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ABSTRACT OF THE THESIS 

 

Novel Regulation of NFAT Activation by TRPV1 in CD4+ T Cells 

 

 
by 
 

 

Christine Caitlin Quinley 

 

 

Master of Science in Biology 

University of California, San Diego, 2013 

 
Eyal Raz, Chair 

Gentry Patrick, Co-Chair 
 

TRPV1 is both a receptor and non-selective Ca2+ channel. TRPV1 was first 

described in primary afferent neurons to function as a receptor of noxious stimuli, and is 

thus integral to pain perception by higher brain areas. Since its initial discovery, TRPV1 

has been shown to be expressed in a number of non-neuronal tissues, including cells of 

the immune system, e.g., T lymphocytes.  

Our lab demonstrated for the first time that TRPV1 is a functional calcium 

channel in CD4+ T cells. We have shown that Ca2+ influx via TRPV1 is required for 



	  

	   x	  

proper activation of T lymphocytes by promoting the activation of TCR-mediated 

downstream signaling pathways. Of these signaling pathways, NFAT signaling is most 

dependent on Ca2+ for its activation and its transcriptional activity. Since CD4+ T 

lymphocytes play a major role in regulating and maintaining activation of the adaptive 

immune system, we chose to explore the specific regulatory role of TRPV1 in these cells 

by focusing on NFAT signaling.  

In our study we identify TRPV1 as a key regulator of NFAT signaling both at 

steady-state and upon TCR ligation. TRPV1 was shown to inhibit the steady-state nuclear 

translocation of NFAT and to inhibit TCR-mediated NFAT down-regulation, identifying 

TRPV1 as a potential therapeutic target for regulating T cell activation and the 

development and progression of T cell-mediated diseases.  

I acknowledge Samuel Bertin, Ph.D, for allowing me to reference data included in 

in a manuscript entitled “TRPV1 Channel Regulates CD4+ T cell activation and 

Inflammatory Properties”, currently under review at Nature Medicine. I also 

acknowledge Sonal Syrkanth, Ph.D, for generating Single-Cell Ca2+ Imaging data for my 

project.  

 

Abbreviations:  
TRP (Transient Receptor Potential) channels, TRPV1 (Transient Receptor Potential 
Vanilloid Member 1), TCR (T Cell Receptor), Ca2+ (Calcium), CRAC (Ca2+ Release-
Activated Ca2+) channels, NFAT (Nuclear Factor of Activated T cells), CaSR (Ca2+ 
Sensing Receptor), αCD3/28 (anti-CD3/28 antibodies) 
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INTRODUCTION: 

The Transient Receptor Potential Vanilloid Member 1 (TRPV1) belongs to a class 

of proteins known as the Transient Receptor Potential (TRP) channels, of which there are 

seven distinct subfamilies and 28 known mammalian members [1]. These proteins 

function both as receptors and ion channels, in that ligand binding triggers channel 

opening and ion influx. TRP channels have been reported to sense a variety of stimuli, 

including, but not limited to, pain, temperature, taste and pressure [1].  

TRPV1 was first described in nociceptors, primary afferent neurons involved in 

the sensing of noxious stimuli and the perception of pain [2]. The TRPV1 protein is made 

up of six transmembrane domains, a hydrophobic pore loop located between the fifth and 

sixth domain, and N- and C- terminal cytosolic domains [3,4]. TRPV1 has been found to 

be activated or stimulated by compounds in the Vanilloid family, including Capsaicin 

(the pungent ingredient in chili pepper), protons, highly acidic conditions (pH < 6), and 

by noxious temperatures (> 43°C) [4].  TRPV1 is known to form homo- and hetero-

tetramers [1,4], creating a non-selective cation channel with high permeability to Ca2+ 

(PCa/Na  ≈ 10) [5]. TRPV1 agonist binding forces the TRPV1 tetramer complex channel to 

open, initiating a calcium influx [4]. As previously mentioned, TRPV1 has been most 

studied in primary afferent neurons including dorsal root ganglia (DRG), trigeminal 

ganglia (TG), and nodose ganglia (NG). However, TRPV1 has also been found in several 

brain regions, as well as in epidermal keratinocytes, the urothelium and smooth muscles 

of the bladder, glial cells, the liver, granulocytes, mast cells and macrophages, and T 

lymphocytes. [3,5-8].  

CD4+ T cells or Helper T cells, are T lymphocytes that play a major role in 
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activation of the adaptive immune system. They are responsible for the activation of B 

cells and the subsequent production of antibodies, activation and maintenance of CD8+ T cell 

cytotoxicity, and for enhancement of the phagocytic role of macrophages [9]. All T cells have 

a protein complex on their surface called the T Cell Receptor Complex (TCR) [10]. The 

TCR is responsible for binding and recognizing ligand, and triggering a number of 

different signaling cascade events that lead to activation of the cell [10,11]. T cell activation 

is neither a simple nor linear process. However, the process of activation includes the 

following: TCR ligation by antigen and antigen presenting cell (which can be mimicked 

by ligation via antibodies against the TCR, e.g., anti-CD3/28 antibodies), activation of a 

number of kinases, including Lck and ZAP-70, mobilization of Endoplasmic Reticulum 

(ER) Ca2+ stores and Ca2+ influx via the Ca2+ Release-Activated Ca2+ (CRAC) channels, 

activation of downstream signaling pathways (e.g., NFAT, NF-κB, and MAPK), and 

finally transcription of target genes, including the production of Interleukin 2 (IL-2) [12], 

responsible for inducing proliferation and differentiation of effector T cells into pathogen 

specific subsets [10,11]. 

Ca2+ influx, plays a major role in TCR signaling, and is mandatory for activation 

of CD4+ T lymphocytes [13-15]. TCR ligation triggers ER Ca2+ release, leading to a rise in 

intracellular Ca2+ and eventual depletion of ER Ca2+ stores. Depletion of these stores 

triggers Store Operated Calcium Entry (SOCE), which is the process of activation of 

CRAC channels, existing on the T cell membrane. CRAC channel activation leads to 

opening of these channels and Ca2+ entry into the cytosol [10,13-15]. While the CRAC 

channel is the main source for Ca2+ entry in T cell activation, there are many other Ca2+ 

channels that have been found to play a lesser, but nonetheless significant role in T cell 
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activation and thus T cell signaling, including the Transient Receptor Potential (TRP) 

channels [13-15]. Reports have shown up-regulation of two TRP channels, TRPC3 and 

TRPM2, in activated T cells, suggesting they play a role in TCR-mediated Ca2+ influx 

[13,15]. Whether TRPV1 plays a role in TCR-mediated Ca2+ influx and participates in T 

cell activation has not yet been explored.  

