin, tacrolimus is also a potent

immunosuppressant being widely used during organ transplantation. In this study, it has been

43

demonstrated that TRPM8 is the pharmacological target of tacrolimus. Tacrolimus was found
to evoke an intracellular rise in calcium influx in cultured mouse DRG neurons. In TRPM8deficient cells or in the presence of TRPM8 inhibitors, all the tacrolimus effects were abolished
225

. Together, it seems TRPML1 and TRPM8 channels act as molecular targets of the

immunosuppressant rapamycin and tacrolimus.

44

45

3.1 Hypothesis
There might be differential functional surface expression of TRP channels during immuneactivation 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.

46
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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 RPMI1640 (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% CO2. Vero cells (an African green monkey kidney epithelial
cell line), were grown in DMEM (Himedia, Mumbai, India) supplemented with 10% heatinactivated fetal bovine serum, L-glutamine and penstrep antibiotics at 37°C in a humidified
incubator with 5% CO2.
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.
No.
1
2

Antibodies (Concentration/dilution)

-mouse CD90.2 APC (0.025
-mouse CD25 PE

Company
Tonbo biosciences,

Catalog
no./Clone
20-0903-

CA, USA

U100/30-H12

BD Biosciences,

553866/PC61
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(0.1

CA, USA

-mouse CD69 PE

BD Biosciences,

3

553237/H1.2F3
(0.1

4

7

Tonbo biosciences,

35-0691-

CA, USA

U100/H1.2F3

Abgenex India Pvt.

10-

Ltd. BBS, India

101/MOPC31C

Tonbo Biosciences,

40-0281-

CA, USA

U100/37.51

Tonbo Biosciences,

40-0032-

CA, USA

U500/17A2

-mouse CD69 FITC (0.1

5

6

CA, USA

Mouse IgG1 Isotype control

In vivo

-mouse CD28 (1

Anti-Mouse CD3 (2
BD Biosciences,

8

Isotype control APC (0.05

553932
CA, USA
BD Biosciences,

9

Isotype control PE (0.05

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,

Adsorbed Secondary Antibody, Alexa Fluor 488

USA

12

A-11070
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-

-p65 (Ser536)

MA5-15160
USA

4.1.4 Chemicals, reagents, and modulators:
Table 4: Details of chemicals used
Sl. No.

Chemicals

1

Bovine serum albumin fraction-V

Company

Catalog no.

Himedia Laboratories Pvt.
GRM105-100G
Ltd., Mumbai, India
2

Triton X-100

Sigma Aldrich, MO, USA

MB031-500ML

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

Sigma Aldrich, MO, USA

04906837001

Sigma Aldrich, MO, USA

05892970001

PhosStopTM
6
(phosphatase inhibitors cocktail)
Complete EDTA-free
7
Protease inhibitor
8

Bromophenol blue

Sigma Aldrich, MO, USA

114391

9

Crystal violet

Sigma Aldrich, MO, USA

C6158

10

Bis-Acrylamide

Himedia Laboratories Pvt.
MB005-250G
Ltd., Mumbai, India
Himedia Laboratories Pvt.
11

Glycine

MB013-1KG
Ltd., Mumbai, India
Himedia Laboratories Pvt.

12

Sodium chloride

GRM031-1KG
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

MB068-1KG
Ltd., Mumbai, India

Antibiotic solution 100x liquid
Himedia Laboratories Pvt.
23

(10000 U Penicillin+ 10 mg

A001A-5x100ML
Ltd., Mumbai, India

Streptomycin)
Himedia Laboratories Pvt.
24

10X Phosphate Buffered Saline

TL1032-500ML
Ltd., Mumbai, India
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25

TM

HiGlutaXL

Himedia Laboratories Pvt.
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/H2O2

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

-IRTX

Sigma Aldrich, MO, USA

I9281-1MG

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

37

DMSO

Himedia Laboratories Pvt.
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

41

Crystal violet

Invitrogen, CA, USA

F14217

Sigma Aldrich, MO, USA

C6158

4.1.5 Buffers and other reagents composition
Table 5: Details of buffers used
Sl. No.

1

Buffers and other reagents

Composition

RIPA lysis buffer (Radio

150 mM sodium chloride, 0.1% SDS (sodium dodecyl

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

1x 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 HCl, 0.147 M NaCl in ultrapure water

