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ABSTRACT

Macrophages and T cells play an important role in executing cell-mediated
immune (CMI) responses by regulating different immune functions. Various altered
physiological conditions, including cancer, different drugs, and many immunosuppressive
modulators are attributed to induce systemic immunosuppression alleviating effector
immune responses. Transient receptor potential vanilloid 1 (TRPV 1) and transient receptor
potential ankyrin 1 (TRPA1) channels regulate various physiological processes by
mediating different cellular pathways. Modulation of TRPV1 and TRPA1 is known to
regulate T cell- and macrophage-associated immune responses. However, the possible
association of these channels towards immunosuppression requires further investigation.
Here, we have found that elevation of TRPV1 expression occurs during FK506
(Tacrolimus, an immunosuppressive drug) or B16F10 (a metastatic immunosuppressive
mouse melanoma cell line) culture supernatant (B16F10-CS) mediated
immunosuppression of T cells, and it was found to play an important role in regulating the
immunosuppression-driven accumulation of intracellular Ca?* levelsin T cells. Moreover,
expression of TRPA1 was found to be elevated during 17-AAG (Tanespimycin; 17-N-
allylamino-17-demethoxygeldanamycin)-driven  suppression  of  proinflammatory
responses of macrophages through Hsp90 inhibition, and it was found to regulates
LPS/IPMA/17-AAG-mediated pro-inflammatory cytokine productions, phospho-mitogen-
activated protein kinase (p-MAPK) expressions, and Ca2* influx, in vitro. In addition, both
TRPV1 and TRPA1 expressions were found to be elevated in Telmisartan (TM)-driven
immunosuppression of T cels, in vitro. TRPV1 activation during TM-mediated
immunosuppression overrides TRPA1 activation-mediated suppression of T cells by
upregulating T cell activation and effector cytokine productions, in vitro. Collectively, this

study could be important in understanding the functional regulation of CMI responses

Xi



associated with immunosuppression in atered physiological conditions and may have

implications for devising better strategies for future therapeutics.
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SUMMARY

Immunosuppression is characterized by the abated effector responses associated with
immune cells, accompanied by the modulation of the cellular events important to mount
an effective immune response, followed by the reduced ability to recognize and/or counter
foreign antigens. Several diseases, including cancer, are observed to progress through
aleviating immune responses, causing systemic immunosuppression. The tumor
microenvironment plays an important role in cancer progression and metastasis by
employing an immunosuppressive network suppressing anti-tumor immune responses.
B16F10, a murine transplantable melanoma cell line, has been reported to hinder T cell
function, in vivo and in vitro. Similarly, various medications, including drugs used in
transplantation, and several modul ators function through the inhibition of effector immune
responses associated with antigen-presenting cells (APC), lymphocytes, and other
accessory immune cells. Transient receptor potential vanilloid 1 (TRPV1) and transient
receptor potential ankyrin 1 (TRPA1) are polymodal, non-selective cation channels
present in different cell types and are reported to regulate effector responses associated
with various immune cells, including macrophages, dendritic cells, and T cells. However,
the information towards the possible involvement of these channels in immunosuppression
associated with T cells and macrophages remains scanty. In this study, first, we have
explored the possible role of TRPV1 in FK506- and B16F10-CS-mediated
immunosuppression of T cells. It was observed that induction of TRPV1 expression
occurs during experimental immunosuppression and TRPV1 plays an important role in
regulating immunosuppression-mediated Ca?* influx. Next, we have investigated the
possible role of TRPAL in 17-AAG-induced Hsp90 inhibition-mediated suppression of

pro-inflammatory responses associated with macrophages. It has been found that TRPA1

XViii



induction ensues during Hsp90 inhibition-mediated suppression of macrophages, and it
plays an anti-inflammatory role in regulating pro-inflammatory responses. Next, we have
studied the possible association of TRPV1 and TRPAL channels in Telmisartan (TM) (an
anti-hypertension drug)-mediated immunosuppression of T cells. It was found that both
TRPV1 and TRPA1 expressions were elevated in TM-driven immunosuppression of T
cells, in vitro. TRPV1 activation during TM-mediated immunoregulation overrides
TRPA1 activation-mediated suppression of T cells by upregulating T cell activation and
effector cytokine productions, in vitro. This study may have implications for
understanding the functional regulation of cell-mediated immune (CMI) responses
associated with immunosuppression in altered physiological conditions toward devising

better strategies for future therapeutics.
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1. Introduction
1.1. Theimmune system

The system, comprised of an intricate network of cells, tissues, and organs, that
protect us from the external threats of foreign invaders like bacteria, viruses, etc., and aid
in fighting those invasions, is the immune system. The study of the immune system is
known as immunology. Constantly we are getting exposed through inhalation, ingestion,
or injury to a plethora of foreign “non-self” entities like bacteria, viruses, pollens, or any
other harmful substances. The immune system has the ability to distinguish between “self”
and “non-self” components which helps an organism in the recognition and elimination of
those foreign/“non-self” elements in a coordinated manner, which may otherwise have
detrimental effects on the organism 2.

The complexity of the immune system increased with its evolution ranging from
prokaryotes to eukaryotes, from bacteria to higher vertebrates, protecting organisms ever
since *°. However, a balanced and coordinated immune response is necessary and critical
for the host's defense against a foreign invasion. Hyperactivation of the immune system
results in aggravated responses causing severe inflammation and could be responsible for
bystander lysis of the “self” cells. Moreover, malfunction in “self” and ‘“non-self”
recognition by the immune system may result in autoimmune diseases, namely rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE), multiple sclerosis (MS), etc.
Immunodeficiency or decreased immune response, conversely, is aso disadvantageous for
any organism as a reduced immune response makes the host more susceptible towards less
virulent strains of pathogens. To name afew, severe combined immunodeficiency (SCID),
acquired immunodeficiency syndrome (A1DS), etc. 8.

The immune system is comprised of an array of defense strategies. Constantly the

host is getting exposed to a variety of foreign invaders, trying to breach the protective



shield recruited by the immune system 8. These invasions, depending on the load or
type/nature of the pathogens, are recognized by different functional layers of the immune
system and restrict the assaults through different modes of action °. Accordingly, different
components (either cellular or secreted/soluble factors) of the immune system function in
different layers, and based on the time of recruitment, mode of action, and function, the
immune system is broadly classified into two distinct but overlapping arms known as the
innate immune system and the adaptive immune system which are connected mutually.
1.2. Innateimmune system

The innate immune system is the first line of defense against foreign invasion. It is
an evolutionarily conserved defense strategy sharing features between plants,
invertebrates, and vertebrates 1°. Almost all the tissues in a mammal are armed with innate
defense mechanisms, especially the skin and mucosal surfaces of the respiratory and
gastrointestinal tract. The innate immune defense can be engaged in either cell-dependent
(cell-mediated) or independent (humoral) manner 1*. The cellular components of the innate
immune system consist of cells such as basophils, dendritic cells, eosinophils, Langerhans
cells, mast cells, monocytes, macrophages, neutrophils, NK cells, etc., which “sense” the
incoming threats through germline-encoded “sensors” known as pattern recognition
receptors (PRRs) that recognize the molecular patterns present on the pathogen known as
pathogen-associated molecular patterns (PAMPs) and restrict the assaults mostly through
phagocytosis or cytotoxicity. The cell-independent components of the innate defense
consist of antimicrobia peptides (AMPs), complement proteins, cytokines/chemokines,
chitinases/chitinase-like proteins, acute-phase proteins, etc. *2. The innate immune
responseisrapid, less specific, and doesn’t evoke any memory responses. However, recent
studies shifted the paradigm towards “trained immunity” associated with the memory

responses by natural killer cells and innate lymphoid cells 1314,



1.3. Adaptiveimmune system

The adaptive or acquired immune system comes into the picture when an innate
response is unsuccessful in clearing the invading pathogen out of the host’s body. The
adaptive response is slower than the innate response. However, it is highly specific
towards pathogens and generates long-lived memory cells, which are capable of triggering
rapid secondary effector responses after the encounter with the same pathogen. The
adaptive immune system functions in either cell-depended (cell-mediated immunity) or an
independent (humora immunity) manner, similar to the innate system. The cellular
components of the adaptive immune system are comprised of highly speciaized
lymphocytes such as T cells and B cells, whereas the cell-independent or humoral part
consists of antibodies (secreted B cell antigen (Ag) receptor/immunoglobulin) secreted by
plasmalactivated B cells °. The specificity triggered by the adaptive immune cells is
primarily based on the antigen-specific receptors, which are expressed by T or B cells
through the process of somatic rearrangement of germ-line gene eements to form
complete T cell receptors (TCRS) or B cell receptors (antibodiesimmunoglobulin) 6.
Adaptive immune cells, after recognizing specific antigens presented through antigen-
presenting cells, become activated and mount an effector response along with memory
generation following proliferation and clonal expansion.
1.4. Components of theimmune system

Bone marrow-derived leukocytes (granulocytes, monocytes, dendritic cells,
lymphocytes, etc.) are the key mediators of immune responses. Lymphoid and myeloid
cells are generated from pluripotent hematopoietic stem cells. Lymphoid cells (T cellsand
B cells) are the main players in the adaptive immune responses, whereas myeloid cells
(granulocytes, monocytes, macrophages, dendritic cells, mast cells, etc.) are involved in

both innate and adaptive immune responses 8. Differentiated tissue macrophages and mast



cells are the front-line effector cells initiating the inflammation. Phagocytes, such as
macrophages, dendritic cells, etc., initiate their function through phagocytosis and recruit
granulocytes such as neutrophils, basophils, eosinophils, and other cells at the site of
infection, mounting innate responses *°. Ingested microbes are then processed into small
antigenic peptides by these phagocytes. Macrophages and dendritic cells are specialized in
their function, and after ingestion of the microbes, they migrate to the
peripheral/secondary lymphoid organs to present the processed antigenic peptides (so are
called antigen-presenting cells (APCs)) to lymphoid cells like T cells or B cdlls.

Maturation of T and B

Table 1: Differences between Innate and Adaptive Immune Responses

S.No. | Characteristics I nnate lmmunity Adaptiveimmunity
1 Presence Gemline encoded. Generates through somatic
rearrangement of T cdll
receptor (TCR) or
immunoglobulin/B cell
receptor (BCR) gene
elements.
2. Specificity L ess-Specific, board | Specific for a particular
spectrum recognition antigen
3. Response Against molecular patterns | Against specific infection
present on foreign invader
4, Responsetime | Rapid Slow (7-14 days)
5. Potency Limited and Lower Higher
6. Inheritance Inherited through parents Acquired through infection.
7. Memory Doesn’t generate a memory | Generates memory.
response.
8. Diversity Low High
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Figure 1. Human immune system and generation of blood cells through hematopoiesis.
(A) The human immune system % and (B) generation of different blood cells through

hematopoiesis (Kuby 7" edition).

lymphocytes occur in the primary lymphoid organs, such as the thymus and bone marrow,
respectively. Major peripheral/secondary lymphoid organs include the spleen
(accumulating antigens from the bloodstream), lymph nodes (accumulating antigens from
the tissue), and mucosal-associated lymphoid tissues (MALT) (accumulating antigens
from the epithelial surfaces). Recirculation of mature lymphocytes from blood to
peripheral/secondary lymphoid organs and from peripheral/secondary lymphoid organs to
blood occurs through lymphatic vessels. Recognition of specific antigens on the surface of
macrophages/dendritic cells triggers an adaptive immunity following proliferation and

differentiation, generating memory for the immune system 2122,



1.5. Physical and chemical barriersto theimmune system

Restrictions for the entry of pathogens inside the host’s body are initiated by the
physical and chemica barriers of innate immunity. The physical barriers include skin,
gastrointestinal tract, respiratory tract, nasopharynx, cilia, eyelashes, and other body hairs,
whereas the chemical barriers include body secretions, mucus, bile, gastric acid, saliva,
sweat, antimicrobial peptides, etc. 22. The thick epithelial lining, acidic pH (~ 5.5), and
flora of beneficial bacteria inhibit the colonization and growth of pathogens on the skin
surface. Specialized structures called cilia are present on the surface of the respiratory and
gastrointestinal tract and help in sweeping out bacteria during respiration and ingestion.
The mucus layer present in the respiratory tract, gastrointestinal tract, urogenital tract,
ducts of exocrine secretory glands, etc., prevents the binding and entry of pathogens.
Gastric pH (~ 1-3), pH of the vaginal fluid (~ 4.4), and lysozyme present in tears restrict
microbial growth. However, breaching occurs owing to the damage or impairment to these
barriers facilitating the entry of the pathogens inside the host, approaching contact with
different immune cells %224,
1.6. Organs and cells of the immune system

Lymphoid organs are the principal players of the immune system facilitating the
generation and supporting the development of the immune cells. The primary lymphoid
organs include bone marrow and thymus, whereas the secondary or peripheral lymphoid
organs are comprised of the spleen, lymph nodes, lymphatic vessels, tonsil, adenoid, skin,
and liver, %%,

Bone marrow is the soft sponge-like tissue found inside the bone containing
pluripotent hematopoietic stem cells, which give rise to most of the immune cells. These
cells then migrate toward their particular organs or tissue through the bloodstream. Red

bone marrow, at the time of birth, is found inside many bones; however, with time, the



marrow has been replaced by fatty tissue. The ribs, breastbone, and pelvis are the
remaining bones that contain the marrow during adulthood.

The thymus is a gland-like structure found at the backside of the breastbone above
the heart. The size of the thymus starts to shrink afew days after birth. Antigen education
and maturation of T lymphocytes occur inside the thymus supported by other thymocytes.

Spleen resides in the left upper abdomen, below the diaphragm. It houses different
immune cells which scavenge and filter microbes or debris present in the bloodstream.
Spleen aso helps in the breakdown of erythrocytes and thrombocytes.

The lymph nodes are bean-like small tissues residing across the lymphatic vessels.
The main function of the lymph nodes is to filter out infections from the infected tissues.
Pathogenic encounter with the circulating immune cells occurs inside the lymph nodes.

The tonsils reside in the throat and the palate, holding a significant amount of
white blood cells which shield the entry of pathogens through the mouth and nose.

Other secondary lymphoid organs include MALT (mucus-associated lymphoid
tissue), GALT (gut-associated lymphoid tissue), NALT (nasal-associated |ymphoid
tissue), BALT (bronchus-associated lymphoid tissue), Peyer's patches, etc.

Hematopoiesis is the process of the generation of blood and bone marrow cells.
Hematopoietic stem cells (HSCs) are multipotent, capable of generating progenitor cells
and have self-renewa ability. Hematopoiesis begins with the division of the multipotent
progenitor cells into common myeloid progenitor and common lymphoid progenitor
(Figure 2). These common progenitors lack the ability to self-renewa 2. Common
myeloid-progenitor cells give rise to dendritic cells, erythrocytes, monocytes,
macrophages, neutrophils, basophils, mast cells, eosinophils, erythrocytes, and

megakaryocytes, whereas common lymphoid progenitor cells generate T lymphocytes, B
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lymphocytes, and natural killer cells (NK cells) 28. The fate of the hematopoietic stem cells
depends on different signaling molecules like interleukins (ILs), erythropoietin, and
colony-stimulating factors (CSFs) generating specific niches of cells *. T cells and B cells
are the main players in conducting the adaptive immune system, while monocyte
macrophages, dendritic cells, etc., function both as innate and adaptive immune cells.

1.7. Antigen-presenting cells (APC)

The immune system is constantly exposed to foreign molecules and neo/unknown
antigens. These “nonself” molecules must be recognized by the immune cells from the
“self” elements. In order to mount an effective immune response, the immune cells must
be trained against these “nonself” molecules. Accordingly, the training or priming of the
immune cells against those foreign “nonself” molecules/antigens through phagocytic
engulfment, processing, and presentation of the “nonself” molecules, in a recognizable
form, is given by the so-called “trainers” known as antigen-presenting cells (APCs) 3.
Depending on the degree of presenting exogenous antigens and the expression of certain
cell surface molecules present on these cells, the APCs can be classified as professional
and non-professional APCs 322 (Figure 3).

Professional APCs include dendritic cells, macrophages, and B cells. These cells
are specidized and much more efficient in presenting foreign/exogenous antigenic
peptides through major histocompatibility complexes (MHCs). Dendritic cells and
macrophages engulf microbes through phagocytosis, whereas B cells opt for receptor-
mediated endocytosis. Constitutive expression of class I MHC (MHCII) molecules and
costimulatory molecules such as CD80 (B7.1), and CD86 (B7.2) are the prominent
features of professional antigen-presenting cells. Non-professional APCs include all
nucleated cells, e.g., epithelia cells, fibroblasts, endothelia cells, glia cells, etc. These

cells are mostly involved in presenting endogenous antigens through class | MHC
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(MHCI). Non-professional APCs do not express MHCII or costimulatory molecules

constitutively. However, the expression of
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Figure 3: Differences between Professional APCs (The Immune System, Garland Science,

39 Edition, 2009).

these molecules may appear in response to certain cytokines or other molecules involved

in generating immune responses.



1.8. Antigen processing and presentation

Antigen processing and presentation are the primary steps for initiating an optimal
adaptive immune response. Depending on the source of the antigens, APCs present the
foreign peptides to different subsets of T lymphocytes via MHC molecules **, generating
protective T cell responses. Exogenous antigens are processed mostly by professional
APCs and presented to CD4+ helper T cells (Th cells) via MHCII molecules, whereas
endogenously expressed foreign antigens are presented by APCs to CD8+ cytotoxic T
cells (Tc cells) via MHCI molecule. MHC molecules that are not loaded with antigenic
peptides are unable to activate T lymphocytes. Exogenous antigens (e.g., bacteria) are
processed and presented through the exogenous pathway, whereas endogenous antigens
(viral proteins, transformed antigens, etc.) are processed and presented via the endogenous
pathway of antigen processing and presentation 322°,
The exogenous pathway of antigen processing and presentation begins with the
internalization of the foreign pathogen/molecule either by phagocytosis (by dendritic cells
and macrophages) or by endocytosis (by B cells). After getting internalized, the exogenous
substances travel through a network of endosomes having different pHs, such as early
endosome (pH 6 - 6.5), late endosome/endolysosome (pH 4.5 - 5), and lysosome (pH 4.5)
and eventually end up in 13-18 amino acid (AA) long peptides with the action of different
proteolytic enzymes. The invariant chain/CD74 (Li protein) protects the MHCII peptide
binding groove in the rough endoplasmic reticulum (RER) from the binding of peptides
designed for MHCI. After the transport of the MHCII molecules from RER to
endolysosoma compartments via cis- and trans-Golgi network, the Li protein gets
trimmed off, giving rise to CLIP (class Il-associated invariant chain) protein in the

endolysosome. A non-classical MHCII molecule, HLA-DM, facilitates the exchange of
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CLIP with antigenic peptides. The peptide-MHCII complex is then transported to the cell

membrane and presented to Th cells %637 (Figure 4).

Endogenous pathway
(class 1 MHCO)

Exogenous pathway
(class 11 MIIC)

Endogenous

antigen @

®

Endogenous antigen is

degraded by proteasome. /
teas <
@ Rxoicisome J Rough endoplasmic
/Pcptidc is transported to \Z ° reticulum (RER) ' ‘
RER via TAP. Invariant Class I MHC o and 3

bind invariant chain,
blocking binding of
cndogenous antigen.

Tapasin )
B,-microglobulin JassT | Class II
MHC | Calnexin MHC @
I MHC complex is routed
Peptide | through Golgi to
G\ | endocytic pathway
~Class I MHC o chain I compartments.

binds calnexin, then B, : ® ’
microglobulin. Calnexin l G a l 3)

(, l 1 l - . . .
dissociates, Calreticulin Shshdsy G ioyarant chaln )
and Tapasin bind. MHC degraded, leaving CLIP
captures peptide, fragment.
chaperones dissociate., Digested

C znva;:ant jlixogcnous antigen is

o - taken up, degraded,
=y ? routed to endocytic
4 pathway compartments.

|

|

|

|

|

|

|

|

3 |
Class | MHC-peptide is @ | S % ~—— Exogenous
transported from RER to : f )

|

|

|

|

|

|

|

|

: antigen
Golgi complex to plasma

5
membrane, HLA-DM mediates
U cxchange of CLIP for
l antigenic peptide.
|

S

o | Class Il MHC-peptide is
" / ' . / transported to plasma
Cass ] I Clags 1l membrance
MHC | MHC .

Figure 4. An overview of endogenous and exogenous pathways of antigen processing and

presentation (Immunology, Kuby, 51 edition).



The endosomal pathway of antigen processing and presentation begins with the
tagging of endogenously expressed “nonself” proteins with ubiquitination. Ubiquitinated
proteins are then degraded with the help of proteasomal complexes creating small peptide
fragments and transported from the cytoplasm to the RER lumen via TAP (Transportes
associated with antigen processing) proteins. Endoplasmic reticulum aminopeptidases
(ERAPS) then further chop the antigenic fragments into around 9 AA peptides. Calnexin,
calreticulin, and tapasin proteins monitors and facilitate the proper binding of the antigenic
peptide to the peptide binding cleft of MHCI. The MHCI-peptide complexes are then
transported to the cell membrane through the cis- and trans-Golgi network and presented
to Tc cells 238 (Figure 4).

However, having al the regulatory/monitoring mechanisms, cross-presentation
occasionally occurs when the exogenous antigenic peptides are presented through MHCI
moleculesto Tc cells 34,

1.9. Antibodies

Antibodies (Ab) are the factors of the vertebrate adaptive immune system that
protects the host from various pathogens, such as viruses, toxins, etc., and ad in
neutralizing these foreign elements by recruiting various immune functions. Antibodies
can be found in either soluble/secreted form or bound to the B cell membrane as B cell
receptors. It possesses a “Y” shaped structure having two identical antigen binding sites on
the tips known as the Fa, region, whereas the membrane binding site resides on the tail of
the “Y”, called the F¢ region. Antibodies are made up of 4 polypeptide chains — two
identical light chains and two identical heavy chains. The light chains are made up of one
variable (V) and one constant region (C.), whereas the heavy chain contains one variable
(Ln) and 3 - 4 constant regions (Cx). Depending on the presence of distinctive heavy

chains, the antibodies are classified as IgA, 1gD, 19G, IgE, and IgM, having heavy chains
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a, 9, v, € and p respectively. The light chains are either k or A. Either class of light chains
can associate with any heavy chain to form the complete structure. The biological role of
an antibody depends on the presence of a specific heavy chain. A particular clone of the B
cell contains unigue antibodies specific for a unique epitope of an antigen. During the
development of B cells in the bone marrow, the antibody molecules remain in membrane-
bound condition. In the periphery/secondary lymphoid organs, once the B cell receptors
bind to its particular antigen along with other co-stimulatory signals, the B cells become
activated following proliferation and differentiation. These activated B cells differentiate
into either memory B cells or antibody-secreting plasma B cells that secret antibodies
which have the same specificity. Antibodies mostly function in the neutralization of
pathogens, phagocytosis, antibody-dependent cellular cytotoxicity (ADCC), complement-
mediated lysis of the pathogen or the infected cells, etc. 222443,
1.10. Cytokines and chemokines

Cytokines and chemokines (chemotactic cytokines) are important mediators
regulating physiological responses having pleiotropic functions. These are small
soluble/secretory protein molecules that control the growth and development of cells,
generation of immune cells, lymphocyte recruitment, differentiation of cdls,
inflammation, etc., through an autocrine or paracrine, or endocrine manner by employing a
vast signaling network between different cells. An immune response, triggered by the
function of a group of cytokines, decides the phenotype of the forthcoming cellular
outcomes “*°, Examples of cytokines include the interleukin (IL) superfamily of proteins
suchasIL-1, IL-2, IL-4, IL-6, IL-10, IL-11, IL-13, IL-15, IL-16, IL-17, IL-18. Cytokines,
other than the IL superfamily, include interferons (IFNs), tumor necrosis factors (TNFs),
transforming growth factors (TGFs), colony-stimulating factors (CSFs), fibroblast growth

factor (FGF), vascular endothelial growth factor (VEGF), etc. Contingent on the cellular
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outcome it facilitates, the cytokines can be broadly classified as pro-inflammatory and

anti-inflammatory/regulatory.

Pro-inflammatory cytokine includes IL-1, IL-2 (dso known as T cell growth
factor), IL-6, IL-16, IL-17, IL-18, TNF, IFN, etc., whereas anti-inflammatory/regul atory
cytokines include IL-10, TGF-, IL-4 (mostly), IL-11, IL-13, etc. Examples of chemokine
include macrophage inflammatory proteins (MIPs) (also known as IL-8), monocyte
chemotactic proteins (MCPs), interferon-y-inducing protein-10 (IP-10), Mig, regulated
upon activation normally T expressed and secreted (RANTES), eotaxin, C10, KC/Gro-a,

etc 46,47

1.11. Lymphocytes

Lymphocytes are critical players in mediating adaptive immune responses having
the ability to recognize specific antigenic epitopes. It includes T and B cells. T cells
mediate the cell-mediated immune responses by interacting with other cells, whereas the B
cells mediate humoral immunity through antibody responses. Both types of lymphocytes
possess similar morphology containing a large nucleus, compact heterochromatin
structures, and less cytoplasmic volume with a few mitochondria, ribosomes, and
lysosomes. The volume of the cytoplasm, along with the number of cytoplasmic
organelles, increases with activation subsequent to specific antigenic encounters in the
periphery. A particular antigenic epitope is recognized by a particular receptor present in T
and B cells, known as the T cell receptor (TCR) and B cell receptor (BCR), respectively,
having enormous phenotypic diversity generated through vigorous somatic recombination
processes.
1.11.1. T lymphocytes

The development of T cells begins in the later stage of hematopoiesis in the bone

marrow, where hematopoietic stem cells (HSCs) differentiate into multipotent progenitor
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cells. A subset of these progenitor cells started expressing recombination activating genes
1 and 2 (RAG1 and RAG2), generating the common lymphoid progenitor cells. A small
subset of common Iymphoid progenitors migrates to the thymus and differentiates into
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-ng T cellswith the action of different signaling molecules, having either CD4 or CD8 as a
co-receptor .

At the beginning of the maturation stage in the thymus, T cells bear both the co-
receptors and are called CD4+CD8+ double positive (DP) cells. Positive selection of these
cells in human channels through a “self” antigen presentation test where the epithelial cells
of the thymic cortex present the “self” antigens via class I and class II human leukocyte
antigens (HLA-1 and HLA-11) molecules. Cells expressing TCRs that have an intermediate
affinity towards those self-antigens get positively selected and differentiate into either
CD4+CD8-/CD4-CD8+ single positive (SP) cells depending on the HLA recognition.
Cdlls recognizing HLA-I differentiate into CD8+ cells, and cells recognizing HLA-II
differentiate into CD4+ cells. Cells that are unable to bind the HLA molecules undergo
apoptosis 490,

The negative selection of the SP cells takes place in the medulla of the thymus.
Thymic epithelial cells of the medulla present a diverse range of self-antigens through
HLA-I and HLA-II molecules. Cells expressing TCRs that bind to these self-peptides with
high affinity undergo apoptosis, eliminating the autoreactive cells *°. Surviving cells of the
negative selection mature into naive T cells and leave the thymus and migrate to
secondary lymphoid organs for antigen priming.

The recognition of specific antigenic epitopes by T cellsis mediated by the T cell
receptors (TCRs). TCR is made up of the antigen binding chains and the accessory
proteins forming the multiprotein TCR complex. The variable antigen binding chains
include either afy or yd and the accessory proteins comprising the CD3ye, CD3d¢, and
CD3(( L. The CD3 { chains have an elongated cytoplasmic tail which facilitates the TCR-

mediated T cell activation signals.
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T cells constantly migrate through the lymph nodes, searching for their specific
antigens. An optimal binding of TCRs with the MHC-peptide complex presented by the
dendritic cells initiates T cell activation, differentiation, and proliferation, generating

effector and memory T cells *?

. T cdl signaling cascade originates from the
phosphorylation of lymphocyte-specific protein tyrosine kinase (Lck) and Fyn associated
with the CD4/CD8 co-receptors and CD3 ¢ chain, respectively, next to TCR engagement
with the antigenic peptide. Through subsequent phosphorylation by kinase activities, the
immunoreceptor tyrosine-based activation motif (ITAM) moiety of the CD3de gets
phosphorylated, which attracts the {-chain associated protein kinase of 70 kDa (ZAP70).
ZAPT70, in turn, activates the linker for the activation of T cells (LAT) and phospholipase
C y1 (PLCyl). Activated LAT initiates actin reorganization, whereas PLCyl activates
phosphatidylinositol 4, 5-bisphosphate (PIP2), diacylglycerol (DAG) and facilitates the
expression of nuclear factor of activated T cells (NFAT), nuclear factor kappa B (NFkB),
and activator protein 1 transcription factor (AP-1) transcription factors. NFAT, NF«B, and
AP-1 facilitate the expression of IL-2, high-affinity IL-2 receptor alpha (IL-2Ra, also
known as CD25), expression of cell adhesion molecules, costimulatory molecules,
antiapoptotic proteins, etc. 5. However, optimal T cell activation requires costimulatory
signals referred to as the second signal of T cell activation (TCR-MHC-peptide being the
first one) 5%, Examples of positive costimulatory molecules present on T cells include
CD28, CD27, HVEM, etc. that interact with CD80/CD86 (B7.1/B7.2), CD70, and LIGHT
molecules present on APCs, respectively. Negative costimulatory molecules on T cells
include CTLA-4, PD-1 which interacts with CD80/CD86, and PDL-1/PDL-2 molecules
present on the APCs. Positive costimulatory signals help in sustaining the activation state,

whereas negative costimulatory signals reduce the degree of T cell activation inducing T

cell anergy.
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Antigen binding and co-stimulation initiate IL-2 and IL-2R expression in T cells.
IL-2, after being secreted from the activated T cells, can function in either an autocrine or
paracrine manner facilitating blastogenesis and clonal expansion of T cells giving riseto a
large number of activated T cells having identical TCRs *’. Subsequent to the clearance of
the pathogen, effector T cells are eiminated from circulation through apoptosis initiated
by the interaction with Fas-FasL, TNF-TNFRI/TNFRII, etc. %8,

Following activation, T cells are differentiated into different subpopulations
depending on the nature of the antigenic peptide, APC type and its state of activation,
cytokine microenvironment, and the type of co-stimulatory signals. The functions of the
activated CD4+ helper T cells (Thcells) include helping other cells by further inducing the
immune response through cytokine secretion, activating B cells to generate antibody-
secreting plasma cells, etc. Based on the effector cytokines response, Th cells can be
classified into several subclasses. Thl cells secrete IFNy and induce cell-mediated
immune responses against pathogens, involved in autoimmunity and delayed-type
hypersensitivity (DTH) °. Th2 cells secrete IL-4, IL-5, IL-9, IL-10, IL-13, etc.,
suppressing inflammatory responses, IgE class switching, airway hyperresponsiveness,
mast cell recruitment, etc. 8. Th9 cells secrete IL-9, IL-10, etc., and help in IgE class
switching, mucus secretion, etc. 1. Th17 cells secret IL-17, IL-6, IL-9, TNF-a, etc., and
induces chemokine production, neutrophilia, etc. 82. Th22 cells secrete IL-22, TNF-a, IL-
13, etc., and help in antimicrobial peptide synthesis, keratinocyte proliferation, etc. %3, Tfh
(follicular helper T cells) secrets IL-21, IL-4, IL-10, etc., and helps in the formation of
germina centers, plasma cell production, development of B cells, etc. ®. Regulatory T
cells (Tregs) can be either CD4+ or CD8+. However, the prime functions of these cells are
to regulate the immune function by suppressing inflammatory responses, promoting Th2

polarization, preventing autoimmunity, etc. Based on the origin, Tregs can be classified as
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thymic Tregs (tTregs, originates in the thymus) and peripheral Tregs (pTregs, originatesin
the periphery) 8%, Activated CD8+ cytotoxic T cell functions by destroying the altered
target cells (virus-infected cells, cancerous cells, etc.) directly through cytotoxicity.
Exerted cytotoxicity by the CD8+ cytotoxic T cells that results in apoptosis of the target
cell includes the release of different cytolytic granules (perforins, granzymes, etc.),
expression of ligands for death receptors like FasL, etc. 6", Perforin polymerization form
pores in the target cell membrane destroying the osmotic equilibrium and allowing the
entry of granzyme that degrades mitochondria or other intracellular entities through their
proteolytic effects.

1.11.2. B lymphocytes

The generation and development of B cells initiate in the bone marrow.
Multipotent hematopoietic stem cells (HSCs) give rise to common lymphoid progenitor
(CLP) cells. CLPs then differentiate into CLP-2, generating the B cell lineage . B cell
development from CLP-2 is divided into several stages, namely early pro-B cells, late pro-
B cdls, pre-B cells, and immature B cells. Immature B cells, after generation, leave the
bone marrow and migrates to the secondary lymphoid organs for an antigenic encounter.

B cell receptors (BCRs) are nothing but membrane-bound antibodies having a
transmembrane and a cytoplasmic segment. Immature B cells contain either IgM or IgD
on their surfaces;, however, these immunoglobulin (Ig) molecules, having three amino
acid-long cytoplasmic domains, are unable to transduce the signal through their
cytoplasmic segments. Along with IgM/IgD, another accessory set of immunoglobulins
(Ig) molecules, Iga and Igp, constitutes the BCR complex. Iga and Ig are required for the
initiation of signal transduction through BCRs providing the ITAM motif to different

kinases.
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Different immunoglobulin gene segments codes for the heavy (H) and light (L)
chains of the B cell receptor. H chains are made up of variable (V), diversity (D), and
joining (J) gene segments, whereas L chains are consist of V and J segments of
immunoglobulin genes. An enormous diversity of BCRs is generated through the
recombination of different gene segments by the action of RAG1 and RAG2 enzymes .
Pre-BCRs are made up of a pu heavy chain and a surrogate lite chain (SLC). Optimal
signaling through pre-BCR signifies successful heavy chain recombination and initiates
the light chain gene recombination process followed by the proliferation of pre-B cells and
differentiation into immature B cells. Immature B cells then migrate to the secondary
lymphoid tissues and further mature in the germinal centers. Activation of immature B
cells by subsets of helper T lymphocytes initiates the proliferation and somatic
hypermutation in the variable region gene products, giving rise to a large number of B
cells having numerous variations in the variable region of BCRs. During the antigenic
encounter, high-affinity binding of the antigen with specific BCR-bearing B cells selects
that particular clone of B cell and maturation of those particular clones occurs through the
process of affinity maturation. Class switching of immunoglobulins takes place after
affinity maturation through intrachromosomal deletion rearrangement in the constant
region genes generating antibodies with different isotypes giving rise to IgG, IgA, and IgE
71,72_

BCR signaling initiates with specific antigenic binding. The signaling starts with
the activation of SRC family kinases (SFKs) following the aggregation of BCRs.
Activated SFKs such as Lyn, Fyn, Syk, etc. then phosphorylate the ITAM motifs of the
accessory immunoglobulins Iga and IgP and transduce the signaling through PLCy2,
PI3K, AKT, DAG, etc. pathways generating the transcription factors NFxB, ATF-2, Jun,

FoxO, etc. leading to different gene expression, metabolic changes, cell proliferation,
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cytoskeletal reorganization, migration, etc. 3. B cell co-receptor complex includes CD19,
CD21 (CR2), CD45, CD38, and CD81 molecules, helping in the amplification of the
signalsinduced by BCR.
1.12. Antigen-presenting Cell (APC) — T cell interaction

Generation of antigen-specific immune responses towards foreign antigens is
optimally devised by the mutual communication between APCs and the antigen-specific T
cells "8, The interface between APCs and T cells is known as an “immunological
synapse”. Naive T cells require several activation signals for optimal activation. Signal 1
involves the recruitment of antigen-specific TCR present on the T cells and its interaction
with the antigenic peptide presented through the MHC (MHCI/MHCII) molecules on the
surface of APCs. Signa 2 includes severa co-stimulatory signas, e.g., CD28-
B7.1(CD80)/B7.2(CD86), CD40L (CD154)-CD40, etc., that help in enhancing as well as
sustaining the TCR-mediated signal 1. CD4+ helper T cells consgtitutively express CD28
molecules. During antigen presentation, expression of co-stimulatory molecules such as
B7.1, B7.2, etc. on APCs goes up, and interaction between TCR-antigenic peptide-MHC
leads to T cell activation followed by increased IL-2, IFNy production, CD25 expression,
T cell proliferation, and survival ”/. TCR-MHC engagement enhances the expression of
TNF receptor family proteins such as CD40L on T cells. CD40L interacts with CD40 on
APCs, leading to subsequent up-regulation of certain adhesion molecules, MHCII
expression, and cytokine production by APCs. Other up-regulated TNF receptor family
protein includes OX40 (CD134), 4-1BB (CD137), and CD27 having co-stimulatory
functions following T cell activation, providing the waves of signal 2, important for
sustaining the activation cascade required for T cell differentiation, proliferation, and
memory generation . Following initial activation, T cells express CTLA4, an

activation-induced negative costimulatory molecule that binds B7.1 and B7.2 with higher
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affinity than CD28. Interaction of CTLA4 with B7 molecules induces T cell anergy
following decreased T cell responses maintaining the homeostasis of the immune system.
Other T cell inhibitory molecules include the PD-1 receptor that interacts with PDL-1 and
PDL-2 on APCs, responsible for decreased immune responses, similar to CTLA4 8081,
1.13. CMI responsefollowing T cell activation

Engagement of antigen-specific TCR with MHC-peptide complex along with the
co-stimulatory signals activates T cellsresulting in T cell proliferation, differentiation, and
memory generation. T cells are restricted towards the origin of the antigens and the type of
MHC molecules that present the antigenic peptide to T cells. Exogenous antigens
presented by APCs through MHCII molecules are recognized by CD4+ helper T cells (Th
cells), whereas endogenous antigens presented by APCs through MHCI molecules are
recognized by CD8+ cytotoxic T cells (Tc cells). Following recognition of specific
antigens, depending on the cytokine milieu, Th and Tc cells recruit certain responses
contingent on differentiation. Th cell activation leads to effector and memory cell
generation. Effector Th cells secret various cytokines that help in the activation of Tc
cells, B cells, macrophages, and other immune cells, further strengthening the protection
against the foreign pathogen. Tc cell activation, under Th cdl influence, results in the
generation of cytotoxic T lymphocytes (CTLs) that exhibit cell killing/cytotoxic activity.
CTL plays an important role in monitoring and eradicating altered self-cells, such as virus-
infected cells, cancerous cells, etc., from the body 788285,
1.14. Th1/Th2 polarization and function

Naive T helper cells, after leaving the thymus, start migrating to the secondary
lymphoid tissues as ThO cells. ThO cells, following activation through antigenic encounter,
differentiate into effector T helper cells having the ability to polarize into Thl or Th2 cells

8, 1L-2, IFNy, lymphotoxin-a (LT-a), etc., are the cytokines released by matured Thl
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cells, whereas mature Th2 cells produce IL-4, IL-5, IL-9, IL-10, and IL-13 &8, However,
a few human Thl polarized cells have been reported to secrete IL-10 and IL-13,
illustrating an overlap in cytokine profiles produced by Thl and Th2 cells 8%, Other
subtypes of helper T cells include Th3, T regulatory type 1 (Trl), etc. Th3 cells secrete
TGF-B regulating mucosal immunity, induce B cells to express IgA, etc., whereas, Trl
cells produce IL-10 and a lesser amount of TGF-B suppressing overall immune responses
9194 TFNy, a signature proinflammatory Th1 cytokine, plays an important role in inducing
phagocytosis, the intracellular killing of microbes, oxidative burst and enhances the
expression of MHCI/MHCII molecules, increasing antigen presentation to T cells %%,
Moreover, IFNy and LT-a stimulate non-leukocytes such as endothelia cells,
keratinocytes, fibroblasts, etc., inducing the expression of TNF and chemokines and
facilitating blood vessel dilation, diapedesis of leukocytes, recruiting innate immune cells
to the area of infection %12, Th2 cytokines such as IL-4, IL-10, and IL-13, in contrast,
induce B cell proliferation and antibody class switching 1°31%, |L-10, having a potent
immunosuppressive activity, inhibits proinflammatory responses and reduces the degree of
phagocytosis, oxidative burst, and antigen presentation %197, |L-5 induces the production
and chemotaxis of eosinophils from the bone marrow!. IL-4, IL-5, IL-9, and IL-13 play
an important role in airway inflammation in asthma and reactive airway diseases 1911,
Thl and Th2 cells are also reported to cross-regulate each other. IFNy, produced by Thl

cells, suppresses the production of I1L-4 inhibiting Th2 polarization 2. Conversdly, IL-10

and IL-4 block the production of I1L-12 and IFNy, inhibiting Th1 polarization 13114,
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2. Review of literature
2.1. Immunosuppression and immunosuppr essive agents

Immunosuppression could be broadly described as the abated effector immune
responses associated with macrophages, dendritic cells, lymphocytes, and other accessory
immune cells. It is a state with a reduced ability to recognize or counter foreign antigens
resulting from the modulation of signaling molecules involved in cellular pathways
important to mount immune responses or by reducing the number of effector immune cells
115.