Nuclear Factor of Activated T cells (NFAT) is a transcription factor so named for 

its involvement in the activation of T cells and the subsequent production of IL-2 [16-18]. 

As mentioned previously, TCR ligation triggers ER Ca2+ release and depletion of ER Ca2+ 

stores. Depletion of these stores activates SOCE, which initiates CRAC channel 

activation and Ca2+ influx. Ca2+ ions then bind Calmodulin, the sensor of intracellular 

calcium. Calmodulin in turn is able to bind and activate the serine/threonine phosphatase, 

Calcineurin, which binds and de-phosphorylates NFAT at key serine residues, revealing 

NFAT’s nuclear localization signal (NLS) and allowing NFAT to translocate to the 

nucleus, bind to its target genes, and begin transcription [16-21].  

In 2010, our lab, the Raz Laboratory in the Department of Medicine at the 

University of California, San Diego, began studying the TRP channel, TRPV1. We began 

our study by confirming earlier reports, TRPV1 expression in CD4+ T cells, and showed 

for the first time that TRPV1 in CD4+ T cells is a functional Ca2+ channel that responded 

to the TRPV1 ligand, capsaicin, by inducing calcium influx. Using these initial 

observations, we chose to study the role of TRPV1 in T cell activation, and its subsequent 

role in regulation of T cell-mediated Colitis, an inflammatory disease of the gut and a 

major focus of our lab’s research. From these studies we found that Trpv1-/- CD4+ T Cells 

have reduced TCR-induced calcium influx, TCR-mediated downstream signaling 
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pathways, and TCR-mediated cytokine production. We also found that unlike WT CD4+ 

T Cells, Trpv1-/- CD4+ T Cells did not promote Colitis development in a T cell transfer 

model of Colitis. In summary, TRPV1 in CD4+ T cells promotes TCR-induced calcium 

influx, TCR-mediated downstream signaling pathways, and TCR-mediated cytokine 

production, and TRPV1 in CD4+ T cells acts to promote pathogenic T cell activation in 

vivo and thereby promotes the development of Colitis. While it remains clear that TRPV1 

plays an important role in TCR-mediated T cell activation and is thus a key modulator of 

T cell-mediated diseases like Colitis, the mechanisms by which TRPV1 modulates TCR-

mediated T cell activation have not yet been elucidated.  

In this study, we investigated the role of TRPV1 in TCR-mediated CD4+ T cell 

downstream signaling pathways. Our goal was to reveal the specific mechanisms by 

which TRPV1 regulates TCR-mediated T cell activation, and as a result provide potential 

targets for the modulation of T cell-mediated diseases. We chose to examine NFAT 

signaling, both because it is highly dependent on Ca2+ for its activation and because it 

was representative of the effects on downstream signaling as a whole. Our study reveals 

the specific regulatory role of TRPV1 in NFAT signaling, and thus TCR-mediated T cell 

activation. TRPV1 was found to both inhibit the steady-state nuclear translocation of 

NFAT and TCR-mediated NFAT degradation. These data as well as the accompanying 

mechanisms, identify TRPV1 as a therapeutic target for regulation of T cell activation 

and the development and progression of T cell-mediated diseases, including, but not 

limited to, Colitis. 

I acknowledge Samuel Bertin, Ph.D, for allowing me to reference data included in 

in a manuscript entitled “TRPV1 Channel Regulates CD4+ T cell activation and 
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Inflammatory Properties”, currently under review at Nature Medicine. I also 

acknowledge Sonal Syrkanth, Ph.D, for generating Single-Cell Ca2+ Imaging data for my 

project.  
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METHODS: 

 Mice 

Six- to twelve-week old mice were used for all the experiments described. 

C57BL/6 (B6) mice were purchased from Harlan Sprague Dawley or bred in our 

vivarium. These mice were used as our wild type for all experiments described and will 

be referred to here as WT mice. Trpv1-/- mice on the B6 background were originally 

purchased from Jackson Laboratories and continued to be bred in our vivarium. 

Antibodies and Reagents  

For immunoblotting we used anti-NFAT1 (5861), anti-Calcineurin A (2614), anti-

Akt (2966), anti-pAkt (4058), anti-GSK3β (05-412), anti-CaSR (ACR-004), and anti-

HDAC2 (2540), all purchased from Cell Signaling except anti-GSK3β purchased from 

Millipore, anti-pGSK3β purchased from Tocris, and anti-CaSR purchased from Alomone 

Labs. 

The following includes a list of all inhibitors and the concentrations at which they 

were used: BAPTA-AM (Calbiochem) at 1µM, MG132 (Sigma) at 10µM, FK506 (Cell 

Signaling) at 10nM, LY294002 (LC Labs) at 1µM, and NPS2134 (Tocris 3626) at 1µM. 

All inhibitors were added to samples 30 minutes prior to additional treatments, except for 

NPS2134, which was given for a 2-hour period, and was not followed by additional 

treatments. 

Isolation of Splenic CD4+ T Cells 

Spleens were extracted from both WT and Trpv1-/- mice and processed to obtain 

total splenocytes. CD4+ T Cells were then isolated from the total splenocyte population 

using a CD4+ T Cell Negative Selection Kit purchased from StemCell.  
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Cell Conditions and Medium 

CD4+ T cells were incubated at 37° Celsius for the times indicated in complete 

RPMI 1640 medium, purchased from Corning Cellgro (without L-glutamine, 0.42mM 

Ca2+ [CaCl2]), or serum-free HBSS, also purchased from Corning Cellgro (containing 

0mM Ca2+ [CaCl2]). Differing Ca2+ concentrations were achieved by addition of Ca2+ 

(CaCl2) to complete RPMI 1640 medium (0.4mM and above) or serum-free HBSS 

(below 0.4mM).  

Stimulation of CD4+ T Cells 

TCR stimulation of CD4+ T cells was performed by addition of anti-CD3 and 

anti-CD28 antibodies. Both antibodies were purchased from BioXCell, and added to 

samples for the indicated times, at concentrations of 20µg/mL (CD3) and 2µg/mL 

(CD28).  

Cytosolic/Nuclear Protein Fractionation, Gel Electrophoresis and Immunoblotting 

After treatment, CD4+ T cells were washed in 1X PBS purchased from Corning 

Cellgro. Cells were then re-suspended in hypotonic lysis buffer A (10mM HEPES [pH 

7.9], 10 mM KCl, 0.1 mM EDTA, complete protease inhibitors [Roche]). After 

separating the cytoplasmic extracts, the remaining pellet was incubated in nuclear extract 

buffer B (20 mM HEPES [pH 7.9], 420 mM NaCl, 1 mM EDTA, protease inhibitors). 