7

Tris-buffered saline (TBS)
(Milli Q), pH adjusted to 7.6 by HCl
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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
EZcountTM 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). OptEIATM ELISA kits for cytokines IL-2, IFN-

and

IL-6 were purchased from BD Biosciences (San Jose, CA, USA).
4.2

Methods

4.2.1 CHIKV infection in macrophages
RAW 264.7 cells were infected with CHIKV (DRDE-06) at a multiplicity of infection
(MOI) 5, as described previously 226,227. 0.5 x 106 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. CHIKV 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 RPMI1640 media is added. Then, the cells are harvested at either 8 or 12 hpi.
To examine TRP modulators effects during CHIKV infection, macrophages were pretreated for 2 hours before CHIKV infection, during CHIKV infection and after infection at 0

54

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

191,196

. Using a syringe plunger, the spleen was disrupted through a 70 µm 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 dynabeadsTM untouchedTM mouse T cells kit from Invitrogen
(Carlsbad, CA, USA), as described previously 191,196. 50 x106 splenocytes were suspended in
500 µl of isolation buffer (2mM EDTA + 2% FBS + 1X PBS) supplemented with additional
100 µl 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

191,226

. 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 FACSCaliburTM or BD FACSFortessaTM).
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4.2.5 MTT assay
To determine the cellular viability of RAW 264.7 cells in presence of TRPV1
modulators, 5 -IRTX and RTX, an MTT assay using an EZcountTM MTT Cell Assay Kit
(Himedia, Mumbai, India) was used, as described previously 226. 5 x 103 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 TRPV1 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 µl 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 106 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 CHIKV life cycle does the TRP modulators affect, a
time-of-addition experiment was performed, as described elsewhere

228

. 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
CHIKV infection at 0 hpi) (ii) pre-during (TRP modulators were added 2 hours prior to CHIKV
infection and during CHIKV 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 229. Using 140 µl of CHIKV-infected
supernatant, viral RNA was extracted, using a QIAamp Viral RNA Mini Kit (QIAGEN, Hilden,
Germany). Using random hexamers, 1 µg of viral RNA was used to prepare cDNA by using a
PrimeScript 1st 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
-TGC CGT CAC AGT TAA GGA CG-

-CCT CGC ATG ACA TGT CCG

-

, No ROX (Eurogentec,

Belgium). A standard curve for Ct values was prepared by using six tenfold serial dilutions of
the E1 gene

230,231

. 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 ImageJ software.
4.2.10 ELISA
To estimate the cytokine levels in cell-free culture supernatants, Sandwich ELISA was
performed, using a BD OptEIATM kit (BD Biosciences, CA, USA) for TNF, IL-6, IFNIL-2 as described previously

226,233

. 96 well, medi-binding strip immune-plates (SPL Life

Sciences, Korea) were used. Capture antibodies diluted in coating buffer (vol. 100 µl) 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 µl of wash buffer (1X PBS with 0.05% Tween20). Next, plates are incubated with 300 µl/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/H2O2 diluted in H2O) in the dark without a plate sealer. The reaction
develops blue color. After 5-30 minutes, by adding 50 µl of stop solution (2N H2SO4), the
reaction was stopped. The reading was immediately taken at 450 nm by Bio-Rad iMarkTM
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 226,227. Mock and CHIKV-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 µg 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 LSRFortessaTM, 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 µM
for 30 minutes and incubated at 37°C with 5% CO2, as described previously 191. 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
statistically significant difference between the groups (ns, non-significant, *p
0.01, ***p

p

.
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5. Results
5.1 Regulatory role of TRPV1 in CHIKV 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 TRPV1 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

206,207,214

. Further, TRPV1 has also been

associated with post-viral infection pain and inflammation as well 206,207,214,234

236

. The current

study provides evidence that TRPV1 regulates CHIKV infection in macrophages. Further, the
regulatory role of TRPV1 in host-pathogen interactions, effector cytokine response, pNF(p65) expression and nuclear localisation, and calcium influx were also investigated.
5.1.1

CHIKV 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 237

239

. 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 240

243

. These findings suggest that TRPV1 is upregulated

during CHIKV infection in a time-dependent manner.

Figure 3 CHIKV 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

191

. 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).

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
191,192,244

. To determine the cellular cytotoxicity of 5 -IRTX and RTX, an MTT assay was

performed. The drugs, 5 -IRTX (0.625 µM to 160 µM) and RTX (0.08 µM to 10 µM) were
two-fold serially diluted. DMSO was used as solvent control. It was observed that the
percentage of cell viability for 0.625 µM of 5 -IRTX and RTX was ~ 97% and ~ 100%,

66

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

245 247

.