The causes of immunosuppression can be classified into two broad categories such
as intrinsic/non-deliberate  and extrinsic/deliberate. Intrinsic/non-deliberate
immunosuppression includes persisting chronic diseases like HIV, cancer, aging, asplenia,
etc. 116122 Extrinsic/deliberate immunosuppression includes therapeutic medications,
radiation therapy, etc. 1?3124 Medications are generally used to suppress an aggravated
immune response during autoimmunity, chronic inflammation, organ transplant, etc.
Agents that induce immunosuppression include Antithymocyte Globulins (ATG) 12126,
Interleukin (IL) - 2 Receptor Antagonists (Basiliximab and Daclizumab) 2718
Azathioprine (AZA) *?°, Glucocorticosteroids **°, Calcineurin Inhibitors (Cyclosporine A
(CsA) and Tacrolimus (Tace / FK506)) 31132 etc. Table 2 contains a detailed list of

immunosuppressive agents.

Table 2: List of immunosuppressive agents with brief mechanisms 123

Name of the Agent/Drug M echanism of Action
rATG Polyclonal antibodies against CD2, CD3, CD4, CDS,
CD11a, CD18, CD25, CD44, HLA-DR, HLA | heavy chain
Basiliximab Chimeric human/murine monoclonal IgGlk against
CD25/Tac subunit
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Alemtuzumab Humanized monoclonal IgG1xk against CD52

Muromonab-CD3 Murine monoclonal antibody against CD3 of T-cel
receptor complex
Azathioprine Converted to  6-mercaptopurine, inhibits  purine
biosynthesis and CD28 signaling
Glucocorticoids Inhibits formation of free NF-xB and down-regulates
expression of proinflammatory cytokines
Cyclosporine A Binds cyclophilin and inhibits calcineurin, prevents

activation of NFAT and expression of IL-2, stimulates
TGF-B expression

Tacrolimus (FK506) Binds FK-binding protein, inhibits calcineurin, prevents
activation of NFAT and expression of IL-2, stimulates
TGF-f expression

Mycophenolate mofetil Inhibits inosine monophosphate dehydrogenase and de
novo purine biosynthetic pathway
Mycophenalic acid Enteric  coated, inhibits inosine  monophosphate
dehydrogenase and de novo purine biosynthetic pathway
Sirolimus Binds FK-binding protein and inhibits mammalian target of

rapamycin (MTOR) pathway by binding mTOR complex 1
leading to blockade of activation of 70-kDa S6 protein
kinases, expression of bcl-2 proto-oncogene, Ca?*-
independent CD28-induced costimulatory pathway

Belatacept Fusion protein of modified CTLA-4-human Ig, blocks
B7/CD28 costimulatory proteins
Leflunomide Inhibits dihydroorotate dehydrogenase and pyrimidine
biosynthesis
Eculizumab Monoclonal antibody against complement C5
Rituximab Monoclonal antibody against CD20 glycoprotein on B cells
IVIG Suppress autoantibodies, cytokines, neutralize
complements, up-regulate FcyRIIB, immunomodulation
17-AAG Binds and inhibits Hsp90, suppresses inflammatory
responses
Telmisartan (TM) Angiotensin receptor blocker, used as a medicine to treat

hypertension, inhibits inflammatory responses

Treatment of undesirable immune responses generated by allergic reactions,
autoimmunity, and/or transplantation involves the wuse of anti-inflammatory,

immunosuppressive, and cytotoxic drugs. Immunosuppressive drugs are currently used to



treat transplant patients to suppress the immune responses generated against the
transplanted graft *313*, Experimental animal models have been studied extensively,
targeting immunosuppression by inhibiting the responses against autoantigens, targeting
cytokine microenvironment, modul ating immune responses into a nonpathogenic pathway,
etc. However, more number of human studies are prerequisite to further strengthening of
the outcomes. Studies with only animals might pose a difficulty in understanding in a
more appropriate clinical context.

2.2. Immunosuppressive agents modulating antigen-presenting cell (APC) — T cdll

interaction and T cell activation

Therapeutic agents directed against T cells mostly function by modulating either Signal 1
(the interaction of TCR on T cell with the MHC molecules present on APC containing the
antigenic peptide; in case of transplant, the graft tissue itself acts as an antigen) or Signal 2
(costimulatory signals between T cell and APC) of T cell activation ?* (Figure 6).
Molecules that inhibit further T cell proliferation and later signaling events are referred to
as signal 3 inhibitors. Anti-TCR agent includes the murine anti-CD3 monoclonal antibody
Muromonab-CD3 (OKT3), the first FDA-approved drug used to prevent graft rejection in
kidney, heart, and liver transplants and functions through inhibiting CD3 subunit of TCR
complex eliminating functional T cell populations *. Calcineurin-dependent signaling
cascades are initiated downstream of TCR activation, followed by TCR-MHC interaction
is required for T cell activation and effector function. Commonly used calcineurin
inhibitors (Cyclosporin A and Tacrolimus (FK506) function by inhibiting calcineurin from
dephosphorylating NFAT preventing downstream gene transcription %6137, Agents
targeting costimulatory molecules include Abatacept and Belatacept. CD80/CD86 — CD28
interactions are required for optimal T cell activation. After getting fully activated, T cells

started expressing CTLA4, a negative costimulatory molecule responsible for
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downregulating T cell responses. Abatacept is a fusion of human Ig heavy chain and
CTLA4 (CTLA4-1g), mimicking the CTLA4 expression on T cells, and is used to treat
autoimmune disorders %, Belatacept is a similar fusion protein to Abatacept, having a
higher affinity towards CD80/CD86 molecules %, CD40-CD40L costimulation is
important for T cell activation leading to the upregulation of CD80/CD86 molecules.
Astellas, a fully humanized anti-CD40 antibody, targets CD40 preventing its interaction

with CD40L and inhibiting optimal T cell activation 4.
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2.3. Tacrolimus (FK506)

Tacrolimus, formerly known as FK506, is a macrolide antibiotic produced by
Streptomyces tsukubaensis having an immunosuppressive activity 1. FK506 is a primary
immunosuppressive agent used in solid organ transplants 42143, |t has been reported to
function by downregulating IL-2 gene expression in CD4+ T cells, inhibiting
proinflammatory responses 414, FK506 binds and inhibits signaling molecules required
for T cell activation. It binds to immunophilins such as FK506-binding proteins (FKBP)
(FKBP12, FKBP13, FKBP25, and FKBP59) forming the FK506-FKBP complex 146147,
Calcineurin, a calcium-dependent phosphatase, is a key player in downstream signal
transduction and T cell activation. During T cell activation, calcineurin dephosphorylates
NFAT and facilitates its nuclear translocation and IL-2 gene transcription. FK506-
FKBP12 complex principally binds calcineurin preventing it from dephosphorylating
NFAT, which results in reduced IL-2 expression and downregulation of T cell activation
148 (Figure 7). Further, the FK506-FK BP complex binds to intracellular ryanodine and |P3
receptor Ca?* release channels present on the sarcoplasmic reticulum membrane regul ating

intracellular Ca?* release %1% (Figure 8).
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2.4. Cancer and immunosuppression

Cancer could be defined as the uncontrolled growth and/or division of cells
forming malignant tumors and the spreading of malignant cells to other parts of the body
through metastasis. The prime cause of cancer is genetic mutations, mostly in the genes
controlling cell growth and proliferation *°*. The tumor microenvironment (TME) plays an
important role in tumor progression and inhibits anti-tumor immune responses '*2. The
growth and metastasis of tumors evolve by employing an immunosuppressive network
facilitated by soluble factors released by tumor cells encompassing the primary tumor site
to secondary lymphoid organs and peripheral vessels ™3 (Figure 9). Tumor-released
VEGF attracts immature myeloid cells (iMCs) from the bone marrow to peripheral vessels
and recruits immature myeloid cells (iMCs) to the tumor sites *°. iMCs, such as immature
dendritic cells (iDCs) and macrophages, are functionally and biochemically modulated in
the TME, becoming tumor-induced DCs (TiDCs) and tumor-associated macrophages
(TAMs) and g@aning immunosuppressive activity. Recruitment of these
immunosuppressive cells in the spleen, lymph nodes, and peripheral vessels employs

further immunosuppression, recruits
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regulatory T cells (Tregs), and facilitates immune evasion of cancer cells 1517,
2.5. B16F10 melanoma model

Malignancy of the melanocytes (melanin-producing skin cells) is known as
melanoma. It is one type of skin cancer characterized by its highly metastatic nature and
spreads abruptly to other parts of the body %8, B16F10 is a murine (C57BL/6)
transplantable melanoma cell line used as a model to study human melanoma, providing
useful information towards solid tumor formation, tumor progression, and metastasis
159,180 The culture supernatant derived from B16F10 melanoma cells (B16F10-CS) has
been reported to have immunosuppressive activity suppressing effector immune responses

161-164  Studies with murine mononuclear cells have revealed the immunomodulatory
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effects of B16F10-CS associated with T cells, B cells, macrophages, and neutrophils 6%
165, However, the information towards the components of B16F10-CS is scanty and needs
to be explored further.

2.6. 17-AAG

17-AAG, a derivative of geldanamycin, is one of the selective inhibitors of Hsp90 and is
reported to be actively blocking various innate immune responses in rats and various in
vitro models. 17-AAG administration has been shown to suppress TLR4 mediated pro-
inflammatory cytokine production via blockade of the signaling cascade in rat LPS-
induced auto-immune uveitis 1%, Dello Russo et al. reported that 17-AAG inhibits TLR4
stimulation in vitro and adleviates disease incidence and severity in myélin
oligodendrocyte glycoprotei n—peptide-induced experimental auto-immune encephalitis 67,
These reports suggest the immense therapeutic potential of Hsp90 inhibitors in auto-

immune and pro-inflammatory diseases.

2.7. Hypertension, angiotensin receptor blockers (ARBs), and Telmisartan (TM)

Hypertension is a cardiovascular disease that has been attributed as a risk factor for
stroke, peripheral artery disease, heart failure, myocardia infarction, atria fibrillation,
coronary heart disease, and chronic kidney disease %170, Dysregulation of angiotensin
(Ang) Il, the key player of the renin-angiotensin system (RAS) that regulates and
maintains blood pressure and fluid volume 171, is the prime cause of hypertension. Cellular
receptors for Ang Il are Ang Il receptor type 1 (AT1R) and Ang |l receptor type 2
(AT2R). Interaction of Ang Il with AT1R causes vasoconstriction, sodium retention,
aldosterone secretion, and cell proliferation, whereas Ang Il and AT2R interaction causes
vasodilation and growth inhibition, balancing AT1R-mediated responses 172,

Severa ATI1R blockers (ARBS) have been reported to be beneficial for treating

hypertension and reducing hypertension-induced disease manifestations including
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myocardial infarction, heart failure, and atrial fibrillation 1>, TM is one of the ARBs
that is currently in use to treat patients having hypertension /6178,

Recently, it has been shown that hypertensive responses involve the activation of
various immune cells releasing several inflammatory mediators causing systemic
inflammation 1°%_ The involvement of T cells in the development of hypertension has
been attributed elsewhere 172181182 Innibition of T cells is reported to reduce renal Ang I
levels and diminished disease manifestations in Dahl salt-sensitive rats %2, Moreover,

reduced T cell activity has been shown to prevent disease occurrence .

Telmisartan (TM) is an ARB that is currently used to treat patients having
hypertension 176178 Reports indicate that TM reduces T cell responses by inhibiting the
NFAT signaling and diminishing TNF-a-induced NF-xB activation ®8, Furthermore,
the repurposing of TM has been documented to regulate various inflammatory immune
diseases by its anti-inflammatory or immunosuppressive effects 186188,

2.8. Transient receptor potential (TRP) channels

TRP channels are non-selective cation permeable polymodal ion channels having
roles in sensory processes, cellular excitation, growth, migration, proliferation,
transcription, differentiation, stress, and cell death 1819, TRP channels are functionally
associated with different physiological processes. Mutations causing truncation in the
structure or hindering the function of TRP channels are associated with various
pathophysiological conditions %4197,

TRP channels are divided into two groups depending on their sequence similarity
and topologica differences having seven subfamilies comprising the groups. The seven
subfamilies include TRPC (canonica), TRPV (vanilloid), TRPA (ankyrin), TRPML
(mucolipin), TRPM (melastatin), TRPP (polycystin), TRPN (NOMPC) %1% The first

group includes TRPC, TRPA, TRPV, TRPM, and TRPN whereas group 2 includes TRPP

36



and TRPML %20 (Figure 10). TRPC has seven members, TRPC1-TRPC7, which gets
activated through the action of protein kinase C (PKC) facilitating PK C-mediated calcium
(C&?*) influx 198201202 TRPV has 6 members, TRPV1-TRPV6, and are reported to be
activated in the presence of vanilloid compounds such as capsaicin, endocannabinoid,
camphor, piperin, etc. 2°22% TRPM consists of 8 members, TRPM1-TRPMS8, which are
cold-sensitive ion channels 207219, TRPA1 is the single member of the TRPA subfamily. It
is a Ca?* permeable channel activated in the presence of cold stimuli, mustard oil,
cannabinoids, and PLC 2%2 TRPN has only one member, TRPN1, having roles in
mechanical gating 2®2!2, TRPP has 5 members, TRPP1-TRPP5, which are reported to be
modulated in the presence of PIP2 and EGF '3, TRPML has three members, TRPML 1-
TRPML3, and is sensitive to pH 2421%, Group 1 TRP channels share a similar topology of
the TRP domain comprising the pore loop, ankyrin repeats, and TRP box 1 and 2, whereas

group 2 channels are distantly related to group 1 members 27,
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Figure 10: Phylogenetic distribution of mammalian TRP channels and their magor

structural features 218,
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TRP channel consists of six transmembrane segments with intracellular N and C
termini 222! having diverse activation mechanisms and cation selectivity ?° (Figure 11).
The cytoplasmic N and C terminus comprise two structural and functiona units,
respectively. The pore that facilitates the passage of cations is present in between
transmembrane segments five and six. Within the six transmembrane segments, segments
one to four form the anchorage and senses voltage differences, while segments five and six
form the ion pore %2, Group 1 channels contain conserved N-terminal ankyrin repeats
except for TRPM. Three TRPM members have N-terminal enzyme repeats known as
chanzymes 2%, TRPP contains a large loop between the first two transmembrane
segments. The N and C terminus domains of the TRP channels mediate the signaling and

sensory functions and vary significantly between subfamilies depending on their specific

roles 220,223
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Figure 11: Schematic structure of different TRP subfamilies. (&) group 1 and (b) group 2

TRP subfamily 224,

2.9. TRP channelsin macrophagesand T cells

TRP channels play an important role in regulating immune function associated
with monocytes, macrophages, dendritic cells, and T cells 22228, Macrophages have been
reported to express severa functiona TRP channels, such as TRPV1, V2, Al, C1, C6,
M2, M4, and M7, having roles in activation and effector function 22°2%2, TRPC3 helpsin
macrophage development, polarization, and apoptosis 2323 TRPV1 has roles in

macrophage activation and effector function 2*®2%; TRPV2 has roles in cytokine

39



production, phagocytosis 23’; TRPM2 has roles in ROS production, migration, and Ca?*
entry 2323 TRPA1 has arolein the inhibition of ROS production %%, etc.

Ca* ions play an important role in T cells development, maturation, activation,
and effector function 2*+?*2, Functional TRP channels in T lymphocytes are one of the
important mediators facilitating Ca?* flux regulating T cell function 2472*, T lymphocytes
express TRPC1, TRPC3, TRPC5, TRPC6, TRPV1, TRPV4, TRPVS5, TRPV6, TRPM2,
TRPM4, TRPM7, and TRPA1 23224 TRPC1 hasrolesin T cell activation and Ca?* entry
245 TRPC3 has roles in TCR signaling and proliferation 2*%; TRPM 1 modulates Ca?* entry
228- TRPM2 has roles in proliferation, cytokine release, and development 246-2%; TRPV1
has roles in T cel activation, TCR signaing 242 TRPML1 has a role in
immunosuppression 2>, etc.

Table 3 summarizes the TRP channels present in T cells and macrophages with
brief functions.

Table 3: TRP channelsand their rolein T cellsand macrophages

TRP Channel Rolein T Lymphocytes Rolein Macrophages
TRPC1 T cell activation, Ca&2* entry Development, Polarization,
Apoptosis
TRPC3 T cell signaling, proliferation Regulation of apoptosis, cell
survival

TRPC5 Autoimmunesuppression M1 polarization, pain regulation

TRPV1 T cell activation, TCR Phagocytosis, activation, cytokine
signaling, effector function production

TRPV2 Ca* signal, activation, Phagocytosis, migration, cytokine

proliferation, effector function response
TRPV5 Ca* entry Regulates osteoclastogenesis
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TRPV6 T cell proliferation, Ca?* entry Osteoclast differentiation

TRPM1 Ca* entry Cation entry

TRPM2 Development, effector function C&* entry, ROS production,

cytokine release

TRPM4 Inhibits IL-2 production Phagocytosis, cytokine release

TRPM7 Apoptosis Proliferation, polarization

TRPM8 mmunosuppression Cytokine production,
differentiation

TRPA1 Activation, pro-inflammatory Nitric oxide inhibition

responses, cytokine release

TRPML1 mmunosuppression Cytokine production, phagocytosis

2.10. Roleof TRPV1in macrophagesand T cells

TRPV1 is an important regulator of macrophages having roles in survival and
effector responses 2622, Activation of TRPV1 in the presence of capsaicin polarizes
macrophages from M1 to M2 23, TRPV1 has been reported to regulate phagocytosis.
TRPV1 knockout or inhibition through antagonism reduces the ability to clear pathogenic
load compared to WT or control cells 222, Moreover, orally administered capsaicin avert
autoimmunity in Lewis rats *°. Further, TRPV 1 has been found to be involved in cross-
cellular communications %627,

TRPV1 plays an important role in T cell survival, activation, proliferation, and
effector function 2%22%, TRPV1 knockout impairs proteasome function, increases
apoptosis of thymocytes, and reduction in CD4+ and CD8+ cell count compared to WT
mice 8, TRPV1 is an important mediator of Ca?* influx required for T cell activation.

Inhibition of TRPV1 leads to reduced T cell activation and effector function 2029,
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TRPV1 knockout reduces pain associated with Rheumatoid Arthritis 20, CD4+ cells from
mice and human PBMCs express functional TRPV 1 constitutively and recently have been
reported to mediate a separate passage for Ca?* entry, which gets significantly reduced in
TRPV1 knockout cells 2428, TRPV1 is further reported to be associated with the TCR
cluster and regulating TCR signaling and p38/JNK activation 2%,

2.11. Role of TRPA1in macrophagesand T cells

TRPA1 mediates numerous functions in macrophages, including activation,
migration, effector function, and regulation of macrophage plasticity 262263, TRPA1 has
been reported to be involved in macrophage infiltration in a mouse wound-healing model
264 PM A-activated macrophages display reduced TRPA1 expression. TRPA1 knockout is
associated with the overexpression of proinflammatory mediators and the infiltration of
M1 macrophages in the kidneys 26°2%, Knockout and antagonistic study of TRPA1 has
been shown to reduce atopic dermatitis (AD) symptoms in a mouse model 2%’

TRPA1 is endogenously expressed in T lymphocytes and associated with T cell
activation, proinflammatory responses, and effector function 2322352442688  TRPA1
knockout increases Thl-biased and IFNy-mediated proinflammatory responses in a colitis
mouse model °29270 Fyrther, reduced Ca?* influx has been shown in TRPA1 knockout
T cells compared to WT cells %,

2.12. Role of TRP channelsin immunosuppression

TRP channels have been well attributed to have a functiona role associated with
immune activation, inflammation, and effector responses 240249.250.262.269271-213 - However,
the information towards the functional association of TRP channels associated with
iMmmMmuNOSUpPpPression remains scanty. Immunosuppressive agents used to prevent transplant
rgection, e.g., FK506, cyclosporin A, rapamycin, etc., has been reported to induce arisein

intracellular Ca2* levels and modulate TRP channels 251274278 Rapamycin has been shown
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to directly activate lysosomal TRPML1 and modulates Ca?* levels. Moreover, cells
deficient in TRPML1 exhibit no effect of rapamycin in vitro . Similarly, TRPM8
deficiency or antagonistic inhibition nullifies the effect of FK506 28, suggesting TRP
channels as molecular targets for immunosuppressive agents.
2.13. Heat Shock Protein 90 (Hsp90) and itsimmunomodulatory role

Hsp90 is a 90 kDa evolutionary conserved cytoplasmic molecular chaperon that
facilitates the maturation and stabilization of “client” proteins involved in growth,
differentiation, and apoptosis, thus maintaining cellular proteostasis 2°28, Hsp90 is an
important player in regulating various pathophysiological conditions, such as vira
infection and autoimmune disorders 2228 Several “client” proteins are associated with
tumor progression, metastasis, and immunosuppression, considering Hsp90 as a potential
target for cancer therapy 2%6-2%°, Hsp90-mediated regulation of immune responses through
“client” protein modulation has been well documented 2°-2%2, Pharmacological inhibition
of Hsp90 has been found to be effective in treating various inflammatory processes
associated with innate and adaptive immune responses. 2%3-2%, Hsp90 antagonism with 17-
AAG, a geldanamycin derivative, has been found to impede proinflammatory responses
associated with autoimmune uveitis in rats 1. Further, Hsp90 inhibition has been reported

to attenuate disease severity in EAE (experimental autoimmune encepha omyelitis) model

299

43



CHAPTER #3

Hypothesis
&

Objectives

44



3. Hypothesis and Objectives
3.1. Hypothesis
There might be differential involvements of TRPV1 and TRPA1 during
experimental immunosuppression of cell-mediated immunity (CMI) associated with the
possible altered phenotypes and functions of T cells and macrophages.
3.2. Objectives
3.21.To investigate the functiona expresson of TRPV1 during experimental
immunosuppression of T cells.
3.2.2. To study the role of TRPAL in experimental immunoregulation of macrophages.
3.2.3. To compare the possible differentiad role of TRPV1 and TRPA1l during

experimental immunosuppression of T cell responses.
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4. Materialsand Methods
4.1. Materials
4.1.1. Cdl lines

B16F10 (ATCC® CRL-6475™), a mouse melanoma cell line was cultured in
DMEM medium (Gibco™, Thermo Fisher Scientific, MA, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (PAN Biotech, Aiden Bach, Germany), 2 mM
L-glutamine, 100 U/mL Penicillin and 0.1 mg/mL Streptomycin in a CO; incubator
containing 5% CO2 a 37°C. RAW 264.7 (ATCC® TIB-71™), a mouse macrophage cell
line was cultured in HiGlutaXL™ RPMI-1640 medium (Himedia, Mumbai, India)
supplemented with 10% heat-inactivated FBS (PAN Biotech, Aiden Bach, Germany), 2
MM L-glutamine and 100 U/mL Penicillin, and 0.1 mg/mL Streptomycin at 37°C inside a
CO; incubator with 5% CO,. THP-1 (ATCC® TIB-202"), an undifferentiated human
leukemia monocytic cel line was cultured in RPMI-1640 (PAN Biotech, Aiden Bach,
Germany) supplemented with 10% heat-inactivated FBS, 100 U/mL Penicillin, and 0.1
mg/mL Streptomycin at 37°C inside a CO2 incubator with 5% COs.
4.1.2. Mice

6 to 8-week-old C57BL/6 mice were used for experimentation. All mice were
supplied from the in-house animal facility of NISER. Protocols used for experiments were
approved by the Ingtitutional Animal Ethics Committee (IAEC), NISER following
Committee for the Purpose of Control and Supervision of Experiments on Animals
(CPCSEA) guidelines.
4.1.3. Antibodies

Table 4 contains the details of the antibody used with catalog numbers and the
company name.

Table 4: Details of Antibodies used
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Sl. No. Antibody Catalog No. Company
(Clone)
1 Anti-mouse CD90.2 APC 20-0903-U100 Tonbo Biosciences,
(30-H12) CA, USA
2 Anti-mouse CD90.2 PerCP- 65-0903-U100 Tonbo Biosciences,
Cy55 (30-H12) CA, USA
3 Anti-mouse CD25 PE 50-0251-U500 eBioscience, CA,
(PC61.5) USA
4 Anti-mouse CD69 FITC 11-0691-85 eBioscience, CA,
(H1.2F3) USA
5 In vivo Ready™ anti-mouse 40-0032-U500 Tonbo Biosciences,
CD3 (functional grade) (17A2) CA, USA
6 In vivo Ready™ anti-mouse 40-0281-U500 Tonbo Biosciences,
CD28 (functiona grade) (37.51) CA, USA
7 Anti-TRPV1 polyclonal ACC-0300.2 ml Alomone Lab,
antibody (1:200) (NA) Jerusalem, Israel
8 Anti-TRPA1 polyclonal ACC-0370.2ml Alomone Lab,
antibody (1:200) (NA) Jerusalem, Israel
9 Chicken anti-mouse AF488 A21200 Invitrogen, CA,
(NA) USA
10 Goat anti-rabbit AF647 A21244 Invitrogen, CA,
(NA) USA
11 HRP-goat anti-mouse 1gG 554002 BD Biosciences,
(1:5000) (NA) CA, USA
12 HRP-goat anti-rabbit 1gG 554021 BD Biosciences,
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(1:5000) (NA) CA, USA
13 Isotype control FITC 35-4714-U100 Tonbo Biosciences,
(MOPC-21) CA, USA
14 | sotype control PE 559841 BD Biosciences,
(A23-1) CA, USA
15 | sotype control APC 553932 BD Biosciences,
(R35-95) CA, USA
16 CD80 (B7-1) mAb APC 17-0801-82 eBioscience, CA,
(16-10A1) USA
17 CD86 (B7-2) mAb APC 17-086282 eBioscience, CA,
(GL1) USA
18 PE Rat ant-mouse |-Ad/I-Ed 558593 BD Biosciences,
(2G9) CA, USA
19 Mouse IgG1 Isotype control 10-101 Abgenex India Pvt.
(MOPC31C) Ltd., BBS, India
20 Anti-mouse GAPDH 2118 Cell Signaling
(14C10) Technology, MA,
USA
21 Purified anti-mouse Hsp90 610418 BD Biosciences,
(68/Hsp90) CA, USA
22 Cleaved caspase-3 (Aspl75) 9664 Cell Signaling
Rabbit monoclonal antibody (5A1E) Technology, MA,
(mADb) USA
23 p38 MAPK antibody 9212 Cedll Signaling

Technology, MA,
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USA

24 Phospho-p38 MAPK 4511 Cell Signaling
(Thr180/Tyr182) Rabbit mAb (D3F9) Technology, MA,
USA
25 SAPK/INK Rabbit mAb 9258 Cell Signaling
(56G8) Technology, MA,
USA
26 Phospho-SAPK/INK 4668 Cell Signaling
(Thr183/Tyr185) Rabbit mAb (81E11) Technology, MA,
USA
27 p44/42 MAPK (Erk1/2) 4695 Cell Signaling
(137F5) Technology, MA,
USA
28 Phospho-p44/42 MAPK 4370 Cell Signaling
(Erk1/2) (D13.14.4E) Technology, MA,

(Thr202/Tyr204) Rabbit mAb

USA

4.1.4. Reagentsand Modulators

numbers and the company name.

Table5: Details of Reagents and Modulators used

Table 5 contains the details of the reagents and modulators used with catalog

Sl. No. Reagent Name Catalog No. Company
(Clone)
1 FK506 FA679-5M G SigmaAldrich,
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MO, USA

2 Fluo-4 AM F14217 Invitrogen, CA,
USA
3 7-AAD 559925 BD Biosciences,
CA, USA
4 APC AnnexinV 550474 BD Biosciences,
CA, USA
5 10x Annexin V binding buffer 556454 BD Biosciences,
CA, USA
6 17-Allylaminogeldanamycin 100068 Merck Millipore,
(17-AAG) MA, USA
7 Saponin 47036-50GM SigmaAldrich,
MO, USA
8 Bovine serum abumin GRM 105-100G Himedia
fraction-V Laboratories Pvt.
Ltd., Mumbai, India
9 Triton X-100 MBO031-500ML Sigma Aldrich,
MO, USA
10 Sodium deoxycholate D6750-25G SigmaAldrich,
MO, USA
11 Sodium dodecy! sulfate (SDS) L6026 Sigma Aldrich,
MO, USA
12 2-mercaptoehtanol (2-ME) 63689 SigmaAldrich,
MO, USA
13 PhosStop™ (phosphatase 04906837001 SigmaAldrich,
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inhibitors cocktail) MO, USA
14 Complete EDTA-free 05892970001 Sigma Aldrich,
Protease inhibitor MO, USA
15 Bromophenol blue 114391 Sigma Aldrich,
MO, USA
16 Crysta violet C6158 Sigma Aldrich,
MO, USA
17 Bis-Acrylamide MBO005-250G Himedia
L aboratories Pvt.
Ltd., Mumbai, India
18 Glycine MBO013-1KG Himedia
Laboratories Pvt.
Ltd., Mumbai, India
19 Sodium chloride GRMO031-1KG Himedia
L aboratories Pvt.
Ltd., Mumbai, India
20 Trisbase TCO72-1KG Himedia
L aboratories Pvt.
Ltd., Mumbai, India
21 Sodium azide GRM123-100G Himedia
Laboratories Pvt.
Ltd., Mumbai, India
22 EDTA R066-500M L Himedia

Laboratories Pvt.

Ltd., Mumbai, India
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23 Glycerol MB060-500M L Himedia
Laboratories Pvt.
Ltd., Mumbai, India
24 Sulphuric acid (H2SO4) AS016-500ML Himedia
Laboratories Pvt.
Ltd., Mumbai, India
25 Tween-20 GRM156-500G Himedia
Laboratories Pvt.
Ltd., Mumbai, India
26 Ammonium persulfate (APS) 161-0700 Bio-Rad, CA, USA
27 HPLC grade Methanol AS061-2.5L Himedia
Laboratories Pvt.
Ltd., Mumbai, India
28 Paraformaldehyde (PFA) GRM-3660-500GM Himedia
L aboratories Pvt.
Ltd., Mumbai, India
29 Acrylamide MBO068-1KG Himedia
Laboratories Pvt.
Ltd., Mumbai, India
30 Antibiotic solution 100x liquid | A001A-5x100ML Himedia
(10000 U Penicillin + 10 mg Laboratories Pvt.
Streptomycin) Ltd., Mumbai, India
31 10X Phosphate Buffered TL1032-500ML Himedia

Saine

Laboratories Pvt.

Ltd., Mumbai, India
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32

HiGlutaXL™ RPMI-1640

ALO060G

Himedia
Laboratories Pvt.

Ltd., Mumbai, India

33

TEMED

MB026-100M L

Himedia
Laboratories Pvt.

Ltd., Mumbai, India

34

Fetal Bovine Serum (FBS),

Australian origin

P30-1302

PAN Biotech,
Aiden bach,

Germany

35

10x RBC lysis buffer

R0O75-100ML

Himedia
Laboratories Pvt.

Ltd., Mumbai, India

36

20X TMB/H202

62160118010A

Bangalore Genei,

Bangalore, India

37

Trypan blue

TC193

Himedia
Laboratories Pvt.

Ltd., Mumbai, India

38

Concanavain A

C0412-5MG

Sigma Aldrich,

MO, USA

39

5’-IRTX

19281-1IMG

Sigma Aldrich,

MO, USA

40

DMEM

11995081

Gibco™, Thermo
Fisher Scientific,

MA, USA

41

HC-030031

H4415-10MG

Sigma Aldrich,
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MO, USA

42 AITC 36682-1G SigmaAldrich,
MO, USA
43 DMSO TC185-250ML Himedia

Laboratories Pvt.

Ltd., Mumbai, India

44 Carboxyfluorescein diacetate C34554 Invitrogen, CA,
succinimidyl ester (CFSE) USA
4.1.5. Buffers

Table 6 contains the details of buffers and their compositions.

Table 6: Details of buffers and their compositions

Sl. No. Buffer Name Composition
1 Flow cytometry (FC) staining 1% BSA, 0.01%NaNs, 1x PBS
buffer
2 Permeabilization buffer for 0.5% BSA (w/v), 0.1% saponin (w/v),
intracellular staining (ICS) 0.01% NaN3 (w/v), 1x PBS, (pH 7.2)
3 Blocking buffer for 1% BSA (w/v), 0.1% saponin (w/v),
intracellular staining (1CS) 0.01% NaN3 (w/v), 1x PBS, (pH 7.2)
4 4% Paraformal dehyde (PFA) 1x PBS (pH 7.4-7.6), 4%
paraformal dehyde (w/v)
5 Radio Immunoprecipitation 150 mM sodium chloride, 0.1% SDS
Assay (RIPA) buffer (sodium dodecy! sulfate) (w/v), 1.0% NP-
40 (v/v), 0.5% sodium deoxycholate
(w/v), 50 mM Tris, adjust to pH 8.0
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6 2x Laemmli buffer 4% SDS (w/v), 10% 2-mercaptoethanol
(v/v), 20% glycerol (v/v), 0.125 M Tris
HCI, 0.004% bromophenol blue (w/v),

adjust to pH 6.8

7 1x SDS-PAGE running buffer | 25 mM Tris base, 190 mM glycine, 0.1%

SDS (w/v)

8 1x Transfer buffer 25 mM Tris base, 190 mM glycine,

20% HPL C grade methanol (v/v)

9 Blocking reagent Western 3% BSA fraction-V in TBST
blotting
10 Tris-buffered saline (TBS) 0.0153 M TrizmaHCl, 0.1247 M NaCl in

ultrapure water (MilliQ), pH adjusted to

7.6 by HCI
11 Tris-buffered saline Tween-20 0.05% (v/v) Tween-20in 1x TBS
(TBST)
4.1.6. Experimental kits
Table 7 contains the details of the kits used.

Table 7: Details of the experimental kits
Sl. No. Name of the Kit Catalog No. Company

1 Dynabeads™ Untouched™ 11413D Invitrogen, CA, USA

Mouse T CdllsKit
2 BD OptEIA™ Mouse IL-2 555148 BD Biosciences, CA,
ELISA Set USA
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3 BD OptEIA™ Mouse IFN-y 555138 BD Biosciences, CA,
ELISA Set USA

4 BD OptEIA™ Mouse TNF 558534 BD Biosciences, CA,
ELISA Set Il USA

5 BD OptEIA™ Mouse IL-6 555240 BD Biosciences, CA,
ELISA Set USA

6 BD OptEIA™ Mouse IL-10 555252 BD Biosciences, CA,
ELISA Set USA

4.2. Methods
4.2.1. Mouse splenocytesisolation

Splenocytes were isolated as described in previous reports 29026930 Brigfly,
spleens were aseptically harvested from C57BL/6 mice and kept in a 70 uM cell strainer
containing complete RPMI1-1640 medium. Then, using a syringe plunger, spleens were
crushed and splenocytes were harvested in a 50 mL tube. Cells were then centrifuged at
350g for 5 min at 4°C. The supernatant was then discarded, and the pellet was broken by
gently tapping. 1X RBC lysis buffer was added to the splenocytes and incubated for 1 min
to lyse the RBCs. After incubation, RBC lysis buffer was diluted with an equal volume of
1X PBS and centrifuged at 350g for 5 min at 4°C. The supernatant was discarded, and the
pellet was broken by gently tapping. Cells were then resuspended in complete RPMI-1640
medium and RBC debris was removed by slowly passing the cell suspension through a
serological pipette. Splenocytes were then seeded in a 6-well plate and kept inside a CO2
incubator for further processing.

4.2.2. T cel purification
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T cell purification was carried out using dynabeads™ untouched™ mouse T cells
kit (Invitrogen, CA, USA) as mentioned earlier 2026930 Brigfly, Splenocytes were
harvested and centrifuged at 350g for 5 min at 4°C. The supernatant was discarded, and
the pellet was broken by gently tapping. The cells were then counted and 50X10°
splenocytes were resuspended in a 15 mL tube containing isolation buffer (2mM EDTA +
2% heat-inactivated FBS + 1X PBS). 100 uL of heat-inactivated FBS and 100 pL
biotinylated antibody cocktail were added to the cell suspension and incubated for 20 min
on ice. After incubation, excess isolation buffer was added to the cell suspension, and cells
were centrifuged at 350g for 8 min at 4°C. The supernatant was then discarded, and the
pellet was broken by gently tapping. Next, 1 mL washed streptavidin-conjugated magnetic
beads were added to the cells and incubated for 15 min at room temperature (RT) with
gentle mixing by keeping the 15 mL tube on a rocker or by slow vortexing. After
incubation, 4 to 5 mL of isolation buffer was added to the cell-bead mixture and placed on
a magnet for 2 to 3 min. The cell suspension will become clear after placing the 15 mL
tube on the magnet containing T cells in the clear solution. The clear solution was then
harvested and centrifuged at 350g for 5 min at 4°C, and the pellet containing T cells was
resuspended in complete RPMI-1640 medium. The purity of the T cells was then assessed
viaFlow cytometry and found to be > 95%.

4.2.3. B16F10 culture supernatant (B16F10-CS) preparation

B16F10 cells (ATCC® CRL-6475™) were cultured and maintained in complete
DMEM medium (Gibco, Thermo Fisher Scientific, MA, USA) as mentioned in ATCC
protocol. B16F10-CS was prepared as described in previous reports 64301, Briefly, when
the B16F10 cells reach 60 to 70% confluency, the cell culture medium was removed, and
fresh medium was added. Cells were then incubated for 24 h and the culture supernatant

(B16F10-CS) was harvested, aliquoted, and stored at -80°C until further use.
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4.2.4. Flow cytometry (FC)

FC and FC staining was performed as mentioned previously 2°02693%_ Briefly, for
cell surface staining, cells were harvested and resuspended in FC staining buffer (1% BSA
+ 0.01% NaNsz + 1X PBS). Next, an antibody cocktail containing fluorochrome-
conjugated primary antibodies was added to the cells and incubated for 30 min on ice.
Cells were then washed with FC staining buffer and centrifuged at 350g for 5 min at 4°C.
Supernatants were then discarded, and pellets were broken by gentle tapping. Secondary
fluorochrome-conjugated antibodies were then added in case primary antibodies were not
fluorochrome-tagged and incubated for 30 min on ice. Cells were then washed with FC
staining buffer and centrifuged at 350g for 5 min at 4°C. Supernatants were discarded and
pellets were broken by gentle tapping followed by the addition of FC staining buffer with
1% paraformaldehyde (PFA) and stored at 4°C in dark until acquisition.

For intracellular staining, cells were first harvested and fixed with 4% PFA for 10
min a RT. Fixed cells were then washed, centrifuged, and permeabilized with
permeabilization buffer (0.5% BSA + 0.1% saponin + 0.01% NaN3 + 1X PBS). Cells
were then centrifuged, supernatants were discarded, and pellets were resuspended in
blocking buffer (1% BSA in permeabilization buffer) and incubated for 30 min. Cells were
then washed with permeabilization buffer, centrifuged, and resuspended in
permeabilization buffer containing antibody cocktail followed by 30 min incubation at RT.
Cells were then washed with permeabilization buffer, centrifuged, and supernatants were
discarded. If the primary antibodies used were unconjugated, secondary antibodies having
fluorochrome tags diluted in permeabilization buffer were added and incubated for 30 min
followed by washing with permeabilization buffer. Cells were then centrifuged,
supernatants were discarded, and pellets were resuspended in FC staining buffer. Cells

were then stored at 4°C in dark until acquisition.

59



Cells were acquired using BD LSRFortessa™ or BD FACSCaibur™ (BD
Biosciences, CA, USA) Flow cytometers. Appropriate unstained and isotype controls were
used to determine background noises. Data were analyzed using FlowJo (BD Biosciences,
CA, USA) software (v 10.8.1).

4.2.5. Sandwich enzyme-linked immunosor bent assay (Sandwich EL1SA)

Sandwich ELISA for IL-2, IFNy, TNF, IL-6, and IL-10 from cell-free supernatants
was performed using BD OptEIA™ cytokine ELISA kits as mentioned in previous reports
25026930 Briefly, 96-well strip immuno-plates (SPL Life Sciences, Korea) were coated
with 100 pL of diluted capture antibody and incubated overnight at 4°C. After incubation,
each well was washed 3 times with 300 uL of wash buffer (1X PBS with 0.05% Tween-
20). Then 300 pL of assay diluent (1X PBS with 10% FBS) was added to each well and
incubated for 1 h at RT. Wells were then washed 3 times with wash buffer followed by the
addition of 100 pL standards and samples in respective wells and incubated for 2 h. Wells
were then washed 5 times with wash buffer. 100 pL Diluted detection antibody +
streptavidin HRP (working detector) was then added to each well and incubated for 1 h.
The wells were then washed 7 times followed by the addition of 100 uLL HRP substrate
(TMB/H202 diluted in MilliQ H20) and incubated in dark for 30 min generating a blue
color solution. The reaction was then stopped by the addition of 50 pL. 2N H2SO4 to each
well turning the blue color solution into yellow. The reading was then taken using a
microplate reader (Epoch 2 microplate reader, BioTek, USA) a 450 nm. Concentrations
(pg/mL) of the cytokines were determined from the standard curve.