After collecting the nuclear extracts, the pellet was discarded. Protein extract 

concentration was not measured because every sample contained equal cell numbers 

(5.0x106 – 7.0x106). The protein samples were then boiled for five minutes with 2X SDS 

buffer or 4X LDS buffer and were separated using SDS-Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) with 4-12% SDS gels purchased from Invitrogen. Protein 
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samples were then transferred to PVDF (Polyvinylidene Difluoride) membranes 

purchased from Millipore. After transfer, membranes were incubated in blocking buffer 

(2% BSA, .02% Sodium Azide, 1X PBS) for 30 minutes at RT and then incubated 

overnight with antibody at concentrations recommended by the respective company. 

Membranes were washed and incubated with their corresponding HRP-conjugated 

secondary antibody (1:10000), from Sigma or Jackson Lab, for 1 hour in washing buffer 

(.1% TWEEN 20, 1X PBS). Membranes were developed in ECL solution purchased from 

Pierce.  

Quantification of Protein Expression 

Ratios of relative protein expression were generated by comparing the intensity of 

membrane protein bands to the appropriate loading control (ERK for cytosolic proteins 

and HDAC for nuclear proteins). Comparative analysis was performed using ImageJ 

software.  

Single-Cell Ca2+Imaging 

CD4+ T cells (1x106 cells/ml) were loaded with 1mM Fura-2/AM (Molecular 

Probes) in culture medium for 30 min at 22-25° Celsius, washed and attached to poly-D-

lysine-coated coverslips for 15 min.  For intracellular Ca2+ measurements, coverslips with 

attached cells were mounted on a RC-20 closed-bath flow chamber (Warner Instrument 

Corp.) and analyzed on an Olympus IX51 epifluorescence microscope with Slidebook 

(Intelligent Imaging Innovations, Inc.) imaging software. Steady-state calcium 

measurements were performed by perfusion with 0mM calcium solution and 2mM 

Ringers Solution. Fura-2 emission was detected at 510nm with excitation at 340 and 

380nm and Fura-2 emission ratio (340/380) was acquired every 5-second interval after 
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background subtraction.  

Isolation of mRNA and qPCR:  

RNA from WT and Trpv1-/- CD4+ T cells was isolated using a protocol consisting 

of Trizol (Ambion 15596018), chloroform, isopropanol, and 70% ethanol. After RNA 

concentration was measured, 1µg of RNA was used for reverse transcription and 

synthesis of cDNA using qScript cDNA superMix (Quanta Biosciences). Quantitative 

real-time PCR (qPCR) was then performed on an AB7300 (Applied Biosystems) using 

PerfeCTa SYBR Green FastMix (Quanta Biosciences). qPCR primers for the CaSR were 

designed and synthesized by IDT Technologies (Forward Primer TCCGAGAACC 

GAGAAATGGAC; Reverse Primer CCAAACAGTACCCAAACCATG). Relative 

mRNA was calculated using GAPDH levels as control.  

I acknowledge Samuel Bertin, Ph.D, for allowing me to reference data included in 

in a manuscript entitled “TRPV1 Channel Regulates CD4+ T cell activation and 

Inflammatory Properties”, currently under review at Nature Medicine. I also 

acknowledge Sonal Syrkanth, Ph.D, for generating Single-Cell Ca2+ Imaging data for my 

project.
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RESULTS:  

The Role of TRPV1 in TCR-Mediated NFAT Signaling in CD4+ T Cells  

The first goal of this study was to determine how TRPV1 regulates TCR signaling 

in CD4+ T cells, more specifically how TRPV1 deletion effects TCR-mediated NFAT 

signaling. As previously mentioned, we chose to use NFAT as a read out, because it is 

highly dependent on Ca2+ for activation and it was representative of downstream 

signaling pathways. WT and Trpv1-/- CD4+ T cells were collected before and after TCR 

ligation with anti-CD3/28 antibodies. All cytosolic and nuclear protein fractions were 

prepared and immunoblotted as described in the methods. We observed normal NFAT 

signaling in WT CD4+ T cells. At steady-state, before TCR ligation with anti-CD3/28 

antibodies, NFAT in WT CD4+ T cells is located primarily in the cytosol, with only 

minor expression in the nucleus, as shown by ratios of relative NFAT expression (Fig. 1). 

However, upon TCR ligation, NFAT is dephosphorylated and translocates to the nucleus. 

Contrastingly, in steady-state Trpv1-/- CD4+ T cells we observed low levels of cytosolic 

NFAT compared to WT CD4+ T cells, and high levels of nuclear NFAT compared to WT 

CD4+ T cells, indicating a substantial level of NFAT nuclear translocation at steady-state. 

This was also observed by the ratios of relative NFAT expression, in that Trpv1-/- CD4+ T 

cells had a nearly opposite cytosolic-to-nuclear relative NFAT expression ratio compared 

to WT CD4+ T cells at steady-state. Additionally, upon stimulation of the TCR, total 

NFAT in Trpv1-/- CD4+ T cells is rapidly down-regulated, indicated by the steady decline 

in value of the relative NFAT expression ratios, particularly that of nuclear NFAT. This 

provoked two major questions and laid the foundation for our investigation. The first 

question is how does TRPV1 inhibit steady-state nuclear translocation of NFAT? The 
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second question is how does TRPV1 inhibit TCR-mediated down-regulation of NFAT? 

Previous data from our lab showed that there was reduced TCR-mediated Ca2+ influx in 

Trpv1-/- CD4+ T cells and may potentially explain why NFAT is down-regulated upon 

TCR stimulation. However, nuclear translocation of NFAT prior to TCR ligation cannot 

be explained by this same observation. In fact, NFAT translocation, free of TCR 

stimulation, seems to suggest that there is sufficient steady-state Ca2+ present within 

Trpv1-/- CD4+ T cells prior to TCR stimulation. Due to this seeming contradiction, we 

chose to investigate separately the impact of TRPV1 and Ca2+ in NFAT signaling during 

steady-state and upon TCR ligation. 