Hence for further experiments, 0.625 µM of 5 -IRTX and RTX were used.

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)

-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 TRPV1 regulates CHIKV 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 CHIKV infection has been reported. To determine whether
pharmacologically regulating TRPV1 functioning via 5 -IRTX or RTX can also regulate
CHIKV infection in macrophages, RAW 264.7 cells were infected with CHIKV in the presence
of TRPV1 modulators. Flow cytometric analysis revealed that in the presence of 5 -IRTX, the
percentage of CHIKV positive cells (nsP2: 6.46 ± 0.72; E2: 8.32 ± 1.41) decreased whereas,
in the presence of RTX, the percentage of CHIKV 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
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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 CHIKV-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
CHIKV 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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B

C

Figure 6 TRPV1 regulates CHIKV infection
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 CHIKV-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 CHIKV viral titer
To determine whether TRPV1 regulates CHIKV viral titer, a plaque assay was
performed

226,248

. Cell-free supernatants containing the infectious viral particles from the

experiments were collected and stored at -80°C. CHIKV viral titer significantly decreased in
the presence of 5 -IRTX to 3.33 × 106 ± 6.66 × 105 (0.57-fold) and conversely increased in the
presence of RTX to 1.13 × 107 ± 1.15 × 106 (1.96 fold) as compared to CHIKV + DMSO
control (5.77 × 106 ± 7.69 × 105) (Figure 7). This result indicates that TRPV1 also regulates
CHIKV viral titer.

Figure 7 TRPV1 regulates CHIKV 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 CHIKVinfected 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 CHIKV life-cycle
TRPV1 has been widely reported to affect various viral life-cycle stages such as
adsorption, entry and replication 206,207,214. 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 CHIKV-infected macrophages (3.02 × 105 ± 2.7 × 104 PFU/ml, 32% more than
DMSO only). In contrast, a significantly lower viral titer in RTX treated CHIKV-infected
macrophages (1.35 × 105 ± 1.5 × 104 PFU/ml, 40.77% less than DMSO only) as compared to
CHIKV + DMSO control (2.28 × 105 ± 1.01 × 104) (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 CHIKV 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 CHIKV infection significantly altered in the presence of TRPV1 modulators in
the

s. The percentage of CHIKV infection in

the presence of 5 -IRTX reduced significantly to 13.79% and 47.29%
ely as compared to the corresponding CHIKV + DMSO control.
Conversely, the percentage of CHIKV infection in the presence of RTX increased to 130% and
110%

, respectively as compared to CHIKV + DMSO

control. In the presence of TRPV1 modulators, both at

, a non-

A
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Figure 8 TRPV1 modulates early phases of the CHIKV life-cycle
RAW 264.7 cells were pre-treated with 5 -IRTX, RTX or DMSO for 2 h prior to CHIKV addition. After
CHIKV 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).

72

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

pro-inflammatory cytokine response in
host macrophages
CHIKV has been widely reported to induce robust pro-inflammatory cytokine response

in host macrophages

226,227,249 251

. 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.

A

B

Figure 9

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 CHIKV-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.

A

B

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 cellfree 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

in CHIKV-infected

macrophages, in presence or absence of TRPV1 modulators
, including
transcription, cell survival, cytokine and chemokine production

26,252,253

. Its phosphorylated

To determine the discrepancy in the
cytokine production of 5 -IRTX treated CHIKV-infected macrophages, we assessed the

cytometry. Immunofluorescence studies reveal that CHIKV infectionexpression and nuclear localization at both 8 and 12 hpi as compared to mock cells. In RTXtreated CHIKVSimilarly, in 5 -IRTX treated CHIKVelevated as compared to CHIKV-infected macrophages, albeit lesser than the RTX treated
CHIKV-infected macrophages (Figure 11 A, B).