4.2.6. Western blot

Western blot analysis was performed as described earlier 39233, Cells were

harvested and centrifuged at 3509 for 5 min. Supernatants were discarded and cell pellets

were broken by tapping followed by the addition of RIPA buffer containing protease and
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phosphatase inhibitor cocktail (Roche, Mannheim, Germany). Cells were then incubated
for 1 h on ice, and vortexed every 15 min following the addition of RIPA buffer to ensure
proper lysis of cells. Lysed cells were then centrifuged at 15000 rpm for 30 min at 4°C.
Next, the supernatants containing cell lysates were harvested and concentrations were
determined using Bradford reagent (Sigma Aldrich, MO, USA). 30 pg of proteins were
then loaded on 10% SDS gel followed by running and transfer of proteins on a
polyvinylidene fluoride (PVDF) membrane (Millipore, MA, USA). PVDF membranes
were then blocked for 1 h in blocking buffer (3% BSA in 1X TBST) at RT followed by the
addition of primary antibodies and incubated overnight at 4°C. Next, the membranes were
washed 3 times with 1X TBST followed by the addition of HRP-conjugated secondary
antibodies and incubated at RT for 2 h. Membranes were then washed 3 times with 1X
TBST followed by the addition of chemiluminescent substrates (Merck Millipore, MA,
USA) and detected by a ChemiDoc system (Bio-Rad, CA, USA). Blot images were further
analyzed using Imagel ab software (Bio-Rad, CA, USA).
4.2.7. Trypan blue exclusion assay

Trypan blue exclusion assays were performed to determine the cytotoxic effects of
different modulators as reported earlier 3. Cells were incubated with different drugs with
various concentrations. Next, cells were harvested, and trypan blue was added to the cell
suspensions. Under a brightfield microscope, the number of blue-colored cells was
determined which signifies dead cells. The number of blue-colored cells was found to be
higher in higher concentrations of modulators.
4.2.8. Annexin V/7-AAD staining

Annexin V/7-AAD staining was performed as reported earlier %2, Cells were
incubated with different modulators having various concentrations. Next, cells were

harvested and washed with 1X PBS followed by centrifugation at 350g for 5 min at RT.
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Then annexin V and 7-AAD were added to cell suspensions and incubated for 15 min at
RT. Cells were then acquired using BD LSRFortessa™ or BD FACASCalibur™ (BD
Biosciences, CA, USA). Data were further analyzed using FlowJo (BD Biosciences, CA,
USA) software (v10.8.1).
4.2.9. Nitrite estimation

Supernatants were harvested from macrophage cultures with different experimental
conditions. For NO estimation 100 uL. of macrophage supernatants were used followed by
the addition of 100 pL of 1% sulfanilamide and 100 uL of 0.1% N-1-naphthylenediamine
dihydrochloride as described earlier 4. Next, after 10 min of incubation, absorbance was
measured at 540 nm. The concentration of NO was determined from a standard curve
prepared in the presence of sodium nitrite of different concentrations.
4.2.10. Calcium influx study

Calcium influx studies were performed as reported earlier 2. Cells were incubated
with 2uM Ca?* sensitive dye Fluo-4 AM (Invitrogen, CA, USA) for 30 min. Next, cells
were washed twice with 1X PBS and kept inside an incubator for 15 min for de-
esterification. Then Fluo-4 intensities were recorded using a Flow cytometer in presence
of different treatments. The levels of intracellular Ca?* were assessed with a minor
modification of the above procedure. Fluo-4 AM and different treatments were added at
the same time followed by an incubation of 60 min. Cells were then washed twice with 1X
PBS and kept inside an incubator for 15 min for de-esterification followed by acquisition
using a Flow cytometer. Data were further analyzed using FlowJo (BD Biosciences, CA,
USA) software.
4.2.11. Statistical analysis

Statistical analysis was carried out using GraphPad 9 software (GraphPad Software

Inc., San Diego, CA, USA). Comparison between groups was performed using either
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student’s t-test or one-way ANOVA or two-way ANOVA. Data were represented in mean

+ SEM constituting 3 independent experiments. ‘*’ represents statistical significance with

p < 0.05. ns, non-significant; * p<0.05; ** p<0.01; *** p<0.001; **** p < 0.0001.
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Results
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5. Results

5.1. Elevation of TRPV1 expression on T cells during experimental

IMmuNosuppression

TRPV1 has been reported to functionally regulate T cell activation and effector
responses and is associated with the Ca?* flux required for the generation of T cell-
mediated effector immune responses 2°%3%3%_Moreover, immunosuppressive drugs have
been shown to induce arise in intracellular calcium levels in T cells and other immune
cells 149.275-277.307-309  However, the role of TRPV1 towards the immunosuppression-
mediated rise in intracellular Ca®* levels has not been reported earlier. Accordingly, here
we have investigated the association of TRPV1 towards FK505- and B16F10-mediated
immunosuppression of T cells along with the effect of the above immunosuppressants
towards T cell activation, proliferation, cytokine production, and Ca2* influx.

5.1.1. Cell surface expression of TRPV1on T cells

The expression of TRPV1 channels on purified murine T cells was determined
using Flow cytometry (FC). It was observed that the frequency (percentage) of TRPV 1-
positive cells was 17.86 + 1.34% as compared with isotype controls (0.02 + 0.01%)
(Figure 12). Further, the specificity of the TRPV1 antibody in T cells was tested by using
control blocking peptide antigen. For that, T cells were stained with anti-TRPV 1 antibody
in the presence or absence of the blocking peptide. It was observed that the percentage of
positive cells for TRPV1 was markedly reduced in a dose-dependent manner. These
results indicate that TRPV1 is expressed on T cells, and the anti-TRPV1 antibody is

specific towards TRPV 1 expressed on T-cells (Figure 8).
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Figure 12: TRPV1 expression in purified mouse T cells. Resting T cells, after 48 h of
culture, were stained with anti-TRPV1 antibody for 30 mins in Flow cytometry staining
buffer followed by secondary antibody staining and acquired via Flow cytometry (FC).
(A) Representative dot-plot showing TRPV 1 expression on resting T cells in the presence
or absence of control blocking peptide along with representative bar diagram shown in
(B). (C) showing the Mean Fluorescence Intensity (MFI) of TRPV1 expression with
corresponding MFI values. Representative data from three independent experiments are
shown. One-way ANOV A was performed for significance cal culation between the groups.
*%%% 1 < 0,000L.
5.1.2. Cellular cytotoxicity assay of T cellsin presence of B16F10-CS, FK506, and 5°-

IRTX

The cdllular cytotoxicity of 5’-IRTX, FK506, and B16F10-CSin purified mouse T
cells was studied using the trypan blue exclusion method. It was observed that around
93% of the cells were viable for 5’-IRTX at 5 uM and FK506 at 5 ng/mL concentration,
and around 95% of cells were viable at 20% B16F10-CS with respect to the total media

volume (Figure 13). In all the experiments, either heat-killed or UV-treated T cells were
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used as a positive control. Accordingly, we chose 5 uM 50-IRTX, 5 pg/mL FK506, and
20% of B16F10-CSfor further experiments.
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Figure 13: Cytotoxicity of B16F10-CS, FK506, and 5-IRTX on T cells. Cytotoxicity of T
cells in different doses of (B) B16F10-CS, (C) FK506, or (D) 5-IRTX, as assessed by
trypan blue exclusion assay. (A) depicts the percentage of viable célls in heat-killed or
UV-treated T cells (positive controls).
5.1.3. FK506 and B16F10-CS mediated immunosuppression downregulates T cell
activation
To determine the status of T cell activation during immunosuppressive treatment
with either FK506 or B16F10-CS, T cell activation markers, including CD69 (an early T
cell activation marker) and CD25 (alate T cell activation marker), were analyzed using FC
20 (Figure 14). It was observed that in T cells pre-treasted with either FK506 (ConA +
FK506: CD69: 5.08 + 1.46%, CD25: 13.77 + 3.55%; TCR + FK506: CD69: 3.50 + 1.52%,
CD25: 6.78 * 2.44%) or B16F10-CS (ConA + B16F10-CS: CD69: 28.43 + 1.07%, CD25:

6290 + 2.10%)

63.8 + 2.97%; TCR + B16F10-CS: CD69: 34.97 + 2.57%, CD25:
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stimulated with ConA or TCR, both CD69 and CD25 decreased as compared with thosein
ConA- (CD69: 67.17 + 6.73%; CD25: 74.63 + 2.64%) or TCR-activated (CD69: 80.50 +

3.10%; CD25: 84.53 + 3.60%) T cellsindicating areduction of T cell activation.
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Figure 14: T cell activation in the presence of FK506 and B16F10-CS. Purified mouse T
cells were treated with FK506 or B16F10-CS in the presence or absence of ConA or TCR.
Cells were harvested after 48 h post-treatment, and T cell activation markers were
assessed by FC. Flow cytometric dot-plots depicting T cell activation markers (A) CD69
and (B) CD25, aong with the corresponding bar diagram. (C) and (D) depicts the MFI of
CD69 and CD25 expression with corresponding MFI vaues. One-way ANOVA was
performed for significance calculation between the groups. P < 0.05 was considered a
statistically significant difference between the groups. * p < 0.5; *** p < 0.001; **** p <
0.0001.
5.1.4. FK506 and B16F10-CS mediated immunosuppression downregulates T cell

proliferation

T cell activation is accompanied by T cell proliferation, as mentioned elsewhere
250300 To ascertain whether immunosuppressed T cell stimulation leads to reduced
proliferation, we performed CFSE staining of T cells, and cells were analyzed via FC. It
was observed that in T cells pre-treated with either FK506 (FK506 + ConA: 0.32 £+ 0.18%;
FK506 + TCR: 0.62 + 0.22%) or B16F10-CS (B16F10-CS + ConA: 16.5 + 6.09%;
B16F10-CS + TCR: 7.63 + 0.84%) stimulated with ConA or TCR, T cell proliferation was
decreased as compared with the corresponding ConA (84.53 + 1.33%) or TCR (71.1
3.74%) controls (Figure 15). These results indicate that T cell proliferation is markedly

reduced in immunosuppressed T cells.
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Figure 15: T cell proliferation in the presence of FK506 and B16F10-CS. Purified mouse
T cells were stained with CFSE and then treated with FK506 or B16F10-CS in the
presence or absence of ConA or TCR. Cells were harvested 96 h post-activation, and T
cell proliferation was assessed by FC. (A) Flow cytometric histograms represent T cell
proliferation as determined by CFSE staining along with its corresponding bar diagram
shown in (B). One-way ANOVA was performed for significance calculation between the
groups. P < 0.05 was considered a statistically significant difference between the groups
(**** p < 0.0001).
5.1.5. Immunosuppression modulates proinflammatory cytokinerelease

T cell activation induces pro-inflammatory cytokine production 2%%3%, Sandwich
ELISAs were performed to quantitate the amount of IL-2, IFNy and TNF released by T
cells pre-treated with either FK506 or B16F10-CS stimulated with ConA or TCR as
compared with the corresponding ConA or TCR controls (Figure 16). It was found that

the production of pro-inflammatory cytokines increases with activation, which was
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reduced in immunosuppressed T cells, suggesting a reduced effector cytokine responses

by immunosuppressed T cells.
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Figure 16: Cytokine response by immunosuppressed T cells. T cells were treated with
FK506 or B16F10-CS in the presence or absence of ConA or TCR. The supernatant was
collected at 48 h, and sandwich ELISA was performed to quantitate secreted cytokines,
such as (A) IFN-y, (B) IL-2, and (C) TNF. Representative data from three independent
experiments are shown. One-way ANOVA was performed for significance calculation
between the groups (**** p < 0.0001).
5.1.6. Expression of TRPV1 upregulated during immune activation and

immunosuppression

The expresson of TRPV1 was assessed in immunosuppressed T cells.
Interestingly, TRPV1 expression levels significantly increased in T cells treated with
FK506 or B16F10-CS (26.9 + 1.11% or 23.97 + 1.04%) as compared with resting T cells
(16.5 £ 0.52%). Moreover, the TRPV 1 expression further increased in FK506- or B16F10-
CStreated T cells with ConA or TCR stimulation. In FK506- or B16F10-CS-treated T
cells stimulated with ConA or TCR, the TRPV 1 expression was 34.53 + 0.86% or 33.77 +
0.85%, respectively, as compared with control ConA-activated T cells (28.83 =+ 1.19%).

Similarly, in TCR-activated FK506 or B16F10-CS treated T cells, the TRPV 1 expression
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was 33.97 + 0.77 or 36.1 + 1.31%, respectively, as compared with control TCR-activated
T cells (30.07 £ 0.20%) (Figure 17). Accordingly, the current findings indicate that the
TRPV1 expression also increases significantly in FK506 or B16F10-CS-treated
immunosuppressed T cells as compared with the resting T cells, which were further
elevated in FK506- or B16F10-CS-treated T cells stimulated with either ConA or TCR as

compared with ConA or TCR stimulation alone.

Figure 17: Expression of TRPV1 in activated and immunosuppressed T cells. Purified
mouse T cells were treated with FK506 or B16F10-CS in the presence or absence of ConA
or TCR. Cells harvested after 48 h post-treatment were assessed by FC. (A) FC dot-plots
show TRPV1 expression on T cells along with the corresponding bar diagram shown in
(B). (C) MFI of TRPV1 expression with the corresponding bar diagram depicted in (D).
Representative data from three independent experiments are shown. One-way ANOVA

was performed for significance calculation between the groups. P < 0.05 was considered
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as a statistically significant difference between the groups (* p < 0.05; ** p < 0.01; *** p
< 0.001; **** p < 0.0001).
5.1.7. Time Kkinetics study of TRPV1 expression on T cells and during reversal of

immunosuppressive conditions

To determine the effect of FK506 and B16F10-CS on TRPV1, its expression with
time, and during the reversal of immunosuppressive conditions, we performed a kinetic
study via FC. It was observed that in FK506-treated T cells, the TRPV1 expression
significantly increased at an early time point of 24 h, compared with resting T cells.
Further, in B16F10-CStreated T cells, the TRPV 1 expression significantly increased at 48
h as compared with resting T cells. The 48 h harvested T cells were washed to remove
FK506 or B16F10-CS and were re-seeded with fresh media. These T cells were harvested
a 60 h and 72 h. Intriguingly, it was observed that the TRPV1 expression levels also
further heightened at 60 h and 72 h, as compared with T cells at 48 h (Figure 18). These
results indicate that the FK506 or B16F10-CS-induced TRPV 1 upregulation is irreversible

even after the removal of these immunosuppressive conditions.
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Figure 18: Time kinetics of TRPV1 expression on T cells and during reversal of
conditions. The expression profile of TRPV1 on T cells at time points ranging from 6 h to
48 h. The 48 h T cells were washed and reseeded with fresh medium. Those reseeded T
cells were later harvested at 60 h to 72 h and stained for TRPV 1. Bar diagram showing the
expression profile of TRPV1 at different time points. Representative data is from three
independent experiments. Two-way ANOVA was performed for significance calculation
between the groups (ns, non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001, **** p <
0.0001).
5.1.8. TRPV1 regulatesimmunosuppression-mediated intracellular Ca?* levels
5-IRTX is a potent and specific functional inhibitor of the TRPV1 channel and
can block TRPV1-directed Ca?* influx 2°31%, Here, the intracellular Ca?* levels were
assessed by using the Ca?*-sensitive dye Fluo-4 AM 20269310 \We have observed that in
ConA- (183.33 + 5.52%) or TCR-stimulated (143.52 + 10.45%) T cells, the Ca?* levels
significantly increased compared with resting T cells (100%). Additionaly, upon
immunosuppressive treatment with FK506, the calcium levels further (FK506: 181.87 +
4.15%; FK506 + ConA: 235.04 + 38.69%; FK506 + TCR: 185.16 + 9.81%) increased
significantly compared with ConA or TCR controls. However, in B16F10-CS
immunosuppressive conditions, a modest albeit increase in Ca* levels was found
(B16F10-CS: 115.42 + 6.11%, ConA + B16F10-CS: 189.71 + 14.34%, TCR + B16F10-
CS: 146.90 + 11.00%) as compared with resting (100%), ConA, or TCR controls.
Furthermore, in the presence of the TRPV 1-specific inhibitor, 5’-IRTX, the calcium levels
significantly decreased compared with their corresponding controls (Figure 19). These
results indicate that other calcium channels fail to replenish the reduced Ca?* levels due to

TRPV1 blocking in T cells. This highlights the fact that TRPV1 is indispensable in
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increasing intracellular Ca?* levels in T-cells in both T-cell activation and

immunosuppressive conditions.

Figure 19: Regulation of immunosuppression-mediated intracellular Ca?* in T cells via
TRPV1 channel. T cells were incubated with Ca?*-sensitive dye, Fluo-4 AM, along with
different experimental conditions for 1 h as mentioned in material and methods and
acquired via FC. The various experimental conditions were pre-treated with 5-IRTX,
followed by treatment as per the experimental setup. (A) Histogram analysis of Fluo-4
intensity representing intracellular Ca?* in T cells. (B) Fluo-4 intensity representing
intracellular Ca?* has been expressed as a percentage normalized to resting control. The
inset depicts the rise in intracelular Ca®* levels in ionomycin-treated T cells.
Representative data is from three independent experiments. One-way ANOVA was
performed for significance cal culation between the groups (ns, non-significant; * p < 0.05;
** p<0.01; *** p<0.001, **** p < 0.0001).

5.1.9. Time of action study of FK506 and B16F10-CS on T cell activation markers,

CD69 and CD25
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To investigate the time of action of FK506 and B16F10-CS on T cells, we have
performed a kinetic study to elucidate the expression levels of CD69 and CD25 with
respect to activation in the presence or absence of FK506 and B16F10-CS treatment. For
that, purified mouse T cells were first pre-treated with FK506, or B16F10-CS, followed by
activation. Next, cells were harvested at different time points (6, 12, 24, 48, 72 h) post-
activation, followed by cell surface staining of CD69 and CD25 and analyzed by FC
(Figure 20). The FC results show that the CD69 and CD25 expression decreases on
FK506 treated T cellsfrom 6 h onwards (FK506 + TCR: CD69: 1.53 + 0.44%, CD25: 2.92
+ 0.71%), whereas in the case of B16F10-CS treatment, the CD69 and CD25 levels
decrease from 48 h onwards (B16F10-CS + TCR: CD69: 19.43 + 2.63%, CD25: 35.83
2.76%) compared to the ConA and TCR controls (TCR 6 h: CD69: 31 + 2.91%, CD25:
10.76 £ 1.60%; TCR 48 h: CD69: 56.20 + 2.62%, CD25: 61.90 + 2.82%), suggesting that
FK506 is a fast-acting immunosuppressant, whereas B16F10-CS elucidates its effect

lately.
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Figure 20: Time of action of FK506 and B16F10-CS on T cell activation with respect to
CD69 and CD25 expression. T cells were activated with TCR. After treatment with
different conditions, T cells were harvested at time points 6, 12, 24, 48, 72, and 96 h. (A)
FC dot plots depicting the frequency of CD69 positive T cells aong with the
representative bar diagram (C) of three independent experiments. (B) FC dot plots
depicting the frequency of CD25 positive T cells along with the representative bar diagram
(D) of three independent experiments. Two-way ANOVA was performed for significance

calculation between the groups (ns, non-significant; **** p < 0.0001).
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5.1.10. Modulation CD69 and CD25 expression on T cell in the presence of TRPV1

inhibitor (5’-IRTX) along with FK506 and B16F10-CS

To study the cell surface expression of T cell activation markers CD69 and CD25
and whether these expressions are modulated in activated T cells in the presence of 5°-
IRTX alone or 5’-IRTX + FK506/B16F10-CS with or without activation, purified mouse
T cells were pre-treated with 5°-IRTX followed by the addition of FK506 or B16F10-CS
in respective wells. Then cells were activated with either ConA or TCR. Next, cells were
harvested 48 h post-activation, surface stained for CD69 and CD25, and analyzed via FC
(Figure 21). From the FC data, it has been observed that CD69 and CD25 levels were
significantly reduced in cells treated with ConA/TCR + 5’-IRTX compared to ConA/TCR
controls. Similarly, as found earlier, CD69 and CD25 levelson T cells were alleviated in
ConA/TCR + FK506/B16F10-CS treatment. Moreover, a further decrease in CD69 and
CD25 levels were found in cells treated with ConA/TCR + FK506/B16F10-CS + 5°-IRTX
compared to ConA/TCR + 5’-IRTX/FK506/B16F10-CS. These results suggest that
TRPV1 inhibition induces T cell suppression, and the suppression was further elevated

with FK506 and B16F10-CS treatment along with 5°-IRTX.
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Figure 21: T cell activation in the presence of TRPV1 inhibitor (5’-IRTX) along with
FK506 and B16F10-CS. Purified mouse T cells were pre-treated with 5°-IRTX, and then
FK506 or B16F10-CS were added to respective wells, followed by ConA or TCR
activation. Next, cells were harvested 48 h post-activation, and T cell activation markers
(CD69 and CD25) were assessed by FC. Flow cytometric dot plots depicting T cell
activation markers (A) CD69 and (B) CD25 aong with the corresponding bar diagram in
(C) and (D), respectively. One-way ANOVA was performed for significance calculation
between the groups. P < 0.05 was considered a statistically significant difference between
the groups. ns, non-significant; *** p < 0.001; **** p < 0.0001.
5.1.11. Modulation of pro-inflammatory cytokine production by T cells in the

presence of TRPV1 inhibitor (5’-IRT X) along with FK506 and B16F10-CS

To find out the pro-inflammatory cytokine release by T cells in the presence of 5’-
IRTX alone or 5’-IRTX + FK506/B16F10-CS with or without activation, purified mouse
T cells were pre-treated with 5°-IRTX followed by the addition of FK506 or B16F10-CS
in respective wells. Then cells were activated with either ConA or TCR. Next, cell-free T
cell supernatants were harvested 48 h post-activation, and sandwich ELISAs were

performed to quantitate the amount of IL-2, IFNy, and TNF released by T cells (Figure
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22). From the ELISA data, it has been observed that levels of IL-2, IFNy, and TNF were
significantly reduced in cells treated with ConA/TCR + 5’-IRTX compared to ConA/TCR
controls. Similarly, as found earlier, pro-inflammatory cytokine levels secreted by T cells
were significantly aleviated in ConA/TCR + FK506/B16F10-CS treatment. Moreover, a
further decrease in cytokine levels was found in cells treated with ConA/TCR +
FK506/B16F10-CS + 5°-IRTX compared to ConA/TCR + 5’-IRTX/FK506/B16F10-CS.
These findings suggest that TRPV1 inhibition reduces pro-inflammatory cytokine
production, which is further reduced with FK506 and B16F10-CS treatment along with 5°-

IRTX.
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Figure 22: Cytokine response by T cells in the presence of TRPV1 inhibitor (5’-IRTX)
along with FK506 and B16F10-CS. T cells were pre-treated with 5’-IRTX, and then
FK506 and B16F10-CS were added, followed by ConA/TCR activation. The T cell
supernatants were collected at 48 h post-activation, and sandwich ELISAs were performed
to quantitate secreted cytokines, such as (A) IFN-y, (B) IL-2, and (C) TNF. Representative
datafrom three independent experiments are shown. One-way ANOV A was performed for

significance calculation between the groups (ns, non-significant; **** p < 0.0001).
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5.1.12. Modulation of TRPV1 expression and intracellular Ca?* levels in B16F10

tumor -bearing mice

B16F10, a transplantable immunosuppressive mouse melanoma cell line, was
injected subcutaneously (SC) in C57BL/6 mice, and tumor growths were monitored up to
21 days post-sc injection. In order to ascertain the modulation of TRPV 1 expression and
consequent changes in intracellular Ca?* levels in murine splenic T cells, we performed
FC and calcium influx studies comparing control and B16F10 tumor-bearing mice (SC)
(Figure 23). It was observed that TRPV 1 levels significantly increased in T cells isolated
from B16F10 tumor-bearing mice (19.63 + 1.10%) compared with control mice (15.83 +
0.93%) (Figure 23 B). Next, we assessed whether the increase in TRPV 1 expression was
associated with a concurrent increase in intracellular Ca?* levels. We found that the basal
intracellular Ca?* levels (Rest: 100%; ConA: 129.46 + 14.08%; TCR: 113.66 + 5.80%)
alsoincreased in T cellsisolated from B16F10 tumor-bearing mice (Rest: 121.04 + 9.55%;
ConA: 143.08 + 8.58%; TCR: 151.51 + 6.17%) as compared with control mice (Figure 23
C). Altogether, these results indicate that TRPV 1 expression increases in splenic T cells
isolated from B16F10 tumor-bearing mice, and consequently, the intracellular Ca?* levels

were also increased as compared with control mice.
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Figure 23: Modulation of TRPV1 expression and intracellular Ca?* levels in splenic T
cells from control and B16F10 tumor-bearing mice (SC). Splenic T cells were isolated
from control and tumor-bearing mice (SC) and analyzed via FC. (A) B16F10-tumor
growth progression in C57BL/6 mice. (B) FC dot-plots depict TRPV1 expression on T
cells aong with its corresponding bar diagram. (C) Histogram plot of intracellular Ca®*
levels in untreated, ConA, or TCR activated in B16F10 tumor-bearing mice as compared
to control mice. Fluo-4 AM intensity representing intracellular Ca?* has been expressed as
a percentage normalized to resting T cells of control mice. Representative data from three
independent experiments are shown. t-test (B) and One-way ANOVA (C) were performed
for significance calculation between the groups (ns, non-significant; * p < 0.05; *** p <

0.001).
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5.2. Synergistic effect of TRPAL activation and Hsp90 inhibition

promotes the suppression of macrophage responses

Functional TRPA1 channels have been attributed to regulate various immune
functions associated with monocytes, macrophages, and T cells, modulating their
activation and effector function 262269311312 Eyrther, TRPAL has been reported to be
associated with lipopolysaccharide (LPS)-mediated inflammatory pathways 313315,
modulates nitric oxide (NO) production 2%, and facilitates cell survival through the
association of various proteins, including Hsp90 268316-318 ' gn90, a cytoplasmic chaperon
protein, has been observed to regulate various cellular processes by regulating different
client proteins 319320, Moreover, Hsp90 has been shown to modulate different responses
associated with immune cells 202%-2% However, the possible role of TRPAL in the
Hsp90-associated regulation of immune responses has not been investigated. Accordingly,
here we have studied the association of TRPA1 towards Hsp90 inhibition-mediated
modulation of immune responses in RAW 264.7 (mouse macrophage cell line), and THP-
1 cells (human monocytic cell line) stimulated with LPS-, or phorbol 12-myristate 13-
acetate (PMA).

5.2.1. Kinetics (dose and time) of TRPA1l expresson in LPSPMA-stimulated
macrophages with or without Hsp90 inhibition

To investigate the dose kinetics of TRPA1 expression in the presence of LPS or
PMA with or without 17-AAG, RAW 264.7 cells were incubated with different doses of
these reagents, and the expression of TRPA1 was anayzed using FC. Similarly, a time
kinetics study with a similar setup has been carried out with different time points. It has
been found that the expression of TRPA1 is dose-dependent in the presence of either LPS
or PMA, wheresas it is dose-independent and reversible with a fixed concentration of

LPS/PMA with varied 17-AAG concentrations (Figure 24). These results suggest that the
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TRPA1 levels are modulated during LPS or PMA stimulation in a dose- and time-
dependent manner.
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Figure 24: Dose and time kinetics of TRPA1 expression in LPS/PMA-stimulated and
Hsp90-inhibited macrophages. (A) Bar graph representing the percentage of positive cells
for TRPA1 with different doses of LPS (A.1)/PMA (A.2). (B) Bar graph representing the
percentage of positive cells for TRPAL for differential doses of LPS (B.1) / PMA (B.2) +
17-AAG (0.5 uM). (C) Bar graph comparing the percentage of positive cellsfor TRPA1 in
the presence of LPS or LPS + 17AAG condition or (D) PMA, PMA + 17-AAG at different
time points. R represents time points after the reversal of conditions. The data represent
the mean + SD of three independent experiments. One-way ANOV A was used for A and
B, and two-way ANOV A was used for C. Differences between groups with a p-value less
than 0.05 were considered statistically significant (ns, non-significant; *, p < 0.05; **, p <
0.01; *** p < 0.001).

5.2.2. Cdll viability assay for TRPA1 modulators (AITC and HC-030031) in Hsp90

inhibitor in macrophages

85



To study the cellular cytotoxicity of TRPAL1 modulators (AITC and HC-030031)
and Hsp90 inhibitor (17-AAG), RAW 264.7 cells were treated with different doses of
these modulators, and cell viability was determined via FC using 7-AAD staining (Figure
25). First, it was found that more than 90% of the cells were viable at 0.5 uM
concentration of 17-AAG, which was followed in further experiments. Next, the
cytotoxicity levels of the TRPA1-specific modulators were assessed by 7-AAD staining
via FC. The cells were treated with different concentrations of the serially diluted TRPA1
modulators HC-030031 (40, 20, 10, 5 uM) and AITC (40, 20, 10, 5 uM) in the presence of
17-AAG. DM SO was used as solvent control. It was observed that more than 95% of the
cells were viable at 10 and 5 uM of HC-030031 + 17-AAG (0.5 uM), and similar results
were observed at 20, 10, and 5 uM of AITC + 17-AAG (0.5 uM). Hence, 10 uM of AITC

and 10 uM of HC-030031 were used for further experiments.
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Figure 25. Cytotoxicity of TRPA1 modulators (AITC and HC-030031) in Hsp90-
inhibited macrophages. RAW 264.7 cells were treated with different doses of 17-AAG or

AITC and HC-030031 in the presence of 0.5 uM of 17-AAG. Cellswere harvested at 24 h
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and immediately stained with 7-AAD and analyzed via FC. (A) Bar graph showing the
percentage of viable RAW 264.7 cells at different doses of 17-AAG. (B) Bar graph
showing the percentage of viable RAW 264.7 cells at different doses of AITC and (C)
HC-030031 in Hsp90-inhibited macrophages. (D) bar graph showing the percentage of
viable RAW 264.7 cells at different concentrations of AITC and HC-030031 with 17-
AAG (0.5 uM). The data represent the mean + SD of three independent experiments. One-
way ANOVA has been performed for statistical significance analysis. Differences between
groups with ap-vaue < 0.05 were considered statistically significant (***, p < 0.001).
5.2.3. TRPA1lisupregulated in Hsp90-inhibited and L PS-stimulated macrophages
TRPA1 is associated with a wide range of celular and pathophysiologica
conditions 264267321 |t has a protective role in macrophage-mediated inflammation in
severa inflammatory diseases 232244259.266,272:322.323  The Hgp90 inhibitor used in the study
is 17-AAG, which is accredited as a potential anti-inflammatory agent during LPS
stimulation in macrophages via blockade of TLR4 signaling pathways %% To
investigate a possible association between TRPA1 and Hsp90-inhibition mediated
impairment of inflammation in macrophages, RAW 264.7 cells or THP-1 macrophages
were treated with either LPS/IPMA or 17-AAG or together. The working concentration of
LPS, PMA, and 17-AAG used were 500 ng/mL (as reported in the literature), 100 ng/ml
(as reported in the literature), and 0.5 UM, respectively. These cells were then harvested,
stained, and analyzed to check TRPA1 expression levels via FC (Figure 26). The TRPA1
antibodies used are specific for mouse TRPAL proteins and the specificity was tested
using blocking peptides (data not shown). The percentage of cells positive for TRPA1 was
observed to be increased significantly in LPS-stimulated RAW 264.7 cells (83.4 £ 1.73%)
as compared to resting RAW (mock) 264.7 cells (55.4 £ 3.73%) (Figure 26 A). Further, in

macrophages treated with both 17-AAG and LPS, the TRPA1 levels were augmented
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(94.6 + 1.67%). Similarly, it was found that the percentage of cells positive for TRPA1
decreased significantly in PMA-stimulated RAW 264.7 cells (48.5 + 1.74%) as compared
to resting RAW 264.7 cells (59.5 £ 2.19%). Furthermore, in macrophages treated with
both 17-AAG and PMA, the TRPAL levels were higher (72.2 £ 1.90%) (Figure 26 A).
The samples from each condition were assessed for TRPAL protein quantification via
Western blot. The highest band intensity for TRPA1 was obtained in LPS/IPMA stimulated
and 17-AAG treated conditions (Figure 26 B.1 and B.2). The THP-1 macrophages aso
followed a similar trend with reaching maximum TRPAL levels in Hsp90-inhibited and
LPS-stimulated macrophages (82.8 + 2.53%), trailed by LPS-stimulated macrophages
(69.7 £ 2.72%) and resting macrophages (56.6 + 2.61%). The results indicate a possible
modulation of TRPA1 expression in Hsp90-inhibited macrophages during LPS or PMA

stimulation.
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Figure 26: TRPAL is upregulated in Hsp90-inhibited and LPS- or PMA-stimulated
macrophages. Cells were treated with either LPS (500ng/ml, both RAW 264.7 and THP-1
macrophages) or PMA (100ng/ml, only in RAW 264.7) alone or together with 17-AAG
for 6h. (A) FC dot-plot and bar graphs depicting the percentage of positive cells for
TRPA1 in mock, LPS/PMA, and17-AAG + LPS/IPMA (B) Western blot analysis and
corresponding bar graphs of TRPAL expression in RAW 264.7 cells stimulated with
500ng/ml LPS (B.1), 100ng/ml PMA (B.2), and 0.5uM 17-AAG + LPS/PMA for 6h. The
data represent the mean £ SD of three independent experiments. Differences between
groups with a p-value < 0.05 were considered statistically significant (*, p < 0.05; **, p <
0.01; ***, p < 0.001).
5.2.4. TRPA1 regulatesthe activation of Hsp90-inhibited macrophages

To determine whether TRPA1 has any role in regulating the activation of Hsp90-
inhibited macrophages, cell surface expression of MHCII and CD80/86 were analyzed via
FC; RAW 264.7 were stimulated with LPS or PMA in presence of TRPA1 modulators,
and 17-AAG. The cells were harvested at 6 h post-stimulation, immunolabelled with
MHCII, CD80, and CD86 antibodies, followed by their acquisition and analysis via FC.
The expression levels of MHCII, CD80, and CD86 were represented in fold change
compared to the isotype control (Figure 27). It was observed that inhibition of Hsp90
significantly decreases the expression of MHCII (6.99 + 0.51), CD80 (17.4 £ 0.72), and
CD86 (24.4 £ 0.94) as compared to the LPS stimulated cells (MHCII: 10.40 £ 1.23, CD8O0:
21.2 £ 1.14 and CD86: 28.1 + 1.2). Furthermore, the pharmacological inhibition of
TRPA1 with HC-030031 significantly downregulated the effect of Hsp90 inhibition
(MHCII: 9.85 = 0.87, CD80: 20.5 £ 0.68, and CD86: 30.3 + 1.65) as compared to LPS +
17-AAG. Conversely, TRPAL activation with AITC significantly enhanced the Hsp90-

mediated downregulation of MHCII (4.63 = 0.51), CD80 (15.2 £ 0.58), and CD86 (20.7 =
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1.09) as compared to LPS + 17-AAG (Figure 27 A). Similarly, It was observed that
Hsp90 inhibition has significantly downregulated the expression of MHCII (7.90 + 0.17),
CD80 (11.1 £ 0.32), and CD86 (3.46 + 0.16) as compared to the control PMA-stimulated
cells (MHCII: 9.13 + 0.195, CD80: 12.8 + 0.59 and CD86: 3.95 + 0.14). Further
pharmacological inhibition of TRPA1 with HC-030031 significantly reduced the effect of
Hsp90 inhibition (MHCII: 9.65 + 0.73, CD80: 14.1 + 0.55, and CD86: 3.98 + 0.13) as
compared to PMA + 17-AAG. Conversely, TRPA1 activation with AITC has significantly
enhanced the Hsp90-mediated downregulation of MHCII (6.50 + 0.424), CD80 (9.87 *
0.06), and CD86 (3.01 = 0.05) as compared to PMA + 17-AAG (Figure 27 B). These
results indicate an important role of TRPAL in the suppression of activation markers of
macrophages, i.e, MHCII, CD80, and CD86, in Hsp90-inhibited conditions in the

presence of LPS or PMA stimulation.
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Figure 27: TRPAL1 regulates the activation of macrophages in Hsp90-inhibited conditions.
RAW 264.7 cells were treated with different conditions of 500ng/ml LPS/100ng/ml PMA,
0.5uM 17-AAG, 10uM HCO030031, or 10uM AITC and harvested at 12 h. FC histogram
depicting fold change in MFI of MHCII (A.1, B.1), CD80 (A.2, B.2), and CD86 (A.3, B.3)
of macrophages treated with LPS (A-series) or PMA (B-series) aong with their respective

bar graphs. The data represent the mean + SD of three independent experiments.
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Differences between groups with a p-value < 0.05 were considered statistically significant
(ns, nonsignificant; *, p < 0.05; **, p<0.01; ***, p < 0.001).
5.25. TRPA1 impairs the nitric oxide (NO) production in Hsp90-inhibited

macr ophages

Hsp90 is an active modulator of reactive nitrogen species (RNS) and reactive
oxygen species (ROS) %2435, To investigate the regulatory effect of TRPA1 in regulating
the NO production by 17-AAG-mediated Hsp90 inhibited condition, RAW 264.7 and
THP-1 macrophages were stimulated with LPS or PMA in the presence of TRPAL
modulators and 17-AAG. Griess assay was performed from the cell supernatants to assess
the nitrite, a breakdown product of NO 3% (Figure 28). Upon LPS stimulation, it was
observed that the nitrite production was upregulated at 24 h (78.7 £ 8.39 uM) as compared
to the untreated cells (9.59 + 0.831 puM). Further, upon Hsp90 inhibition with 17-AAG,
the nitrite production was significantly downregulated (53.6 + 2.42 uM). Surprisingly, in
the presence of either HC-030031 (21.58 + 1.42) or AITC (5.38 + 0.667 uM), the NO
levels decreased significantly (Figure 28 A). This trend was observed at 12 h, while no
significant changes in NO production were observed at 6 h post-stimulation. A similar
scenario was observed with THP-1 macrophages stimulated with LPS. Activation of
TRPA1 along with 17-AAG (10.3 £ 0.6 uM) significantly impaired the NO production
compared to the LPS 17.2 + 0.891 uM) and LPS + 17-AAG (14.6 + 0.97 uM) a 24 h
conditions (Figure 28 B). Additionaly, a significant uprise in nitrite production was
observed in macrophages treated with PMA a 12 h and 24 h. Furthermore, TRPA1
activation diminished the nitrite production in 17-AAG treated and PMA stimulated
macrophages successfully compared to the PMA and PMA + 17-AAG controls at 12 h and
24 h. Surprisingly no significant changes were observed with HC-030031 + 17-AAG

conditions compared to 17-AAG control in PMA-stimulated macrophages (Figure 28 C).
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These results indicate that TRPA1 activation augments the downregulation of NO

production via Hsp90 inhibition in LPS/PM A -stimulated macrophages.
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Figure 28: TRPAL regulates the modulation of nitric oxide (NO) production in Hsp90-
inhibited macrophages. RAW 264.7 and PMA-differentiated THP-1 cells were treated
with different conditions of 500ng/mL LPS or 100ng/mL PMA, 0.5uM 17-AAG, 10uM
HCO030031, or 10uM AITC, and the supernatant was collected at 6 h,12 h, and 24 h. Bar
graph depicting nitrite production from RAW 264.7 cells treated with LPS (A) or PMA
(C) or THP-1 macrophages treated with LPS at (B). The data represent the mean £ SD of
three independent experiments. Differences between groups with a p-value < 0.05 were
considered statistically significant (ns, nonsignificant; *, p < 0.05; **, p < 0.01; *** p <
0.001).