 

 

 

 

 

 

 
 
Figure 1: TRPV1 Inhibits Steady-State NFAT Nuclear Translocation and Inhibits 
TCR-Mediated NFAT Down-regulation 
WT and Trpv1-/- CD4+ T cells were isolated from total splenocytes using the CD4+ T Cell 
Negative Selection Kit and were stimulated for 0, 5, 30, and 120 minutes with anti-
CD3/28 antibodies (20µg/mL, 2µg/mL) in complete RPMI 1640 medium. Cytosolic and 
nuclear protein fractions were isolated and separated via SDS-PAGE. Membranes were 
immunoblotted for NFAT1, and cytosolic and nuclear loading controls, ERK and 
HDAC2. Ratios of relative NFAT expression are shown for both cytosolic and nuclear 
NFAT.  
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The Role of TRPV1 and Ca2+ in Steady-State NFAT Signaling in CD4+ T Cells   

Our first question was how does TRPV1 inhibit steady-state nuclear translocation 

of NFAT. In other words, how does deletion of TRPV1, a calcium channel, increase 

NFAT translocation to the nucleus? As described above, NFAT can only translocate to 

the nucleus if Ca2+ levels are sufficiently high in the cell, levels typically generated via a 

TCR-mediated Ca2+ influx. Since we observed dramatic NFAT nuclear translocation in 

Trpv1-/- CD4+ T cells prior to TCR ligation, this suggested the presence of higher steady-

state intracellular calcium compared to WT CD4+ T cells. In order to test this hypothesis, 

we used Single-Cell Ca2+ Imaging to determine the steady-state Ca2+ level present in WT 

and Trpv1-/- CD4+ T cells. Cells were prepared as described in the methods. Intracellular 

Ca2+ was measured as cells were perfused with 0mM Ca2+ solution followed by 2mM 

Ca2+ Ringers Solution (Fig. 2). During perfusion with 0mM Ca2+, we observed no 

difference in Ca2+ levels. However, perfusion with 2mM Ca2+ Ringers Solution triggered 

a much more dramatic increase in Ca2+ in Trpv1-/- CD4+ T cells at 200 seconds, than WT 

CD4+ T cells at the same time point. Additionally, sustained Ca2+ levels, observed 

between 500 and 600 seconds, were much higher in Trpv1-/- CD4+ T cells than WT CD4+ 

T cells. This data confirmed that Trpv1-/- CD4+ T cells have higher intracellular Ca2+ at 

steady-state conditions and provided evidence for the mechanism by which NFAT is able 

to translocate to the nucleus without a TCR-mediated Ca2+ influx. Additionally, this data 

identified TRPV1 as an inhibitor of steady-state Ca2+ levels in CD4+ T cells. 
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Figure 2: TRPV1 Suppresses Steady-State Ca2+ Levels in CD4+ T Cells 
WT and Trpv1-/- CD4+ T cells were isolated from total splenocytes using the CD4+ T Cell 
Negative Selection Kit. CD4+ T cells (1x106 cells/ml) were then loaded with 1mM Fura-
2/AM in culture medium for 30 min at 22-25º Celsius, washed and attached to poly-D-
lysine-coated coverslips for 15 minutes. Steady-state calcium measurements were 
performed by perfusion with 0mM calcium solution, followed by 2mM Ringers Solution. 
Fura-2 emission was detected at 510 nm with excitation at 340 and 380 nm and Fura-2 
emission ratio (340/380) was acquired every 5-second interval after background 
subtraction.  
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The Role of the CaSR in Trpv1-/- CD4+ T Cells   

We next asked how high extracellular Ca2+, 2mM Ca2+, could cause such a huge 

spike in intracellular Ca2+ levels, or Ca2+ influx, in Trpv1-/- CD4+ T cells at steady-state. 

Could higher expression and/or hyper-activation of the Ca2+ Sensing Receptor (CaSR or 

CaR) result in higher steady-state intracellular Ca2+ in Trpv1-/- CD4+ T cells? The CaSR 

is a G-protein coupled receptor first discovered in Parathyroid Hormone releasing cells, 

but found to exist within a number of other tissues, including T cells [22]. The CaSR is a 

receptor capable of sensing minor changes in extracellular Ca2+. The CaSR has a number 

of agonists including Gd3+ (Gadolinium), Neomycin, and most important to our study, 

Ca2+. Binding of extracellular Ca2+ to the CaSR triggers ER Ca2+ release and Ca2+ 

depletion, activating SOCE, thereby increasing intracellular Ca2+ concentrations [23-26]. In 

order to determine the role of the CaSR in our cells, we measured mRNA expression of 

the CaSR in WT and Trpv1-/- CD4+ T cells at steady-state. PCR analysis revealed slight 

but significantly higher expression of the CaSR in Trpv1-/- CD4+ T cells compared to WT 

CD4+ T cells (Fig. 3). We also measured CaSR protein expression in these cells via 

immunoblotting and found that Trpv1-/- CD4+ T cells had increased protein expression 

compared to WT CD4+ T cells. Three bands are shown for the CaSR and represent the 

differing glycosylation states [31]. The highest band represents a mature-glycosylated 

state, and is responsible for CaSR cell surface expression. Increased expression of the 

highest molecular weight band in Trpv1-/- CD4+ T cells compared to WT CD4+ T cells, 

suggested that there may be increased CaSR trafficking from intracellular compartments 

to the cell surface. Additionally, CaSR downstream target, Cyclin D1, was increased in 

Trpv1-/- CD4+ T cells, which demonstrated that higher CaSR expression was linked to 
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higher activity of the CaSR in Trpv1-/- CD4+ T cells. To test whether or not 

overexpression and overactivation of the CaSR was responsible for high steady-state 

intracellular Ca2+ in Trpv1-/- CD4+ T cells, we inhibited the CaSR in Trpv1-/- CD4+ T cells 

using the CaSR inhibitor NPS2134. Cytosolic and nuclear protein fractions were 

collected from non-TCR-stimulated Trpv1-/- CD4+ T cells and immunoblotted as 

described in the methods. As we observed previously, there was substantial NFAT 

nuclear translocation in untreated cells. However, in treated samples NFAT nuclear 

translocation was nearly completely reversed (Fig. 4). This data indicated that the CaSR 

is responsible for NFAT nuclear translocation in steady-state Trpv1-/- CD4+ T cells. It 

also suggested that overexpression and overactivation of the CaSR is responsible for 

creating the high steady-state intracellular Ca2+ observed in Trpv1-/- CD4+ T cells, which 

leads to NFAT nuclear translocation at steady-state.  