A
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B

C

Figure 11 Expression and nuclear localization of

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) (a1, b1, c1,
d1 and e1, 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 CHIKV-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
CHIKV-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). T

-

IRTX treated CHIKV-infected macrophages as compared to CHIKV-infected macrophages,
which might explain the discrepancy in cytokine response in 5 -IRTX treated CHIKV-infected
macrophages.
5.1.10 TRPV1 modulates Ca2+ influx in macrophages
TRPV1 is a non-selective calcium-permeable cation channel

254 257

. Here, we have

assessed the functional contribution of TRPV1 in Ca2+ influx during CHIKV infection in
macrophages. The macrophages were stained with Ca2+ sensitive dye fluo 4-AM

258,259

. The

addition of Ca2+ solution only did not induce any Ca2+ influx indicating that the Ca2+ solution
is not triggering any non-specific change in Ca2+ 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 Ca2+ influx via TRPV1 channels.
Similarly, upon treatment with CHIKV, we observed an increase in Ca2+ influx, indicating that
CHIKV binding to host macrophages induces Ca2+ influx. Next, upon the addition of
CHIKV+5 -IRTX, we observed that the Ca2+ 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. ( -IRTX),
+128.2 a.u. (RTX), +94.03 a.u. (CHIKV + DMSO), -14.14 a.u. (

-IRTX), and

+179.4 a.u. (CHIKV + RTX) (Figure 12B). These results suggest that TRPV1 regulates Ca2+
influx during CHIKV infection in macrophages.
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Figure 12 TRPV1 modulates Ca2+ 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 10th frame and fluo-4 (50 frame) refers to fluorescence
level at 50th frame. The treatment conditions from top to bottom order is as Mock + Ca2+ solution (a1, a2,
-IRTX) only (b1, b2, b3), TRPV1 activator (RTX) only (c1, c2, c3), CHIKV +
-IRTX (e1, e2, e3) and CHIKV + RTX (f1, f2, f3). Using the pseudo 16
color, the fluorescence intensities are represented (White and black represent the highest and lowest
intracellular Ca2+ levels, respectively). (B) Time-lapse kinetics of intracellular calcium influx treated with
(i) Ca2+

-

-IRTX (vi) CHIKV + RTX. The

intensity (F/F0) 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 CHIKV infection
Like TRPV1, TRPA1 has also been reported to be upregulated during several viral

infections, including human rhinovirus (HRV), respiratory syncytial virus (RSV) and measles
virus (MV) 206,207. TRPA1 has also been known to play vital roles in viral binding, entry and
replication

206,207

inflammation

. Further, TRPA1 has also been found to be associated with pain and

31,43,45,47,260 263

. The current study provides evidence that TRPA1 regulates

CHIKV 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 CHIKV upregulates TRPA1 expression in macrophages
TRPA1 has been reported to be actively involved in various inflammatory diseases,
such as, inflammatory bowel disease, neurogenic inflammation, skin inflammation, bonecancer pain, pancreatic inflammation, lung inflammation and airway hyperresponsiveness
195,197,217,261,262

. Furthermore, it has also been testified to be upregulated during diverse viral

infections as well 206,207. Thus, the TRPA1 surface expression levels was assessed in CHIKVinfected macrophages. For CHIKV infection, RAW 264.7 cells were infected with CHIKV 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, TRPA1
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 TRPA1
expression could not be performed because of saponin. TRPA1 is closely associated with
cholesterol in plasma membrane 217,264,265. 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 240

243

. These findings suggest that TRPA1 is upregulated during CHIKV infection in a

time-dependent manner.
A

B

Figure 13 CHIKV 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 CHIKVinfected 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

266

. 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 TRPA1 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 TRPA1 antibody (Figure 14).

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

267 269

. To

determine the cellular cytotoxicity of HC-030031 and AITC in macrophages, an MTT assay
was performed. The drugs, HC-030031 (2.5 µM to 80 µM) and AITC (2.5 µM to 80 µM) were
two-fold serially diluted. DMSO was used as solvent control. It was observed that the
percentage of cell viability for 10 µM of HC-030031 and AITC was ~93% and ~100%,
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respectively (Figure 15). Hence for further experiments, 10 µM of HC-030031 and AITC were
used.

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 TRPA1 regulates CHIKV infection
TRPA1 has been reported to regulate various viral infections, including respiratory
syncytial virus (RSV), measles virus (MV), and human rhinovirus (HRV) 206,207. However, no
such role of TRPA1 in CHIKV infection has been reported. To ascertain whether TRPA1
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, i). 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 CHIKV 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 HC030031 (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
TRPA1 levels increase significantly. Although TRPA1 modulators can modulate CHIKV
infection, no significant change in TRPA1 expression levels was observed since the TRPA1
modulators used in this study are functional modulators.
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Figure 16 TRPA1 regulates CHIKV infection
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 TRPA1 regulates CHIKV viral titer
To determine whether TRPA1 regulates CHIKV viral titer, a plaque assay was
performed as mentioned elsewhere 226,248. 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 × 108 ± 2 × 107 (1.33-fold) and
conversely decreased in presence of AITC to 1.36 × 108 ± 1.9 × 107 (0.78-fold) as compared to
CHIKV + DMSO control (1.74 × 108 ± 1.5 × 107) (Figure 17). This result indicates that TRPA1
also regulates CHIKV viral titer.