5.2.6. TRPA1 enhances the Hsp90 inhibition-mediated downregulation of pro-

inflammatory cytokine production in LPS or PMA-stimulated macr ophages
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Hsp90 has been reported to be essential for pro-inflammatory cytokine production
by macrophages 3?’. To investigate the regulatory effect of TRPA1 in regulating the pro-
inflammatory cytokine production by 17-AAG-mediated Hsp90 inhibited condition, RAW
264.7 cells were subjected to LPS or PMA stimulation under differential conditions of
TRPA1 modulation and 17-AAG treatment. The culture supernatant was assessed for TNF
and IL-6 cytokine release profiles (Figure 29). In 17-AAG-mediated Hsp90 inhibited and
LPS- or PMA-stimulated macrophages, the TNF and IL-6 levels reduced significantly at 6
h and 24 h post-L PS-stimulation compared to only LPS or only PMA controls. Further, the
inhibition of TRPA1 by HC-030031 has increased and restored the pro-inflammatory
cytokine production in Hsp90-inhibited and LPS-stimulated macrophages, nullifying the
effect of 17-AAG as the TNF and IL-6 production of LPS + 17-AAG + HC-030031 or
PMA + 17-AAG + HC-030031 samples were comparable to only LPS control.
Conversdly, activation of TRPAL in the LPS + 17-AAG + AITC or PMA + 17-AAG +
AITC conditions alleviated the pro-inflammatory cytokine production compared to Hsp90-
inhibited and LPS- or PMA-stimulated macrophages (Figure 29). The TNF and IL-6
production were significantly downregulated compared to LPS or PMA, LPS + 17-AAG,
and PMA + 17-AAG samples. Furthermore, AITC administration in LPS-stimulated
macrophages could impair TNF and IL-6 production; however, HC-030031 could not
significantly change LPS-stimulated macrophages (data not shown). Similar results were
observed with LPS-stimulated THP-1 macrophages at 24 h (Figure 29 B). These results
indicate an important role of TRPA1 in the development of anti-inflammatory responsesin

Hsp90-inhibited macrophages.
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Figure 29: TRPA1 modulates inflammatory cytokine responses in activated macrophages.
RAW 264.7 or PMA-differentiated THP-1 cells were subjected to different conditions of
500ng/ml LPS/200ng/ml PMA, 0.5uM 17-AAG, 10pM HC030031, or 10uM AITC, and
the supernatant was collected at 6 h and 24 h and assessed for cytokine profile. Bar graph
representing IL-6 (A.1, B.1, C.1) and TNF (A.2, B.2, C.2) levels in RAW 264.7 cells
stimulated with either LPS (A)/PMA (C), and THP-1 cédlls stimulated with LPS (B). The
data represent the mean = SD of three independent experiments. Differences between
groups with a p-value < 0.05 were considered statistically significant (ns, nonsignificant;
* p<0.05 **, p<0.01; ***, p<0.001).

5.2.7. TRPA1 modulates the Hsp90 inhibition-mediated downregulation of MAPK

activation during L PS stimulation in macrophages
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Hsp90 has been well-attributed as a regulator of various signaling complexes of
inflammation and associated responses 28, Hsp90 and inhibitors of Hsp90 have been
reported to be associated with the activation of ERK-MAPK signaling pathways and
SAPK/INK pathways in various immune models 32230, To investigate the role of TRPA1
in Hsp90-mediated regulation in MAPK pathways, RAW 264.7 cells were subjected to
LPS (500 ng/mL) stimulation under differential conditions of TRPA1 modulators and 17-
AAG for 15 min. Samples were collected and assessed to quantify signaling proteins, p38-
MAPK, ERK 1/2, SAPK/INK, and their respective phosphorylated proteins via Western
blot (Figure 30). Interestingly, it was observed that Hsp90 inhibition via 17-AAG has
significantly downregulated the LPS-induced p-p38-MAPK, p-ERK 1/2, and p-
SAPK/INK expression. Further, this development via 17-AAG was reversed with TRPA1
inhibition via HC-030031 treatment. The TRPAL activation via AITC successfully
diminished the expression of the proteins and signaling further compared to the respective
17-AAG + LPS and LPS conditions (Figure 30). These results indicate that the TRPA1

might be required for Hsp90 inhibition-mediated regulation of MAPK signaling cascades.
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Figure 30: TRPAL regulates the Hsp90 inhibition-mediated downregulation of MAPK
signaling in LPS-stimulated macrophages. RAW 264.7 cells were subjected to different
conditions of 500ng/ml LPS, 0.5uM 17-AAG, 10uM HC030031, or 10uM AITC, and
harvested at 15 min and assessed for intracellular signaling proteins p38-MAPK, ERK 1/2,
SAPK-JINK and their respective phosphorylated proteins via western blot. (A) Western
blot images from the samples represent p38-MAPK, ERK 1/2, SAPK-JINK, and their
respective phosphorylated proteins. Bar graph representing the fold change in band
intensity of phospho-proteins p-p38-MAPK (B), p-ERK 1/2 (C), and p-SAPK-INK (D)
normalized to the corresponding GAPDH controls. The data represent the mean + SD of
three independent experiments. The data represent the mean + SD of three independent
experiments. Differences between groups with a p-value < 0.05 were considered
statistically significant (ns, nonsignificant; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
5.2.8. TRPA1 modulates Hsp90 inhibition-mediated apoptosis in activated

macr ophages

Hsp90 has been found to be involved in cell survival during various inflammatory
and cancer models 3332 Additionally, our group has reported that Hsp90 inhibition by
17-AAG downregulates the CHIKV-induced apoptosis in host macrophages 3%. To
investigate the regulatory role of TRPA1 in Hgp90 inhibition-mediated developments in
LPS-induced apoptosis of macrophages, if any, RAW 264.7 cells were incubated with
differentia conditions of TRPA1 modulators, 17-AAG, and LPS or PMA and assessed for
cell death. We have performed cell-death analysis (Annexin V and 7-AAD staining) via
FC. The cells were harvested at 5 h and 24 h post-stimulation and assessed for apoptosis
viaAnnexin V and 7-AAD staining, followed by FC analysis (Figure 31). We have found
that cell death was increased significantly in LPS-stimulated macrophages at 5 h (12.2 +

1.02%) and further augmented at 24 h (50.8 £ 2.30%) post-stimulation as compared to
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untreated cells at 5 h (2.85 £ 0.71%) and 24 h (11.1 + 2.87%). As expected, it was
significantly diminished with 17-AAG administration at 5 h (9.65 + 0.55%) and 24 h (40.1
+ 1.05%) compared to LPS-treated cells. Interestingly, the TRPAL inhibition via HC-
030031 and 17-AAG has significantly upregulated at both 5 h and 24 h (17.6 = 1.40% and
51.1 + 3.14%), the apoptosis compared to LPS + 17-AAG condition. Conversely, TRPA1
activation via AITC has dramatically diminished the apoptosis at 5 h and 24 h (7.17 £
0.36%) and (25.1 + 3.36%). Activation of TRPAL via AITC exhibited an anti-apoptotic
effect in LPS-stimulated macrophages as it diminished cell death compared to LPS-
stimulated cells. However, HC-030031 has not modulated the cell death in LPS-stimulated
macrophages (data not shown). Similar results were observed in the PMA-induced
apoptosis of macrophages. RAW 264.7 cells treated with PMA (49.1 + 1.46%) were
susceptible to apoptosis at 24 h compared to untreated cells (19.4 £ 2.90%). The highest
percentage of apoptotic cells at 24 h was observed in samples treated with PMA + 17-
AAG + HC-030031 (60.9 £ 3.16%) and the lowest in cells treated with PMA + 17-AAG +
AITC (29.2 £ 0.872%) compared to PMA + 17-AAG (41.7 + 1.35%) and PMA controls
(49.1 + 1.46%) (Figure 31 C). These samples were also assessed for caspase 3 protein
levels via western blot. Band intensity levels were the lowest for cleaved caspase 3 in
LPS/PMA + 17-AAG + HC-030031 samples compared to LPS/IPMA, LPS/IPMA + 17-
AAG, and LPS/PMA + 17-AAG + HC-030031. Inhibition of TRPA1 with HC-030031
augmented the cleaved caspase 3 levels to the respective LPS/PMA samples, nullifying the
effect of 17-AAG, indicating the important role of TRPA1 towards regulating the Hsp90-

associated apoptosis of macrophages.
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Figure 31: TRPA1 regulates apoptosis in Hsp90-inhibited and LPS/PMA-stimulated
macrophages. RAW 264.7 cells were treated with different conditions of 500ng/ml
LPS/100ng/ml PMA, 0.5uM 17-AAG, 10uM HCO030031, or 10uM AITC. Cells were
harvested at 5 h and 24 h. Heat-killed cells were used as a positive control. (A) FC dot plot
representing the percentage of positive cells for Annexin V and 7-AAD at 24 h. Double-
positive cells were considered either dead or late apoptotic. Representative bar graphs of
the sample stimulated with LPS (B.1)/PMA (B.2). (C) Western blot image and bar graph
representing fold change in band intensity for cleaved caspase 3 (C.1, C.2) for the
respective samples. The data represent the mean £ SD of three independent experiments.
Differences between groups with a p-value < 0.05 were considered statistically significant
(ns, nonsignificant; *, p < 0.05; **, p<0.01; ***, p< 0.001).
5.2.9. TRPAL1 is an important contributor to intracellular Ca?*-influx in Hsp90-

inhibited and L PS-stimulated macr ophages

Ca?* currents via TRPA1 have been reported to modulate various immune

responses and cell fate decisions 262266271272311333334  gqudies have reported that
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intracellular Ca?* increases after LPS stimulation >, To investigate the regulatory role of
TRPA1 in intracellular Ca?*-influx in Hsp90-inhibited and L PS-stimulated macrophages,
Ca?*-influx studies via FC were performed. RAW 264.7 cells were stained with Fluo-4
AM, and Ca?*- influx was analyzed via FC continuously for 200s (Figure 32). The mean
value for every 20s interval was obtained, and two-way ANOVA was carried out for
statistical analysis (pairwise comparison and significance are not shown due to technical
difficulties in representing comparisons of al the conditions in each interval). The
intracellular Ca?* levels were compared before and after the addition of TRPA1
modulators, 17-AAG, and LPS in different conditions. Colorless RPMI media was used as
a vehicle. Interestingly, we observed that the Ca?* levels were augmented upon LPS
stimulation in macrophages compared to mock or vehicle-treated cells, whereas 17-AAG
administration could not evoke any changes in Ca?*-influx of its own (data not shown).
Additionally, 17-AAG treatment along with LPS has significantly diminished the
intracellular Ca?* levels compared to the LPS-stimulation control. Similarly, HC-030031
administration reduced the elevated calcium levels during LPS stimulation, whereas the
TRPA1 activation via AITC has upregulated it. HC-030031 treatment along with 17-AAG
and LPS resulted in reduced Ca?* levels compared to LPS only, LPS + 17-AAG, LPS +
HC-030031. Additionaly, the activation of TRPAL via AITC aong with 17-AAG and
LPS resulted in elevated Ca?* levels compared to LPS, or 17-AAG, LPS + 17-AAG, and
LPS + AITC treated cells (Figure 32). These results indicate that TRPA1 might be an

important contributor to Ca?* influx in Hsp90-inhibited and L PS-stimul ated macrophages.
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Figure 32: TRPAL1 regulates intracellular calcium influx in LPS-stimulated and Hsp90-
inhibited macrophages. RAW 264.7 cells were treated with Fluo-4 AM and assessed via
FC for intracellular calcium levels upon combinatorial treatment with either lonomycin,
vehicle, LPS, LPS + 17-AAG, LPS + 17-AAG + HC-030031, and LPS + 17-AAG +
AITC. (A) smoothened pseudo-color (red: high density; blue: Low density) dot plot
representing time-lapse kinetics of intracellular calcium influx. (B) Representative line

graph depicting fold changes in mean Fluo-4 intensity. The data represent the mean £ SD

of three independent experiments.
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53. TRPV1 and TRPAL1 differentially regulate Telmisartan-driven

suppression of T cells

TRPV1 and TRPA1 have been shown to functionally regulate T cell activation and
effector functions and attribute towards Ca?* flux 22724631637 Telmisartan (TM) (an
angiotensin receptor blocker (ARB)), an anti-hypertension drug, has been reported to
suppress T cell responses by inhibiting nuclear factor of activated T lymphocytes (NFAT)
signaling and tumor necrosis factor-alpha (TNF-a)-induced nuclear factor-kappa B (NF-
kB) activation ¥, Moreover, the repurposing of TM has been shown to modulate
various inflammatory immune diseases through its anti-inflammatory or
immunosuppressive effects 818 However, the possible involvement of transient
receptor potential (TRP) channels during TM-driven suppression of T cell responses has
not been explored yet. In this study, we investigated the potential role of TRPV1 and

TRPA1 during TM-driven experimental immunosuppression of T cells.

5.3.1. T cell viability in the presence of TM and different concentrations of TRPV1

and TRPA1 modulators

The cellular cytotoxicity assay in the presence of TM, RTX, BCTC, AITC, and HC in
purified mouse T cells was carried out using the trypan blue exclusion method. It was
observed that more than 90% of cells were found to be viable at 35 uM of TM, 100 nM
RTX, 12.5 uM of AITC, 1.34 uM of BCTC, and 100 pM of HC (Figure 33). Accordingly,
we chose these concentrations for further experiments. In all the experiments, either heat-

killed or UV-treated T cells were used as a positive control.
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Figure 33: T cdll viability in the presence of TM and different concentrations of TRPV 1
and TRPA1 modulators. Purified murine T cells were incubated with different
concentrations of Telmisartan (TM) (10 — 1000 puM), Resiniferatoxin (RTX) (TRPV1
activator, 25 — 400 nM), Allyl isothiocyanate (AITC) (TRPAL activator, 5 — 40 uM), 4-(3-
Chloro-2-pyridinyl)-N-[4-(1,1-dimethyl ethyl)phenyl]-1-piperazinecarboxamide  (BCTC)
(TRPV1 inhibitor, 1.34 — 53.63 uM), and 1,2,3,6-Tetrahydro-1,3-dimethyl-N-[4-(1-
methylethyl)phenyl]-2,6-dioxo-7 H-purine-7-acetamide,2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-
tetrahydro-7 H-purin-7-yl)-N-(4-isopropylphenyl)acetamide (HC-030031) (HC) (TRPA1
inhibitor, 10 — 400 uM) for 48 hours. Next, T cells were harvested, and trypan blue
exclusion assays were performed to determine the viability of T cells. More than 90% of
cells were found to be viable at (A) 35 uM of TM, (B) 100 nM RTX, (C) 12.5 uM of
AITC, (D) 1.34 uM of BCTC, and (E) 100 uM of HC. Subsequently, these concentrations
were used to carry out further experiments. (F) represents the positive control (heat-killed
cells {red bar}; cells were heated at 55 °C for 10 min) for cell death. Bar diagrams

represent the mean + SD of three independent experiments.
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5.3.2. Telmisartan (TM) suppresses TCR-induced T cell activation and proliferation

To determine the impact of TM on CD69 and CD25 levels, T cells were pre-
incubated with either DMSO or 25 and 35 uM of TM, and experiments were conducted as
described in the materials and methods (Figur e 34A — 34F). No cytotoxicity was observed
in the presence of 25 and 35 uM of TM; therefore, these concentrations were selected for
further experiments (Figure 33). Flow cytometric dot-plots in Figures 34A and 34C
represent frequencies of CD69+ve and CD25+ve T cells along with the corresponding bar
diagrams in Figures 34B and 34C, respectively. Figures 34E and 34F represent the MFI
values of CD69 and CD25 expressions on T cells, respectively. Flow cytometric
histograms in Figure 34G represent T cell proliferation along with the corresponding bar
diagram in Figure 34H. Notably, 35 uM of TM significantly downregulated T cell
activation (even in the presence of TCR, i.e., in TM+TCR condition) as the frequencies of
both CD69+ve (53.7+3.90; p < 0.0001) and CD25+ve (40.3£3.94; p < 0.0001) T cells were
reduced compared to only TCR (CD69: 72.26+2.36; CD25: 72.33+0.93) (Figure 34A-
34D). This downregulation was consistent with the MFI values of CD69 (147.33+7.40; p <
0.001) and CD25 (50.6£3.88; p < 0.0001) in TM+TCR condition compared to TCR alone
(CD69: 226.33+18.87; CD25: 383.33+11.02) (Figure 34E and 34F). Next, a T cell
proliferation assay was carried out in the presence or absence of TM, revealing a
significant downregulation of T cell proliferation in the TM+TCR condition (5.55+0.99; p

<0.0001) compared to only TCR (75.4+1.74) (Figure 34G and 34H).
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Figure 34: Telmisartan (TM) suppresses TCR-induced T cell activation and proliferation.
A-F. Purified murine T cells were pre-incubated with either DMSO or TM (25 or 35 uM)
for 1 hour. Cells were then activated with TCR (1 pg/mL of each anti-CD3 and anti-CD28
antibodies) in the presence or absence of TM. Next, cells were harvested and surface
stained for CD69 (early activation marker) and CD25 (late activation marker), and
anayzed via flow cytometry. Flow cytometric dot-plots of T cells showing frequencies of
(A) CD69 and (C) CD25 positive T cells in different conditions. Bar diagrams
(representing the mean + SD of three independent experiments) showing (B) frequency of
CD69 positive T cells, (D) frequency of CD25 positive T cells, (E) mean fluorescence
intensity (MFI) of CD69 and (F) MFI of CD25. TM at 35 uM concentration
downregulates both CD69 and CD25 levels significantly, and this concentration was used

in further experiments. G-H. Flow cytometric histograms in (G) showing T cell
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proliferation [proliferation assay of T cells stained with carboxyfluorescein succinimidyl
ester (CFSE)] in the presence or absence of TM with or without activation along with the
corresponding bar diagram in (H). Statistical analysis: One-way ANOVA; p < 0.05 was
considered statistically significant. ns = non-significant; ** = p < 0.01; *** = p < 0.001;
*¥%k* = p < 0.0001. The X and Y axes of the flow cytometric dot plots in (A) and (C)
denote the log scale from 10° to 10°. For the flow cytometric histogramsin (G), the X-axis

represents the log scale from 102 to 10° and the Y -axis denotes the count from 0 to 100.

5.3.3. Elevation of cell surface TRPV1 and TRPA1 on T cells during TM-mediated

immunosuppression

To assess the cell surface expressions of TRPV1 and TRPAL in TM-induced
immunosuppressed T cells, purified murine T cells were pre-incubated with either DM SO
or TM, and experiments were conducted as described in the materials and methods. Flow
cytometric histograms in Figures 35A and 35C represent MFIs of TRPV1 and TRPA1
expressions on T cells along with their corresponding bar diagrams in Figures 35B and
35C, respectively. Flow cytometric density plots in Figures 35E and 35G represent the
frequencies of TRPV1+ve and TRPAl+ve T cells along with the corresponding bar
diagrams in Figures 35F and 35H, respectively. Interestingly, the frequencies of both
TRPV1+ve and TRPAl+ve T cells were significantly elevated in TM+TCR (TRPV1:
39.2+1.34, p < 0.0001; TRPAl: 48.9+0.37, p < 0.001) and TM+ConA (TRPV1:
43.13+0.85, p < 0.0001; TRPAT: 53.73+0.89, p < 0.001) conditions compared to only TCR
(TRPV1: 26.46+£1.79; TRPAL: 43.1+1.08) or only ConA (TRPV1: 31.73+0.83; TRPA1:
47.86+0.40), respectively (Figure 35E-35H). Similar trends were observed for the MFIs of
TRPV1 and TRPAl in TM+TCR (TRPVI1: 494.33+11.58, p < 0.0001; TRPATI:

145.33+4.92, p < 0.001) and TM+ConA (TRPV1: 538+8.52, p < 0.0001; TRPAIL:

158.33+10.07, p < 0.0001) conditions as compared to only TCR (TRPV1: 316.33+6.84;
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TRPA1: 120.5+6.5) or only ConA (TRPV1: 312.66+6.94; TRPA1: 120.33+6.18) controls,

respectively (Figure 35A-35D).

Figure 35: Elevation of cell surface TRPV1 and TRPA1 on T cells during TM-mediated
immunosuppression. Purified murine T cells were pre-incubated with either DMSO or TM
(35 uM) for 1 hour. Cells were then activated with either TCR (1 pg/mL of each anti-CD3
and anti-CD28 antibodies) or with ConA (5 ug/mL) stimulation in the presence or absence
of TM and incubated for 48 hours. Next, cells were surface stained for TRPV1 and
TRPA1 and analyzed by flow cytometry. Flow cytometric histograms of T cells show the
mean fluorescence intensities (MFIs) of (A) TRPV1 and (C) TRPAL. Bar diagrams
(representing the mean £ SD of 3 independent experiments) in (B) and (D) represent the

MFIs of TRPV1 and TRPAL, respectively. Percentages of TRPV1 positive and TRPA1
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positive T cells are shown in (E) and (G), respectively, along with the corresponding bar
diagramsin (F) and (H). Statistical analysis. One-way ANOVA; p < 0.05 was considered
statistically significant. ns = non-significant; * = p < 0.05; ** =p <0.01; *** =p < 0.001;
**%k* = p <(0.0001. The X and Y axes of the flow cytometric plots in (E) and (G) denote

the log scale from 10° to 10°.

5.3.4. TRPV1 activation during TM-mediated immunoregulation overrides TRPA1-

driven suppression of T cell activation and effector cytokine responses

To determine the functional role of TRPV1 and TRPA1l in TM-induced
immunosuppressed T cells, TRPV1 and TRPA1 were modulated with different functional
modulators (no cytotoxicity was observed in each of the modulator’s concentrations used
for this study, Figure 33B-33E). Experiments were conducted as described in the materials
and methods (Figure 3 and Figure 4). Flow cytometric dot-plots in Figures 3A and 3F
represent the frequencies of CD69+ve and CD25+ve T cells, respectively. Bar diagramsin
Figure 3B and 3G represent the frequencies of CD69+ve and CD25+ve T cells in TRP-
activated conditions whereas Figure 3C and 3H represent the frequencies of CD69+ve and
CD25+ve T cellsin TRP-inhibited conditions, respectively. Bar diagramsin Figure 3D and
3l represent the MFIs of CD69 and CD25 expressions on T cells in TRP-activated
conditions whereas Figure 3E and 3J represent the MFIs of CD69 and CD25 expressions
on T cells in TRP-inhibited conditions, respectively. It was observed that frequencies of
both CD69+ve and CD25+ve T cells were significantly reduced in AITC+TCR (CD69:
47.6+2.49, p < 0.001; CD25: 41.8+2.29, p < 0.0001) and AITC+TM+TCR (CD69:
25.86+2.25, p < 0.05; CD25: 12.26+0.65, p < 0.05) conditions compared to TCR (CD69:
62+2.72; CD25. 57.4+1.92) and TM+TCR (CD69: 34.83+2.12; CD25: 18.16+0.85),
respectively (Figure 3A, 3B, 3F, and 3G). RTX+TCR condition (CD69: 60.2+3.08;

CD25: 55.26+1.26) showed no suppression of T cell activation, but maintained similar
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trends (in TCR and RTX+TCR) of TCR-driven activation (TCR: CD69: 62+2.72; CD25:
57.4+1.92) compared to resting T cells (only DMSO) (CD69: 0.82+0.39; CD25:
1.99+0.43) or AITC+TCR treated T cells (CD69: 47.6+2.49; CD25: 41.8+2.29) (for
AITC+TCR, the p-value: for CD69: p < 0.01; for CD25: p < 0.0001 respectively, as
compared to RTX+TCR (CD69: 60.2+3.08; CD25: 55.26+1.26)). Moreover, the activation
of both TRPV1 (by RTX) and TRPAL (by AITC) in T cells treated with TM and TCR, i.e,,
in RTX+AITC+TM+TCR (CD69: 36.6+2.62, p < 0.01; CD25: 20.73+1.61, p < 0.001)
condition partialy yet significantly upregulated the frequencies of both CD69+ve and
CD25+ve T cells as compared to AITC+TM+TCR (CD69: 25.86+2.25; CD25: 12.26+0.65)
(Figure 3A, 3B, 3F, and 3G). However, in the absence of TM, the AITC-driven T cell
suppression in the presence of TCR (i.e., in AITC+TCR) as compared to TCR aone or
RTX+TCR was not reversed by the RTX+AITC+TCR condition. The partia restoration of
T cell activation was only observed in T cells treated with TM and TCR, where TRPV1
activation was found to override TRPAL1 activation-driven T cell suppression (i.e.,
RTX+AITC+TM+TCR was found to restore T cel activation as compared to
AITC+TM+TCR). However, no such reversal of T cell activation was observed in TCR-
treated T cells (in the absence of TM), where TRPV 1 activation was not found to override
the TRPA1 activation-driven suppression (i.e., RTX+AITC+TCR did not restore T cell
activation as compared to AITC+TCR) of T cells. Corresponding MFIs of CD69 and CD25
are depicted in Figures 3D and 3I. Similar to the frequencies of CD69 and CD25, the MFI
values of CD69 and CD25 in RTX+AITC+TM+TCR (CD69: 41.28+3.01, p <0.01; CD25:
18.56+1.97, p < 0.05) condition moderately yet significantly upregulated the MFIs of both
CD69 and CD25 expressions in T cells as compared to AITC+TM+TCR (CD69:
27.10+£1.53; CD25: 10.90+£0.41) (Figure 3D and 3I). However, no reversal effects in the

MFIs of CD69 and CD25 expressions were observed in the RTX+AITC+TCR (CD69:
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59.73+4.92, non-significant; CD25: 48.10+3.082, non-significant) condition in the absence
of TM as compared to AITC+TCR (CD69: 58.90+4.16; CD25: 46.76+3.99). The T cell
activation in different conditions, as mentioned above, was further supported by cytokine
levels (IFN-y and TNF) (Figure 4A and 4B). Bar diagrams in Figure 4A and 4B represent
the amount of IFN-y and TNF released by T cells in TRP-activated conditions whereas
Figure 4C and 4D represent the amount of IFN-y and TNF released by T cells in TRP-
inhibited conditions, respectively. RTX+AITC+TM+TCR (IFN-y: 1749+195.3, p < 0.001;
TNF: 223.7+17.46, p < 0.01) condition partly yet significantly upregulated both IFN-y and
TNF productions by T cells as compared to AITC+TM+TCR (IFN-y: 1119+£153; TNF:
172.8+£15.03) (Figure 4A and 4B). However, no reversa effects in IFN-y and TNF
production were observed in the RTX+AITC+TCR (IFN-y: 1124+129.8, p = ns; TNF:
186.2+22.27, non-significant) condition in the absence of TM as compared to AITC+TCR
(IFN-y: 1180+150.4; TNF: 195.4+17.28). In addition, no such reversa of T cel
suppression was observed in the BCTC+HC+TM+TCR condition compared to

BCTC+TM+TCR and HC+TM+TCR (Figure 3A, 3C, 3E, 3F, 3H, 3J, 4C, and 4D).
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Figure 36: TRPV1 activation during TM-mediated immunoregulation overrides TRPA1-
driven suppression of T cell activation. T cells were pre-incubated with RTX (TRPV1
activator, 100 nM), AITC (TRPA1 activator, 12.5 uM), BCTC (TRPV1 inhibitor, 1.34
uM), HC (TRPAT1 inhibitor, 100 uM) to activate or inhibit TRPV1 and TRPAI in the
presence or absence of TM (35 uM) for 1 hour. After 48 hours of TCR stimulation (1
ug/mL of each anti-CD3 and anti-CD28 antibody), cells were harvested, surface stained
for CD69 and CD25, and analyzed via flow cytometry. Flow cytometric dot-plots of T
cells showing frequencies of (A) CD69 and (F) CD25 positive T cells in different
experimental conditions. Bar diagrams (representing the mean + SD of 3 independent
experiments) showing frequency (B) and mean fluorescence intensity (MFI) (D) of CD69
positive T cells in TRPV1- and/or TRPAl-activated conditions. Bar diagrams showing
frequency (G) and MFI (I) of CD25 positive T cellsin TRPV1- and/or TRPA1-activated
conditions. Bar diagrams showing frequency (C) and MFI (E) of CD69 positive T cellsin
TRPV1- and/or TRPAl-inhibited conditions. Bar diagrams showing frequency (H) and
MFI (J) of CD25 positive T cellsin TRPV 1 and/or TRPA1-inhibited conditions. In each
case, One-way ANOVA was performed. p < 0.05 was considered statistically significant.
ns = non-significant; * = p < 0.05; ** =p < 0.01; *** =p <0.001; **** =p <0.0001. The
X and Y axes of the flow cytometric dot plotsin (A) and (F) denote the log scale from 10°

to 10°.
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Figure 37: TRPV1 activation during TM-mediated immunoregulation overrides TRPA1-
driven suppression of effector cytokine production by T cells. T cells were pre-incubated
with RTX (TRPV1 activator, 100 nM), AITC (TRPA1 activator, 12.5 uM), BCTC
(TRPVI inhibitor, 1.34 uM), HC (TRPA1 inhibitor, 100 uM) to activate or inhibit TRPV1
and TRPA1 in the presence or absence of TM for 1 hour. After 48 hours of TCR
stimulation (1 pg/mL of each anti-CD3 and anti-CD28 antibodies), culture supernatants
were collected to quantify cytokine productions by T cells via sandwich ELISA. Bar
diagrams (representing the mean + SD of 3 independent experiments) showing
productions of IFN-y (A) and TNF (B) in TRPV1- and/or TRPA1-activated conditions.
Bar diagrams showing productions of IFN-y (C) and TNF (D) in TRPV1- and/or TRPA1-
inhibited conditions. Statistical analysis. One-way ANOVA; p < 0.05 was considered
statistically significant. ns = non-significant; * = p < 0.05; ** =p <0.01; *** =p <0.001;

8k = p < 0,0001.

5.3.5. Expression of TRPV1 correlates well with TRPAL in T cells in different

immunological conditions
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Correlation analyses were performed to assess the association between surface
expressions of TRPV1 and TRPA1, as well as CD69 and CD25 in various experimental
conditions (as shown in Figure 5A). Frequencies of TRPAl+ve and TRPV1+ve T cellsin
six different immunological conditions remain highly correlated (r = 0.9771; p < 0.001)
(Figure 5A). Comparable results were observed for MFIs of TRPAL1 and TRPV1 (r =
0.9903; p < 0.001) (Figure 5B). To explore the relationship between TRPV1 and TRPA1
in the context of T cell function, a standard pair of immune activation markers, i.e., a
correlation between CD69 and CD25, was analyzed in sixteen different experimental
conditions (as shown in Figure 5C). A high correlation between frequencies of CD69+ve
and CD25+ve T cells (r =0.9442; p < 0.0001) and MFIs of CD69 and CD25 (r = 0.9303; p

<0.0001) in various immunomodulated conditions was observed (Figure 5C and 5D).

Figure 38: Expression of TRPV1 correlates well with TRPAL in T cells in different
immunological conditions. (A) Correlation between frequencies of TRPV1+ve with

TRPA1l+ve T cdls in different conditions is shown. (B) Correlation between MFIs of
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TRPV1 with TRPA1 in different conditions is shown. (C) Correlation between
frequencies of CD69 with CD25 positive T cells in different conditions is shown. (D)
Correlation between MFIs of CD69 and CD25 in different conditions is shown. Linear fit
and correlation between points were used for the correlation analysis. In each case, the r

and p values are indicated.
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6. Discussion

6.1. Elevation of TRPV1 expression on T cells during experimental

Immunosuppression

TRPV1, avanilloid member of the TRP subfamily, has been well-cited to play an
important role in a variety of cellular processes associated with macrophages, dendritic
cells, and T cells regulating their effector responses 2%31°, Ca?* plays an important role in
T cell activation by integrating various cellular pathways modulating gene expression and
function 3633 T cell mitogens (ConA), TCR induction, and various immunosuppressive
drugs used during transplantation, e.g, cyclosporin A, rapamycin, and tacrolimus (FK506)
are observed to increase intracellular Ca?* levels 149276277 TRPV1 also plays an important
role, as published recently, in modulating ConA/TCR-mediated Ca?* flux regulating T cell
activation and effector function 038 However, the role of TRPV1 towards
immunosuppression and its functional association in regulating immunosuppression-
mediated Ca?* influx has not been investigated earlier. This study has provided the
experimental indication that TRPV 1 may also have arole in FK506 or B16F10-CS driven
immunosuppression mediated Ca?* influx in T cells. Further, the Fk506 and B16F10-CS
mediated modulation of T cell activation, pro-inflammatory cytokine production, and
proliferation has been highlighted.

Expression of TRPV1 increases during T cell activation %%, |n accordance, the
TRPV1 leve in T cells has been found to be higher in ConA/TCR treatment compared to
resting cells. Interestingly, the TRPV1 expression was significantly increased in FK506
and B16F10-CS treatment compared to resting cells. Further, the expression of TRPV1
was elevated in FK506 and B16F10-CS treatment along with ConA/TCR activation
compared to ConA/TCR controls. Additionally, the increased expression of TRPV1 was

found to be irreversible as the removal of the treatment conditions also augmented TRPV 1
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expression. A similar trend with a significant increase in TRPV1 expression levels has
been found in B16F10 tumor-bearing mice compared to the control group. These findings
suggest that TRPV 1 could be upregulated in an immunosuppressive environment.

Intracellular Ca2* plays a significant role in regulating various cellular processes,
including activation, cytokine production, migration, and differentiation 243, 5°-IRTX, a
specific TRPV 1 inhibitor, was used to find out the involvement of TRPV 1 towards FK506
and B16F10-CS-driven Ca* influx. Intracellular Ca?* accumulation was increased
significantly in FK506 treatment or treatment along with ConA/TCR, whereas pre-
treatment with 5’-IRTX markedly decreased Ca?* accumulation in T cells. However, a
modest increase in intracellular Ca?* accumulation was found with B16F10-CS treatment,
yet a marked decrease was found with 5’-IRTX administration. Further, an increase in
intracellular Ca?* accumulation was observed in the splenic T cells isolated from B16F10
tumor-bearing mice compared to the control group. These findings may suggest that
TRPV1 might be an important player in regulating activation- as well as
immunosuppression-mediated intracellular Ca?* levelsin T cells.

FK 506 is reported to increase intracel lular Ca2* levels 14°. Mechanistically, FK506-
binding protein 12 (FKBP12) is found to be associated with ryanodine receptors present in
the sarcoplasmic reticulum. The binding of FK506 with FKBP12 dissociates FKBP12
from ryanodine receptors facilitating Ca?* release from the sarcoplasmic reticulum lumen,
thus increasing intracellular Ca?* levels. 0. Additionally, FK506, after binding with
FKBP12, targets calcineurin associated with inositol 1,4,5-trisphosphate receptor 1
(IP3R1). The binding of the FK506-FKBP12 complex with 1P3R1-associated calcineurin
modulates intracellular Ca?* levels 2>3%0, Conversely, B16F10-CS employs IL-10" Bregs
and PDL1" macrophages and suppresses T cell effector functions by engaging

immunosuppressive  activities 161.162164165341 © Mechanigtically, induction of the

118



immunosuppressive microenvironment through Ca?*-induced activation of CaMKK?2 has
been reported. Further, deletion or inhibition of the CaMKK2 gene reduces tumor growth
in vivo 32, However, a detailed mechanistic study towards the possible association
between increased calcium levels and immunosuppressive microenvironment is warranted.

Collectively, induction of TRPV1 expression occurs during both immune
activation and immunosuppression in T cells. Immunosuppression induces a further risein
intracellular Ca?* levels. TRPV1 regulates the elevated intracellular Ca2* levels during

experimental immunosuppression. A proposed working model is represented in Figure 39.
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Figure 39: Proposed working model depicting functional expression of TRPV1 and
intracellular calcium levels in activated and immunosuppressed T cells. Resting T cells
maintain low levels of cytosolic Ca?* and basal levels of TRPV1 expression. (A) During T
cell activation with either ConA or TCR, both cytosolic Ca?* level and TRPV 1 expression
were upregulated significantly, aong with the induction of robust effector cytokine
responses. (B) Upon treatment with immunosuppressive FK506 or B16F10-CS, TRPV1
expression increased significantly, and the cytosolic calcium increased either markedly

(FK506) or modestly (B16F10-CS). (C) During experimental immunosuppression (treated
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with either FK506 or B16F10-CS) of T cells in combination with ConA or TCR-driven
stimulation, the cytokine responses markedly decreased. Further, in FK506 or B16F10-CS
treated T cells stimulated with either ConA or TCR, the cytosolic Ca?* either increased
markedly or modestly, respectively. Moreover, TRPV 1 expression increased significantly
in FK506 or B16F10-CStreated T cells stimulated with either ConA or TCR, suggesting a
possible induction of the TRPV1 channel on T cells during both immune activation and

immunosuppression.

6.2. Synergistic effect of TRPAL activation and Hsp90 inhibition

promotes the suppression of macrophage responses

TRPA1, a member of the ankyrin subfamily of TRP channels, is an important player in
regulating various cellular processes associated with different cell types, including
monocytes, macrophages, and T cells 262311312317383  ynderstanding TRPA 1-mediated
regulation of inflammatory pathways and its alliance with various intracellular proteins
imparted insights into TRPA 1-directed therapeutics in autoimmune disorders and various
infectious diseases 262266273313314344 ' lHgn90, on the other hand, mediates several cellular
pathways, including immune responses, by regulating various client proteins. Inhibition of
Hsp90 has been found to be effective in regulating various inflammatory responses
associated with monocytes and macrophages 262286331 Thjs study has provided the
possible role of TRPA1 in regulating Hsp90 inhibition-mediated anti-inflammatory
responses in macrophages. LPS/PMA stimulated RAW 264.7, and human THP-1
macrophages were used as an inflammatory model. 17-AAG-mediated inhibition of Hsp90
downregulated macrophage activation, inflammatory responses, and Ca?* influx.

Moreover, further modulation of TRPA1l channels in Hsp90-inhibited macrophages
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modulates Hsp90 inhibition-mediated downregulation of macrophage inflammatory
responses.

Induction of functiona TRPAL1 channels in various inflammatory conditions is
waell reported 232,240,323,345,244,259,266,271,272,311,312,322_ TRPAL1 is upregul ated in LPS-activated
macrophages. However, the expression of TRPA1 goes down with PMA treatment. Y et,
the expression further elevated significantly in both LPS or PMA treatment along with 17-
AAG. Further, the augmentation of TRPA1 expression with 17-AAG-mediated Hsp90
inhibition is time-dependent and reversible. These results may suggest the possible
association of TRPA1 and Hsp90-inhibition in macrophages.

17-AAG inhibits TLR4-mediated cellular inflammatory pathways 16629,
LPS/PMA-stimulated macrophages treated with 17-AAG have been found to induce a
reduced pro-inflammatory response with respect to macrophage activation markers,
cytokine release, and NO production compared to activated macrophages. Moreover,
inhibition of TRPAL in Hsp90-inhibited macrophages augmented the pro-inflammatory
responses, and activation led to a further reduction of macrophage activation. Similar
results have been found with macrophage apoptosis. Hsp90 inhibition via 17-AAG
reduced the frequency of apoptotic cells. Further, inhibition of TRPA1 in Hsp90-inhibited
macrophages augmented the percentage of apoptotic cells, whereas activation leads to the
reduction of apoptosis. Additionaly, the expression of p-P38, p-ERK1/2, and p-SAPK-
INK was adso found to follow a similar trend as above. These findings suggest that
TRPA1 may have an anti-inflammatory role in Hsp90-inhibited macrophages.

Macrophage activation |leads to augmented Ca?* influx regulating various cellular
functions 262266.271,272311.333.334 " qimij|arly, increased Ca2* influx has been found with LPS
stimulation, and a reduction has been observed in 17-AAG treatment. Further, TRPA1

activation in the Hsp90-inhibited condition upregulated Ca?* influx, which gets reduced
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with antagonism of TRPA1, suggesting TRPA1 regulates LPS/17-AAG-mediated Ca?*
influx.

Collectively, TRPA1 might have a possible association with 17-AAG-induced
Hsp90 inhibition-mediated suppression of inflammatory responses in activated
macrophages playing an important role as an anti-inflammatory mediator. A
comprehensive working model is depicted in Figure 40.
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Figure 40: A proposed comprehensive working model. A proposed comprehensive
working model depicting the role of TRPAL in 17-AAG mediated inhibition of
inflammation in LPS- or PMA-stimulated macrophages. TRPA1 is modulated upon
LPS/PMA stimulation (A). Pro-inflammatory responses, including IL-6, TNF, MHCII,
CD80/86, NO, intracellular calcium, and intracellular signaling proteins p38-MAPK, p-
ERK 1/2, p-SAPK-JNK are significantly upregulated with LPS (A.1) or PMA stimulation
(A.2). Upon administration of 17-AAG along with LPS or PMA, the pro-inflammatory

responses are downregulated (C). Inhibition of TRPA1 via HC-030031 with 17-AAG and
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LPS or PMA administration reverses the pro-inflammatory responses, intracellular
signaling proteins p38-MAPK, p-ERK 1/2, p-SAPK-INK back to the LPS or PMA
stimulated levels with a further diminished intracellular calcium level (B). Activation of
TRPA1 viaAITC and 17-AAG in LPS or PMA stimulated macrophages by impairing the
pro-inflammatory responses, intracellular calcium, and intracellular signaling proteins
p38-MAPK, p-ERK 1/2, p-SAPK-JINK to a greater extent exhibiting an anti-inflammatory

property (D) the pro-inflammatory responses are represented according to the color code.