 
 
	  	   

  

 
 
 
 
 
Figure 3: CaSR mRNA and Protein Expression is Increased in Trpv1-/- CD4+ T 
Cells: 
(LEFT) WT and Trpv1-/- CD4+ T cells were isolated from total splenocytes using the 
CD4+ T Cell Negative Selection Kit. RNA was isolated, and 1µg RNA was used to 
synthesize cDNA and perform qPCR with the designed CaSR primers. Relative CaSR 
mRNA was calculated. (RIGHT) Cells were also incubated in complete RPMI 1640 
medium for 2 hours without stimulation. Cytosolic and nuclear protein fractions were 
isolated and separated via SDS-PAGE. Membranes were immunoblotted for the CaSR 
(cytosolic protein; 3 bands), Cyclin D1 (nuclear protein), and HDAC2 (loading control).  
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Figure 4: Inhibition of the CaSR Restores NFAT Homeostasis in Trpv1-/- CD4+ T 
Cells 
Trpv1-/- CD4+ T cells were isolated from total splenocytes using the CD4+ T Cell 
Negative Selection Kit. Cells were incubated in complete RPMI 1640 medium for 2 
hours with or without the CaSR inhibitor NPS2143 (1µM). After treatment, cytosolic and 
nuclear protein fractions were isolated and separated via SDS-PAGE. Membranes were 
immunoblotted for NFAT1 and HDAC2 (loading control).  
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The Role of TRPV1 and Ca2+ in TCR-Mediated NFAT Down-Regulation in CD4+ T Cells   

Our second question is how does TRPV1 inhibit TCR-mediated NFAT down-

regulation? Keeping in mind two key pieces of data, Trpv1-/- CD4+ T cells have reduced 

TCR-mediated Ca2+ influx and Trpv1-/- CD4+ T cells have high steady-state intracellular 

Ca2+, we questioned whether TCR-mediated NFAT down-regulation was due to too little 

or too much Ca2+. Since NFAT down-regulation occurs upon TCR ligation, we began by 

exploring the theory that too little Ca2+ caused TCR-mediated NFAT down-regulation. If 

this theory were correct then increasing Ca2+ influx in Trpv1-/- CD4+ T cells would restore 

proper Ca2+ influx during TCR stimulation, and NFAT down-regulation would be 

reversed. In order to test this, we increased TCR-mediated Ca2+ influx by incubating our 

CD4+ T cells with increasing concentrations of Ca2+, 0.4mM, 0.5mM, and 0.6mM, and 

then stimulated the TCR with anti-CD3/28 antibodies. In WT CD4+ T cells we observed 

that an increase in extracellular Ca2+ concentration was correlated to higher nuclear 

NFAT expression, indicating that TCR-mediated Ca2+ influx did increase with higher 

concentrations of Ca2+ and initiated NFAT translocation (Fig. 5). However, in Trpv1-/- 

CD4+ T cells, NFAT was not only down-regulated upon TCR stimulation, as shown 

before, but was further down-regulated as extracellular Ca2+ concentration was increased 

to 0.6mM Ca2+. This data demonstrated two things: TCR-mediated Ca2+ influx in Trpv1-/- 

CD4+ T cells was increased with higher Ca2+ levels and increasing TCR-mediated Ca2+ 

influx in Trpv1-/- CD4+ T cells did not reverse NFAT down-regulation, but instead 

exacerbated it. This data suggested that excessive Ca2+ rather than too little Ca2+ may 

initiate TCR-mediated NFAT down-regulation in Trpv1-/- CD4+ T cells. While this data 

did not contradict previous data showing reduced TCR-mediated Ca2+ influx in Trpv1-/- 
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CD4+ T cells, it did contradict our previous assumption that a reduction in TCR-mediated 

Ca2+ influx initiated NFAT down-regulation in Trpv1-/- CD4+ T cells.  

 

Figure 5: An Increase in Extracellular Ca2+ Does Not Rescue NFAT Signaling in 
Trpv1-/- CD4+ T Cells  
WT and Trpv1-/- CD4+ T cells were isolated from total splenocytes using the CD4+ T Cell 
Negative Selection Kit. Cells were incubated in complete RPMI 1640 medium containing 
approximately 0.4mM Ca2+. Additional Ca2+ (CaCl2) was added to achieve increasing 
concentrations of extracellular Ca2+, 0.5mM and 0.6mM. Cells were then stimulated for 2 
hours with anti-CD3/28 antibodies (20µg/mL, 2µg/mL). After stimulation, nuclear 
protein fractions were isolated and separated via SDS-PAGE. The membrane was 
immunoblotted for NFAT1. 
 

 

To test whether or not excessive Ca2+ causes TCR-mediated NFAT down-

regulation in Trpv1-/- CD4+ T cells, we chose to reduce Ca2+ using two methods: 

reduction of intracellular Ca2+ by a Ca2+ chelator, BAPTA-AM, and reduction of 

extracellular Ca2+ using a reduced Ca2+ solution. We hypothesized that if too much Ca2+ 

was responsible for TCR-mediated NFAT down-regulation, then a reduction in Ca2+ 

would reverse the observed NFAT down-regulation and restore normal NFAT signaling 

in Trpv1-/- CD4+ T cells. We reduced intracellular Ca2+ by incubating Trpv1-/- CD4+ T 
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cells in 0.4mM Ca2+ and the Ca2+ modulator BAPTA-AM. BAPTA is a Ca2+ chelator 

able to bind extracellular and intracellular Ca2+ and make it inaccessible to other Ca2+ 

binding molecules, while AM is a membrane permeable ester. Upon entry of BAPTA-

AM into the cell, the AM ester is cleaved, preventing BAPTA from exiting the cell. From 

within the cell BAPTA is able to create a near Ca2+-free environment. After 30 minutes 

pre-treatment with BAPTA-AM, TCR stimulation was performed with anti-CD3/28 

antibodies. What we observed was that TCR-stimulated, BAPTA-AM treated cells had 

more nuclear NFAT than untreated cells, indicating a reverse or rescue of NFAT down-

regulation (Fig. 6). Additionally, we reduced extracellular Ca2+ by incubating Trpv1-/- 

CD4+ T cells in serum-free HBSS with 0.05mM Ca2+. After 30 minutes pre-incubation, 

we stimulated the TCR with anti-CD3/28 antibodies. What we found was that NFAT 

down-regulation in our TCR stimulated sample was reversed in a similar manner to that 

of the BAPTA-AM treated sample. These data showed that reducing Ca2+ levels in Trpv1-