Figure 17 TRPA1 regulates CHIKV 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 CHIKVinfected 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 CHIKV life-cycle
TRPA1 has been widely reported to affect various viral life-cycle stages such as
adsorption, entry and replication

206,207

. To determine which phase of the CHIKV life-cycle

does TRPA1 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
CHIKV addition profoundly affects the CHIKV tier estimated via plaque assay from culture
supernatants at 12 hpi. CHIKV infection significantly altered in the presence of TRPA1
modulators in the

s. The percentage of

CHIKV infection in presence of HC-030031 increased significantly to 30.92% and 36.79% in
, respectively as compared to the corresponding CHIKV
+ DMSO control. Conversely, the percentage of CHIKV infection in the presence of AITC
as
compared to the corresponding control (CHIKV + DMSO). A

, a non-significant

change in CHIKV infection was observed (Figure 18). Taken together, these results suggest
that the TRPA1 may affect the early phases of the CHIKV viral life-cycle i.e., viral adsorption
and/or entry.

Figure 18 TRPA1 modulates early phases of the CHIKV life-cycle
CHIKV 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

pro-inflammatory cytokine response in
host macrophages
CHIKV has been widely reported to induce robust pro-inflammatory cytokine response

in host macrophages

226,227,249 251

. To quantitate the secreted cytokines during CHIKV

infection, we performed sandwich ELISA.

Figure 19 TRPA

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 CHIKVinfected 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).

88

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 IL6 were significantly downregulated as compared to CHIKV + DMSO control (Figure 19).
These results suggest that upon TRPA1 inhibition or activation, the pro-inflammatory response
either increased or decreased respectively in CHIKV-infected macrophages as compared to
CHIKV + DMSO control, respectively.
5.2.8 TRPA1 modulates Ca2+ influx during CHIKV infection in macrophages
TRPA1 is a non-selective calcium-permeable cation channel. Here, we have assessed
the functional contribution of TRPA1 in Ca2+ influx during CHIKV infection in macrophages.
The macrophages were stained with Ca2+ sensitive dye fluo 4-AM. The addition of Ca2+
solution did not induce any Ca2+ influx, indicating that the Ca2+ solution does not trigger any
non-specific change in Ca2+ 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 Ca2+ influx via TRPA1 channels. Similarly, upon treatment with
CHIKV, we observed an increase in Ca2+ influx, indicating that CHIKV binding to host
macrophages induces Ca2+ influx. Next, upon the addition of CHIKV + HC-030031, we
observed that the Ca2+ 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 a.u.) (Figure 20). These results indicate that TRPA1 plays a regulatory role in
regulating Ca2+ influx during CHIKV infection in macrophages.
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Figure 20 TRPA1 modulates Ca2+ influx during CHIKV infection in macrophages
RAW 264.7 cells were treated with Fluo-4 AM, a calcium-sensitive dye. The intensity (F/F0) was
estimated for 60 minutes and the varying treatment conditions were Mock + DMSO (dotted blue), HC030031 only (pink), AITC only (blue), CHIKV + DMSO (green), CHIKV + AITC (red), CHIKV + HC030031 (yellow) and Ionomycin (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 TRPM8, have been

attributed to T cell activation

191,270,98,99

. All 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 Ca2+ in T cells leads to inadequate activation of T cells and
its associated effector functions 271

273

. Additionally, signaling molecules such as PKC, NFAT,

NF-kB, JNK and calmodulin-dependent kinase also requires Ca2+ for their function

181,274,275

.

Accordingly, in the current study, the possible role of TRPA1 in T cell activation was explored.
Moreover, inflammatory cytokines response and subsequent Ca2+ influx was also investigated.
5.3.1 TRPA1 expression in mouse T cells
A number of TRP channels are expressed on T cells 191,194,270,276. In order to determine
whether TRPA1 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 TRPA1 is expressed on T cells.