6.3. TRPV1 and TRPAL differentially regulate Telmisartan-driven

suppression of T cells

Many TRP channels, including TRPV1 and TRPA1 channels, are expressed in
neurons and play a crucia role in transmitting a variety of sensory signals, such as
inflammation, pain, and chemical and thermal nociception 34347, TRPV1 and TRPA1 are
members of the TRP family and have been reported to be functionally associated with
diverse immune cells, including macrophages, dendritic cells, T cells, and NK cells
250,269.348349 The functional role of TRPV1 and TRPA1 in TCR- or ConA-mediated T cell
activation has been reported previously 202 TM, an anti-hypertension drug, has been
experimentally repurposed towards regulating various inflammatory disorders 179187188
However, the possible involvement and association of TRPV 1 and/or TRPAL channelsin
TM-driven immunosuppression of T cells, if any, have not been reported until now. This
study presents the initial evidence that both TRPV1 and TRPA1 participate in TM-driven
suppression of T cell responses. Accordingly, our am was to explore the possible
functional involvement of TRPV1 and TRPA1 during TM-driven experimenta
immunosuppression of T cells. We observed that the surface expressions of TRPV1 and

TRPA1 were elevated in TM-mediated immunosuppression of T cells. Moreover, TRPA1
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activation-driven suppression of T cell responses during TM treatment was found to be
partialy yet significantly overridden by TRPV 1 activation. Collectively, the data suggest
that during immune activation from the basa level as well as in immunosuppressed
conditions, expressions of TRPV1 and TRPAL1 are upregulated, and these channels are
functionally associated with T cell effector responses.

Immunosuppression promotes anti-inflammatory responses, demonstrating a
critical impact in both clinical and experimental cases of atered immunity 303, |n this
study, we used TM, an anti-hypertension drug reported to induce immunosuppression by
regulating inflammatory responses 18, Pre-incubation of T cells with TM effectively
reduces T cell responses (CD69 and CD25 expressions, proliferation, and cytokine
profile), indicating that TM-induced immunosuppression predominates over TCR-
mediated T cell activation. Additionally, under TM-induced immunosuppressed
conditions, activation of TRPA1 by AITC further induced immunosuppression. However,
such stringent levels of immunosuppression could be partially overcome through the
activation of TRPV1. Furthermore, in TM-driven immunosuppressed conditions,
activation of TRPV 1 by RTX was found to enhance T cell activation and effector cytokine
production by overriding TRPA1-driven suppression of T cell responses. In contrast, the
inhibition of TRPV1 by BCTC and TRPA1 by HC was found to induce higher
immunosuppression. Therefore, it appears that the activation of endogenous TRPV1 may
enhance T cell activation, especially under stringent immunosuppressive conditions.

Elevation of TRPV1 and TRPA1 during T cell activation and their functiona
association with T cell effector responses have been previously reported 2%2°, In our
recent work, we demonstrated an increase in cell surface expression of TRPV1 levelsin

immunosuppressed T cells 2. Additionally, our previous findings indicated an
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upregulation of different TRP channels during T cell activation 259269353 gligning well
with the results presented in this study.

TRPV1 activation facilitates TCR-driven Ca?*-influx, T cell signaling, and effector
responses in CD4" T cells %®. Additionally, pharmacological inhibition of TRPV1 or
genetic knockout mice showed reduced disease scores, colitogenic T cell responses, and
intestinal inflammation in the T cell-mediated colitis model 3%®. Conversely, IL-107
TRPA1” mice in colitis and inflammatory bowel disease (IBD) models have been
reported to develop more severe CD4" T cell-mediated chronic inflammation as compared
to mice with only IL-10" 3 Moreover, TRPA1 knockout mutation has also been
associated with sustained TCR-driven Ca?* influx, leading to Th1 (IFN-y, IL-2 producing
type 1 CD4* helper T cells) polarization and the production of IFN-y and IL-2 %,
Furthermore, TRPA 1 has been shown to play a suppressive role in regulating macrophage
activation and proinflammatory responses 3%, In addition, immunosuppression has been
reported elsewhere to upregulate intracellular Ca?* concentrations 1493423523%  gnd both
TRPV1 and TRPAL1 have been found to play an important functional role in regulating
intracellular Ca?* levels associated with immunosuppression 323, However, the
underlying mechanisms involving immunosuppression-driven elevation of TRPV1 and
TRPA1 and their possible association in regulating T cell functions require further
exploration in future studies. It could be speculated that TRPV1 and TRPA1 might
differentially contribute to the regulation of immune function, in addition to their
upregulated expressions during cell-mediated immunosuppression.

In addition to pharmacological modulations, various endogenous molecules have
been shown to have agonistic effects on TRPV1 and TRPA1 373! These include
lysophosphatidic acid, N-acyl-ethanolamines, N-acyl-dopamines, oxytocin ATP, hydrogen

sulfide, nitric oxide, arachidonic acid and lipoxygenase products, ammonia, intracellular
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pH, divalent cations (Ca?*, Mg?*), which have been reported to activate TRPV1 channels
3603681 |n contrast, alkenyl aldehydes (4-hydroxynonenal, 4-oxo-nonenal, and 4-
hydroxyhexenal), hydrogen peroxide, 15-deoxy-A12,14-prostaglandin J2, reactive oxygen
species, and reactive nitrogen speci es have been shown to activate TRPA 1 channels 3%,
However, further investigations are warranted to decipher the direct involvement of
various endogenous moleculesin activating TRPV1 and TRPALiIn T célls.

Our data further indicate the existence of a strong correlation between surface
expressions of TRPV1 and TRPA1in T cellsin different immunological conditions, such
as resting, activated, and immunosuppressed states. Notably, the correlation between
TRPV1 and TRPA1 surface expressions is at |east the equal range, if not stronger than the
CD69 and CD25, suggesting that TRPV1 and TRPA1 could be considered as contextual
immunoregulatory markers. Nevertheless, the high correlation between the surface
expressions of TRPV1 and TRPAL in T céls is striking. This is also relevant as in the
diverse celular systems, both TRPV1 and TRPA1l engage in reciprocal signaling
functions.

Based on these findings, we suggest that functional modulation of TRPV1 and
TRPA1 could be helpful in regulating the immunosuppression of T cells. A proposed
working model of the current study has been summarized in Figure 41. This study might
have broad implications for the role of TRPV1 and TRPA1l in immunosuppressive
diseases and might be important in designing strategies for possible future
immunotherapy, especialy the repurposing of TM in regulating TRP-directed cell-
mediated immune responses associated with immune disorders. The current study may

open future translational implications for other TRP channels in altered cell-mediated

immune responses associ ated with various diseases.
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Figure 41: The proposed model depicting the possible involvement of TRPV1 and TRPA1
during TM-induced immunosuppression of T cells. Resting (condition A, i.e., T cells treated
with only DMSO) murine T cells were activated by TCR (i.e., T cells pre-incubated with
DMSO and then stimulated with TCR) in the presence (C) or absence (B) of TM. TCR
activation upregulates T cell responses relating to T cell activation markers (CD69 and CD25
expressions) and effector cytokine (IFN-y and TNF) production as compared to resting cells
(i.e, T cels treated with only DMSO). TM treatment suppresses T cell responses by
downregulating T cell activation markers (i.e.,, CD69 and CD25 expressions) and effector
cytokine (IFN-y and TNF) productions in TM+TCR condition (depicted by condition C) (i.e.,
pre-incubated with TM and then stimulated with TCR) as compared to only TCR activation

(depicted by condition B). Cell surface expressions of TRPV 1 and TRPA1 were upregulated in
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TM-induced immunosuppressed T cells (C) as compared to T cells activated with only TCR
stimulation (B). TRPAL activation by AITC reduces T cell responses by reducing T cell
activation markers (CD69 and CD25 expressions) and effector cytokine (IFN-y and TNF)
productions in both AITC+TCR (depicted by condition E) (i.e., T cells pre-incubated with
AITC and then activated with TCR stimulation) and AITC+TM+TCR (H) (i.e, T cells pre-
incubated with TM and AITC and then stimulated with TCR) conditions. TRPV 1 activation by
RTX during TM-mediated immunoregulation overrides TRPA1-driven suppression of T cell
responses by upregulating T cell activation markers (CD69 and CD25 expressions) and
effector cytokine (IFN-y and TNF) responses i.c., in RTX+AITC+TM+TCR condition
(depicted in I, T cells pre-incubated with RTX, AITC, and TM and then stimulated with TCR)
as compared to TRPA1-activated cells treated with TM and TCR, i.e,, in AITC+TM+TCR
condition (depicted in H, T cells pre-incubated with AITC and TM, and then stimulated with
TCR). However, in the “absence of TM”, activation of TRPV1 by RTX in TCR-activated cells
fails to override TRPA1 activation (by AITC)-driven suppression of T cell responses, i.e., in
RTX+AITC+TCR condition (depicted in F, i.e., T cells pre-incubated with RTX and AITC,
and then stimulated with TCR) relating to T cell activation markers (CD69 and CD25
expressions) and effector cytokine (IFN-y and TNF) productions as compared to TRPAI-
activated cells treated with TCR, i.e.,, in AITC+TCR condition (depicted in E, T cells pre-
incubated with AITC and then stimulated with TCR), suggesting a possible functional

involvement of TRPV 1 and TRPA1 in TM-mediated immunosuppression of T cells.
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7. Future Direction

Immunosuppression is the prime cause of aleviated effector immune responses
associated with macrophages, dendritic cells, T cells, and other accessory immune cells.
Different diseases and several medications and modulators are reported to induce
suppression of the immune cells by modulating cellular processes, including signaling
cascades, gene expression, and/or celular communications. In this study,
immunosuppression-mediated regulation of T cell and macrophage functions, the
association of TRPV1 and TRPAL1 towards immunosuppression of T cells and
macrophages, and the comparative possible differential role of TRPV1 and TRPAL
towards immunosuppression of T cells have been examined. However, the detailed
mechanism underlying the association of immunosuppression with the induction of
TRPV1 and TRPA1 in immune cells, along with their functions in regulating CMI
responses, is yet to be elucidated. Moreover, the details of the cellular processes associated
with cancer cell-mediated suppression of immune cells and signaling pathways altering the
cancer cell-driven immunosuppression are still under investigation. It would be fascinating
to further decode the information about the functional association of altered physiological
conditions with immunosuppression towards regulating immune function along with the
vertical exploration of the cellular events, which might have profound implications with

better strategies for devising future therapeutics.
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The transient receptor potential vanilloid 1 (TRPV1) channel is a thermo-sensitive, polymodal cation channel.
An increase in intracellular calcium (Ca®") is essential for T-cell responses. Similarly, various immuno-
suppressive agents are also reported to induce Ca®" influx. However, the possible involvement of TRPV1
during immunosuppression has not been studied yet. Here, we investigated the possible functional role of
TRPV1 in FK506 or B16F10-culture supernatant (B16F10-CS)-driven experimental immunosuppression in
T-cells. Intriguingly, it was found that TRPV1 surface expression was further significantly elevated during
immunosuppression compared with concanavalin A (ConA) or TCR-activated T-cells. Moreover, in B16F10
tumor-bearing mice, TRPV1 expression was upregulated on splenic T-cells as compared with T-cells derived
from control mice. We also observed an immediate increase in intracellular Ca>" levels in FK506 (marked
increase) and B16F10-CS treatment (modest increase) or in combination with T-cell activation as compared
with resting and activated T-cells. Likewise, in B16F10 tumor-bearing mice, the basal intracellular calcium
level was upregulated in T-cells as compared with controls. The elevated Ca** level(s) were found to be
significantly downregulated by 5’-iodoresiniferatoxin (5'-IRTX) (a TRPV 1-specific inhibitor), suggesting an
important role of TRPV1 during immune activation and immunosuppression. The current study may have
implications for immunosuppressive diseases along with inflammatory disorders associated with the coordi-
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nating role of TRPV1 and Ca®" influx.

Keywords.

1. Introduction

Ion channels are well-characterized to decipher the
functional role of various physiological processes.
Moreover, they have been documented to regulate
immune responses associated with T-cell activation and
effector functions. There are around five major types of
ion channels which are found to be operative in T-cells.
These ion channels (e.g., Kv1.3, KCa3.1, Orail+stro-
mal interacting molecule 1 (STIM1) [Ca’*-release
activating Ca>" (CRAC) channel)], TRP (transient

B16F10-CS; FK506; immunosuppression; T-cell; TRPV1

receptor potential cation channel), and Clg.;) are
reported to harbor complex cascades of cellular sig-
naling towards various T-cell-driven immune responses
(Cahalan and Chandy 2009). Ca®" channels are indis-
pensable for T-cell activation as they promote the Ca>*
influx required for various cellular responses such as
cytokine production, T-cell division, and differentiation
towards effector responses (Dolmetsch et al. 1997; Vig
and Kinet 2009; Hogan et al. 2010). Transient receptor
potential (TRP) channels belong to a superfamily of ion
channels that are thermo-sensitive, polymodal-gated,
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and permeable to cations such as Ca*" (Nilius 2007).
Free Ca®" ions serve as a second messenger of cells,
including different immune cells such as T- and
B-lymphocytes and macrophages, regulating various
physiological processes like differentiation, gene tran-
scription, and effector functions (Oh-hora and Rao
2008; Vig and Kinet 2009). Abnormality in Ca*" sig-
naling or unavailability in immune cells may lead to
various immunological disorders like severe combined
immunodeficiency (SCID) or may hamper the proper
activation of naive T-cell and effector functions (Feske
2007; Majhi et al. 2015). Transient receptor potential
vanilloid 1 channels (TRPV1) are reported to regulate
Ca®" influx and modulate various T-cell processes,
including differentiation, proliferation, and activation
(Bertin et al. 2014; Majhi et al. 2015; Amantini et al.
2017).

The association and the involvement of several TRPs
and Ca®" in cell-mediated immunity (CMI) are widely
reported (Bertin ef al. 2014; Majhi et al. 2015; Sahoo
et al. 2019; Pathak et al. 2021; Kumar et al. 2021).
Experimental analysis of CMI associated with T-cell
responses, especially through in vitro and in vivo models,
are also well reported. Concanavalin A (ConA) and
T-cell receptor (TCR)-driven in vitro T-cell activation
and subsequent Ca’" release are described earlier
(Komadaetal. 1996; Pang et al. 2012; Majhi et al. 2015).
Moreover, several immunosuppressive drugs and
cancerous cell-driven regulation of T-cell responses are
reported as well (Almawi ez al. 2001; Zhou et al. 2016).

The functional role of TRPV1 in cell-mediated
immunity (CMI) and its involvement in increase in
intracellular Ca®" have been reported (Bertin et al. 2014;
Majhi et al. 2015; Pathak e al. 2021; Kumaret al. 2021).
Moreover, a number of immunosuppressive agents such
as rapamycin, tacrolimus (FK506), and cyclosporin have
also been reported to induce intracellular increase of
Ca*t (Cameron et al. 1995; Bultynck et al. 2000; Van
Acker et al. 2004; MacMillan and McCarron 2009).
However, information about any alteration of TRP
channels towards Ca®" flux associated with immuno-
suppression remains scanty. It might be possible that
TRPV1 may be differentially associated with the intra-
cellular increase in Ca®" levels and cellular responses
during immunosuppression, similar to immune activa-
tion. Therefore, in the present study, the possible role of
TRPV1 during experimental immunosuppression was
explored. Moreover, FK506 (an immunosuppressive
drug) (Almawi et al. 2001) or B16F10-culture super-
natant-driven (B16F10-CS, used as immunosuppressive
cell culture media from B16F10 murine melanoma cell
line) (Zhou et al. 2016; Gao et al. 2018; Wen et al. 2018)

P Sanjai Kumar et al.

regulation of T-cell activation, inflammatory cytokine
responses, and subsequent Ca®" influx were investi-
gated. The current study may have importance in
TRPVl1-associated immunosuppression in T-cells,
which may have implications for various immunosup-
pressive diseases as well.

2. Materials and methods
2.1 Mice

Both male and female C57BL/6 mice, 6 to 8 weeks old,
from the National Institute of Science Education and
Research (NISER), Bhubaneswar, were used for
experimentation. All protocols were approved by the
Institutional Animal Ethics Committee (IAEC),
NISER, following CPCSEA guidelines.

2.2 Antibodies, reagents, and drugs

FK506 (Cat. no. F4679-5MG), Concanavalin A
(ConA) (Cat. no. C0412-5MG), and 5'-IRTX (Cat. no.
19281-1MG) were purchased from Sigma Aldrich (St.
Louis, USA); anti-mouse CD25 (Cat. no. 553866),
OptEIA kits for IL-2 (Cat. n0.555148), IFN-y (Cat.
n0.555138), and TNF (Cat. no. 558534) for sandwich
ELISA were from BD Biosciences, SJ, USA; anti-
mouse CD69 (Cat. no. 35-0691-U100) and anti-mouse
CD90.2 (Cat. no. 20-0903-U100) from Tonbo Bio-
sciences, San Diego, CA, USA; anti-mouse TRPV1
(Cat. no. ACC-029) with TRPVI1-specific blocking
peptide (NSLPMESTPHKSRGS) from Alomone Lab-
oratories (Jerusalem, Israel); anti-mouse CD3 (Cat. no.
40-0032-U500) and anti-mouse CD28 (Cat. no.
40-0281-U500) [functional assay grade] were procured
from Tonbo Biosciences, San Diego, USA. Secondary
anti-rabbit Alexa Fluor 488 and T-cell isolation kit
(Dynabeads™ Untouched™ Mouse T-cells Kit, Cat.
no. 11413D) were procured from Invitrogen, Carlsbad,
CA, USA. RPMI-1640 cell culture medium and FBS
were purchased from PAN Biotech, Germany; DMEM
cell culture medium, 10X RBC lysis buffer, 10X PBS,
L-glutamine, penicillin, and streptomycin were from
Himedia Laboratories, Mumbai, India.

2.3 T-cell isolation, purification, and cell culture

As reported previously, splenocytes from mice were
isolated (Sahoo et al. 2018). In brief, spleens of
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C57BL/6 mice were disrupted through a 70 pm cell
strainer. RBCs were lysed using RBC lysis buffer,
washed with 1X PBS, centrifuged, and resuspended in
complete RPMI-1640. T-cells were then purified using
an Untouched T-cell Isolation Kit according to the
manufacturer’s protocol (Sahoo et al. 2018). Briefly,
splenocytes were resuspended in an isolation buffer
and incubated with biotinylated antibodies. Cells were
then washed with excess isolation buffer, centrifuged,
and incubated for 15 min with streptavidin-conjugated
magnetic beads, and then placed in a magnet for 2 min.
The purity of T-cells was >95%, measured using flow
cytometry (BD FACSCalibur™ flow cytometer, BD
Biosciences).

T-cell activation assays were performed using either
ConA (5 pg/mL) or anti-CD3 (plate-bound, 2 pg/mL)
and anti-CD28 (soluble, 2 pg/mL) as described previ-
ously (Majhi et al. 2015) in the presence or absence of
either FK506 or B16F10-CS for 48 h.

2.4 BI6F10-CS collection and subcutaneous
injection

B16F10 (ATCC® CRL-6475™) cells were cultured in
DMEM and maintained as per ATCC protocol. At
60-70% of B16F10 confluency, the culture medium
was replaced with a fresh medium, and after 24 h, the
cell-free supernatant was collected and stored at —80°C
until further use (Zhou et al. 2016; Gao et al. 2018).

B16F10 cells in the logarithmic growth phase
(<50% confluency) were harvested and suspended in
an ice-cold HBSS buffer. After counting, 2x10°
cells/mouse were injected subcutaneously (sc) in the
right flank of wild-type C57BL/6 mice. 5 mice/group
as a control group (without B16F10 cell injection) and
B16F10 tumor-bearing group (injected with B16F10
cells) were used per experiment. From the 14th day,
after the formation of a palpable tumor, tumor growth
progression was periodically measured with a digital
caliper (Fisher Scientific), and tumor volumes were
calculated using [(tumor length x tumor width?)/2]. On
the 21st day, the mice were sacrificed, and the spleens
were harvested for further processing (Overwijk and
Restifo 2001).

2.5 Cell viability assay

Purified mouse T-cells were incubated with different
doses of B16F10-CS (5-40% of final volume), 5'-
IRTX (2.5-20 uM), and FK506 (1.25-20 pg/mL) for
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48 h. Next, the cells were harvested and washed with
1X PBS. Finally, trypan blue was added, and viable
cells were manually counted (Sahoo et al. 2018). For
positive control, T-cells were either heat-killed (65°C
for 5 min in a water bath) or UV-treated (30 min)
before the cell viability assay.

2.6  Flow cytometry

Flow cytometric staining (FACS) of T-cells was per-
formed according to the method reported previously
(Majhi et al. 2015; Nayak et al. 2017; Sahoo et al.
2018, 2019). In brief, cells were harvested, washed
with 1X PBS, resuspended in FACS buffer, and incu-
bated with the fluorochrome-conjugated antibodies for
30 min on ice in the dark, and then washed twice with
FACS buffer. For the extracellular expression of
TRPV1 on T-cells after labeling with the anti-mouse
TRPV1 Ab and washing, secondary fluorochrome-
conjugated Ab was added and incubated for 30 min,
followed by washing with FACS buffer. Cells were
then fixed and acquired using the BD FACSCalibur™
flow cytometer or BD LSRFortessa'™ (BD Bio-
sciences). Flow cytometry gating was carried out to
exclude the low FSC and SSC signals to remove the
cellular debris, and 10,000 cells were acquired and
further analyzed via Flowjo V10.7.1.

2.7 Enzyme-linked immunosorbent assay

Sandwich ELISA was performed to quantitate the
cytokine levels in cell culture supernatants. ELISA for
IL-2, IFN-y, and TNF were performed using BD
OptEIA ELISA kits according to the manufacturer’s
protocol (Nayak et al. 2017; Sahoo et al. 2019; Kumar
et al. 2021). The cytokine concentration in supernatants
was estimated by comparing the corresponding stan-
dard curve using different concentrations of the
recombinant cytokines in pg/mL.

2.8 Ca’" influx

To estimate the intracellular Ca>* contributed by the
TRPV1 channel during both immune-activation and
immunosuppression of T-cells, we performed a minor
modification to the standard Fluo-4 AM staining pro-
tocol. First, the T-cells were loaded with Ca**-sensitive
dye (Fluo-4 AM, 2 uM) along with FK506, B16F10-
CS, ConA, or TCR for 60 min at 37°C, as per the
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experimental conditions (instead of adding the above
reagents during acquisition). Additionally, another
similar setup of T-cells was pre-treated with 5'-IRTX
for 15 min before the addition of FK506, B16F10-CS,
ConA, or TCR for 60 min at 37°C, as per the experi-
mental conditions. Next, T-cells were washed twice
with 1X PBS and placed inside an incubator for
another 30 min for de-esterification. The cell suspen-
sion was added to the RIA vials and was acquired via
flow cytometer. The rationale behind the idea was to
test whether the treatment with these reagents (FK506,
B16F10-CS, ConA, or TCR) led to an increase in
intracellular Ca®" over time as compared with 5'-
IRTX-pre-treated T-cells (Majhi et al. 2015; Kumar
et al. 2021). These values were plotted as a percentage
of fluorescence signal relative to the starting signal as
% F/F,.

2.9 Statistical analysis

Statistical analysis was performed using the GraphPad
Prism 9.0 software (GraphPad Software Inc., San Diego,
CA, USA). Data are represented as mean+SEM. The
comparison between the groups was performed by
ANOVA or Student’s #-test with the Sidak post hoc test.
The data presented are representative of at least three
independent experiments. Statistical significance is
represented by asterisks (*) for p-value(s) and is marked
correspondingly in the figures (*p<0.05, **p<0.01,
*¥*%p<0.001, ****p<0.0001).

3. Results

3.1 Upregulation of TRPVI during immune-
activation and immunosuppression

We performed flow cytometry to determine the surface
expression level of TRPV1 channels in splenic purified
T-cells. It was observed that the frequency (percentage) of
TRPV1-positive cells was 17.8641.34 as compared with
isotype controls (0.02+0.01) (supplementary figure 1A).
Further, the specificity of the TRPV1 antibody in T-cells
was tested by using control blocking peptide antigen. For
that, T-cells were stained with anti-TRPV 1 antibody in the
presence or absence of the blocking peptide. It was
observed that the percentage of positive cells for TRPV1
was markedly reduced in a dose-dependent manner. These
results indicate that TRPV1 is expressed on T-cells, and
the anti-TRPV 1 antibody is specific to TRPV1 expressed
on T-cells (supplementary figure 1A).
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Figure 1. Upregulation of TRPV1 on mouse T-cells during®™
both immune activation and immunosuppression. T-cells
were treated with either T-cell-activating agents or immuno-
suppressive agents for 48 h. (A) Dose kinetics study
showing T-cell viability with (i) B16F10-CS, (ii) FK506,
or (iii) 5'-IRTX, as assessed by trypan blue exclusion assay.
The inset depicts the percentage of viable cells in heat-killed
or UV-treated T-cells. Flow cytometry (FC) dot-plot depict-
ing T-cell activation markers (B) CD69 and (C) CD25 along
with the corresponding bar diagram. (D) Histogram repre-
senting T-cell proliferation as determined by CFSE staining
along with its corresponding bar diagram. (E) FC dot-plot
showing TRPV1 expression on T-cells along with the
corresponding bar diagram. Representative data of three
independent experiments are shown. One-way ANOVA was
performed for significance calculation between the groups.
p<0.05 was considered as statistically significant difference
between the groups (ns, non-significant; *p<0.05;
**p<0.01; ***p<0.001).

The cellular cytotoxicity of 5'-IRTX, FK506, and
B16F10-CS in purified mouse T-cells was studied
using the trypan blue exclusion method. It was
observed that around ~93% of the cells were viable
for 5'-IRTX at 5 uM and FK506 at 5 pg/mL concen-
tration, and ~95% cells were viable at 20% B16F10-
CS with respect to the total media volume (figure 1A).
In all the experiments, either heat-killed or UV-treated
T-cells were used as a positive control. Accordingly, we
chose 5 uM 5-IRTX, 5 pg/mL FK506, and 20% of
B16F10-CS for further experiments.

Next, to determine the status of T-cell activation
during immunosuppressive treatment with either
FK506 or B16F10-CS, T-cell activation markers,
including CD69 and CD25, were analyzed using flow
cytometry (Majhi et al. 2015). It was observed that in
T-cells pre-treated with either FK506 or B16F10-CS
stimulated with ConA or TCR, both CD69 and CD25
decreased as compared with those in ConA- or TCR-
activated T-cells (figure 1B, C). Additionally, a time
kinetics study was performed to elucidate the expres-
sion levels of CD69 and CD25 with respect to activa-
tion in the presence or absence of FK506 and B16F10-
CS treatment (supplementary figure 2). These results
indicate that T-cell activation decreases in immuno-
suppressed T-cells stimulated with ConA or TCR.

T-cell activation is accompanied by T-cell prolifera-
tion and effector cytokine responses, as mentioned
elsewhere (Majhi et al. 2015; Sahoo et al. 2018). To
ascertain whether immunosuppressed T-cell’s stimula-
tion leads to reduced proliferation and cytokine
response, we performed CFSE staining and ELISA,
respectively. It was observed that in T-cells pre-treated
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Figure 2. Time kinetics of TRPV1 expression on T-cells and during reversal of conditions. T-cells were treated according to
the experimental plan mentioned. The expression profile of TRPV1 on T-cells at time points ranging from 6 h to 48 h is
shown. The 48 h T-cells were washed and re-seeded with fresh medium. Those re-seeded T-cells were later harvested at 60 h—
72 h and stained for TRPV 1. Representative data are from three independent experiments. Two-way ANOVA was performed
for significance calculation between the groups (ns, non-significant; *p<0.05; **p<0.01; ***p<0.001, ****p<0.0001).

with either FK506 or B16F10-CS stimulated with
ConA or TCR, both T-cell proliferation (figure 1D) and
pro-inflammatory cytokines, such as IFN-y, IL-2, and
TNF, decreased as compared with the corresponding
ConA or TCR controls (supplementary figure 3).
Altogether, these results indicate that both proliferation
and cytokine response are markedly reduced in
immunosuppressed T-cells.

Subsequently, the expression of TRPV1 was asses-
sed in immunosuppressed T-cells. Intriguingly, TRPV1
expression levels significantly increased in T-cells
treated with FK506 or B16F10-CS (26.9+1.11 or
23.97+1.04) as compared with resting T-cells
(16.5+0.52). Moreover, the TRPV1 expression further
increased in FK506- or B16F10-CS-treated T-cells with
ConA or TCR stimulation. In FK506- or B16F10-CS-
treated T-cells stimulated with ConA or TCR, the
TRPV1 expression was 34.53+0.86 or 33.77£0.85,
respectively, as compared with control ConA-activated
T-cells (28.83%+1.19). Similarly, in TCR-activated
FK506 or B16F10-CS treated T-cells, the TRPVI1

expression was 33.97+0.77 or 36.1%1.31, respectively,
as compared with control TCR-activated T-cells
(30.074+0.20) (figure 1E). Interestingly, the current
findings indicate that the TRPV1 expression also
increases significantly in FK506 or B16F10-CS-treated
T-cells as compared with the resting T-cells, which
were further elevated in FK506- or B16F10-CS-treated
T-cells stimulated with either ConA or TCR as com-
pared with ConA or TCR stimulation alone.

3.2 Time kinetics study of TRPV1 expression on T-
cells and during reversal of immunosuppressive
conditions

To determine the effect of FK506 and B16F10-CS on
TRPV1, its expression with time and during the
reversal of immunosuppressive conditions, we per-
formed a kinetic study via FC. It was observed that in
FK506-treated T-cells, the TRPV1 expression signifi-
cantly increased at an early time point of 24 h,
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Figure 3. Modulation of intracellular Ca*" in T-cells via TRPV1 channel. T-cells were incubated with calcium-sensitive
dye, Fluo-4 AM, along with different experimental conditions for 1 h as mentioned in the materials and methods section and
acquired via flow cytometry (FC). The various experimental conditions were pre-treated with 5'-IRTX, followed by treatment
as per the experimental setup. (A) Histogram analysis of Fluo-4 intensity representing intracellular Ca** in T-cells. (B) Fluo-4
intensity representing intracellular Ca** has been expressed as a percentage normalized to resting control. The inset depicts
the increase in intracellular Ca*" levels in ionomycin-treated T-cells. Representative data are from three independent
experiments. One-way ANOVA was performed for significance calculation between the groups (ns, non-significant; *p<0.05;

**p<0.01; ***p<0.001, ****p<0.0001).

compared with resting T-cells. Further, in B16F10-CS-
treated T-cells, the TRPV1 expression significantly
increased at 48 h as compared with resting T-cells. The
48 h harvested T-cells were washed to remove FK506
or B16F10-CS and were re-seeded with fresh media.
These T-cells were harvested at 60 h and 72 h.
Intriguingly, it was observed that the TRPV1 expres-
sion levels also further heightened at 60 h and 72 h, as
compared with T-cells at 48 h (figure 2). These results
indicate that the FK506 or B16F10-CS induced TRPV1
upregulation is irreversible even after the removal of
these immunosuppressive conditions.

3.3 Modulation of intracellular Ca’" via TRPV1
channel

5'-IRTX is a potent and specific functional inhibitor of
the TRPV 1 channel and can block TRPV 1-directed Ca>*
influx (Majhi et al. 2015; Kumar et al. 2021). Here, the
intracellular Ca®" levels were assessed by using the

Ca”"-sensitive dye Fluo-4 AM (Majhi et al. 2015; Sahoo
et al. 2019). We have observed that in ConA- or TCR-
stimulated T-cells, the calcium levels significantly
increased compared with resting T-cells. Additionally,
upon immunosuppressive treatment with FK506, the
calcium levels further increased significantly compared
with ConA or TCR controls. However, in B16F10-CS
immunosuppressive conditions, a modest albeit non-
significant increase in calcium levels was found
(B16F10-CS:  ~115+6.1%, ConA+BI16F10-CS:
190+14.3%, TCR+B16F10-CS: 147+11%) as com-
pared with resting (100%), ConA (183+5.52%), or TCR
(144+£10.5%) controls. Furthermore, in the presence of
the TRPV1-specific inhibitor, 5'-IRTX, the calcium
levels significantly decreased compared with their cor-
responding controls (figure 3). These results indicate that
other calcium channels fail to replenish the reduced Ca**
levels due to TRPV1 blocking in T-cells. This highlights
the fact that TRPVI1 is indispensable in increasing
intracellular Ca®" levels in T-cells in both T-cell acti-
vation and immunosuppressive conditions.
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Figure 4. Modulation of TRPV 1 expression and intracellular Ca>* levels in splenic T-cells from control and B16F 10 tumor-
bearing mice. Splenic T-cells were isolated from control and tumor-bearing mice and analyzed via FC. (A) B16F10 tumor
growth progression in C57BL/6 mice. (B) FC dot-plot depicting TRPV1 expression on T-cells along with its corresponding
bar diagram. (C) Histogram plot of intracellular Ca** levels in untreated, ConA, or TCR-activated BI6F10 tumor-bearing
mice as compared with control mice. Fluo-4 intensity representing intracellular Ca** has been expressed as a percentage
normalized to resting T-cells of control mice. Representative data of three independent experiments are shown. The #-test
(B) and one-way ANOVA (C) were performed for significance calculation between the groups (ns, non-significant; *p<0.05;

8% 0.001).

3.4 Modulation of TRPVI expression
and intracellular Ca’* levels in BI6F10 tumor-
bearing mice

B16F10, an immunosuppressive mouse melanoma cell
line, was injected subcutaneously as described in the
materials and methods section. In order to ascertain the
modulation of TRPV1 expression and consequent
changes in intracellular Ca** levels in splenic T-cells, we
performed flow cytometry and calcium influx studies.
Additionally, we also measured the tumor growth pro-
gression as described in the materials and methods sec-
tion (figure 4A). It was observed that TRPV1 levels
significantly increased in T-cells isolated from B16F10
tumor-bearing mice compared with control mice
(figure 4B). Next, we assessed whether the increase in
TRPV1 expression was associated with a concurrent

increase in intracellular Ca®* levels. We found that the
basal intracellular Ca®" levels also increased in T-cells
isolated from B16F10 tumor-bearing mice as compared
with control mice (figure 4C). Altogether, these results
indicate that TRPV1 expression increases in T-cells
isolated from B16F10 tumor-bearing mice, and conse-
quently, the intracellular Ca®" levels were also increased
as compared with control mice.

4. Discussion

TRPV1, a member of the vanilloid group of the TRP
family, is reported to have functional expression in a
range of immune cells including T-cells, macrophages,
dendritic cells, and NK cells (Majhi ef al. 2015; Kumar
et al. 2021). A number of T-cell activating agents,
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Figure 5. Proposed working model depicting functional expression of TRPV1 and intracellular calcium levels in activated
and immunosuppressed T-cells. Resting T-cells maintain low levels of cytosolic Ca?* and basal levels of TRPV1 expression.
(A) During T-cell activation with either ConA or TCR, both the cytosolic Ca®" level and TRPV1 expression were
upregulated significantly along with the induction of robust effector cytokine responses. (B) Upon treatment with
immunosuppressive FK506 or B16F10-CS, TRPV1 expression increased significantly, and the cytosolic calcium increased
either markedly (FK506) or modestly (B16F10-CS). (C) During experimental immunosuppression (treated with either FK506
or B16F10-CS) of T-cells in combination with ConA- or TCR-driven stimulations, the cytokine responses markedly
decreased. Further, in FK506- or B16F10-CS-treated T-cells stimulated with either ConA or TCR, cytosolic Ca*" either
increased markedly or modestly, respectively. Moreover, TRPV1 expression increased significantly in FK506- or B16F10-
CS-treated T-cells stimulated with either ConA or TCR, suggesting a possible induction of TRPV1 channel on T-cells during

both immune activation and immunosuppression.

including ConA or TCR, as well as immunosuppres-
sive agents, such as rapamycin, tacrolimus (FK506),
and cyclosporine, have also been reported to induce
intracellular increase of Ca®" (Bultynck e al. 2000;
Van Acker et al. 2004; MacMillan and McCarron
2009). The role of TRPV1 in ConA- or TCR-mediated
increase in calcium influx has been recently studied
(Bertin et al. 2014; Majhi et al. 2015). However, the
role of TRPV1 in calcium influx induced by
immunosuppressive agents is not well studied. The
current study provides the first experimental evidence
that TRPV1 may also contribute toward FK506- or
B16F10-CS-driven increase in intracellular calcium
associated with the immunosuppression of T-cells. This
study further highlights the modulation of T-cell

activation, proliferation, pro-inflammatory cytokine
responses, and modulation of intracellular Ca*" levels.

TRPV1 has been reported to be upregulated during
T-cell activation and its associated immune responses
(Bertin et al. 2014; Majhi et al. 2015). Similarly, in
treatments with either FK506 or B16F10-CS, the
TRPV1 levels were significantly increased compared
with resting T-cells. Furthermore, the TRPV1 level was
also significantly upregulated in pre-treated FK506 or
B16F10-CS T-cells stimulated with either ConA or
TCR compared with the corresponding ConA or TCR
controls. Intriguingly, it was also observed that TRPV1
expression in T-cells is irreversible as the removal of
immunosuppressive conditions also triggered upregu-
lation of TRPV1 expression. Moreover, B16F10



42 Page 10 of 12

tumor-bearing mice also displayed a significant
increase in splenic T-cell TRPV1 expression as com-
pared with control mice. This, in general, may suggest
that in an immunosuppressive environment, TRPV1
expression could be upregulated in T-cells.
Modulation of intracellular Ca*" levels is marked by
various cellular responses, including activation, migra-
tion, and differentiation (Oh-hora and Rao 2008; Pang
et al. 2012). Hence, modulation of the TRPV1 channel
via a functional blocker, 5'-IRTX, has been used to val-
idate the contribution of the TRPV1 channel towards the
FK506- or B16F10-CS-driven increase in intracellular
Ca”* levels in T-cells (Majhi et al. 2015; Kumar et al.
2021). In FK506-treated T-cells, stimulated with either
ConA or TCR, the accumulated intracellular Ca®™ levels
markedly increased, and pre-treatment with 5’-IRTX led
to a marked decrease in accumulated intracellular Ca**
levels. FK506-driven increases in Ca®" and TRPV1
levels were found in the current study. Furthermore,
inhibition of TRPV1 was found to decrease the Ca**
levels during immune activation and suppression of
T-cells. FK506 is a potent and fast-acting immunosup-
pressant, which is known to increase Ca>* levels (Bul-
tynck et al. 2000). Moreover, the FK506-binding protein
(FKBP12) was found to target calcineurin to the inositol
1,4,5-trisphosphate receptor (IP3R1). The associated
calcineurin was found to modulate the phosphorylation
of the IP3R 1, which might critically induce the Ca** flux
(Cameron et al. 1995; Shin et al. 2002). However, an
involvement of calcineurin-directed release of Ca>* by
FK506 associated with immunosuppression towards
modulating TRPV1, if any, is warranted for future study.
On the other hand, B16F10-CS exerts immunosuppres-
sion to induce the generation of IL-10" Bregs, PDL1™
macrophages, and suppress effector T-cell function
exerting immunoinhibitory activities (Sun et al
2011, 2015; Zhou et al. 2016; Wen et al. 2018; Chen
et al. 2019). In B16F10-CS-treated T-cells, a modest
increase in accumulated intracellular Ca** levels was
observed as compared with resting T-cells, and yet, the
decrease was prominent with 5-IRTX. Moreover,
B16F10 tumor-bearing mice also showed an increase in
intracellular calcium levels in T-cells. This, in general,
may suggest that the TRPV 1 channel might be acting as a
major contributor to elevated intracellular Ca** levels in
T-cells during both immune activation and immuno-
suppression. Mechanistically, Ca>* has been reported to
activate CaMKK2, which further induces an immuno-
suppressive microenvironment. Moreover, deletion of
the CaMKK?2 gene or inhibition of CaMKK?2 has been
reported to attenuate tumor growth in vivo (Racioppi
etal. 2019). Further studies are warranted on the detailed
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mechanisms underlying the possible association
between elevated calcium and the immunosuppressive
microenvironment.

In brief, the present study provides the first evidence
that TRPV1 channel expression is induced in T-cells
during both immune activation and immunosuppres-
sion. Interestingly, it was found that during immuno-
suppression, the TRPV1 surface expression and
intracellular Ca®" levels in T-cells were further ele-
vated. Moreover, the heightened elevation of intracel-
lular Ca®* during experimental immunosuppression
was found to be regulated by the TRPV1 channel. The
current understanding of TRPV1 in T-cell activation or
suppression is schematically summarized as a proposed
working model in figure 5. These findings might also
have broad implications for understanding the indis-
pensable role of the TRPV1 channel in various
immunosuppressive diseases as well as many inflam-
matory disorders.
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TRPAT activation and Hsp90 inhibition @
synergistically downregulate macrophage
activation and inflammatory responses

in vitro
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Abstract

Background Transient receptor potential ankyrin 1 (TRPAT) channels are known to be actively involved in various
pathophysiological conditions, including neuronal inflammation, neuropathic pain, and various immunological
responses. Heat shock protein 90 (Hsp90), a cytoplasmic molecular chaperone, is well-reported for various cellular

and physiological processes. Hsp90 inhibition by various molecules has garnered importance for its therapeutic
significance in the downregulation of inflammation and are proposed as anti-cancer drugs. However, the possible role
of TRPAT in the Hsp90-associated modulation of immune responses remains scanty.