/- CD4+ T cells restored proper NFAT activation and provided additional evidence that 

excessive Ca2+ initiates TCR-mediated NFAT down-regulation in Trpv1-/- CD4+ T cells.  
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Figure 6: A Reduction in Ca2+ Levels Restores NFAT Signaling in Trpv1-/- CD4+ T 
Cells 
Trpv1-/- CD4+ T cells were isolated from total splenocytes using the CD4+ T Cell 
Negative Selection Kit. Cells were incubated in complete RPMI 1640 medium (0.4mM 
Ca2+) or serum-free HBSS with 0.05mM added Ca2+ (CaCl2). Selected samples were pre-
treated with the Ca2+ chelator BAPTA-AM (1µM) for 30 minutes, while the remaining 
samples were incubated in their respective mediums. All samples were then stimulated 
for 2 hours with anti-CD3/28 antibodies (20µg/mL, 2µg/mL). Cytosolic and nuclear 
protein fractions were isolated and separated via SDS-PAGE. Membranes were 
immunoblotted for NFAT1 and HDAC2 (loading control).  
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CD4+ T cells in 0.4mM and 0.7mM (high Ca2+) extracellular Ca2+ and then stimulated 

with anti-CD3/28 antibodies. As shown before, in 0.4mM Ca2+ samples without TCR 

stimulation, NFAT was found primarily in the cytosol, while in 0.4mM Ca2+ samples 

with TCR stimulation, NFAT was found at lower levels in the cytosol, but was found at 

significant levels in the nucleus, suggesting NFAT de-phosphorylation and translocation 

to the nucleus (Fig. 7). In 0.7mM Ca2+ samples without TCR stimulation, NFAT was 

found primarily in the cytosol at similar levels to that of 0.4mM with TCR stimulation, 

but there was low level NFAT expression in the nucleus, indicating some translocation 

via Ca2+ alone. However, in 0.7mM Ca2+ samples with TCR stimulation, NFAT was only 

found in the cytosol and was much lower compared to the other cytosolic samples. 

Additionally, the lack of nuclear NFAT with 0.7mM Ca2+ and TCR stimulation suggested 

major NFAT down-regulation. These data then provided conclusive evidence that 

excessive Ca2+ can initiate TCR-mediated NFAT down-regulation. Thus we were able to 

conclude that excessive Ca2+ initiated TCR-mediated NFAT down-regulation in Trpv1-/- 

CD4+ T cells.  
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Figure 7: Excessive Extracellular Ca2+ Induces NFAT Down-Regulation in CD4+ T 
Cells  
WT CD4+ T cells were isolated from total splenocytes using the CD4+ T Cell Negative 
Selection Kit. All cells were incubated in complete RPMI 1640 medium (0.4mM Ca2+) 
and additional Ca2+ (CaCl2) was added to achieve an extracellular Ca2+ concentration of 
0.7mM. Samples were stimulated for 2 hours with anti-CD3/28 antibodies (20µg/mL, 
2µg/mL). Cytosolic and nuclear protein fractions were then isolated and separated via 
SDS-PAGE. Membranes were immunoblotted for NFAT1 and ERK (loading control).  
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The Role of Protein Degradation Pathways in TCR-Mediated NFAT Down-Regulation in 

Trpv1-/- CD4+ T Cells   

Our next goal was to determine how NFAT was down-regulated upon TCR 

stimulation. The rapid pace at which we observe NFAT down-regulation suggests 

degradation via the proteasome (or the lysosome). In our study we chose to focus on the 

Ubiquitin Proteasome System (UPS). Trpv1-/- CD4+ T cells were pre-incubated with the 

proteasome inhibitor, MG132, 30 minutes prior to beginning TCR stimulation. In the 

non-stimulated sample, NFAT was located in both the cytosol and the nucleus, indicating 

NFAT translocation free of TCR ligation (Fig. 8). We showed in previous blots that TCR 

stimulation induced NFAT down-regulation. However, with inhibition of the proteasome, 

TCR stimulation was unable to induce NFAT down-regulation. In fact, cytosolic and 

nuclear NFAT expression was very similar to that of non-TCR stimulated samples. This 

data showed that TCR-mediated NFAT down-regulation could be reversed by inhibition 

of the proteasome. The proteasome then is responsible for TCR-mediated NFAT down-

regulation by degrading NFAT in Trpv1-/- CD4+ T cells. 
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Figure 8: TCR-Induced NFAT Down-regulation is Mediated by the Proteasome in 
Trpv1-/- CD4+ T Cells 
Trpv1-/- CD4+ T cells were isolated from total splenocytes using the CD4+ T Cell 
Negative Selection Kit. All cells were incubated in complete RPMI 1640 medium and 
pre-treated with the proteasome inhibitor MG132 (10µM) for 30 minutes. Samples were 
then stimulated for 2 hours with anti-CD3/28 antibodies (20µg/mL, 2µg/mL). Cytosolic 
and nuclear protein fractions were then isolated and separated via SDS-PAGE. 
Membranes were immunoblotted for NFAT1 and HDAC2 (loading control).  

 
 

 

While NFAT degradation via the proteasome provides a clear method of TCR-

mediated NFAT down-regulation in Trpv1-/- CD4+ T cells, we chose to explore additional 

mechanisms that could either play indirect or direct roles in mediating NFAT down-

regulation. Three specific proteins are known to be involved in regulating the localization 

of NFAT and thus its transcriptional activity, but have also been reported to mediate 
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NFAT down-regulation. These proteins include Calcineurin, GSK-3β and Akt. We chose 

to look at activation of these proteins to determine their role in TCR-mediated NFAT 

down-regulation in Trpv1-/- CD4+ T cells.  

Calcineurin is most well-known for its role in mediating NFAT nuclear 

localization. As described previously, NFAT nuclear localization occurs in the following 

manner: Ca2+ influx initiates Ca2+ binding to Calmodulin, which then binds Calcineurin, 

activating its phosphatase activity. Once activated, Calcineurin de-phosphorylates NFAT 

serine residues located within the regulatory domain, which reveals NFAT’s nuclear 

localization signal (NLS), and allows NFAT to translocate to the nucleus [16-21]. However, 

over-activation of the Ca2+-Calmodulin-Calcineurin pathway has been reported to play a 

role in NFAT down-regulation [27,28]. In order to determine if Calcineurin played a role in 

TCR-mediated NFAT down-regulation, we measured cytosolic and nuclear Calcineurin 

with and without TCR stimulation. What we found was very similar expression of 

Calcineurin in the cytosol of WT and Trpv1-/- CD4+ T cells in non-stimulated and 

stimulated samples (Fig. 9). However, nuclear expression of Calcineurin between WT 

and Trpv1-/- CD4+ T cells was striking. While nuclear Calcineurin was nearly 

undetectable in WT CD4+ T cells, nuclear Calcineurin was expressed at substantial levels 

in Trpv1-/- CD4+ T cells. When Calcineurin is found in the nucleus, it indicates higher 

activity of Calcineurin and maintenance of NFAT nuclear localization and NFAT 

activity. The stark contrast in nuclear Calcineurin expression between that of WT and 

Trpv1-/- CD4+ T cells suggested that there was overactivation of the Ca2+-Calmodulin-

Calcineurin-NFAT pathway in Trpv1-/- CD4+ T cells, and that Calcineurin could indeed 

be involved in mediating NFAT down-regulation. 
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Figure 9: Calcineurin Accumulates in the Nucleus of Trpv1-/- CD4+ T Cells 
WT and Trpv1-/- CD4+ T cells were isolated from total splenocytes using the CD4+ T Cell 
Negative Selection Kit. Cells were incubated in complete RPMI 1640 medium and 
stimulated for 0, 15, and 60 minutes with anti-CD3/28 antibodies (20µg/mL, 2µg/mL). 
Cytosolic and nuclear protein fractions were then isolated and separated via SDS-PAGE. 
Membranes were immunoblotted for Calcineurin (CnA) and HDAC2 (loading control).  
 