Figure 21 TRPA1 expression in mouse T cells
Purified T cells were activated by TCR and stained with the -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
antigen as mentioned elsewhere

191

-TRPA1

antibody in the presence or absence of the 1X control blocking peptide. It was observed that
the percentage of TRPA1 positive cells significantly reduced from ~38% to ~2% in the
presence of 1X control blocking peptide antigen. Similarly, it was observed that in TCRactivated T cells, the TRPA1 levels reduced from ~60% to ~2%, as shown below. These results
indicate that the TRPA1 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 TRPA1 regulates T cell activation
In order to determine whether TRPA1 regulates T cell activation, we assessed the levels
of CD69 and CD25 in TCR mediated T cell activation in A-967079 (TRPA1 inhibitor) pretreated 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, CD8: 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 TRPA1 regulates T cell activation
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 TC cells (B). The T cell activation markers
(CD69 and CD25) were upregulated in TCR-activated T cells. Conversely, in T cells pre-treated with A967079 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
response

191,270

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

immunosuppressed T cells, sandwich ELISA was performed as studied elsewhere 191,233.
A

B

C

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- 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- 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 TRPA1 functional role in pro-inflammatory cytokine production in T cells.
5.3.4 TRPA1 modulates Ca2+ influx during T cell activation
A number of TRP channels are reported to contribute immensely towards the calcium
influx required during T cell activation

60,91,98

. To assess whether TRPA1 also contributes

towards the TCR-mediated rise in intracellular Ca2+ levels, we performed Ca2+ influx studies.
We observed that the application of TCR beads led to an immediate increase in TCR-mediated
Ca2+ influx in T cells as compared to resting T cells. Conversely, A967079 pre-treated T cells
stimulated with TCR led to reduced Ca2+ 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.
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Figure 24 TRPA1 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 Ca2+ levels. Conversely, in T cells pretreated with A-967079 and later stimulated with TCR, the intracellular Ca 2+ 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 191,194,276.

Further, TRPV1 has also been reported to affect T cell effector cytokine responses and
contribute to the Ca2+ influx associated with T cell activation 191,194,276. On the other hand, many
immunosuppressive agents, such as, FK506 and cyclosporin, have also been reported to
immediately induce rise in intracellular Ca2+ levels

58,218 223

. 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 B16F10-CS was
investigated. Further, FK506 or B16F10-CS driven down-regulation in T cell activation,
inflammatory cytokine responses and subsequent Ca2+ 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 Ca2+ influx was also investigated.
5.4.1 TRPV1 expression in mouse T cells
T cells express several TRP channels, including TRPV1, TRPV4, TRPA1 and TRPM8
36,191,270,277

. 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
-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 -TRPV1 antibody is high specificity towards the TRPV1
antigen in T cells.

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 B16F10-CS, 5 -IRTX
and FK506, 7-AAD staining was performed as mentioned in methods.
A

B

C

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 191,194. 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 B16F10-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 B16F10-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
27C).

A

B

C

Figure 27 Upregulation of TRPV1 during both immune-activation and immune-suppression
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 191,194.
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.
A

B

C

Figure 28 Modulation of cytokine response in immunosuppressed T cells
FK506 or B16F10-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, IFNdecreased 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 B16F10-CS pretreated 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 Ca2+ via TRPV1 channel
Activation of various immune cells has been marked with a rise in intracellular Ca2+
levels 191,194. 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 Ca2+ levels
36,191,270,277

. 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

Figure 29 Modulation of intracellular Ca2+ via TRPV1 channel
T cells were stained with Fluo-4 AM, a calcium-sensitive dye. The accumulated intracellular Ca2+ 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 Ca2+ 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 Ca2+
levels. Similarly, in T cells pre-treated with FK506 and stimulated with either ConA or TCR,
the intracellular Ca2+ increased markedly. Conversely, in the corresponding 5 -IRTX treated
conditions, the fluo-4 AM intensity drastically decreased indicating lower intracellular Ca2+
levels. Similarly, in T cells pre-treated with B16F10-CS and stimulated with either ConA or
TCR, the intracellular Ca2+ 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 Ca2+ 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 Ca2+ levels during immune activation and
immunosuppression.
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6.