Results Here, we have investigated the role of TRPA1 in regulating the anti-inflammatory effect of Hsp90 inhibition
via 17-(allylamino)-17-demethoxygeldanamycin (17-AAG) in lipopolysaccharide (LPS) or phorbol 12-myristate
13-acetate (PMA) stimulation in RAW 264.7, a mouse macrophage cell lines and PMA differentiated THP-1, a human
monocytic cell line similar to macrophages. Activation of TRPAT with Allyl isothiocyanate (AITC) is observed to
execute an anti-inflammatory role via augmenting Hsp90 inhibition-mediated anti-inflammatory responses towards
LPS or PMA stimulation in macrophages, whereas inhibition of TRPA1 by 1,2,3,6-Tetrahydro-1,3-dimethyl-N-[4-(1-
methylethyl)phenyl]-2,6-dioxo-7 H-purine-7-acetamide,2-(1,3-Dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7 H-purin-7-yl)-
N-(4-isopropylphenyl)acetamide (HC-030031) downregulates these developments. LPS or PMA-induced macrophage
activation was found to be regulated by TRPA1. The same was confirmed by studying the levels of activation markers
(major histocompatibility complex Il (MHCII), cluster of differentiation (CD) 80 (CD80), and CD86, pro-inflammatory
cytokines (tumor necrosis factor (TNF) and interleukin 6 (IL-6)), NO (nitric oxide) production, differential expression of
mitogen-activated protein kinase (MAPK) signaling pathways (p-p38 MAPK, phospho-extracellular signal-regulated
kinase 1/2 (p-ERK 1/2), and phosphor-stress-activated protein kinase/c-Jun N-terminal kinase (p-SAPK/JNK)), and
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induction of apoptosis. Additionally, TRPA1 has been found to be an important contributor to intracellular calcium
levels toward Hsp90 inhibition in LPS or PMA-stimulated macrophages.

Conclusion This study indicates a significant role of TRPAT in Hsp90 inhibition-mediated anti-inflammatory
developments in LPS or PMA-stimulated macrophages. Activation of TRPA1 and inhibition of Hsp90 has synergistic
roles towards regulating inflammatory responses associated with macrophages. The role of TRPA1 in Hsp90 inhibition-
mediated modulation of macrophage responses may provide insights towards designing future novel therapeutic

approaches to regulate various inflammatory responses.

Keywords Macrophages, Pro-inflammatory responses, TRPA1, 17-AAG, Apoptosis, Ca’*

Background
The transient receptor potential (TRP) superfamily inte-
grates 30 closely related non-selective cationic channels,
distributed into seven subfamilies and two groups based
on their sequence similarity and cellular functions [1, 2].
Subfamilies of TRP channels are named TRPC (Canoni-
cal), TRPV (Vanilloid), TRPM (Melastatin), TRPA
(Ankyrin), TRPML (Mucolipin), TRPP (Polycystin),
and TRPN (NOMPC). TRP channels are found in both
excitable and non-excitable vertebrate cells and some
non-vertebrate cells, contributing to essential cellular
functions [1, 3—-6]. TRP channels are pivotal in various
cellular processes, including cell division, migration, dif-
ferentiation, stress responses, and apoptosis [7-9].
TRPAI, the only member of the mammalian TRPA
family, is characterized by 14 ankyrin repeats in its
N-terminus domain [10]. TRPA1 is required for vari-
ous immune cells such as T lymphocytes and monocyte/
macrophages in regulating their activation, migration,
and secretion of different immune molecules [11-15].
In a recent study, it has been reported an important role
of TRPA1 in regulating T cell activation and associated
responses [16]. TRPA1 is essential in multiple inflamma-
tory and anti-inflammatory functions in different model
systems, including tissue injury, inflammatory models,
and pain modalities. Recently, it has been reported that
in inflammatory models such as acute kidney injury,
atopic dermatitis model, and experimental colitis model,
the TRPA1 expression levels were significantly elevated
at the site of injury or inflammation [17-19]. Further,
inflammatory reactions such as pro-inflammatory cyto-
kine release and mast cell infiltration were impaired
considerably upon genetic or pharmacological ablation
of TRPA1 [20]. TRPA1 modulates pain induction and
aggravates injury-induced inflammation. The protec-
tive role of TRPA1 is evident in various inflammatory
immune responses, including corneal wound healing and
mechanical or cold allodynia in chronic post-ischemia
pain [21-23]. Similarly, TRPA1 is associated with lipo-
polysaccharide (LPS) induced inflammatory responses,
including lung inflammation, neurogenic inflammation,
and Osteoarthritic Fibroblast-Like Synoviocytes [24—26].
Activation of TRPA1 alleviates the LPS-induced nitric

oxide (NO) production in peritoneal macrophages [27].
Like other TRP superfamily members, TRPA1 is associ-
ated with various cellular proteins essential for cell sur-
vival, including Hsp90, Hsp27, and Hsp70 [28-31].
Hsp90, a cytoplasmic molecular chaperone, is asso-
ciated with the stabilization and maturation of cellular
client proteins and helps in cell fate decisions, includ-
ing cell cycle, signal transduction, growth regulation,
and cell death [32, 33]. Hsp90 is essential for various
pathophysiological conditions like cancer, viral infec-
tions, and autoimmune disorders [34—39]. Additionally,
Hsp90 has been reported to effectively modulate differ-
ent immune responses by regulating various client pro-
teins involved in innate and adaptive immune responses
[40]. Hsp90 inhibition by various pharmacological inhibi-
tors has proven effective in (alleviating) a wide range of
inflammatory responses, including macrophage-medi-
ated pro-inflammatory responses, interleukin-1 recep-
tor-associated kinase, Raf-1, mitogen-activated protein
kinase kinase, and Src family kinase p56lck activation
[41-46]. 17-AAG, a derivative of geldanamycin, is one of
the selective inhibitors of Hsp90 and has been reported
to actively block various innate immune responses in
vitro and in vivo models. 17-AAG administration has
been shown to suppress TLR4-mediated pro-inflamma-
tory cytokine production via blockade of the signaling
cascade during LPS-induced autoimmune uveitis in rats
[47]. Furthermore, 17-AAG inhibits TLR4 stimulation
in vitro and alleviates disease incidence and severity in
myelin oligodendrocyte glycoprotein-peptide-induced
experimental autoimmune encephalomyelitis [48]. These
reports suggest the immense therapeutic potential of
Hsp90 inhibitors in autoimmune and pro-inflammatory
diseases. Although Hsp90 and TRPA1 have been well
studied for their immune modulatory effect, the pos-
sible association of these proteins and the functional
regulation of their effects has not been addressed yet.
Accordingly, here we have investigated the association
of Hsp90 inhibition-mediated anti-inflammatory effects
and the possible contextual involvement of TRPA1-medi-
ated immune regulation, if any. In this study, we have
explored the role of TRPA1 in regulating pro-inflamma-
tory responses in Hsp90-inhibited macrophages when
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subjected to LPS or PMA stimulation. Additionally, we
have also studied the regulation of MAPK signalings,
apoptosis, intracellular calcium status, and associated
immune responses via 17-AAG and TRPA1 agonist Allyl
isothiocyanate (AITC) in macrophages in LPS or phorbol
12-myristate 13-acetate (PMA) stimulation.

Results

TRPAT1 is upregulated in Hsp90-inhibited and LPS-
stimulated macrophages

TRPAL1 is associated with a wide range of cellular and
pathophysiological conditions [18, 21, 49, 50]. It has a
protective role in macrophage-mediated inflammation
in several inflammatory diseases [17, 23, 51-55]. The
Hsp90 inhibitor used in the study is 17-AAG, which is
accredited as a potential anti-inflammatory agent during
LPS stimulation in macrophages via blockade of TLR4
signaling pathways [47, 48]. The working concentration
of 17-AAG in RAW 264.7 cells was taken as 0.5 uM as
more than 90% of the cells were viable at that concentra-
tion (Supplementary Fig. 2A) [56]. To investigate a pos-
sible association between TRPA1 and Hsp90-inhibition
mediated impairment of inflammation in macrophages,
RAW 264.7 cells or THP-1 macrophages were treated
with either LPS/PMA or 17-AAG or together. The work-
ing concentration of LPS, PMA, and 17-AAG used were
500 ng/mL, 100 ng/mL, and 0.5 uM, respectively. These
cells were then harvested, stained, and analyzed to check
TRPA1 expression levels via flow cytometry (FC). The
TRPA1 antibodies used are specific for mouse TRPA1
proteins, and the specificity was tested using blocking
peptides (data not shown). The percentage of cells posi-
tive for TRPA1 was observed to be increased significantly
in LPS-stimulated RAW 264.7 cells (83.4+1.73%) as com-
pared to resting RAW (mock) 264.7 cells (55.4%3.73%)
(Fig. 1A). Further, in macrophages treated with both
17-AAG and LPS, the TRPA1 levels were augmented
(94.6+1.67%). Similarly, it was found that the percent-
age of cells positive for TRPA1 decreased significantly
in PMA-stimulated RAW 264.7 cells (48.5+1.74%) as
compared to resting RAW 264.7 cells (59.5+2.19%). Fur-
thermore, in macrophages treated with both 17-AAG
and PMA, the TRPA1 levels were higher (72.2£1.90%)
(Fig. 1A). The samples from each condition were assessed
for TRPA1 protein quantification via Western blot.
The highest band intensity for TRPA1 was obtained in
LPS/PMA stimulated, and 17-AAG treated conditions
(Fig. 1B and C). The THP-1 macrophages also followed
a similar trend with reaching maximum TRPA1 levels
in Hsp90-inhibited and LPS-stimulated macrophages
(82.8+2.53%), trailed by LPS-stimulated macrophages
(69.7+2.72%) and resting macrophages (56.61+2.61%).
These results suggest that the TRPA1 levels are modu-
lated during LPS or PMA stimulation in a dose- and
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time-dependent manner. Furthermore, increased TRPA1
expression was observed after the administration of both
17-AAG and LPS as compared to the mock (untreated)
macrophages in a dose-independent and reversible man-
ner (Supplementary Fig. 1). The results indicate a possi-
ble modulation of TRPA1 expression in Hsp90-inhibited
macrophages during LPS or PMA stimulation.

TRPA1 regulates the activation of Hsp90-inhibited
macrophages

To investigate whether the differential expression of
TRPAL1 in the above conditions has any functional impli-
cation, TRPA1 specific agonist (AITC) and TRPA1 antag-
onist (HC-030031) were used [57, 58]. The cytotoxicity
levels of the TRPA1-specific modulators were assessed by
trypan blue exclusion assay and 7-AAD staining via FC.
RAW 264.7 cells were treated with different concentra-
tions of TRPA1 modulators HC-030031 (TRPA1 inhibi-
tor) (40 puM, 20 pM, 10 uM, 5 uM) and AITC (TRPA1
activator) (40 uM, 20 puM, 10 uM, 5 uM) in the presence
of 17-AAG for 24 h. DMSO was used as solvent control.
More than 95% of the cells were viable at 10 uM and 5
uM of HC-030031 in the presence of 0.5 uM of 17-AAG,
and similar results were observed at 20 uM, 10 uM, and 5
uM of AITC in the presence of 0.5 uM of 17-AAG (Sup-
plementary Fig. 2). Henceforth, 10 uM of AITC and 10
uM of HC-030031 were used for further experiments.
It was also observed that these pharmacological modu-
lators alone or in combination with 17-AAG have no
significant effect on TRPA1 levels in the absence of any
inflammatory stimulus (Supplementary Fig. 3).

To determine whether TRPA1 has any role in regulat-
ing the activation of Hsp90-inhibited macrophages, cell
surface expression of MHCII and CD80/86 were studied
via FC; RAW 264.7 were stimulated with LPS or PMA
in the presence of TRPA1 modulators and 17-AAG. The
cells were harvested at 12 h post-stimulation, immuno-
labelled with MHCII, CD80, and CD86 antibodies, fol-
lowed by their acquisition and analysis via FC (Fig. 2A-F).
The expression levels of MHCII, CD80, and CD86 were
represented in fold change compared to the isotype con-
trol. It was observed that inhibition of Hsp90 signifi-
cantly decreases the expression of MHCII (6.99+0.51),
CD80 (17.4%£0.72), and CD86 (24.410.94) as compared
to the LPS stimulated cells (MHCII: 10.40+1.23, CD8O0:
21.2+1.14 and CDS86: 28.1%+1.2). Furthermore, the
pharmacological inhibition of TRPA1 with HC-030031
significantly downregulated the effect of Hsp90 inhibi-
tion (MHCIL 9.85+0.87, CD80: 20.5%0.68, and CD86:
30.3£1.65) as compared to LPS+17-AAG. Conversely,
TRPAL1 activation with AITC significantly enhanced the
Hsp90-mediated downregulation of MHCII (4.63%0.51),
CD80 (15.2+0.58), and CD86 (20.7%+1.09) as compared
to LPS+17-AAG (Fig. 2A and B, and Fig. 2C). Similarly,
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Fig. 1 TRPA1 is upregulated in Hsp90-inhibited and LPS- or PMA-stimulated monocytes/macrophages.

Cells were treated with either LPS 500 ng/ml (both RAW 264.7 and THP-1 macrophages) or PMA 100 ng/ml (only in RAW 264.7) alone or together with 17-
AAG. (A) FC dot-plot and bar graphs depicting the percentage of positive cells for TRPAT in mock, LPS/PMA, and 17-AAG+ LPS/PMA. Western blot analysis
and corresponding bar graphs of TRPA1 expression in RAW 264.7 cells stimulated with LPS (500 ng/ml) (B), PMA (100 ng/ml) (C), and 17-AAG+LPS/PMA.
The blot figures were cropped to omit other conditions. The data represent the mean + SD of three independent experiments. One-way ANOVA has been
performed to find statistical significance among groups. Differences between groups with a p-value <0.05 were considered statistically significant ( ¥,

p<005; * p<0.01; ** p<0.001)

it was observed that Hsp90 inhibition has significantly
downregulated the expression of MHCII (7.90£0.17),
CD80(11.1+0.32), and CD86 (3.46+0.16) as compared to
the control PMA-stimulated cells (MHCII: 9.13+0.195,
CD80: 12.84+0.59 and CD86: 3.95+0.14). Further, phar-
macological inhibition of TRPA1 with HC-030031 sig-
nificantly reduced the effect of Hsp90 inhibition (MHCIL:
9.65+0.73, CD80: 14.1+0.55, and CD86: 3.98+0.13) as
compared to PMA+17-AAG. Conversely, TRPA1 acti-
vation with AITC has significantly enhanced the Hsp90-
mediated downregulation of MHCII (6.50+0.424), CD80
(9.87£0.06), and CD86 (3.01£0.05) as compared to
PMA+17-AAG (Fig. 2D and E, and Fig. 2F). These results
indicate an important role of TRPA1 in the suppression
of activation markers of macrophages i.e., MHCII, CD80,

and CD86 in Hsp90-inhibited conditions in the presence
of LPS or PMA stimulation.

TRPA1 impairs the nitric oxide (NO) production in Hsp90-
inhibited macrophages

Hsp90 is an active modulator of reactive nitrogen spe-
cies (RNS) and reactive oxygen species (ROS) [59, 60]. To
investigate the regulatory effect of TRPA1 in regulating
the NO production by 17-AAG-mediated Hsp90 inhib-
ited condition, RAW 264.7 and THP-1 macrophages were
stimulated with LPS or PMA in the presence of TRPA1
modulators and 17-AAG. Griess assay was performed
from the cell supernatants to assess the nitrite, a break-
down product of NO [61]. Upon LPS stimulation, it was
observed that the nitrite production was upregulated at
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Fig. 2 TRPAT regulates the activation of macrophages in Hsp90-inhibited condition.

RAW 264.7 cells were treated with different conditions of LPS/PMA, 17-AAG, HC-030031, or AITC and harvested at 12 h. FC histogram depicting fold
change in MFI of MHCII (A, D), CD80 (B, E), and CD86 (C, F) of macrophages treated with LPS (500ng/ml, A-C) or PMA (100 ng/ml, D-F) along with their
respective bar graphs. The data represent the mean + SD of at least three independent experiments. One-way ANOVA has been performed to find statisti-

cal significance among groups. Differences between groups with a p-value less than 0.05 were considered statistically significant (ns, non-significant; *,
p<0.05;** p<0.01;*** p<0.001)
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24 h (78.7+8.39 uM) as compared to the untreated cells
(9.5910.831 puM). Further, upon Hsp90 inhibition with
17-AAG, the nitrite production was significantly down-
regulated (53.6%£2.42 pM). Surprisingly, in the presence
of either HC-030031 (21.58+1.42) or AITC (5.38+0.667
uM), the NO levels decreased significantly (Fig. 3A). This
trend was observed at 12 h, while no significant changes
in NO production were observed at 6 h post-stimulation.
A similar scenario was observed with THP-1 macro-
phages stimulated with LPS. Activation of TRPA1 along
with 17-AAG (10.3%£0.6 pM) significantly impaired the
NO production compared to the LPS 17.2+0.891 pM)
and LPS+17-AAG (14.6+0.97 uM) at 24 h conditions
(Fig. 3B). Additionally, a significant uprise in nitrite pro-
duction was observed in macrophages treated with PMA
at 12 and 24 h. Furthermore, TRPA1 activation dimin-
ished the nitrite production in 17-AAG treated and

Page 6 of 17

PMA stimulated macrophages successfully compared to
the PMA and PMA+17-AAG controls at 12 and 24 h.
Surprisingly, no significant changes were observed with
HC-030031+17-AAG conditions compared to 17-AAG
control in PMA-stimulated macrophages (Fig. 3C). These
results indicate that TRPA1 activation augments the
downregulation of NO production via Hsp90 inhibition
in LPS/PMA-stimulated macrophages.

TRPA1 enhances the Hsp90 inhibition-mediated
downregulation of pro-inflammatory cytokine production
in LPS or PMA-stimulated macrophages

Hsp90 has been reported to be essential for pro-inflam-
matory cytokine production from macrophages [62].
To investigate the regulatory effect of TRPA1 in regu-
lating the pro-inflammatory cytokine production by
17-AAG-mediated Hsp90 inhibited condition, RAW

Fig. 3 TRPA1 regulates the nitric oxide (NO) production in Hsp90-inhibited monocytes/macrophages.

RAW 264.7 and THP-1 cells were treated with different conditions of LPS/PMA, 17-AAG, HC-030031, or AITC, and the supernatant was collected at 6 h,12 h,
and 24 h. Bar graph depicting nitric oxide production from RAW 264.7 cells treated with LPS (500 ng/ml) (A) or PMA (100 ng/ml) (C) or THP-1 macrophages
treated with LPS (500 ng/ml) (B). The data represent the mean + SD of at least three independent experiments. One-way/two-way ANOVA was performed
to find statistical significance among groups. Differences between groups with a p-value less than 0.05 were considered statistically significant (ns, non-

significant; *, p < 0.05; **, p<0.01; ***, p<0.001)
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264.7 cells were subjected to LPS or PMA stimulation
under differential conditions of TRPA1 modulation
and 17-AAG treatment. The culture supernatant was
assessed for TNF and IL-6 cytokine release profiles. In
17-AAG-mediated Hsp90 inhibited and LPS- or PMA-
stimulated macrophages, the TNF and IL-6 levels were
reduced significantly at 6 and 24 h post-LPS-stimulation
compared to only LPS or only PMA controls. Further,
the inhibition of TRPA1 by HC-030031 has increased
and restored the pro-inflammatory cytokine produc-
tion in Hsp90-inhibited and LPS-stimulated macro-
phages, nullifying the effect of 17-AAG as the TNF
and IL-6 production of LPS+17-AAG+HC-030031 or
PMA+17-AAG+HC-030031 samples were comparable
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to only LPS control. Conversely, activation of TRPA1 in
the LPS+17-AAG+AITC or PMA+17-AAG+AITC
conditions alleviated the pro-inflammatory cytokine
production compared to Hsp90-inhibited and LPS- or
PMA-stimulated macrophages (Fig. 4). The TNF and IL-6
production were significantly downregulated compared
to LPS or PMA, LPS+17-AAG, and PMA+17-AAG
samples. Furthermore, AITC administration in LPS-
stimulated macrophages could impair TNF and IL-6
production; however, HC-030031 could not signifi-
cantly change LPS-stimulated macrophages (Supple-
mentary Fig. 4). Similar results were observed with
LPS-stimulated THP-1 macrophages at 24 h (Fig. 4B).
These results indicate an important role of TRPAI in

Fig. 4 TRPA1 regulates the pro-inflammatory cytokine production in Hsp90-inhibited monocytes/macrophages.

RAW 264.7 or THP-1 cells were subjected to different conditions of LPS/PMA, 17-AAG, HC-030031, or AITC, and the supernatant was collected at 6 and 24 h
and assessed for cytokine profile. Bar graph representing IL-6 (A, C, E) and TNF (B, D, F) levels in RAW 264.7 cells stimulated with either LPS (500 ng/ml) (A)
/PMA (100 ng/ml) (C) and THP-1 macrophages stimulated with LPS (500ng/ml) (B). The data represent the mean £ SD of three independent experiments.
One-way/two-way ANOVA was performed to find statistical significance among groups. Differences between groups with a p-value less than 0.05 were
considered statistically significant (ns, non-significant; *, p <0.05; **, p <0.01; ***, p<0.001)
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the anti-inflammatory development effect induced by
17-AAG-mediated Hsp90 inhibition.

TRPA1 modulates the Hsp90 inhibition-mediated
downregulation of MAPK activation during LPS stimulation
in macrophages

Hsp90 has been well-attributed as a regulator of vari-
ous signaling complexes of inflammation and associ-
ated responses [63]. Hsp90 and inhibitors of Hsp90
have been reported to be associated with the activa-
tion of ERK-MAPK signaling pathways and SAPK/JNK
pathways in various immune models [64, 65]. To inves-
tigate the role of TRPA1 in Hsp90-mediated regulation
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in MAPK pathways, RAW 264.7 cells were subjected to
LPS (500 ng/mL) stimulation under differential condi-
tions of TRPA1 modulators and 17-AAG for 15 min.
Samples were collected and assessed to quantify sig-
naling proteins, p38-MAPK, ERK 1/2, SAPK/JNK, and
their respective phosphorylated proteins via western
blot. Interestingly, it was observed that Hsp90 inhibi-
tion via 17-AAG has significantly downregulated the
LPS-induced p-p38-MAPK, p-ERK 1/2, and p-SAPK/
JNK expression. Further, this development via 17-AAG
was reversed with TRPA1 inhibition via HC-030031
treatment. The TRPA1 activation via AITC successfully
diminished the expression of the proteins and signaling

Fig. 5 TRPAT regulates the Hsp90 inhibition-mediated downregulation of MAPK signaling protein phosphorylation in LPS-stimulated monocytes/

macrophages.

RAW 264.7 cells were subjected to different conditions of LPS (500 ng/ml), 17-AAG, HC-030031, and AITC harvested at 15 min and assessed for intracel-
lular signaling proteins p38-MAPK, ERK 1/2, SAPK-JNK and their respective phosphorylated proteins via western blot. (A) Western blot images from the
samples represent p38-MAPK, ERK 1/2, SAPK-JNK, and their respective phosphorylated proteins. Bar graph representing the fold change in band intensity
of phospho-proteins p-p38-MAPK (B), p-ERK 1/2 (C), and p-SAPK-JNK (D) normalized to the corresponding GAPDH controls. The data represent the
mean + SD of three independent experiments. Differences between groups with a p-value less than 0.05 were considered statistically significant (ns, non-

significant; *, p < 0.05; **, p<0.01; ***, p<0.001)
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further compared to the respective 17-AAG+LPS and
LPS conditions (Fig. 5). These results indicate that the
TRPA1 is required for Hsp90 inhibition-mediated regula-
tion of major MAPK signaling cascades.

TRPA1 modulates Hsp90 inhibition-mediated apoptosis
and inflammatory cytokine responses in activated
macrophages

Hsp90 has been found to be involved in cell survival dur-
ing various inflammatory and cancer models [38, 66].
Additionally, our group has reported that Hsp90 inhi-
bition by 17-AAG downregulates the CHIKV-induced
apoptosis in host macrophages [56]. To investigate the
regulatory role of TRPA1 in Hsp90 inhibition-mediated
developments in LPS-induced apoptosis of macrophages,
if any, RAW 264.7 cells were incubated with differential
conditions of TRPA1 modulators, 17-AAG, and LPS or
PMA and assessed for cell death. We have performed
cell-death analysis (Annexin V and 7-AAD staining) via
FC. The cells were harvested at 5 and 24 h post-stimu-
lation and assessed for apoptosis via Annexin V and
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7-AAD staining followed by FC analysis (Fig. 6). We have
found that cell death was increased significantly in LPS-
stimulated macrophages at 5 h (12.2+1.02%) and further
augmented at 24 h (50.8%+2.30%) post-stimulation as
compared to untreated cells at 5 h (2.85+£0.71%) and 24 h
(11.1+2.87%). As expected, it was significantly dimin-
ished with 17-AAG administration at 5 h (9.65+0.55%)
and 24 h (40.1£1.05%) compared to LPS-treated cells.
Interestingly, the TRPA1 inhibition via HC-030031 and
17-AAG has significantly upregulated at both 5 and 24 h
(17.6£1.40% and 51.1£3.14%), the apoptosis compared
to LPS+17-AAG condition. Conversely, TRPA1 activa-
tion via AITC has dramatically diminished the apoptosis
at 5and 24 h (7.17£0.36%) and (25.1£3.36%). Activation
of TRPA1 via AITC exhibited an anti-apoptotic effect in
LPS-stimulated macrophages as it diminished cell death
compared to LPS-stimulated cells. However, HC-030031
has not modulated the cell death in LPS-stimulated mac-
rophages (Supplementary Fig. 4). Similar results were
observed in PMA-induced apoptosis of macrophages.
RAW 264.7 cells treated with PMA (49.1+1.46%) were

Fig. 6 TRPA1 regulates apoptosis in Hsp90-inhibited and LPS/PMA-stimulated macrophages.

RAW 264.7 cells were treated with different conditions of LPS (500 ng/ml)/PMA (100 ng/ml), 17-AAG, HC-030031, and AITC. Cells were harvested at 5 and
24 h. Heat-killed cells were used as a positive control. (A) FC dot plots representing the percentage of positive cells for AnnexinVand 7-AAD at 24 h. Dou-
ble-positive cells were considered either dead or late apoptotic. Representative bar graphs of sample stimulated with LPS (500 ng/ml) (B)/PMA (100 ng/
ml) (C). (D, E) Western blot image and bar graph representing fold change in band intensity for cleaved caspase 3 (D, E) for the respective samples. The
data represent the mean+ SD of three independent experiments. Differences between groups with a p-value less than 0.05 were considered statistically

significant (ns, non-significant; *, p <0.05; **, p <0.01; ***, p<0.001)
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susceptible to apoptosis at 24 h compared to untreated
cells (19.4%£2.90%). The highest percentage of apop-
totic cells at 24 h was observed in samples treated with
PMA+LPS+HC-030031 (60.9+3.16%) and the lowest in
cells treated with PMA+17-AAG+AITC (29.2%+0.872%)
compared to PMA+17-AAG (41.7£1.35%) and PMA
controls (49.1+1.46%). These samples were also assessed
for caspase 3 protein levels via western blot (Fig. 6C).
Band intensity levels were the lowest for cleaved cas-
pase 3 in LPS/PMA+17-AAG+HC-030031 samples
compared to LPS/PMA, LPS/PMA+17-AAG, and LPS/
PMA+17-AAG+HC-030031. Inhibition of TRPA1 with
HC-030031 augmented the cleaved caspase 3 levels to
the respective LPS/PMA samples, nullifying the effect
of 17-AAG, indicating the important role of TRPA1
towards regulating the Hsp90-associated apoptosis of
macrophages.

TRPAT1 is an important contributor to intracellular
CaZ*-influx in Hsp90-inhibited and LPS-stimulated
macrophages

Ca?* currents via TRPA1 have been reported to modulate
various immune responses and cell fate decisions [11, 12,
14, 17, 53, 67—69]. Studies have reported that intracellular
Ca?" increases after LPS stimulation [70]. To investigate
the regulatory role of TRPAL1 in intracellular Ca**-influx
in Hsp90-inhibited and LPS-stimulated macrophages,
Ca?*-influx studies via FC were performed. RAW 264.7
cells were stained with Fluo-4 AM, and Ca*'-influx
was analyzed via FC continuously for 200s. The mean
value for every 20s interval was obtained, and two-way
ANOVA was carried out for statistical analysis. The
intracellular Ca®" levels were compared before and after
the addition of TRPA1 modulators, 17-AAG, and LPS in
different conditions. Colorless RPMI media was used as
a vehicle. Interestingly, we observed that the Ca*" levels
were augmented upon LPS stimulation in macrophages
compared to mock or vehicle-treated cells, whereas
17-AAG administration could not evoke any changes
in Ca?*-influx of its own (data not shown). Addition-
ally, 17-AAG treatment along with LPS has significantly
diminished the intracellular Ca®* levels compared to the
LPS-stimulation control. Similarly, HC-030031 admin-
istration reduced the elevated calcium levels during LPS
stimulation, whereas the TRPA1 activation via AITC has
upregulated it. HC-030031 treatment along with 17-AAG
and LPS resulted in reduced Ca?" levels compared to LPS
only, LPS+17-AAG, LPS+HC-030031. Additionally, the
activation of TRPA1 via AITC along with 17-AAG and
LPS resulted in elevated Ca?"-levels compared to LPS,
or 17-AAG, LPS+17-AAG, and LPS+AITC treated cells
(Fig. 7). These results indicate that TRPA1 might be an
important contributor to Ca®*-influx in Hsp90-inhibited
and LPS-stimulated macrophages.
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Together, these results suggest the anti-inflammatory
nature of TRPA1 in LPS-stimulated macrophages and
its synergistic role in Hsp90 inhibition-mediated pro-
inflammatory responses in macrophages. A proposed
comprehensive working model of the same is depicted in
Fig. 8.

Discussion

The role of TRPAl, a non-selective cation channel,
and Hsp90, a chaperone molecule in various immune
responses has been well studied over recent years.
TRPA1 plays an essential role in many immune cells,
including T cells, macrophages, and monocytes [11-15].
The potential of TRPAL1 in regulating various inflamma-
tory pathways and its association with various intracellu-
lar proteins has provided insights toward TRPA1 targeted
therapeutic development in various autoimmune dis-
orders and infectious diseases [12, 19, 20, 25, 26, 71,
72]. Similarly, Hsp90 has been well attributed as a criti-
cal component in regulating various immune responses.
Inhibition of HSp90 via various biological and synthetic
compounds is effective in downregulating various inflam-
matory responses, including monocyte/macrophage-
associated pro-inflammatory responses [34—39]. Even
though these two molecules are effective modulators of
inflammatory responses, their possible associations or
the functional regulation between them in inflammatory
responses are not yet been assessed. Our study highlights
the role of TRPA1 channels in regulating the anti-inflam-
matory effect of Hsp90 inhibition. We also emphasized a
novel approach to downregulate macrophage-mediated
pro-inflammatory responses. We have chosen mouse
RAW 264.7, and human THP-1 macrophages stimulated
with LPS or PMA as model systems for studying the
pro-inflammatory responses. Hsp90 inhibition mediated
downregulation of macrophage activation was obtained
through 17-AAG.

This study suggests an important role of a TRP chan-
nel in regulating the Hsp90 inhibitor’s effect on inflam-
matory responses. Additionally, we have demonstrated
the association of TRPA1 with Hsp90 in inflammatory
responses in vitro. Our results suggest that TRPA1 has
an anti-inflammatory role in 17-AAG-mediated devel-
opment in macrophages during inflammation, support-
ing various other studies. TRPAL1 is associated with and
upregulated in various inflammatory conditions [14, 15,
73, 74, 17, 23, 51-55, 69]. Here, we have demonstrated
that TRPA1 is upregulated during LPS/PMA stimulation
and further augmented with 17-AAG administration in
macrophages. Additionally, the frequency of TRPA1 pos-
itive cells and expression was significantly increased upon
LPS stimulation, while it was diminished upon PMA
stimulation. This might be a reflection of the different
activation mechanisms these molecules induce. Although
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Fig. 7 TRPA1 regulates intracellular calcium influx in LPS-stimulated and Hsp90-inhibited macrophages. RAW 264.7 cells were treated with Fluo-4 AM
and assessed via FC for intracellular calcium levels upon combinatorial treatment with either ionomycin, vehicle (DMSO), vehicle+LPS, LPS+17-AAG,
LPS+17-AAG+HC-030031, and LPS+17-AAG+AITC. (A) Time-lapse kinetics of intracellular calcium influx. The X-axis of the flow cytometric plots repre-
sent approximately 200 s and ‘}'represents the addition of reagents/modulators to stimulate cells. (B) Representative line graph depicting fold changes
in mean Fluo-4 intensity. The data represent the mean +SD of three independent experiments.

these expression patterns are previously reported, the
actual mechanisms behind these observations are yet to
be reported. Furthermore, we highlight that the effect of
Hsp90 inhibition in TRPA1 positive cell frequency is aug-
mented in a time-dependent and reversible manner. This
elevation of TRPA1 in macrophages indicates a possible
association of TRPA1 in 17-AAG-induced Hsp90 inhibi-
tion-mediated anti-inflammatory developments in LPS
or PMA-stimulated macrophages.

Here in this report, we have examined the effect of
TRPA1 in 17-AAG-mediated downregulation of vari-
ous inflammatory responses in macrophages. This
study addresses the essential role of a TRP channel in
regulating the Hsp90 inhibitor’s effect on inflamma-
tory responses. Additionally, we have demonstrated
the association of TRPA1 with Hsp90 in inflammatory
responses in vitro. Our results suggest that TRPA1 has

an anti-inflammatory role in 17-AAG-mediated devel-
opment in macrophages during inflammation, support-
ing various other studies. 17-AAG is widely reported to
regulate various autoimmune disorders and inhibit the
TLR4-mediated inflammatory signaling cascade in mac-
rophages [47, 48]. Our findings support these studies
as 17-AAG administration in macrophages stimulated
with LPS/PMA has significantly downregulated the LPS-
induced pro-inflammatory responses in macrophages
such as cell surface expression of MHCII, CD80, CD86,
production of NO and inflammatory cytokines (TNF and
IL-6). Our work highlights the regulatory role of TRPA1
in this case. The results suggest that the pharmacologi-
cal modulation of TRPAL1 has a significant impact on the
17-AAG-mediated anti-inflammatory developments in
LPS/PMA-stimulated macrophages. HC-030031-me-
diated inhibition of TRPA1 has significantly impaired



Radhakrishnan et al. BMC Immunology (2023) 24:16

Fig. 8 A proposed comprehensive working model.
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A detailed working model depicting the role of TRPAT in 17-AAG mediated regulation of inflammation in LPS or PMA stimulated macrophages. TRPA1
is modulated upon LPS/PMA stimulation (A). pro-inflammatory responses including IL-6, TNF, MHCII, CD80/86, NO, intracellular calcium, and intracel-
lular signaling proteins p38-MAPK, p-ERK 1/2, p-SAPK-JNK are significantly upregulated with LPS (A.1) or PMA stimulation (A.2). Upon administration
of 17-AAG along with LPS or PMA, the pro-inflammatory responses are downregulated (C). Inhibition of TRPA1 via HC-030031 with 17-AAG and LPS or
PMA administration reverses the pro-inflammatory responses, intracellular signaling proteins p38-MAPK, p-ERK 1/2, p-SAPK-JNK back to the LPS or PMA
stimulated levels with a further diminished intracellular calcium level (B). Activation of TRPA1 via AITC and 17-AAG in LPS or PMA stimulated macrophages
by impairing the proinflammatory responses, intracellular calcium, and intracellular signaling proteins p-p38-MAPK, p-ERK 1/2, p-SAPK-JNK to a greater
extent exhibiting an anti-inflammatory property (D). The pro-inflammatory responses are represented according to the color code.

the suppression of pro-inflammatory responses in LPS/
PMA-stimulated macrophages. HC-030031 adminis-
tration, along with 17-AAG and LPS, has abolished or
diminished the 17-AAG-mediated downregulation of
inflammatory responses as the MHCII, CD80, CD86
surface expression, inflammatory cytokines such as
TNF and IL-6 production were comparable or higher
than that of LPS/PMA stimulated macrophages, clearly
depicting that TRPA1 is important for 17-AAG-medi-
ated anti-inflammatory responses. Further, the TRPA1
activation via AITC has significantly augmented the
17-AAG-mediated downregulation of inflammation as
MHCII, CD80, and CD86 surface expression, secretion
of inflammatory cytokines such as TNF and IL-6, and
NO production are the lowest. Hsp90 inhibition in mac-
rophages follows a suppression of various macrophage-
activation signaling processes. Macrophage activation via
LPS or PMA induces apoptosis due to various secreted
molecules such as NO and inflammatory cytokines.

Our observations suggest that macrophages are prone
to apoptosis at 12—24 h post-stimulation. Additionally,
Hsp90 is well known to be involved in various cell fate
decisions, including cell differentiation and apoptosis
[35, 36, 39]. Our results suggest that TRPA1 has a sig-
nificant regulatory role in the 17-AAG-mediated down-
regulation of apoptosis. Functional activation of TRPA1
could significantly increase cell death compared to the
17-AAG and LPS administration in macrophages. Simi-
larly, the 17-AAG-mediated downregulation apoptosis
was reversed by HC-030031-mediated TRPA1 inhibition.

Our experiments on various signaling protein expres-
sions upon Hsp90 inhibition with TRPA1 modulators
suggested that TRPA1 has a critical role in Hsp90 inhibi-
tion-mediated down-regulation of macrophage activation
signaling. The MAPK signaling proteins p-p38-MAPK,
p-ERK 1/2, and p-SAPK/JNK expressions were signifi-
cantly downregulated with 17-AAG treatment in LPS-
stimulated macrophages as expected. Interestingly,
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TRPA1 inhibition via HC-030031 has reversed the down-
regulated expression of signaling proteins p-p38-MAPK,
p-ERK 1/2, p-SAPK/JNK by 17-AAG, indicating that
TRPA1 is required for the 17-AAG-mediated down-
regulation of MAPK signaling pathways. Furthermore,
the expression of the signaling proteins p-p38-MAPK,
p-ERK 1/2, and p-SAPK/JNK were successfully dimin-
ished with TRPA1 activation and Hsp90 inhibition via
17-AAG. Modulation of the signaling cascade can be the
active mechanism behind the effect of TRPAL1 in regulat-
ing Hsp90 inhibition-mediated anti-inflammatory effects.
These results suggest that TRPA1 and its activation may
augment the efficiency of 17-AAG in ant-inflammatory
responses, leading to a novel combinatorial approach to
regulating inflammatory responses.

Even though TRP channels are considered non-selec-
tive cation channels, the calcium influx through these
channels has an important role in TRP channel func-
tions. A high Ca®" influx is preceded by LPS stimulation
in macrophages. Our results demonstrated that 17-AAG
(Hsp90 antagonist) or HC-030031 (TRPA1 antagonist)
administration significantly diminishes LPS-mediated
elevation of intracellular calcium in macrophages. The
TRPA1 activation has augmented these Ca’* levels, while
the TRPA1 antagonist has further reduced it, indicating
that the calcium influx occurring via LPS and 17-AAG
administration is dependent on TRPA1. These changes in
Ca?" levels could reflect the activity of additional TRPA1
channels recruited by 17-AAG administration in LPS-
stimulated macrophages. This Ca*" status may not corre-
spond to calcium levels for the regulatory role of TRPA1
in the 17-AAG (Hsp90 antagonist)-mediated effect. Still,
it may trigger various downstream signaling cascades
that lead to the observed anti-inflammatory develop-
ments by 17-AAG.

The present study may have implications for the syn-
ergistic role of TRPA1 activation and Hsp90 inhibition
toward developing future regulatory measures against
various inflammatory responses. The future perspective
of the study may include the sub-cellular mechanism
associated with domains of TRPA1 and 17-AAG inter-
actions and the replication of these results in different
inflammatory models.