 

Glycogen Synthase Kinase-3β (GSK-3β) is a protein kinase involved in nuclear 

export of NFAT. GSK-3β acts to phosphorylate NFAT within the regulatory domain, 

triggering export of NFAT to the cytosol, thereby inhibiting NFAT transcriptional 

activity [18]. However, GSK-3β is not only capable of inactivating NFAT transcriptional 

activity by nuclear export, but also by mediating ubiquitination and degradation of NFAT 

via the UPS [29]. We measured GSK-3β activity in WT and Trpv1-/- CD4+ T cells with and 
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without TCR stimulation. We observed very similar expression of p-GSK-3β 

(phosphorylated and inactive GSK-3β) between that of WT and Trpv1-/- CD4+ T cells, 

which indicated that there was no difference in GSK-3β activity and that it did not play a 

role in TCR-mediated NFAT down-regulation in Trpv1-/- CD4+ T cells (Fig. 10).  

Finally, Akt/Protein Kinase B (PKB) is a molecule involved in cell death/survival 

pathways and is activated via phosphorylation by the molecule PI3 Kinase [30]. Akt has 

been reported to act downstream of Calcineurin [31] and upstream of GSK-3β [30]. Akt acts 

to phosphorylate and inactivate GSK-3β, thereby preventing nuclear export of NFAT [30]. 

In breast cancer cells, however, Akt has been reported to inactivate GSK-3β, which 

disrupts NFAT stability and initiates NFAT degradation via ubiquitination and the UPS. 

Similar to Calcineurin and GSK-3β, we measured Akt activity in WT and Trpv1-/- CD4+ T 

cells with and without TCR stimulation. While we observed very low levels of p-Akt 

(phosphorylated and activated Akt) expression in WT CD4+ T cells, we observed much 

higher expression of p-Akt with and without TCR stimulation in Trpv1-/- CD4+ T cells 

(Fig. 10). This indicated overactivation of Akt in Trpv1-/- CD4+ T cells and suggested that 

Akt may play a role in TCR-mediated NFAT down-regulation in Trpv1-/- CD4+ T cells. 
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Figure 10: Akt is Overactivated in Trpv1-/- CD4+ T Cells 
WT and Trpv1-/- CD4+ T cells were isolated from total splenocytes using the CD4+ T Cell 
Negative Selection Kit. Cells were incubated in complete RPMI 1640 medium and 
stimulated for 0, 15, and 60 minutes with anti-CD3/28 antibodies (20µg/mL, 2µg/mL). 
Cytosolic and nuclear protein fractions were then isolated and separated via SDS-PAGE. 
Membranes were immunoblotted for p-GSK-3β (nuclear protein), p-Akt (cytosolic 
protein) and HDAC2 (loading control).  
 

 

Collectively, this data pointed to the role of overactive Calcineurin and overactive 

Akt in TCR-mediated NFAT down-regulation in Trpv1-/- CD4+ T cells. To verify that 

Calcineurin and Akt played a role in TCR-mediated NFAT down-regulation in Trpv1-/- 

CD4+ T cells, we inhibited Calcineurin and Akt activity using the Calcineurin inhibitor 

FK506 and the PI3 Kinase inhibitor LY294002 (LY). As seen previously, NFAT was 

down-regulated upon TCR stimulation in untreated samples. However, in samples treated 

with the Calcineurin inhibitor, FK506, and the PI3 kinase inhibitor, LY, TCR stimulation 

p+GSK+3β(
(

αCD3/28(((

WT( Trpv1+/+(
+( 15( 120(+( 15( 120(

p+Akt(

HDAC2(

GSK3α(
GSK3β(
(



29	  

	  

was no longer able to induce NFAT down-regulation. In fact, NFAT signaling in 

inhibitor treated samples was completely restored, and indicated that overactivation of 

Calcineurin and Akt is responsible for NFAT down-regulation in Trpv1-/- CD4+ T cells 

(Fig. 11).  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 11: Inhibition of Calcineurin or Akt Reverses TCR-Mediated NFAT Down-
regulation in Trpv1-/- CD4+ T Cells 
Trpv1-/- CD4+ T cells were isolated from total splenocytes using the CD4+ T Cell 
Negative Selection Kit. Cells were incubated in complete RPMI 1640 medium. Selected 
samples were pre-treated with the Calcineurin inhibitor FK506 (10nM) or the PI3 kinase 
inhibitor LY294002 (LY, 1µM) for 30 minutes. All samples were then stimulated for 2 
hours with anti-CD3/28 antibodies (20µg/mL, 2µg/mL). Cytosolic and nuclear protein 
fractions were isolated and separated via SDS-PAGE. Membranes were immunoblotted 
for NFAT1 and HDAC2 (loading control).  
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Steady-State and TCR-Mediated NFAT Signaling in Trpv1-/- CD4+ T cells 

In summary, steady-state Trpv1-/- CD4+ T cells have higher expression and activity 

of the CaSR than WT CD4+ T cells. Higher expression/activation of the CaSR triggers 

ER Ca2+ efflux, which leads to a rise in intracellular calcium and eventual depletion of 

ER Ca2+ stores. Depletion of ER Ca2+ stores initiates SOCE via the CRAC channel and 

results in higher steady-state intracellular Ca2+. Higher steady-state Ca2+ causes activation 

of the Ca2+-Calmodulin-Calcineurin axis and results in higher NFAT nuclear 

translocation (Fig. 12).  

Upon TCR-stimulation of Trpv1-/- CD4+ T cells, TCR-mediated ER Ca2+ efflux, 

leads to a rise in intracellular calcium and eventual depletion of ER Ca2+ stores. 

Depletion of ER Ca2+ stores then initiates SOCE, which increases intracellular Ca2+ 

beyond that of CaSR-induced high steady-state calcium. Excessive intracellular Ca2+ 

leads to overactivation of Calcineurin, Akt, and the UPS, resulting in NFAT down-

regulation (Fig. 13).  