Discussion
TRPV1 and TRPA1 channels are members of the TRP superfamily of structurally

related, Ca2+ permeable channels with polymodal activation properties

10,12,60

. Formerly,

TRPV1 and TRPA1 channels have been attributed in the field of thermo-sensitive pain
responses, especially in the context of neurophysiological responses 278

281

. Interestingly, it has

been found that TRPV1 is co-expressed with TRPA1 in sensory neurons and both integrate a
variety of noxious stimuli

195,280 285

. Current studies indicate that the TRPV1 and TRPA1

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

23,39,276,286,287

. 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)

206,207,214,235,236

. TRPV1 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

206,207

. 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 TRPA1
activator (AITC), CHIKV infection decreased. Conversely, in the presence of a TRPV1
activator (RTX) or TRPA1 inhibitor (HC-030031), CHIKV infection increased. Moreover, the
quantification of viral titer via plaque assay has also shown a similar trend. However, TRPV1
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and TRPA1 expression levels did not alter in CHIKV-infected macrophages in the presence of
TRPV1 or TRPA1 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

191,288

. These findings suggest that both TRPV1 and TRPA1 play a

regulatory role during CHIKV 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, TRPA1, host cell
immunity and CHIKV together.
Additionally, TRPV1 has also been found to be associated with the nociceptive and proinflammatory 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) 21,28,289

292

. However, recent reports have suggested a differential role

of TRPV1. It has been found that the abrogation of TRPV1 expression enhances the proinflammatory responses in various model systems, including cardiovascular system, sepsis,
dermatitis, salt hypertension and renal inflammation

161,293 297

. In the current study, we have

also observed that CHIKV infection in the presence of 5 -IRTX decreased yet the proinflammatory cytokine response increased compared to CHIKV control. To further investigate
the apparent discrepancy in cytokine responses, the expression and nuclear localization of pNFpNF-

well-characterized subunit and reported to play

vital roles in cellular activation and transcription events

26,252,253

. Immunofluorescence and

Flow cytometry assays have shown that in CHIKV-infected macrophages, pNFinduced and translocated to the nucleus as compared to mock cells. In the presence of TRPV1
modulators, the expression and nuclear translocation of pNF-

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-

-

inflammatory cytokine response.
Like TRPV1, TRPA1 has also been reported to act as a transducer and amplifier of pain
and inflammation 31,43,45,47,260

263

. TRPA1 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

195,197,217,261,262

. In 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, TRPML1, TRPML2,
TRPML3 and TRPM8, have been demonstrated to regulate various phases of the viral lifecycle 206

208,214

. 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)

206,207

. To determine which phase of the CHIKV life-cycle does TRPV1

and TRPA1 affects, we have performed time-of-addition studies. We observed that the TRP
modulators affect CHIKV infection most effectively in the
by the

+

+during+

-up followed

-up. TRP modulators were found to be ineffective at
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 205,298

301

. It has been reported that viral adsorption and entry

are accompanied by calcium influx at plasma membrane 200,205,302

305

. Since TRP channels are
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Ca2+ permeable channels, we further explored whether CHIKV binding to host macrophages
in the presence of TRP modulators can modulate differential Ca2+ influx, thereby affecting the
CHIKV infection. We observed that the application of CHIKV to host macrophages induced
Ca2+ influx. In the presence of TRPV1 and TRPA1 activator, Ca+2 influx increased and
conversely decreased in the presence of TRPV1 and TRPA1 inhibitor as compared to CHIKV
control. These results suggest that TRP modulators can regulate Ca2+ influx and thereby can
affect the CHIKV early stages, i.e., viral adsorption and entry.
TRPV1 and TRPA1 are found to be functionally expressed on T cells

36,191,192,194

.

Additionally, TRPV1 and TRPA1 are reported to be functionally expressed as heteromers 306
308

. In the current study, it has been observed that during T cell activation by ConA or TCR,

TRPA1 levels significantly increased in mouse T cells. A-967079, a TRPA1 inhibitor, pretreated 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

191,194

. Further, these results highlight that TRPA1 is crucial

for T cell activation.
T cell activation is associated with robust cytokine response
such as IFN-

191,233,270

. Th1 cytokines,

-2 and TNF, were upregulated during T cell activation. In the current study,

we have observed that the cytokines IFN-

-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 Ca2+
levels 191,309

313

. Increased intracellular Ca2+ levels trigger various cellular signaling events vital

for optimum T cell activation and effector responses 314

318

. 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 Ca2+ influx and lower intracellular Ca2+ levels. These
results indicate that TRPA1 immensely contributes towards Ca2+ 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

191,192,194

. 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 181,219,275,319

324

. Resting T cells maintain

low cytosolic calcium either by extruding calcium to the extracellular environment or by
sequestrating in the endoplasmic reticulum

181,254,325

. It has been earlier reported that T cell

activation is marked with a rise in intracellular Ca2+ levels. In the current study, we have
observed that intracellular Ca2+ levels also increase during immunosuppression. Treatment of
T cells with either FK506 or B16F10-CS increased intracellular Ca2+ levels as compared to
resting T cells. A similar increase in intracellular Ca2+ levels was also reported in other nonimmune models as well 58,218

223

.