Conclusion

In conclusion, our study indicates an important role of
TRPA1 in Hsp90 inhibition-mediated anti-inflammatory
developments in LPS or PMA-stimulated macrophages.
TRPA1 activation and Hsp90 inhibition synergistically
may regulate the inflammatory responses in macro-
phages and this combinatorial approach may have impli-
cations towards designing future therapeutic strategies in
various diseases and inflammatory disorders.
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Materials and methods

Cell culture

Mouse macrophage cell line, RAW 264.7 (source — ATCC
(ATCC® TIB-71™)) was cultured in complete Roswell
Park Memorial Institute-1640 medium (RPMI-1640)
(PAN Biotech, Aidenbach, Germany) with penicillin
(100 U/mL), Streptomycin (0.1 mg/mL), and 2.0 mM
L-Glutamine (Himedia Laboratories Pvt. Ltd., Mum-
bai, MH, India), 10% heat-inactivated fetal bovine serum
(FBS) (PAN Biotech, Aidenbach, Germany) at 37°C in a
sterile incubator with 5% CO, and appropriate humid-
ity. Enzyme-free cell dissociation reagent (ZymeFree™;
Himedia Laboratories Pvt. Ltd, Mumbai, MH, India) was
used to maintain the cells [56].

Undifferentiated human leukemia monocytic cell line,
THP-1 (source — ATCC (ATCC® TIB-202™)) was main-
tained in complete RPMI-1640 (PAN Biotech, Aiden-
bach, Germany) supplemented with Penicillin (100 U/
mL), Streptomycin (0.1 mg/mL), and 2.0 mM L-Gluta-
mine (Himedia Laboratories Pvt. Ltd.,, Mumbai, MH,
India), 10% heat-inactivated FBS (PAN Biotech, Aiden-
bach, Germany) at 37°C in a sterile incubator with 5%
CO, and appropriate humidity. THP-1 cells were further
treated with 100 ng/ml PMA for 24 h to differentiate
monocytes into macrophage-like cells [75].

Antibodies, reagents, and pharmacological modulators
Rabbit polyclonal antibody against extracellular TRPA1
with specific blocking peptide [TRPA1, INSTGIINETS-
DHSE] was obtained from Alomone Laboratories (Jeru-
salem, Israel). Mouse antibodies against Hsp90, CD80,
CD86, I-Ad/I-Ed (MHCII) were purchased from BD
Biosciences (SJ, USA). The anti-mouse Alexa Fluor 647
(AF-647), anti-rabbit Alexa Fluor 488 (AF-488), and
Fluo-4 AM were procured from Invitrogen (Carlsbad,
CA, USA). Mouse IgG1 isotype control and rabbit IgG1
isotype control were bought from Abgenex India Pvt.
Ltd. (Bhubaneswar, India). Saponin and Bovine serum
albumin (BSA) fraction-V were procured from Merck
Millipore (Billerica, MA, USA). 17-AAG and the phar-
macological modulators of TRPA1 channel-antagonist
HC-030031, agonist Allyl isothiocyanate (AITC) were
purchased from Alomone Laboratories (Jerusalem,
Israel). HC-030031 and AITC are proven to be functional
modulators of TRPA1, and their administration may not
alter the TRPA1 expression levels.

Cell viability assay

To assess the cytotoxicity of pharmacological modula-
tors, RAW 264.7 and PMA differentiated THP-1 mac-
rophages were administrated with differential doses of
TRPA1 modulators HC-030031 and AITC along with
17-AAG (0.5 pg/ml) and incubated for 24 h. Cells were
immediately assessed by trypan blue exclusion assay.
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Additionally, samples were stained with Annexin V and
7-AAD and evaluated for cell viability. The percentage of
viable cells was calculated in comparison to the control
cells.

LPS/PMA stimulation in macrophages

RAW 264.7 cells were harvested and seeded in a six-well
plate. After the cells had reached monolayer confluency
of ~80%, they were washed with 1X PBS and subjected
to LPS (500 ng/ml) or PMA (100 ng/ml) [76] dissolved
in fresh complete RPMI-1640. The supernatant and the
cells were then harvested. They were stored or processed
at various time points. 17-AAG was used to promote the
Hsp90-inhibited condition in the cells. For assessing the
effect of TRPA1 in the Hsp90-inhibited cells in presence
of LPS-induced inflammatory responses, RAW 264.7
cells were subjected to 17-AAG (0.5 uM) and TRPA1
pharmacological modulators incubation followed by LPS
or PMA administration for 6 to 24 h. DMSO was used as
solvent control. The further proceedings were executed
by following the protocols mentioned above.

Similarly, undifferentiated THP-1 cells were harvested
and seeded in a six-well plate with the administration of
100 ng/ml PMA for 24 h. After the cells reached a mono-
layer confluency of ~80%, they were washed with 1X PBS
and kept in PM A-free media for another 24 h before LPS
treatment (500 ng/ml) [77]. PMA-differentiated THP-1
macrophages were stimulated with LPS only for later
experiments and no further PMA stimulation was car-
ried out. Post-treatment, the supernatant, and the cells
were harvested, then stored or processed at various time
points. Further experiments were conducted as men-
tioned above.

Indirect immunofluorescence and Flow cytometry (FC)
RAW 264.7 and THP-1 macrophages were subjected to
different stimuli and pharmacological modulators of
TRPA1 and Hsp90. For TRPA1 extracellular staining,
cells were harvested, resuspended in staining buffer (1X
PBS, 1% BSA, 0.01% NaN,), and then incubated with
primary anti-mouse TRPA1 antibody for 30 min on ice.
After direct staining, any excess unbound antibody was
washed out with an additional staining buffer. Subse-
quently, a secondary fluorochrome-conjugated (AF-488)
antibody was administrated and incubated for 30 min
followed by washing with staining buffer. The rabbit IgG
was used as isotype control [56]. Samples (10,000 cells/
sample) were then acquired via BD FACS Calibur/BD
LSRFortessa (BD Biosciences) and analyzed using FlowJo
v10.8.1.

Cell death/apoptosis analysis was conducted using PE
Annexin V Apoptosis Detection Kit I (BD Biosciences).
Freshly harvested cells were washed with 1X PBS fol-
lowed by incubation with Annexin V in Annexin V
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binding buffer for 15 min. The assay was conducted by
following the manufacturer’s protocol [78]. Samples were
immediately acquired via FC and analyzed using FlowJo
v10.8.1.

Enzyme-linked Immunosorbent Assay (ELISA)

ELISA was performed to quantify and analyze the cyto-
kine levels in RAW 264.7 and THP-1 cell culture super-
natants under different experimental conditions of LPS/
PMA,17-AAG, HC-0300031, and AITC. Sandwich ELISA
was executed using the BD OptEIA™ sandwich ELISA kit
(BD Biosciences) following the instructions of the man-
ufacturer’s protocol [56]. The cytokine concentration in
each sample was estimated in pg/ml from the standard
curve.

Western blotting

To analyze the expression of various proteins of interest,
a western blot was performed after stimulating the cells
with LPS (500 ng/ml) and pharmacological modulators.
In brief, respective cells (RAW 264.7 and THP-1) were
treated with LPS (500 ng/ml) for 15 min, washed with
1X PBS, and immediately harvested. Cell lysis, protein
estimation, and western blotting were done according
to the protocol mentioned earlier [56]. Briefly, cells were
harvested and washed with 1X PBS and whole cell lysates
(WCL) were prepared using Radio Immuno Precipita-
tion Assay (RIPA) buffer. The lysates were centrifuged at
13,000 rpm for 30 min at 4 °C. The protein concentrations
were then quantified using the Bradford reagent (Sigma-
Aldrich). The same amount of proteins was loaded in 10%
SDS-gel. After running, the gels were blotted on a PVDF
membrane (Millipore, MA, USA) and then blocked by 3%
BSA in TBST. The blots were cut before antibody stain-
ing, then incubated overnight with primary antibod-
ies, Hsp90 (1:1000), TRPA1 (1:1000), GAPDH (1:5000),
Cleaved Caspase 3 (1:1000), p38 (1:2000), SAPK/JNK
(1:2000), ERK (1:2000). The blots were then washed with
TBST, 3 times, 5 min each. Then, HRP-conjugated sec-
ondary antibodies were added and blots were incubated
for 2 h at RT. Blots were then washed with TBST, 3 times,
5 min each, and chemiluminescent detection reagent
(Immobilon Western Chemiluminescent HRP substrate,
Millipore) was added and images were captured by
ChemiDoc (Bio-Rad). The ImageLab analysis software
was used for band intensity quantification of western blot
images with normalization to the corresponding loading
controls.

Calcium (Ca**) influx analysis

To evaluate the Ca”" influx after the administration of
various stimuli and pharmacological modulators, the
cells were incubated with 5 pM Fluo-4 AM for 45-60 min
in HBSS buffer and subjected to de-esterification for
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15 min in 1X PBS. Cells were then incubated in an HBSS
medium and Ca* influx was analyzed in FC by measur-
ing the time-dependent fluorescence intensity upon add-
ing the respective modulators, as mentioned earlier [79].
The data were analyzed using FlowJo for kinetic studies
and obtaining mean fluorescence every 10 s.

Nitrite estimation

The supernatant of macrophages was treated with the dif-
ferential conditions of LPS/PMA,17-AAG, HC-0300031,
and AITC for 6, 12, and 24 h in colorless RPMI-1640.
About 100 ul of supernatants were used to measure NO
levels with 100 ul of 1% sulfanilamide and 100 pl of 0.1%
N-1-naphthylenediamine dihydrochloride [80]. Samples
were incubated for 10 min and the absorbance values
were read at 540 nm using a microplate reader (Epoch 2
microplate reader, BioTek, USA). Nitrite concentrations
were calculated from a standard graph prepared using
different concentrations of sodium nitrite dissolved in
colorless RPMI-1640.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 9.0 software (GraphPad Software Inc., San Diego,
CA, USA). The comparison between the groups was
performed by one-way ANOVA or two-way ANOVA
with the Bonferroni posthoc test unless otherwise men-
tioned. The data is represented as the mean+SD of three
independent experiments (n=3). p<0.05 was reflected
as a statistically significant relation between the respec-
tive groups (ns, non-significant; * p<0.05; ** p<0.01; ***
p<0.001).

List of Abbreviations

TRPA1 Transient receptor potential ankyrin channel 1

Hsp90 Heat shock protein 90

17-AAG 17-(allylamino)-17-demethoxygeldanamycin

LPS Lipopolysaccharide

PMA Phorbol 12-myristate 13-acetate

AITC Allyl isothiocyanate

HC-030031 1,2,3,6-Tetrahydro-1,3-dimethyl-N-[4-(1-methylethyl) phenyl]-
2,6-dioxo-7 H-purine-7- acetamide,2-(1,3-Dimethyl-2,6-dioxo-
1,2,3,6-tetrahydro-7 H-purin-7-yl)-N-(4-isopropylphenyl)
acetamide

MHCII Major histocompatibility complex Il

CD80 Cluster of differentiation 80

CD86 Cluster of differentiation 86

TNF Tumor necrosis factor

IL-6 Interleukin 6

NO Nitric oxide

MAPK Mitogen-activated protein kinase

ERK Extracellular signal-regulated kinase

SAPK Stress-Activated Protein Kinase

JNK C-Jun N-terminal kinase

Lck Lymphocyte-specific protein tyrosine kinase

FBS Fetal bovine serum

FC Flow cytometry

DMSO Dimethy! sulfoxide

Page 15 of 17

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512865-023-00549-0.

[ Additional File 1: Supplementary/Supporting Informations ]

Acknowledgements

We would like to acknowledge Dr. Soma Chattopadhyay, ILS, Bhubaneswar,
India, for her valuable advice. We are thankful to Ms. Kshyama Subhadarsini
Tung and Ms. Somlata Khamaru for providing suggestions while preparing
the manuscript. We are also grateful to the Animal House and Flow Cytometry
Facility of NISER.

Authors’ contributions

All the authors have significantly contributed to this article. The
conceptualization and design have been done by AR, TM, and SC;
experiments, data collection, and methodology development have been
carried out by AR, TM, and CM. The initial draft was written by AR, PSK, and
TM. All authors have commented on and edited the previous versions of the
manuscript. Manuscript review and editing were performed by CG and SC. SC
acquired the funding and supervised the project.

Funding

The work has been partly funded by Council of Scientific & Industrial Research
(CSIR), India, grant no. 37(1675)/16/EMR-Il and Department of Science &
Technology Fund for Improvement of S&T Infrastructure in Universities and
Higher Educational Institutions (DST FIST), India, grant no. SR/FST/ LSI-
652/2015.The funding body played no role in the design of the study and
collection, analysis, interpretation of data, and in writing the manuscript. It
has also been supported by the National Institute of Science Education and
Research, an OCC of HBNI, Bhubaneswar, under the Department of Atomic
Energy, Government of India.

Data Availability
The datasets generated during and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All the experimental protocols were performed as per the Institutional Ethical
Guidelines.

Consent for publication
Not applicable.

Competing interests
The authors have no relevant competing interests to disclose.

Author details

National Institute of Science Education and Research, an Off-campus
Centre (OCC) of Homi Bhabha National Institute, Bhubaneswar,

Odisha 752050, India

2Institute of Life Sciences, Nalco Nagar Rd, NALCO Square, NALCO Nagar,
Chandrasekharpur, Bhubaneswar, Odisha 751023, India

Received: 20 September 2022 / Accepted: 14 June 2023
Published onling: 30 June 2023

References

1. FlockerziV, Bruford EA, Caterina MJ et al. For the superfamily of TRP
cation channels the TRP superfamily includes a diversity of non-voltage-.
2002;9:229-31.

2. Ramsey |, Delling M, Clapham D. An introduction to TRP channels.
Annu Rev Physiol. 2006,68:619-47. https://doi.org/10.1146/annurev.
physiol.68.040204.100431


http://dx.doi.org/10.1186/s12865-023-00549-0
http://dx.doi.org/10.1186/s12865-023-00549-0
http://dx.doi.org/10.1146/annurev.physiol.68.040204.100431
http://dx.doi.org/10.1146/annurev.physiol.68.040204.100431

Radhakrishnan et al. BMC Immunology

20.

21,

22.

23.

24.

25.

(2023) 24:16

Gaudet R. TRP channels entering the structural era. J Physiol.
2008;586(15):3565-75. https://doi.org/10.1113/jphysiol.2008.155812

Gees M, Colsoul B, Nilius B. The role of transient receptor potential

cation channels in Ca2 + signaling. Cold Spring Harb Perspect Biol.
2010;2(10):a003962. https://doi.org/10.1101/cshperspect.a003962

Vay L, Gu C, Mcnaughton PA. The thermo-TRP ion channel family: proper-
ties and therapeutic implications. Published online. 2012. https://doi.
org/10.1111/}.1476-5381.2011.01601.x

Clapham DE. TRP channels as cellular sensor. Nature.
2003;426(December):517-24.

SmaniT, Shapovalov G, Skryma R, Prevarskaya N, Rosado JA. Biochimica

et Biophysica Acta Functional and physiopathological implications of TRP
channels. BBA - Mol Cell Res. 2015;1853(8):1772-82. https://doi.org/10.1016/j.
bbamcr.2015.04.016

Pla AF, Gkika D. Emerging role of TRP channels in cell migration: from

tumor vascularization to metastasis. 2013;4(November):1-13. https://doi.
0rg/10.3389/fphys.2013.00311

Sukumaran P, Schaar A, Sun Y, Singh BB. Functional role of TRP channels

in modulating ER stress and autophagy. Cell Calcium Published online
2016:1-10. https://doi.org/10.1016/j.ceca.2016.02.012

Montell C, Birnbaumer L, Flockerzi V, et al. A unified nomenclature for the
superfamily of TRP cation channels. Mol Cell. 2002;9(2):229-31. https://doi.
0rg/10.1016/51097-2765(02)00448-3

Payrits M, Helyes Z, Szentagothai J, Sciences AE. Oestrogen-dependent
up-regulation of TRPAT and TRPV1 receptor proteins in the rat endometrium.
2015;(December):1-49.

Tian C,Huang R, Tang F, et al. Transient receptor potential ankyrin 1
contributes to Lysophosphatidylcholine — Induced Intracellular Calcium
Regulation and THP - 1 — derived macrophage activation. J Membr Biol.
2019;0123456789. https://doi.org/10.1007/500232-019-00104-2

Amraiz D, Zaidi N, us sahar S, Fatima M. Antiviral evaluation of an Hsp90
inhibitor, gedunin, against dengue virus. 2017;16(May):997-1004.

Logu F, De, Nassini R, Materazzi S et al. Schwann cell TRPAT mediates neu-
roinflammation that sustains macrophage-dependent neuropathic pain in
mice. Nat Commun Published online 1887:1-16. https://doi.org/10.1038/
s41467-017-01739-2

Facchinetti F, Amadei F, Geppetti P et al. A, b -Unsaturated aldehydes in
cigarette smoke release Inflammatory Mediators from Human Macrophages.
https://doi.org/10.1165/rcmb.2007-01300C

Sahoo SS, Majhi RK, Tiwari A, et al. Transient receptor potential ankyrin1 chan-
nel is endogenously expressed in T cells and is involved in immune functions.
Biosci Rep. 2019;39(9):BSR20191437. https://doi.org/10.1042/BSR20191437
Ma'S, Zhang Y, He K, Wang P, Wang DH. Knockout of TRPAT exacerbates
angiotensin ll-induced kidney injury.

Zeng D, Chen C, Zhou W, et al. TRPAT deficiency alleviates inflamma-

tion of atopic dermatitis by reducing macrophage infiltration. Life Sci.
2021;266:118906. https://doi.org/10.1016/}lfs.2020.118906

Kun J, Szitter I, Kemény A, et al. Upregulation of the transient receptor
potential ankyrin 1 ion channel in the inflamed human and mouse colon and
its protective roles. PLoS ONE. 2014;9(9):e108164. https://doi.org/10.1371/
journal.pone.0108164

Ma S, Wang DH. Knockout of Trpal exacerbates renal ischemia-reperfusion
injury with classical activation of macrophages. Am J Hypertens. Published
online October 2020. https://doi.org/10.1093/ajh/hpaa162

Usui-kusumoto K, Iwanishi H, Ichikawa K; et al. Suppression of neovasculariza-
tion in corneal stroma in a TRPAT-null mouse. Exp Eye Res. 2019;181(February
2018):90-7. https://doi.org/10.1016/j.exer.2019.01.002

Shepherd AJ, Copits BA, Mickle AD, et al. Angiotensin Il triggers peripheral
macrophage-to-sensory Neuron Redox Crosstalk to Elicit Pain. J Neurosci.
2018;38(32):7032-57. https://doi.org/10.1523/JNEUROSCI.3542-17.2018
Logu F, De, Pra SDtoé, De DCT, De et al. Macrophages and Schwann cell
TRPAT mediate chronic allodynia in a mouse model of complex regional
pain syndrome type I. Brain Behav Immun. Published online 2020. https://doi.
0rg/10.1016/j.bbi.2020.04.037

MeseguerV, Alpizar YA, Luis E, et al. TRPA1 channels mediate acute neuro-
genic inflammation and pain produced by bacterial endotoxins. Nat Com-
mun. 2014;5:3125. https://doi.org/10.1038/ncomms4125

Yin S, Wang P, Xing R, et al. Transient receptor potential ankyrin 1 (TRPAT)
mediates lipopolysaccharide (LPS)-Induced inflammatory responses in
Primary Human Osteoarthritic Fibroblast-Like Synoviocytes. Inflammation.
2018:41(2):700-9. https://doi.org/10.1007/510753-017-0724-0

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.
47.

Page 16 of 17

Ko HK, Lin AH, Perng DW, Lee TS, Kou YR. Lung epithelial TRPAT mediates
Lipopolysaccharide-Induced Lung inflammation in bronchial epithelial cells
and mice. Front Physiol. 2020;11. https://doi.org/10.3389/fphys.2020.596314
Romano B, Borrelli F, Fasolino |, et al. The cannabinoid TRPA1 agonist cannabi-
chromene inhibits nitric oxide production in macrophages and ameliorates
murine colitis. Br J Pharmacol. 2013;169(1):213-29. https://doi.org/10.1111/
bph.12120

Yusuf N, Nasti TH, Huang CM, et al. Heat shock proteins HSP27 and HSP70
are Present in the skin and are important mediators of allergic contact
hypersensitivity. J Immunol. 2009;182(1):675-83. https://doi.org/10.4049/
jimmunol.182.1.675

Atoyan R, Shander D, Botchkareva NV. Non-neuronal expression of transient
receptor potential type AT (TRPAT) in human skin. J Invest Dermatol.
2009;129(9):2312-5. https://doi.org/10.1038/jid.2009.58

Cojocaru F, Selescu T, Domocos D, et al. Functional expression of the transient
receptor potential ankyrin type 1 channel in pancreatic adenocarcinoma
cells. Sci Rep. 2021;11(1):2018. https://doi.org/10.1038/541598-021-81250-3
Gouin O, L'Herondelle K, Lebonvallet N, et al. TRPV1 and TRPA1 in cutaneous
neurogenic and chronic inflammation: pro-inflammatory response induced
by their activation and their sensitization. Protein Cell. 2017;8(9):644-61.
https://doi.org/10.1007/513238-017-0395-5

Prodromou C, Pearl LH. Structure and functional relationships of

Hsp90. Curr Cancer Drug Targets. 2003;3(5):301-23. https://doi.
0rg/10.2174/1568009033481877

Kamal A, Boehm MF, Burrows FJ. Therapeutic and diagnostic implica-

tions of Hsp90 activation. Trends Mol Med. 2004;10(6):283-90. https://doi.
org/10.1016/j.molmed.2004.04.006

Srisutthisamphan K, Jirakanwisal K, Ramphan S, Tongluan N, Kuadkitkan A,
Smith DR. Hsp90 interacts with multiple dengue virus 2 proteins. Sci Rep.
2018;8(1):4308. https://doi.org/10.1038/541598-018-22639-5

Geller R, Taguwa S, Frydman J. Broad action of Hsp90 as a host chaperone
required for viral replication. Biochim Biophys Acta. 2012;1823(3):698-706.
https://doi.org/10.1016/j.bbamcr.2011.11.007

Siebelt M, Jahr H, Groen HC, et al. Hsp90 inhibition protects against Biome-
chanically Induced Osteoarthritis in rats. Arthritis \& Rheum. 2013;65(8):2102—
12. https://doi.org/10.1002/art.38000

Tukaj S, Wegrzyn G. Anti-Hsp90 therapy in autoimmune and inflam-

matory diseases: a review of preclinical studies. Cell Stress Chaperones.
2016;21(2):213-8. https://doi.org/10.1007/512192-016-0670-z

Moser C, Lang SA, Stoeltzing O. Heat-shock protein 90 (Hsp90) as a
Molecular Target for Therapy of Gastrointestinal Cancer. Anticancer Res.
2009;29(6):2031-42. https://ariiarjournals.org/content/29/6/2031

Trepel J, Mollapour M, Giaccone G, Neckers L. Targeting the dynamic

HSP90 complex in cancer. Nat Rev Cancer. 2010;10(8):537-49. https://doi.
0rg/10.1038/nrc2887

Srivastava P. Roles of heat-shock proteins in innate and adaptive immunity.
Nat Rev Immunol. 2002;2(3):185-94. https://doi.org/10.1038/nri749

Rice JW, Veal JM, Fadden RP, et al. Small molecule inhibitors of Hsp90 potently
affect inflammatory disease pathways and exhibit activity in models of
rheumatoid arthritis. Arthritis Rheum. 2008;58(12):3765-75. https://doi.
org/10.1002/art.24047

Wax S, Piecyk M, Maritim B, Anderson P. Geldanamycin inhibits the produc-
tion of inflammatory cytokines in activated macrophages by reducing

the stability and translation of cytokine transcripts. Arthritis Rheum.
2003;48(2):541-50. https://doi.org/10.1002/art.10780

Sugita T, Tanaka S, Murakami T, Miyoshi H, Ohnuki T. Immunosup-

pressive effects of the heat shock protein 90-binding antibiotic gel-
danamycin. Biochem Mol Biol Int. 1999;47(4):587-95. https://doi.
0rg/10.1080/15216549900201633

Giannini A, Bijimakers MJ. Regulation of the src family kinase Ick by

Hsp90 and ubiquitination. Mol Cell Biol. 2004;24(13):5667-76. https://doi.
0rg/10.1128/M(B.24.13.5667-5676.2004

Bijimakers MJJE, Marsh M. Hsp90 is essential for the synthesis and subsequent
membrane Association, but not the maintenance, of the src-kinase p56 Ick.
Mol Biol Cell. 2000;11(5):1585-95. https://doi.org/10.1091/mbc.11.5.1585

J Biol Chem. 2005;280(11):9813-9822. doi:10.1074/jbc.M409745200.

Poulaki V, lliaki E, Mitsiades N, et al. Inhibition of Hsp90 attenuates inflamma-
tion in endotoxin-induced uveitis. FASEB J. 2007,21(9):2113-23. https://doi.
0rg/10.1096/1.06-7637com

Dello Russo C, Polak PE, Mercado PR, et al. The heat-shock protein 90
inhibitor 17-allylamino-17-demethoxygeldanamycin suppresses glial
inflammatory responses and ameliorates experimental autoimmune


http://dx.doi.org/10.1113/jphysiol.2008.155812
http://dx.doi.org/10.1101/cshperspect.a003962
http://dx.doi.org/10.1111/j.1476-5381.2011.01601.x
http://dx.doi.org/10.1111/j.1476-5381.2011.01601.x
http://dx.doi.org/10.1016/j.bbamcr.2015.04.016
http://dx.doi.org/10.1016/j.bbamcr.2015.04.016
http://dx.doi.org/10.3389/fphys.2013.00311
http://dx.doi.org/10.3389/fphys.2013.00311
http://dx.doi.org/10.1016/j.ceca.2016.02.012
http://dx.doi.org/10.1016/s1097-2765(02)00448-3
http://dx.doi.org/10.1016/s1097-2765(02)00448-3
http://dx.doi.org/10.1007/s00232-019-00104-2
http://dx.doi.org/10.1038/s41467-017-01739-2
http://dx.doi.org/10.1038/s41467-017-01739-2
http://dx.doi.org/10.1165/rcmb.2007-0130OC
http://dx.doi.org/10.1042/BSR20191437
http://dx.doi.org/10.1016/j.lfs.2020.118906
http://dx.doi.org/10.1371/journal.pone.0108164
http://dx.doi.org/10.1371/journal.pone.0108164
http://dx.doi.org/10.1093/ajh/hpaa162
http://dx.doi.org/10.1016/j.exer.2019.01.002
http://dx.doi.org/10.1523/JNEUROSCI.3542-17.2018
http://dx.doi.org/10.1016/j.bbi.2020.04.037
http://dx.doi.org/10.1016/j.bbi.2020.04.037
http://dx.doi.org/10.1038/ncomms4125
http://dx.doi.org/10.1007/s10753-017-0724-0
http://dx.doi.org/10.3389/fphys.2020.596314
http://dx.doi.org/10.1111/bph.12120
http://dx.doi.org/10.1111/bph.12120
http://dx.doi.org/10.4049/jimmunol.182.1.675
http://dx.doi.org/10.4049/jimmunol.182.1.675
http://dx.doi.org/10.1038/jid.2009.58
http://dx.doi.org/10.1038/s41598-021-81250-3
http://dx.doi.org/10.1007/s13238-017-0395-5
http://dx.doi.org/10.2174/1568009033481877
http://dx.doi.org/10.2174/1568009033481877
http://dx.doi.org/10.1016/j.molmed.2004.04.006
http://dx.doi.org/10.1016/j.molmed.2004.04.006
http://dx.doi.org/10.1038/s41598-018-22639-5
http://dx.doi.org/10.1016/j.bbamcr.2011.11.007
http://dx.doi.org/10.1002/art.38000
http://dx.doi.org/10.1007/s12192-016-0670-z
https://ar.iiarjournals.org/content/29/6/2031
http://dx.doi.org/10.1038/nrc2887
http://dx.doi.org/10.1038/nrc2887
http://dx.doi.org/10.1038/nri749
http://dx.doi.org/10.1002/art.24047
http://dx.doi.org/10.1002/art.24047
http://dx.doi.org/10.1002/art.10780
http://dx.doi.org/10.1080/15216549900201633
http://dx.doi.org/10.1080/15216549900201633
http://dx.doi.org/10.1128/MCB.24.13.5667-5676.2004
http://dx.doi.org/10.1128/MCB.24.13.5667-5676.2004
http://dx.doi.org/10.1091/mbc.11.5.1585
http://dx.doi.org/10.1096/fj.06-7637com
http://dx.doi.org/10.1096/fj.06-7637com

Radhakrishnan et al. BMC Immunology

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

(2023) 24:16

encephalomyelitis. ] Neurochem. 2006,99(5):1351-62. https://doi.
org/10.1111/j.1471-4159.2006.04221 x

Bautista DM, Pellegrino M, Tsunozaki M. TRPA1: a gatekeeper for inflam-
mation. Annu Rev Physiol. 2013;75:181-200. https://doi.org/10.1146/
annurev-physiol-030212-183811

Nagata K, Duggan A, Kumar G, Garci J. Nociceptor and Hair Cell Transducer
Properties of TRPAT, a Channel for Pain and hearing. 2005;25(16):4052-61.
https://doi.org/10.1523/JNEUROSCI.0013-05.2005

Bertin S, Aoki-nonaka Y, Lee J et al. The TRPAT ion channel is expressed in CD4
+T cells and restrains T-cell-mediated colitis through inhibition of TRPV1.
Published online 2016:1-13. https://doi.org/10.1136/gutjnl-2015-310710
Engel MA, Leffler A, Niedermirtl F et al. TRPA1 and substance P mediate
colitis in mice. Published online 2011:1346-58. https://doi.org/10.1053/j.
gastro.2011.07.002

Trevisan G, Benemei S, Materazzi S, et al. TRPA1 mediates trigeminal neuro-
pathic pain in mice downstream of monocytes/macrophages and oxidative
stress. Brain. 2016;139(5):1361-77. https://doi.org/10.1093/brain/aww038
Parenti A, Logu F, De, Geppetti P, Benemei S. What is the evidence for the role
of TRP channels in in fl ammatory and immune. 2016;16:953-69. https://doi.
org/10.1111/bph.13392

Khalil M, Alliger K, Weidinger C, et al. Functional role of transient receptor
potential channels in Immune cells and Epithelia. Front Immunol. 2018,9:174.
https://doi.org/10.3389/immu.2018.00174

Nayak TK, Mamidi P, Kumar A, et al. Regulation of viral replication, apoptosis
and pro-inflammatory responses by 17-aag during chikungunya virus infec-
tion in macrophages. Viruses. 2017;9(1). https://doi.org/10.3390/v9010003
Eid SR, Crown ED, Moore EL, et al. HC-030031, a TRPAT selective antagonist,
attenuates inflammatory- and neuropathy-induced mechanical hypersensi-
tivity. Mol Pain. 2008;4. https://doi.org/10.1186/1744-8069-4-48

Hansted AK, Bhatt DK, Olesen J, Jensen LJ, Jansen-Olesen . Effect of TRPA1
activator allyl isothiocyanate (AITC) on rat dural and pial arteries. Pharmacol
Rep. 2019;71(4):565-72. https://doi.org/10.1016/j.pharep.2019.02.015
Scroggins BT, Neckers L. Just say NO: nitric oxide regulation of Hsp90. EMBO
Rep. 2009;10(10):1093-4. https://doi.org/10.1038/embor.2009.212

Beck R, Dejeans N, Glorieux C, et al. Hsp90 is cleaved by reactive oxygen
species at a highly conserved N-terminal amino acid motif. PLoS ONE.
2012;7(7):240795-5. https://doi.org/10.1371/journal.pone.0040795
Giustarini D, Rossi R, Milzani A, Dalle-Donne I. Nitrite and nitrate measure-
ment by Griess reagent in human plasma: evaluation of interferences

and standardization. Methods Enzymol. 2008;440:361-80. https://doi.
0rg/10.1016/50076-6879(07)00823-3

Ambade A, Catalano D, Lim A, Mandrekar P. Inhibition of heat shock protein
(molecular weight 90 kDa) attenuates proinflammatory cytokines and
prevents lipopolysaccharide-induced liver injury in mice. Hepatology.
2012,55(5):1585-95. https://doi.org/10.1002/hep.24802

Lei W, Mullen N, McCarthy S, et al. Heat-shock protein 90 (Hsp90) promotes
opioid-induced anti-nociception by an ERK mitogen-activated protein kinase
(MAPK) mechanism in mouse brain. J Biol Chem. 2017:292(25):10414-28.
https://doi.org/10.1074/jbc.M116.769489

Fujita K, Otsuka T, Kawabata T, et al. Inhibitors of heat shock protein 90
augment endothelin-1-induced heat shock protein 27 through the SAPK/
JINK signaling pathway in osteoblasts. Mol Med Rep Published online April.
2018;12. https://doi.org/10.3892/mmr.2018.8878

Kim W, Tokuda H, Kawabata T, et al. Enhancement by HSP90 inhibitor of
PGD2-stimulated HSP27 induction in osteoblasts: suppression of SAPK/JNK
and p38 MAP kinase. Prostaglandins Other Lipid Mediat. 2019;143:106327.
https://doi.org/10.1016/j.prostaglandins.2019.03.002

66.

67.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 17 of 17

Subramanian C, Grogan PT, Wang T, et al. Novel C-terminal heat shock
protein 90 inhibitors target breast cancer stem cells and block migration, self-
renewal, and epithelial-mesenchymal transition. Mol Oncol. 2020;14(9):2058-
68. https://doi.org/10.1002/1878-0261.12686

Yin'S, Zhang L, Ding L, et al. Transient receptor potential ankyrin 1 (trpal)
mediates il-1B-induced apoptosis in rat chondrocytes via calcium overload
and mitochondrial dysfunction. J Inflamm. 2018;15(1):27. https://doi.
0rg/10.1186/512950-018-0204-9

de Souza Monteiro D, De Logu F, Adembri C, et al. TRPAT mediates damage
of the retina induced by ischemia and reperfusion in mice. Cell Death Dis.
2020;11(8):633. https://doi.org/10.1038/541419-020-02863-6

Kun J, Szitter |, Kemény A, et al. Upregulation of the transient receptor
potential ankyrin 1ion channel in the inflamed human and mouse colon and
its protective roles. PLoS ONE. 2014;9(9):.e108164. https://doi.org/10.1371/
journal.pone.0108164

Hoffmann A, Kann O, Ohlemeyer C, Hanisch UK, Kettenmann H. Elevation

of basal intracellular calcium as a central element in the activation of brain
macrophages (microglia): suppression of receptor-evoked calcium signaling
and control of release function. J Neurosci. 2003;23(11):4410-9. https://doi.
0rg/10.1523/JNEUROSCI.23-11-04410.2003

Zhao J, Shyue S, kun, Kou YR, Lu T, min, Lee T. Transient receptor potential
ankyrin 1 Channel involved in atherosclerosis and. Macrophage-Foam Cell
Formation. 2016;12. https://doi.org/10.7150/ijbs.15229

Billeter AT, Galbraith N, Walker S, et al. TRPAT mediates the effects of hypo-
thermia on the monocyte inflammatory response. Surgery. 2015;158(3):646—
54. https://doi.org/10.1016/j.5urg.2015.03.065

Kochukov MY, Mcnearney TA, Fu 'Y, Westlund KN, Westlund KN, Trp T. Ther-
mosensitive TRP ion channels mediate cytosolic calcium response in human
synoviocytes. 2006;1043:424-33. https://doi.org/10.1152/ajpcell.00553.2005
Romano B, Borrelli F, Fasolino |, et al. The cannabinoid TRPA1 agonist cannabi-
chromene inhibits nitric oxide production in macrophages and ameliorates.
Published online. 2013. https://doi.org/10.1111/bph.12120

Chang YY, Lu CW, Jean WH, Shieh JS, Lin TY. Phorbol myristate acetate
induces differentiation of THP-1 cells in a nitric oxide-dependent manner.
Nitric Oxide - Biol Chem. 2021;July 2020109-10. https://doi.org/10.1016/.
niox.2021.02.002

Jones E, Adcock IM, Ahmed BY, Punchard NA. Modulation of LPS stimulated
NF-kappaB mediated nitric oxide production by PKCe and JAK2 in RAW
macrophages. J Inflamm. 2007;4:1-9. https://doi.org/10.1186/1476-9255-4-23
Bai G, Matsuba T, Niki T, Hattori T. Stimulation of THP-1 macrophages with LPS
increased the production of osteopontin-encapsulating Exosome. Int J Mol
Sci. 2020;21(22). https://doi.org/10.3390/ijms21228490

Properties C, Properties T. Technical data sheet technical data sheet. Cell.
2005;123(May):98-9.

Papaioannou NE, Voutsas IF, Samara P, Tsitsilonis OE. A flow cytometric
approach for studying alterations in the cytoplasmic concentration of cal-
ciumions in immune cells following stimulation with thymic peptides. Cell
Immunol. 2016;302:32-40. https://doi.org/10.1016/j.cellimm.2016.01.004
Tripathi P, Tripathi P, Kashyap L, Singh V. The role of nitric oxide in inflamma-
tory reactions. FEMS Immunol Med Microbiol. 2007;51(3):443-52. https://doi.
org/10.1111/}.1574-695X.2007.00329.x

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


http://dx.doi.org/10.1111/j.1471-4159.2006.04221.x
http://dx.doi.org/10.1111/j.1471-4159.2006.04221.x
http://dx.doi.org/10.1146/annurev-physiol-030212-183811
http://dx.doi.org/10.1146/annurev-physiol-030212-183811
http://dx.doi.org/10.1523/JNEUROSCI.0013-05.2005
http://dx.doi.org/10.1136/gutjnl-2015-310710
http://dx.doi.org/10.1053/j.gastro.2011.07.002
http://dx.doi.org/10.1053/j.gastro.2011.07.002
http://dx.doi.org/10.1093/brain/aww038
http://dx.doi.org/10.1111/bph.13392
http://dx.doi.org/10.1111/bph.13392
http://dx.doi.org/10.3389/fimmu.2018.00174
http://dx.doi.org/10.3390/v9010003
http://dx.doi.org/10.1186/1744-8069-4-48
http://dx.doi.org/10.1016/j.pharep.2019.02.015
http://dx.doi.org/10.1038/embor.2009.212
http://dx.doi.org/10.1371/journal.pone.0040795
http://dx.doi.org/10.1016/S0076-6879(07)00823-3
http://dx.doi.org/10.1016/S0076-6879(07)00823-3
http://dx.doi.org/10.1002/hep.24802
http://dx.doi.org/10.1074/jbc.M116.769489
http://dx.doi.org/10.3892/mmr.2018.8878
http://dx.doi.org/10.1016/j.prostaglandins.2019.03.002
http://dx.doi.org/10.1002/1878-0261.12686
http://dx.doi.org/10.1186/s12950-018-0204-9
http://dx.doi.org/10.1186/s12950-018-0204-9
http://dx.doi.org/10.1038/s41419-020-02863-6
http://dx.doi.org/10.1371/journal.pone.0108164
http://dx.doi.org/10.1371/journal.pone.0108164
http://dx.doi.org/10.1523/JNEUROSCI.23-11-04410.2003
http://dx.doi.org/10.1523/JNEUROSCI.23-11-04410.2003
http://dx.doi.org/10.7150/ijbs.15229
http://dx.doi.org/10.1016/j.surg.2015.03.065
http://dx.doi.org/10.1152/ajpcell.00553.2005
http://dx.doi.org/10.1111/bph.12120
http://dx.doi.org/10.1016/j.niox.2021.02.002
http://dx.doi.org/10.1016/j.niox.2021.02.002
http://dx.doi.org/10.1186/1476-9255-4-23
http://dx.doi.org/10.3390/ijms21228490
http://dx.doi.org/10.1016/j.cellimm.2016.01.004
http://dx.doi.org/10.1111/j.1574-695X.2007.00329.x
http://dx.doi.org/10.1111/j.1574-695X.2007.00329.x

Immunological Investigations
A Journal of Molecular and Cellular Immunology

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/iimm20

Upregulation, Functional Association, and
Correlated Expressions of TRPV1 and TRPA1 During
Telmisartan-Driven Immunosuppression of T Cells

Tathagata Mukherjee, Kshyama Subhadarsini Tung, Parthasarathi Jena,
Chandan Goswami & Subhasis Chattopadhyay

To cite this article: Tathagata Mukherjee, Kshyama Subhadarsini Tung, Parthasarathi
Jena, Chandan Goswami & Subhasis Chattopadhyay (07 Apr 2024): Upregulation,
Functional Association, and Correlated Expressions of TRPV1 and TRPA1 During
Telmisartan-Driven Immunosuppression of T Cells, Immunological Investigations, DOI:
10.1080/08820139.2024.2329203

To link to this article: https://doi.org/10.1080/08820139.2024.2329203

View supplementary material

Published online: 07 Apr 2024.