I acknowledge Samuel Bertin, Ph.D, for allowing me to reference data included in 

in a manuscript entitled “TRPV1 Channel Regulates CD4+ T cell activation and 

Inflammatory Properties”, currently under review at Nature Medicine. I also 

acknowledge Sonal Syrkanth, Ph.D, for generating Single-Cell Ca2+ Imaging data for my 

project.  
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Figure 12: NFAT Signaling in Steady-State Trpv1-/- CD4+ T Cells 
Trpv1-/- CD4+ T cells have higher expression and activity of the CaSR than WT CD4+ T 
cells. Higher expression/activation of the CaSR triggers the ER to release Ca2+, which 
causes intracellular calcium to increase and eventually depletes the ER of Ca2+. Depletion 
of ER Ca2+ stores initiates SOCE through the CRAC channel, which results in high 
steady-state intracellular Ca2+, much higher than that of WT CD4+ T cells. High steady-
state Ca2+ leads to binding of Ca2+ to Calmodulin, allowing Calmodulin to bind and 
activate Calcineurin. Activated Calcineurin can then dephosphorylate NFAT and allow 
NFAT to enter the nucleus.  
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Figure 13: NFAT Signaling in TCR Stimulated Trpv1-/- CD4+ T Cells 
Stimulation of the TCR in Trpv1-/- CD4+ T cells, leads to ER Ca2+ release, a rise in 
intracellular calcium and eventual depletion of ER Ca2+ stores. Depletion of ER Ca2+ 
stores triggers SOCE through the CRAC channel, which increases intracellular Ca2+ 
levels beyond that of levels produced by the CaSR at steady-state. Excessive intracellular 
Ca2+ leads to overactivation of Calcineurin and Akt, preventing NFAT from exiting the 
nucleus. NFAT accumulation in the nucleus then leads to degradation by the UPS, and is 
thus responsible for the NFAT down-regulation seen upon TCR-stimulation in Trpv1-/- 

CD4+ T cells. 
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DISCUSSION:  

In this study we identified TRPV1 as a novel regulator of T cell activation by 

modulation of NFAT signaling both at steady-state and upon TCR stimulation. Trpv1-/- 

CD4+ T cells were observed to have higher steady-state NFAT nuclear translocation 

compared to WT CD4+ T cells. This is a result of higher steady-state intracellular Ca2+, as 

demonstrated by Single-Cell Ca2+ Imaging. We found that higher steady-state 

intracellular Ca2+ was a consequence of slight overexpression and overactivation of the 

CaSR. Additionally, we observed that upon TCR-stimulation of Trpv1-/- CD4+ T cells, 

NFAT is degraded by a mechanism involving overactivation of Calcineurin, Akt and the 

UPS.  

Although we have uncovered a number of reasons to account for steady-state 

NFAT nuclear translocation and TCR-mediated NFAT down-regulation in Trpv1-/- CD4+ 

T cells, the mechanisms remain unclear.  

The CaSR was found to be higher expressed and more activated in Trpv1-/- CD4+ 

T cells. It has been reported that increases in Ca2+, Calcitriol, Calmodulin and a number 

of other molecules increase CaSR membrane surface expression, either by increasing 

gene expression or by modulation of CaSR trafficking to the membrane surface. These 

molecules act to increase CaSR activity or signaling by different mechanisms, one of 

which is modulation of the receptor’s occupancy for Ca2+ ions [24]. We were able to show 

that there is increased expression of mature-glycosylated CaSR in Trpv1-/- CD4+ T cells, 

suggesting that increased trafficking by CaSR modulators may lead to overactivation of 

the CaSR or increased sensitivity to stimulation. The CaSR also has a number of 

allosteric binding proteins, which increase the sensitivity of the CaSR to activation by 
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Ca2+ ions, including L-amino acids, extracellular pH and ionic strength, and 

calcimimetics [24]. Finally, a novel mechanism termed Agonist-Driven Insertional 

Signaling (ADIS) has been identified in which increases in Ca2+ or other agonist over 

short periods of time increase the cooperativity of the receptor, decrease desensitization, 

and increase the rate of membrane insertion and signaling [31]. Further experiments are 

needed to address whether the above mechanisms are responsible for increased CaSR 

expression and activity in Trpv1-/- CD4+ T cells.  

In this study we presented that Trpv1-/- CD4+ T cells have higher steady-state 

intracellular Ca2+ and lower TCR-mediated Ca2+ influx compared to WT CD4+ T cells. 

We also showed that TCR-mediated NFAT down-regulation in Trpv1-/- CD4+ T cells was 

the result of too much Ca2+. We do not believe this finding contradicts the fact that TCR-

mediated Ca2+ influx is reduced. Rather, it appears that the high steady-state intracellular 

Ca2+ in Trpv1-/- CD4+ T cells plays a key role in initiating NFAT down-regulation upon 

TCR ligation. It is not yet known how high steady-state intracellular Ca2+ initiates TCR-

mediated NFAT down-regulation. TCR-mediated NFAT down-regulation may be due to 

further increases in Ca2+ initiated by TCR signaling or it may be that excessive Ca2+ at 

steady-state lowers the threshold necessary for NFAT down-regulation upon TCR 

ligation. 

Finally, while it is clear that the proteasome, Calcineurin and Akt are overactive 

and play a role in NFAT down-regulation, it is unclear how these pathways are related. 

One possible explanation is that sustained Ca2+ signaling, produced via the CaSR, causes 

overactivation of Calcineurin and thus Akt, which was found to be downstream of 
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Calcineurin [32]. Activation of this pathway via Ca2+ may direct ubiquitination of NFAT 

and degradation via the proteasome.   

Future experiments will be necessary to determine the specific mechanism for 

which the CaSR is overactivated in Trpv1-/- CD4+ T cells and whether or not the CaSR is 

the only Ca2+ regulator mediating high intracellular steady-state Ca2+ levels. It will also 

be important to show whether or not Ca2+ is the cause of Calcineurin and Akt overactivity 

and/or if there are other players involved. Finally, it will be necessary to show the exact 

mechanism by which Calcineurin and Akt direct NFAT for degradation via the 

proteasome.  

In conclusion, using NFAT as a readout our study identified the TRPV1 channel 

as a novel regulator of TCR signaling. As a result, our study underlines the importance of 

Ca2+ homeostasis in TCR-mediated activation of CD4+ T cells. It also identifies TRPV1 

as a potential therapeutic target in the treatment of T cell-mediated autoimmune diseases 

(e.g., Colitis), and other T cell-dependent pathological processes. 
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