TRPV1 functional modulation via 5 -IRTX further validates the FK506 or B16F10-CS
driven rise in intracellular Ca2+ levels in T cells. It has been observed that T cells treated with
FK506 or B16F10-CS have shown an increase in cytosolic Ca2+ as compared to resting T cells
control. Moreover, pre-treatment with 5 -IRTX has led to a marked decrease in cytosolic Ca2+
accumulation. Next, in FK506 treated T cells, either in the presence or absence of ConA or
TCR, the cytosolic Ca2+ levels increased and pre-treatment with 5 -IRTX has led to a marked
decrease in cytosolic Ca2+ levels. Similarly, in B16F10-CS treated T cells, either in the

110

presence or absence of ConA or TCR, the cytosolic Ca2+ 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 Ca2+ levels. These findings indicate that both FK506 or B16F10CS employ a similar rise in cytosolic Ca2+ levels yet induce different immunosuppression
levels. Further, these results also suggest that during both immune-activation and
immunosuppression, the TRPV1 may be the key Ca2+ channel playing an important role in
elevating cytosolic Ca2+ levels in T cells. Mechanistically, a rise in intracellular Ca2+ has been
reported to activate CaMKK2, which in return can induce immunosuppression. Moreover, in
vivo studies show deletion of CaMKK2 inhibits tumor growth 326. Further studies are warranted
for an in-depth mechanism between increased cytosolic Ca2+ 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, TRPV1
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 CHIKV 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 TRPA1 and CHIKV infection in macrophages is
schematically plotted as a model in Figure 31. TRPV1 and TRPA1 play opposing roles during
CHIKV 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 Ca2+ in various pathophysiological conditions, such as inflammatory,
immunosuppressive and autoimmune diseases as well.

Figure 30 Proposed working model depicting the functional role of TRPV1 in CHIKV-infected
macrophages.
TRPV1 is expressed on the surface of macrophages. (A) Upon CHIKV adsorption, TRPV1 channels get
triggered and facilitate Ca2+ influx in macrophages and entry. (B) Upon treatment with the TRPV1
inhibitor, the TRPV1 channel is blocked, leading to attenuated Ca2+ 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 Ca2+ 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.
TRPA1 is expressed on the surface of macrophages. (A) Upon CHIKV infection, TRPA1 channels get
activated, facilitating Ca2+ influx in macrophages. (B) Upon treatment with the TRPA1 inhibitor, the
TRPA1 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 proinflammatory cytokine response also decreases.

Figure 32 Model depicting the relationship between TRPA1 and Ca2+ in T cell activation.
TRPA1 is expressed on the surface of T cells. (A) Upon T cell activation via TCR, Ca2+ influx is induced
via various Ca2+ channels, including TRPA1 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 Ca2+ influx via
TRPA1 is abolished and consequent downstream effector cytokine response is also attenuated.

Figure 33 Model depicting the relationship between TRPV1 expression and Ca2+ levels in both
activated and immuno-suppressed T cells
Resting T cells maintain basal levels of TRPV1 expression and cytosolic Ca2+. (A) Upon activation with
either ConA or TCR, both cytosolic Ca2+ and TRPV1 expression are upregulated along with robust
effector cytokine responses. (B) Upon treatment with immunosuppressive FK506 or B16F10-CS, both
TRPV1 expression and cytosolic Ca2+ 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 Ca2+.
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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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FIGURES CAPTIONS
FIGURE 1 Upregulation of TRPV1 during immune-activation and immunosuppression.
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FIGURE 2 Modulation of intracellular Ca2+ via TRPV1 channel.

FIGURE 3 Modulation of TRPV1 expression and intracellular Ca2+ levels in B16F10tumor bearing mice, in vivo.
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Figure 4 Model depicting functional expression of TRPV1 and intracellular calcium levels
in activated and immuno-suppressed T cells

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.04.434013; this version posted March 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.04.434013; this version posted March 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.04.434013; this version posted March 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

FIGURE 1: Upregulation of TRPV1 during immune-activation and immunosuppression.
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FIGURE 2: Modulation of intracellular Ca2+ via TRPV1 channel.
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FIGURE 3: Modulation of TRPV1 expression and intracellular Ca2+ levels in B16F10-tumor bearing mice, in vivo.
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Figure 4: Model depicting functional expression of TRPV1 and intracellular calcium levels
in activated and immuno-suppressed T cells