Submit your article to this journal

View related articles

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=iimm20


https://www.tandfonline.com/action/journalInformation?journalCode=iimm20
https://www.tandfonline.com/journals/iimm20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/08820139.2024.2329203
https://doi.org/10.1080/08820139.2024.2329203
https://www.tandfonline.com/doi/suppl/10.1080/08820139.2024.2329203
https://www.tandfonline.com/doi/suppl/10.1080/08820139.2024.2329203
https://www.tandfonline.com/action/authorSubmission?journalCode=iimm20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=iimm20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/08820139.2024.2329203?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/08820139.2024.2329203?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/08820139.2024.2329203&domain=pdf&date_stamp=07 Apr 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/08820139.2024.2329203&domain=pdf&date_stamp=07 Apr 2024

IMMUNOLOGICAL INVESTIGATIONS -'IF-aIYI&OFr &GFranCIS
https://doi.org/10.1080/08820139.2024.2329203 aylor & Francis Group

W) Check for updates

Upregulation, Functional Association, and Correlated
Expressions of TRPV1 and TRPA1 During Telmisartan-Driven
Immunosuppression of T Cells

Tathagata Mukherjee, Kshyama Subhadarsini Tung, Parthasarathi Jena,
Chandan Goswami, and Subhasis Chattopadhyay

School of Biological Sciences, National Institute of Science Education and Research (NISER), Jatni, India

ABSTRACT KEYWORDS
TRPV1 and TRPA1, are known to be functionally expressed in T cells, Immune markers;
where these two channels differentially regulate effector immune immunosuppression; surface

responses. Telmisartan (TM), an anti-hypertension drug, has been expression; T cell;
recently repurposed to suppress various inflammatory responses.  felmisartan; TRPAT; TRPV1
However, the possible involvement of TRP channels during TM-driven

suppression of T cells responses has not been explored yet. In this

study, we investigated the potential role of TRPV1 and TRPA1 during

TM-driven immunosuppression of T cells in vitro. We observed

a significant elevation of both TRPV1 and TRPA1 during TM-induced
immunosuppression of T cells.We found that TRPA1 activation-driven

suppression of T cell activation and effector cytokine responses during

TM treatment is partially, yet significantly overridden by TRPV1 activa-

tion. Moreover, the expressions of TRPV1 and TRPA1 were highly

correlated in various conditions of T cell. Mechanistically, it might be

suggested that TRPV1 and TRPA1 are differentially involved in regulat-

ing T cell activation despite the co-elevation of both these TRP chan-

nels’ expressions in the presence of TM. T cell activation was

delineated by CD69 and CD25 expressions along with the effector

cytokine levels (IFN-y and TNF) in TM-driven suppression of T cell.

These findings could have broad implications for designing possible

future immunotherapeutic strategies, especially in the repurposing of

TM for T cell-TRP-directed immune disorders.

Introduction

TRP channels are thermosensitive, cation-permeable ion channels with polymodal activa-
tion properties that regulate various physiological processes, including immune functions
(Omari et al., 2017; Samanta et al., 2018; Zhang et al., 2023). These channels are expressed
on various immune cells, such as macrophages, B cells, and T cells, playing a crucial role in
cell differentiation, gene transcription, and effector responses (Acharya et al., 2021; Majhi
etal., 2015; Oh-Hora & Rao, 2008; Sahoo et al., 2019; Vig & Kinet, 2009). Among these TRP
channels, TRPV1 and TRPA1 are shown to be functionally associated with T cell-mediated
immune responses. Pharmacological inhibition or genetic knockout of TRPV1in T cells has
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been reported to reduce intracellular Ca®* levels, T cell activation, and effector immune
functions. On the other hand, genetic deletion of TRPAI in T cells has been shown to
elevate TCR-induced Ca®*influx, T cell activation, and result in higher proinflammatory
responses (Bertin et al., 2014, 2017; Majhi et al., 2015; Sahoo et al., 2019).

TM is an ARB that is currently used to treat patients having hypertension (Arif et al.,
2009; Gore et al.,, 2015; Kalikar et al., 2017). Reports indicate that TM reduces T cell
responses by inhibiting the NFAT signaling and diminishing TNF-a-induced NF-«B
activation (Huang et al., 2016; Nakano et al., 2009). Furthermore, the repurposing of TM
has been documented to regulate various inflammatory immune diseases by its anti-
inflammatory or immunosuppressive effects (Arab et al., 2014; De et al., 2022; Okunuki
et al., 2009).

TRPAI and TRPV1 are non-selective cation channels that can conduct Ca**-influx and
recruit a series of downstream signaling events. Both TRPV1 and TRPA1 are known to be
endogenously expressed in T cells (Majhi et al., 2015; Sahoo et al., 2019). Notably, various
endogenous and exogenous factors can act on both TRPV1 as well as TRPA1, suggesting
that, in several cases, these two channels are modulated simultaneously and/or mediate
similar functions. Upregulation of TRPV1 and TRPA1 expressions during T cell activation
has been reported previously (Majhi et al., 2015; Sahoo et al., 2019). However, studies
regarding the involvement of the TRP channels in T cells during an immunosuppressive or
anti-inflammatory stateare limited. Moreover, any potential involvement of TRP channels
during TM-driven downregulation of T cell responses has yet to be investigated.

Against this backdrop, we hypothesized that there might be differential functional
involvement of TRPV1 and TRPA1 in TM-induced immunosuppression of T cells.
Accordingly, our aim in this study was to explorethe possible functional roles of TRPV1
and TRPA1 during TM-driven experimental immunosuppression of T cells. We examined
TCR-induced T cell activation (e.g., CD69 and CD25 expression) and T cell proliferation in
the presence or absence of TM. Additionally, we investigated the expressions of TRPV1 and
TRPALI on resting and activated T cells in the presence or absence of TM. Furthermore, we
explored the regulation of T cell activation and effector cytokine production (e.g., IFN-y
and TNF) through TRPV1 and/or TRPA1 activation or inhibition in the presence or
absence of TM. The current study might hold potential implications for immunotherapeu-
tic strategies, particularly in the repurposing of TM in T cell-TRP-associated altered
immune responses, with relevance to various health disorders and pathophysiological
conditions.

Materials and methods
Animals

Male and female C57BL/6 mice aged 6-8 weeks were sourced from the NCARE animal
house facility of NISER. The experimental procedures were conducted following protocols
approved (Protocol no. AH-274) by the IAEC in accordance with the CPCSEA guidelines.
The mice were housed in IVCs, maintaining 12-hour day-night cycles, at a temperature of
approximately 22 +2°C with 40-60% humidity. Prior to harvesting spleens, mice were
euthanized in CO, chambers. In each experiment, spleens from multiple animals (ranging
from 2 to 4) were collected in a 50 mL centrifuge tube containing 5 mL complete RPMI-
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1640 cell culture medium (RPMI-1640 + heat-inactivated FBS 10% + Penicillin (100 U/mL)

+ Streptomycin (0.1 mg/mL) + L-glutamine (2.0 mM) + 2-ME (55 uM)). The number of
spleens was determined by the experiment plans. The 50 mL tube containing the spleens
was then placed on ice until further processing. Splenocytes were isolated from these spleens
within 15 to 30 min after harvesting and subjected to downstream processes.

Reagents

The following reagents were obtained from Alomone Laboratories (Jerusalem, Israel): Anti-
mouse TRPV1 antibody, anti-mouse TRPAIl antibody, RTX, and 1,2,3,6-Tetrahydro-
1,3-dimethyl-N-[4-(1-methylethyl)phenyl]-2,6-dioxo-7 H-purine-7-acetamide,2-(1,3-Dimet
hyl-2,6-dioxo-1,2,3,6-tetrahydro-7 H-purin-7-yl)-N-(4-isopropylphenyl)acetamide(HC-0300
31) (HC). 4-(3-Chloro-2-pyridinyl)-N-[4-(1,1-dimethylethyl)phenyl]-1-piperazinecarboxamide
(BCTC) was procured from Tocris Bioscience (Bristol, UK). DMSO, ConA, AITC, and 2-ME
were procured from Sigma Aldrich (St. Louis, MO, USA). Anti-mouse CD25, anti-mouse
CD90.2, functional grade anti-mouse CD3, and functional grade anti-mouse CD28 antibodies
were procured from Tonbo Biosciences (San Jose, CA, USA). Anti-mouse CD69 antibody was
procured from eBiosciences (San Diego, CA, USA). BDOptEIATM(trademark; immunoassay
ELISA reagents of BD Biosciences) mouse sandwich ELISA sets for IFN-y and TNF were
procured from BD Biosciences (San Jose, CA, USA). Secondary anti-rabbit AF488 antibody,
CellTrace™ (trademark; fluorescence stains of Invitrogen) CFSE, and Dynabeads™
Untouched™ Mouse T Cells Kit were procured from Invitrogen (Carlsbad, CA, USA). RPMI-
1640 medium and FBS were procured from Gibco (Billings, MT, USA). TM was obtained from
Glenmark Life Sciences Ltd., Ankleshwar, Gujrat, India. 10X RBC lysis buffer, 10X PBS, BSA,
L-glutamine, and penicillin-streptomycin were from HiMedia Laboratories (Mumbai,
Maharashtra, India).

T cell purification and culture

T cells were purified from mouse splenocytes, following a previously reported method
(Kumar et al., 2022; Sahoo et al., 2018). In brief, mouse spleens were disrupted with
a syringe plunger in 5 mL RPMI-1640 medium on a Petri plate and passed through a 70
uM strainer. The resulting cells were collected in a 50 mL centrifuged tube. Next, the
RBCs were lysed using RBC-lysis buffer. Afterward, cells were washed with 1X PBS and
resuspended in complete RPMI-1640 medium. Splenocytes were counted using
a hemocytometer, and T cells were purified using a T cell isolation kit (Dynabeads™
Untouched™ Mouse T Cells Kit, Invitrogen) following the manufacturer’s protocol. In
brief, the splenocytes were resuspended in isolation buffer (1XPBS+ FBS 2%) after
hemocytometer-based counting, and incubated with biotinylated antibodies for 20 min
in a 15mL centrifuge tube. After washing with isolation buffer, the cells were incubated
for an additional 15min with streptavidin-conjugated magnetic beads. The 15mL
centrifuge tube containing cells was then placed in a magnetic stand (DynaMag™-15
Magnet) for 2 min, allowing T cells to be collected from the bead-free solution. The
purified T cells were washed with 1X PBS, resuspended in complete RPMI-1640
medium, and subjected to downstream experiments. The purity of the isolated T cells
was determined by flow cytometry (BD LSRFortessa™, BD Biosciences) and found to



4 (&) T MUKHERJEEETAL.

be>95% pure. T cells were subsequently seeded in 48-well plates according to the
experimental plans.

Cell viability assay

Purified murine T cells were incubated with varying concentrations of TM (10-1000 uM), RTX
(TRPV1 activator; 25-400 nM), AITC (TRPA1 activator; 5-40 uM), BCTC (TRPV1 inhibitor;
1.34-53.63 uM), and HC-030031 (TRPALI inhibitor; 10-400 uM) for 48 hours. Subsequently,
T cells were then harvested and washed with 1X PBS. The viability of T cells was determined
through trypan blue exclusion assays (Kumar et al., 2022). As a positive control (heat-killed
cells), cells were heated at 55°C for 10 min prior to the addition of trypan blue.

Experimental setups and T cell activation

To investigate different cell surface expressions (CD69 and CD25) on T cells in the presence or
absence of TM, purified murine T cells were pre-incubated with either DMSO or TM (35 uM)
for 1 hour. Cells were then activated with TCR (1 pg/mL of plate-bound anti-CD3 and 1 pg/mL
of soluble anti-CD28 antibodies) stimulation in the presence or absence of TM and incubated
for 48 hours. Next, cells were harvested, surface stained, and analyzed by flow cytometry
(Figure la-f).

To study the T cell proliferation in the presence or absence of TM, purified murine
T cells were first loaded with CFSE (3.75 uM). Next, CFSE-loaded cells were incubated with
either DMSO or TM for 1 hour. Cells were subsequently activated with TCR stimulation in
the presence or absence of TM and further incubated for 72 hours. Cells were then
harvested and analyzed by flow cytometry (Figure 1g-h).

To examine different cell surface expressions (TRPV1 and TRPA1) on T cells in the
presence or absence of TM, purified murine T cells were pre-incubated with either DMSO
or TM for 1 hour. Cells were subsequently activated with either TCR or ConA (5 pg/mL)
stimulation in the presence or absence of TM and incubated for 48 hours. Next, cells were
harvested, surface stained, and analyzed by flow cytometry (Figure 2).

To explore the status of T cell activation (cell surface expressions of CD69 and CD25 on
T cells) and cytokine production (IFN-y and TNF) by T cells in the presence of different
modulators of TRPV1 [RTX (100 nM) and BCTC (1.34 uM)] and TRPA1 [AITC (12.5 uM)
and HC (100 uM)] in the presence or absence of TM, purified murine T cells were pre-
incubated either with DMSO or with TM and/or with different functional modulators of
TRPV1 and TRPAL. Next, T cells were activated with TCR stimulation and incubated for
48 hours along with the modulators in the presence or absence of TM. Cell culture super-
natants were then collected to quantify cytokine levels using sandwich ELISA (Figure 4),
and cells were harvested, surface stained, and subjected to flow cytometry (Figure 3).
Additionally, a schematic depiction has been presented in Fig S2.

For correlation analysis (Figure 5), different experimental conditions are as follows: for
Figure 5a,b: DMSO, TM, DMSO+TCR, DMSO+ConA, TM+TCR, and TM+ConA; for
Figure 5¢,d: DMSO, DMSO+TCR, RTX+TCR, AITC+TCR, RTX+AITC+TCR, TM+TCR,
RTX+TM+TCR, AITC+TM+TCR,RTX+AITC+TM+TCR, BCTC+TCR, HC+TCR, BCTC
+HC+TCR, BCTC+TM+TCR, HC+TM+TCR, BCTC+HC+TM+TCR).



IMMUNOLOGICAL INVESTIGATIONS . 5

Figure 1. Telmisartan (TM) suppresses TCR-induced T cell activation and proliferation. Flow cytometric dot-
plots of T cells showing frequencies of (a) CD69 and (c) CD25 positive T cells in different conditions. Bar
diagrams (representing the mean = SD of three independent experiments) showing (b) frequency of CD69
positive T cells, (d) frequency of CD25 positive T cells, (e) MFI of CD69 and (f) MFI of CD25. TM at 35 uM
concentration downregulates both CD69 and CD25 levels significantly, and this concentration was used in
further experiments. Flow cytometric histograms in (g) showing T cell proliferation [proliferation assay of T cells
stained with CFSE] in the presence or absence of TM with or without activation along with the corresponding
bar diagram in (h). Statistical analysis: one-way ANOVA; p < 0.05 was considered statistically significant. ns =
non-significant; ** = p < 0.01; *** =p < 0.001; **** = p < 0.0001. The X and Y axes of the flow cytometric dot
plots in (a) and (c) denote the log scale from 10° to 10°. For the flow cytometric histograms in (g), the X-axis
represents the log scale from 102 to 10° and the Y-axis denotes the count from 0 to 100.

Flow cytometry

Cell staining and flow cytometric analysis were conducted following established protocols (Kumar
et al., 2022; Majhi et al,, 2015; Sahoo et al., 2019). In brief overview, cells were harvested, washed
with 1X PBS, and resuspended in staining buffer (1X PBS+ BSA 1%). Cells were incubated with
either fluorophore-conjugated antibodies (for CD90.2, CD69, and CD25 detection) or unconju-
gated antibodies (in case of TRPV1 and TRPA1 detection). The incubation period was 30 min on
ice, with protection from light for fluorochrome-conjugated antibodies. Following incubation, the
cells were washed with 1X PBS and resuspended in staining buffer containing 1% PFA. For
samples with fluorophore-unconjugated antibodies, after primary antibody incubation, cells were
washed with 1X PBS, an anti-rabbit AF488-conjugated secondary antibody was added, and
incubated on ice for 30 min, with protection from light. Subsequently, cells were washed with
1X PBS and resuspended in staining buffer containing PFA (1%).
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Figure 2. Elevation of cell surface TRPV1 and TRPA1 on T cells during TM-mediated immunosuppression.
Flow cytometric histograms of T cells show the MFIs of (a) TRPV1 and (c)TRPA1. Bar diagrams (represent-
ing the mean * SD of 3 independent experiments) in (b) and (d) represent the MFIs of TRPV1 and TRPAT,
respectively. Percentages of TRPV1 positive and TRPAT positive T cells are shown in (e) and (g),
respectively, along with the corresponding bar diagrams in (f) and (h). Statistical analysis: one-way
ANOVA; p < 0.05 was considered statistically significant. ns = non-significant; * = p < 0.05; ** =p < 0.07;
*** = p <0.001; **** =p < 0.0001. The X and Y axes of the flow cytometric plots in (e) and (g) denote the
log scale from 10° to 10°.

In the case of cell proliferation assays, T cells were first stained with CFSE, washed with 1X
PBS, and seeded in 48 well plates according to the experimental plans. Cells were harvested 72
hours after TCR stimulation. All flow cytometry samples were acquired using BD
LSRFortessa ™ flow cytometer. In each case 10,000 cells/sample were recorded, and further
analyses were done using Flow]Jo software (BD Biosciences). FlowJo analysis was performed by
gating the total cell population, excluding the low FSC-A and SSC-A signals, and then excluding
the doublets. The CD90.2 positive population (T cells) against SSC-A were then selected and
further cellular expressions were analyzed within the CD90.2 positive T cell population.

Elisa

Sandwich ELISAs were performed to quantify IFN-y and TNF levels in cell culture supernatants
using BD OptEIA™ mouse ELISA sets following the manufacturer’s protocol (Kumar et al.,
2022; Majhi et al,, 2015; Sahoo et al., 2019). Cytokine concentrations (pg/mL) in culture
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supernatants were determined from the corresponding standard curves derived from recombi-
nant mouse IFN-y and TNF.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0 software. Data were represented
as mean + SD of 3 independent experiments(3 biological replicates). One-way ANOVA was
performed for comparison between groups [Figure 1 (cell surface expressions of CD69 and
CD25 on T cells in the presence or absence of TM; T cell proliferation assay in the presence or
absence of TM), Figure 2 (cell surface expressions of TRPV1 and TRPA1 on T cells in the
presence or absence of TM), Figure 3 (cell surface expressions of CD69 and CD25 on T cells in
TRP-modulated conditions in the presence or absence of TM), Figure 4 (IFN-y and TNF
production by T cells in TRP-modulated (activated or inhibited) conditions in the presence or
absence of TM)]. Linear fit and correlation between points were used for the correlation analysis
(Figure 5). p <0.05 was considered statistically significant.

Results
Telmisartan (TM) suppresses TCR-induced T cell activation and proliferation

To determine the impact of TM on CD69 and CD25 levels, T cells were pre-incubated with
either DMSO or 25 and 35 uM of TM, and experiments were conducted as described in the
materials and methods (Figure 1a-f). No cytotoxicity was observed in the presence of 25 and 35
uM of TM; therefore, these concentrations were selected for further experiments (Fig S1A). Flow
cytometric dot-plots in Figure la and c represent frequencies of CD69" and CD25™° T cells
along with the corresponding bar diagrams in Figure 1b and c, respectively. Figure le and
f represent the MFI values of CD69 and CD25 expressions on T cells, respectively. Flow
cytometric histograms in Figure 1g represent T cell proliferation along with the corresponding
bar diagram in Figure 1h. Notably, 35 uM of TM significantly downregulated T cell activation
(even in the presence of TCR, i.e., in TM+TCR condition) as the frequencies of both CD69*"
(53.7 £3.90; p < 0.0001) and CD25™¢ (40.3 + 3.94; p < 0.0001) T cells were reduced compared to
only TCR (CD69: 72.26 +2.36; CD25:72.33 + 0.93) (Figure la-d). This downregulation was
consistent with the MFI values of CD69 (147.33 £ 7.40; p < 0.001) and CD25 (50.6 + 3.88; p <
0.0001) in TM+TCR condition compared to TCR alone (CD69: 226.33 + 18.87; CD25: 383.33 +
11.02) (Figure le—f). Next, a T cell proliferation assay was carried out in the presence or absence

Figure 3. TRPV1 activation during TM-mediated immunoregulation overrides TRPA1-driven suppression of
T cell activation. Flow cytometric dot-plots of T cells showing frequencies of (a) CD69 and (f) CD25 positive
T cells in different experimental conditions. Bar diagrams (representing the mean £ SD of 3 independent
experiments) showing frequency (b) and MFI (d) of CD69 positive T cells in TRPV1- and/or TRPA1-activated
conditions. Bar diagrams showing frequency (g) and MFI (i) of CD25 positive T cells in TRPV1- and/or TRPAT-
activated conditions. Bar diagrams showing frequency (c) and MFI (e) of CD69 positive T cells in TRPV1- and/or
TRPAT-inhibited conditions. Bar diagrams showing frequency (h) and MFI (j) of CD25 positive T cells in TRPV1
and/or TRPAT-inhibited conditions. In each case, one-way ANOVA was performed. p < 0.05 was considered
statistically significant. ns = non-significant; * =p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. The
X and Y axes of the flow cytometric dot plots in (a) and (f) denote the log scale from 10° to 10° (Oh-Hora & Rao,
2008).
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Figure 4. TRPV1 activation during TM-mediated immunoregulation overrides TRPA1-driven suppression
of effector cytokine production by T cells. Bar diagrams (representing the mean + SD of 3 independent
experiments) showing production of IFN-y (a) and TNF (b) in TRPV1- and/or TRPA1-activated conditions.
Bar diagrams showing productions of IFN-y (c) and TNF (d) in TRPV1- and/or TRPA1-inhibited conditions.
Statistical analysis: one-way ANOVA; p < 0.05 was considered statistically significant. ns = non-significant;
*=p<0.05; **=p <0.01; **=p < 0.001; *** =p < 0.0001.

of TM, revealing a significant downregulation of T cell proliferation in the TM+TCR condition
(5.55£0.99; p < 0.0001) compared to only TCR (75.4 + 1.74) (Figure 1g and h).

Elevation of cell surface TRPV1 and TRPA1 on T cells during TM-mediated
immunosuppression

To assess the cell surface expressions of TRPV1 and TRPA1 in TM-induced immunosuppressed
T cells, purified murine T cells were pre-incubated with either DMSO or TM, and experiments
were conducted as described in the materials and methods. Flow cytometric histograms in
Figure 2a,c represent MFIs of TRPV1 and TRPAI1 expressions on T cells along with their
corresponding bar diagrams in Figures 2b and c, respectively. Flow cytometric density-plots in
Figures 2e and g represent the frequencies of TRPV1™ and TRPA1™ T cells along with the
corresponding bar diagrams in Figure 2fh, respectively. Interestingly, the frequencies of both
TRPV1™ and TRPA1™ T cells were significantly elevated in TM+TCR (TRPV1: 39.2 + 1.34,
p <0.0001; TRPAL: 48.9+0.37, p<0.001) and TM+ConA (TRPVI: 43.13 £ 0.85, p < 0.0001;
TRPAL: 53.73£0.89, p < 0.001) conditions compared to only TCR (TRPV1: 26.46 + 1.79;
TRPAI: 43.1 £1.08) or only ConA (TRPVI: 31.73 £ 0.83; TRPA1: 47.86 + 0.40), respectively
(Figures 2e-h). Similar trends were observed for the MFIs of TRPV1 and TRPA1 in TM+TCR
(TRPV1: 494.33 + 11.58, p < 0.0001; TRPA1: 145.33 £ 4.92, p < 0.001) and TM+ConA (TRPV1:
538 + 8.52, p <0.0001; TRPA1: 158.33 + 10.07, p < 0.0001) conditions as compared to only TCR
(TRPV1: 316.33 + 6.84; TRPAI: 120.5+6.5) or only ConA (TRPV1: 312.66 + 6.94; TRPALI:
120.33 + 6.18) controls, respectively (Figures 2a-d).
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Figure 5. Expression of TRPV1 correlates well with TRPA1 in T cells in different immunological conditions.
(a) Correlation between frequencies of TRPV1*' with TRPA1Y¢ T cells in different conditions is shown. (b)
Correlation between MFIs of TRPV1 with TRPAT in different conditions is shown. (c) Correlation between
frequencies of CD69 with CD25 positive T cells in different conditions is shown. (d) Correlation between
MFIs of CD69 and CD25 in different conditions is shown. Linear fit and correlation between points were
used for the correlation analysis. In each case, the r and p values are indicated.

TRPV1 activation during TM-mediated immunoregulation overrides TRPA1-driven
suppression of T cell activation and effector cytokine responses

To determine the functional role of TRPV1 and TRPAI in TM-induced immunosuppressed
T cells, TRPV1 and TRPA1 were modulated with different functional modulators (no cytotoxi-
city was observed in each of the modulator’s concentrations used for this study, Figure S1b-
Sle). Experiments were conducted as described in the materials and methods (Figures 3 and 4).
Flow cytometric dot-plots in Figure 3a and f represent the frequencies of CD69"" and CD25"**
T cells, respectively.Bar diagrams in Figure 3b and g represent the frequencies of CD69"" and
CD25™ T cells in TRP-activated conditions whereas Figure 3c and h represent the frequencies
of CD69™ and CD25™° T cells in TRP-inhibited conditions, respectively. Bar diagrams in
Figure 3d and i represent the MFIs of CD69 and CD25 expressions on T cells in TRP-activated
conditions whereas Figure 3e and j represent the MFIs of CD69 and CD25 expressions on T cells
in TRP-inhibited conditions, respectively. It was observed that frequencies of both CD69*" and
CD25™ T cells were significantly reduced in AITC+TCR (CD69: 47.6 + 2.49, p < 0.001; CD25:
41.8 £2.29, p £0.0001) and AITC+TM+TCR (CD69: 25.86 + 2.25, p < 0.05; CD25: 12.26 + 0.65,
p <0.05) conditions compared to TCR (CD69: 62 +2.72; CD25: 57.4 +1.92) and TM+TCR
(CD69: 34.83 +2.12; CD25: 18.16 £ 0.85), respectively (Figure 3a,b,f,g). RTX+TCR condition
(CD69: 60.2 £ 3.08; CD25: 55.26 + 1.26) showed no suppression of T cell activation, but main-
tained similar trends (in TCR and RTX+TCR) of TCR-driven activation (TCR: CD69: 62 + 2.72;
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CD25: 57.4 + 1.92) compared to resting T cells (only DMSO) (CD69: 0.82 + 0.39; CD25: 1.99 +
0.43) or AITC+TCR treated T cells (CD69: 47.6 + 2.49; CD25: 41.8 + 2.29) (for AITC+TCR, the
p-value: for CD69: p <0.01; for CD25: p <0.0001 respectively, as compared to RTX+TCR
(CD69: 60.2 + 3.08; CD25: 55.26 + 1.26)).

Moreover, the activation of both TRPV1 (by RTX) and TRPA1 (by AITC) in T cells treated
with TM and TCR, i.e., in RTX+AITC+TM+TCR (CD69: 36.6 + 2.62, p < 0.01; CD25: 20.73 +
1.61, p <0.001) condition partially yet significantly upregulated the frequencies of both CD69""*
and CD25™°T cells as compared to AITC+TM+TCR (CD69: 25.86 + 2.25; CD25: 12.26 + 0.65)
(Figure 3a,b,f,g). However, in the absence of TM, the AITC-driven T cell suppression in the
presence of TCR (i.e., in AITC+TCR) as compared to TCR alone or RTX+TCR was not reversed
by the RTX+AITC+TCR condition. The partial restoration of T cell activation was only
observed in T cells treated with TM and TCR, where TRPV1 activation was found to override
TRPALI activation-driven T cell suppression (i.e., RTX+AITC+TM+TCR was found to restore
T cell activation as compared to AITC+TM+TCR). However, no such reversal of T cell
activation was observed in TCR-treated T cells (in the absence of TM), where TRPV1 activation
was not found to override the TRPA1 activation-driven suppression (i.e., RTX+AITC+TCR did
not restore T cell activation as compared to AITC+TCR) of T cells.

Corresponding MFIs of CD69 and CD25 are depicted in Figure 3d and i. Similar to the
frequencies of CD69 and CD25, the MFI values of CD69 and CD25 in RTX+AITC+TM+TCR
(CD69: 41.28 £3.01, p < 0.01; CD25: 18.56 £ 1.97, p < 0.05) condition moderately yet signifi-
cantly upregulated the MFIs of both CD69 and CD25 expressions in T cells as compared to
AITC+TM+TCR (CD69: 27.10 £ 1.53; CD25: 10.90 + 0.41) (Figure 3d and i). However, no
reversal effects in the MFIs of CD69 and CD25 expressions were observed in the RTX+AITC
+TCR (CD69: 59.73 + 4.92, non-significant; CD25: 48.10 + 3.082, non-significant) condition
in the absence of TM as compared to AITC+TCR (CD69: 58.90 + 4.16; CD25: 46.76 + 3.99).

The T cell activation in different conditions, as mentioned above, was further supportedby
cytokine levels (IFN-y and TNF) (Figure 4a and b). Bar diagrams in Figure 4a and b represent
the amount of IFN-y and TNF released by T cells in TRP-activated conditions whereas Figure 4c
and d represent the amount of IFN-y and TNF released by T cells in TRP-inhibited conditions,
respectively. RTX+AITC+TM+TCR (IFN-y: 1749 +195.3, p <0.001; TNF: 223.7 +17.46, p <
0.01) condition partly yet significantly upregulated both IFN-y and TNF productions by T cells
as compared to AITC+TM+TCR (IFN-y: 1119 +153; TNF: 172.8 + 15.03) (Figure 4a and b).
However, no reversal effects in IFN-y and TNF production were observed in the RTX+AITC
+TCR (IFN-y: 1124 +129.8, p =ns; TNF: 186.2 +22.27, non-significant) condition in the
absence of TM as compared to AITC+TCR (IFN-y: 1180 + 150.4; TNF: 195.4 +17.28). In
addition, no such reversal of T cell suppression was observed in the BCTC+HC+TM+TCR
condition compared to BCTC+TM+TCR and HC+TM+TCR (Figures 3a,c.e,fh,j and 4c,d).

Expression of TRPV1 correlates well with TRPAT1 in T cells in different immunological
conditions

Correlation analyses were performed to assess the association between surface expressions of
TRPV1 and TRPA1, as well as CD69 and CD25 in various experimental conditions (as shown in
Figure 5a). Frequencies of TRPA1™ and TRPV1*™ T cells in six different immunological
conditions remain highly correlated (r = 0.9771; p < 0.001) (Figure 5a). Comparable results were
observed for MFIs of TRPA1 and TRPV1 (r=0.9903; p < 0.001) (Figure 5b).
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To explore the relationship between TRPV1 and TRPA1 in the context of T cell function,
a standard pair of immune activation markers, i.e., a correlation between CD69 and CD25,
was analyzed in sixteen different experimental conditions (as shown in Figure 5¢). A high
correlation between frequencies of CD69™¢ and CD25™° T cells (r=0.9442; p <0.0001)
and MFIs of CD69 and CD25 (r=0.9303; p <0.0001) in various immunomodulated con-
ditions was observed (Figure 5c and d).

Discussion

Many TRP channels, including TRPV1 and TRPA1 channels, are expressed in neurons and play
a crucial role in transmitting a variety of sensory signals, such as inflammation, pain, and chemical
and thermal nociception (Mickle et al., 2016; Stucky et al., 2009). TRPV1 and TRPA1 are members
of the TRP family and have been reported to be functionally associated with diverse immune cells,
including macrophages, dendritic cells, T cells, and NK cells (Majhi et al., 2015; Naert et al., 2021;
Omari et al., 2017; Sahoo et al., 2019). The functional role of TRPV1 and TRPA1 in TCR- or ConA-
mediated T cell activation has been reported previously (Majhi et al., 2015; Sahoo et al., 2019). TM,
an anti-hypertension drug, has been experimentally repurposed towards regulating various
inflammatory disorders (De et al., 2022; Harrison et al., 2011; Okunuki et al., 2009). However,
the possible involvement and association of TRPV1 and/or TRPA1 channels in TM-driven
immunosuppression of T cells, if any, have not been reported until now. This study presents the
initial evidence that both TRPV1 and TRPA1 participate inTM-driven suppression of T cell
responses. Accordingly,our aim was to explore the possible functional involvement of TRPV1
and TRPA1 during TM-driven experimental immunosuppression of T cells. We observe that the
surface expressions of TRPV1 and TRPA1 were elevated in TM-mediated immunosuppression of
T cells. Moreover, TRPAL1 activation-driven suppression of T cell responses during TM treatment
was found to be partially yet significantly overridden by TRPV1 activation. Collectively, the data
suggest that during immune activation from the basal level as well as in immunosuppressed
conditions, expressions of TRPV1 and TRPA1 are upregulated, and these channels are functionally
associated with T cell effector responses.

Immunosuppression promotes anti-inflammatory responses, demonstrating a critical impact
in both clinical and experimental cases of altered immunity (Meneghini et al., 2021; Parlakpinar &
Gunata, 2021). In this study, we used TM, an anti-hypertension drug reported to induce
immunosuppression by regulating inflammatory responses (Arab et al., 2014; De et al., 2022;
Nakano et al., 2009; Okunuki et al., 2009). Pre-incubation of T cells with TM effectively reduces T
cell responses (CD69 and CD25 expressions, proliferation, and cytokine profile), indicating that
TM-induced immunosuppression predominates over TCR-mediated T cell activation.
Additionally, under TM-induced immunosuppressed conditions, activation of TRPA1 by AITC
further induced immunosuppression. However, such stringent levels of immunosuppression
could be partially overcome through the activation of TRPV1. Furthermore, in TM-driven
immunosuppressed conditions, activation of TRPV1 by RTX was found to enhance T cell
activation and effector cytokine production by overriding TRPA1-driven suppression of T cell
responses.In contrast, the inhibition of TRPV1 by BCTC and TRPA1 by HC was found to induce
higher immunosuppression. Therefore, it appears that the activation of endogenous TRPV1 may
enhance T cell activation, especially under stringent immunosuppressive conditions.

Elevation of TRPV1 and TRPA1 during T cell activation and their functional association with
T cell effector responses have been previously reported (Majhi et al., 2015; Sahoo et al., 2019). In
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our recent work, we demonstrated an increase in cell surface expression of TRPV1 levels in
immunosuppressed T cells (Kumar et al., 2022). Additionally, our previous findings indicated
an upregulationof different TRP channels during T cell activation (Acharya et al., 2021; Majhi
et al., 2015; Sahoo et al,, 2019) aligning well with the results presented in this study.

TRPV1 activation facilitates TCR-driven Ca**-influx, T cell signaling, and effector responses in
CD4" T cells (Bertin et al,, 2014). Additionally, pharmacological inhibition of TRPV1 or genetic
knockout mice showed reduced disease scores, colitogenic T cell responses, and intestinal inflam-
mation in the T cell-mediated colitis model (Bertin et al., 2014). Conversely, IL-107"TRPA1™~
mice in colitis and inflammatory bowel disease (IBD) models have been reported to develop more
severe CD4" T cell-mediated chronic inflammation as compared to mice with only IL-10"""°,
Moreover, TRPA1 knockout mutation has also been associated with sustained TCR-driven Ca**
influx, leading to Th1 (IFN-y, IL-2 producing type 1 CD4" helper T cells) polarization and the
production of IFN-y and IL-2 (Bertin et al., 2017). Furthermore, TRPA1 has been shown to play
a suppressive role in regulating macrophage activation and proinflammatory responses
(Radhakrishnan et al,, 2023). In addition, immunosuppression has been reported elsewhere to
upregulate intracellular Ca”"concentrations (Bultynck et al., 2000; Kumar et al.,, 2022; Racioppi
et al,, 2019; Shin et al., 2002) and both TRPV1 and TRPA1 have been found to play an important
functional role in regulating intracellular Ca**levels associated with immunosuppression (Kumar
et al., 2022; Radhakrishnan et al., 2023). However, the underlying mechanisms involving immu-
nosuppression-driven elevation of TRPV1 and TRPALI and their possible association in regulating
T cell functions require further exploration in future studies. It could be speculated that TRPV1 and
TRPAL1 might differentially contribute to the regulation of immune function, in addition to their
upregulated expressions during cell-mediated immunosuppression.

In addition to pharmacological modulations, various endogenous molecules have been
shown to have agonistic effects on TRPV1 and TRPA1 (Andersson et al., 2008; Benitez-
Angeles et al., 2020; Landini et al., 2022; Morales-Lazaro et al., 2013; Trevisani et al., 2007).
These include lysophosphatidic acid, N-acyl-ethanolamines, N-acyl-dopamines, oxytocin
ATP, hydrogen sulfide, nitric oxide, arachidonic acid and lipoxygenase products, ammonia,
intracellular pH, divalent cations (Ca®*, Mg>"), which have been reported to activate TRPV1
channels (Benitez-Angeles et al., 2020; Morales-Lazaro et al.,, 2013). In contrast, alkenyl
aldehydes (4-hydroxynonenal, 4-oxo-nonenal, and 4-hydroxyhexenal), hydrogen peroxide,
15-deoxy-A12,14-prostaglandin J2, reactive oxygen species, and reactive nitrogen species have
been shown to activate TRPA1 channels (Andersson et al., 2008; Landini et al., 2022; Trevisani
et al., 2007). However, further investigations are warranted to decipher the direct involvement
of various endogenous molecules in activating TRPV1 and TRPA1 in T cells.

Our data further indicate the existence of a strong correlation between surface expres-
sions of TRPV1 and TRPAI in T cells in different immunological conditions, such as
resting, activated, and immunosuppressed states. Notably, the correlation between TRPV1
and TRPAL surface expressions is at least the equal range, if not stronger than the CD69 and
CD25, suggesting that TRPV1 and TRPAI could be considered as contextual immunor-
egulatory markers. Nevertheless, the high correlation between the surface expressions of
TRPV1 and TRPAL in T cells is striking. This is also relevant as in the diverse cellular
systems, both TRPV1 and TRPA1 engage in reciprocal signaling functions.

Based on these findings, we suggest that functional modulation of TRPV1 and TRPA1
could be helpful in regulating the immunosuppression of T cells. A proposed working
model of the current study has been summarized in Figure 6. This study might have broad
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Figure 6. The proposed model depicting the possible involvement of TRPV1 and TRPA1 during TM-induced
immunosuppression of T cells. Resting (condition (a), i.e., T cells treated with only DMSO) murine T cells were
activated by TCR (i.e., T cells pre-incubated with DMSO and then stimulated with TCR) in the presence (c) or
absence (b) of TM. TCR activation upregulates T cell responses relating to T cell activation markers (CD69 and
(D25 expressions) and effector cytokine (IFN-y and TNF) production as compared to resting cells (i.e, T cells
treated with only DMSO). TM treatment suppresses T cell responses by downregulating T cell activation
markers (i.e, CD69 and CD25 expressions) and effector cytokine (IFN-yand TNF) productions in TM+TCR
condition (depicted by condition ) (i.e., pre-incubated with TM and then stimulated with TCR) as compared
to only TCR activation (depicted by condition (b). Cell surface expressions of TRPV1 and TRPAT were
upregulated in TM-induced immunosuppressed T cells (c) as compared to T cells activated with only TCR
stimulation (b). TRPA1 activation by AITC reduces T cell responses by reducing T cell activation markers (CD69
and CD25 expressions) and effector cytokine (IFN-yand TNF) productions in both AITC+TCR (depicted by
condition (e) (i.e., T cells pre-incubated with AITC and then activated with TCR stimulation) and AITC+TM+TCR
(h) (i.e., T cells pre-incubated with TM and AITC and then stimulated with TCR) conditions. TRPV1 activation by
RTX during TM-mediated immunoregulation overrides TRPA1-driven suppression of T cell responses by
upregulating T cell activation markers (CD69 and CD25 expressions) and effector cytokine (IFN-y and TNF)
responses i.e., in RTX+AITC+TM+TCR condition (depicted in (i), T cells pre-incubated with RTX, AITC, and TM
and then stimulated with TCR) as compared to TRPA1-activated cells treated with TM and TCR, i.e., in AITC+TM
+TCR condition (depicted in (h), T cells pre-incubated with AITC and TM, and then stimulated with TCR).
However, in the “absence of TM”, activation of TRPV1 by RTX in TCR-activated cells fails to override TRPA1
activation (by AITC)-driven suppression of T cell responses, i.e., in RTX+AITC+TCR condition (depicted in (f), i.e.,
T cells pre-incubated with RTX and AITC, and then stimulated with TCR) relating to T cell activation markers
(CD69 and CD25 expressions) and effector cytokine (IFN-yand TNF) productions as compared to TRPA1-
activated cells treated with TCR, i.e., in AITC+TCR condition (depicted in (e), T cells pre-incubated with AITC
and then stimulated with TCR), suggesting a possible functional involvement of TRPV1 and TRPA1 in TM-
mediated immunosuppression of T cells.
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implications for the role of TRPV1 and TRPA1 in immunosuppressive diseases and might
be important in designing strategies for possible future immunotherapy, especially the
repurposing of TM in regulating TRP-directed cell-mediated immune responses associated
with immune disorders. The current study may open future translational implications for
other TRP channels in altered cell-mediated immune responses associated with various
diseases.
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