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Themis regulates metabolic signaling and effector functions in
CD47" T cells by controlling NFAT nuclear translocation

Mukul Prasad’?, Joanna Brzostek'?, Namrata Gautam'*3, Renu Balyan'?, Vasily Rybakin®* and Nicholas R. J. Gascoigne
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Themis is a T cell lineage-specific molecule that is involved in TCR signal transduction. The effects of germline Themis deletion on
peripheral CD4™ T cell function have not been described before. In this study, we found that Themis-deficient CD4™ T cells had poor
proliferative responses, reduced cytokine production in vitro and weaker inflammatory potential, as measured by their ability to
cause colitis in vivo. Resting T cells are quiescent, whereas activated T cells have high metabolic demands. Fulfillment of these
metabolic demands depends upon nutrient availability and upregulation of nutrient intake channels after efficient TCR signal
transduction, which leads to metabolic reprogramming in T cells. We tested whether defects in effector functions were caused by
impaired metabolic shifts in Themis-deficient CD4" T cells due to inefficient TCR signal transduction, in turn caused by the lack of
Themis. We found that upon TCR stimulation, Themis-deficient CD4" T cells were unable to upregulate the expression of insulin
receptor (IR), glucose transporter (GLUT1), the neutral amino acid transporter CD98 and the mTOR pathway, as measured by c-Myc
and pS6 expression. Mitochondrial analysis of activated Themis-deficient CD4" T cells showed more oxidative phosphorylation
(OXPHOS) than aerobic glycolysis, indicating defective metabolic reprogramming. Furthermore, we found reduced NFAT
translocation in Themis-deficient CD4*1 T cells upon TCR stimulation. Using previously reported ChIP-seq and RNA-seq data, we
found that NFAT nuclear translocation controls IR gene expression. Together, our results describe an internal circuit between TCR

signal transduction, NFAT nuclear translocation, and metabolic signaling in CD4™" T cells.
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INTRODUCTION

The main function of T cells is to recognize foreign antigens
presented by MHC molecules and mount an immune response,
which entails T cell activation, proliferation, and production of
effector cytokines. All these effector functions are energy
demanding processes and are coupled with changes in cellular
metabolism to access the right nutrients and meet new metabolic
demands.! Glucose is a major source of energy for T cells, which
take up glucose using the glucose transporter GLUT1? upon
insulin receptor (IR) signaling,® subjecting it to glycolysis for
energy production. Recent studies in rodents have shown that IR-
deficient T cells have reduced T cell effector functions, demon-
strated by their inability to mount an effective immune response
in infection models and to initiate inflammation in experimental
autoimmune encephalitis and colitis animal models.**

Glycolysis ends with the production of pyruvate, which can
have two fates: it can either be broken down into lactate via
aerobic glycolysis or transported to mitochondria, used for the
tricarboxylic acid (TCA) or Krebs cycle and ultimately converted to
ATP via oxidative phosphorylation (OXPHOS).5” Resting T cells are
quiescent and do not have high metabolic demands. Upon
antigen recognition, T cells become activated and switch from

OXPHOS to aerobic glycolysis, which consumes more glucose to
generate the same amount of ATP as OXPHOS but does so more
rapidly. This requires increased glucose uptake and therefore
more glucose transporters.%” TCR signaling upon antigen recogni-
tion leads to activation of the kinase mTOR,® which is required to
induce the expression of many genes involved in metabolic
pathways, such as GLUT1,° and activate other downstream
enzymes, such as c-Myc.'® c-Myc is important for inducing the
expression of enzymes involved in glycolysis, glutaminolysis and
other metabolic pathways that activated T cells require for
proliferation and effector functions.'’

Although it has been shown that upon T cell activation, T cells
shift from OXPHOS to aerobic glycolysis, this does not mean that
OXPHOS is completely stopped. Along with glucose, glutamine is
also taken into T cells upon activation.'”” Glutamine can be
converted to glutamate in the mitochondria and can further
be converted to a-ketoglutarate, one of the intermediaries for the
TCA cycle, thus ensuring that the OXPHOS process does not
come to a halt."" T cell activation and effector function can
be maintained by the mitochondria alone. The reactive oxygen
species (ROS) produced by mitochondria during OXPHOS are
required for NFAT activation.”> NFAT is one of the key
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transcription factors that translocates to the nucleus soon
after TCR signaling to allow transcription of various genes,
including IL-2."

Themis is a T-cell lineage-specific molecule with a critical role in
thymocyte selection.'™'® Themis constitutively interacts with the
adaptor protein Grb2 and with the phosphatase Shp1, affecting its
activity,’>™2" but the precise molecular function of Themis in the
regulation of signaling pathways in T cells remains controversial.
Themis has been proposed to act as a negative regulator of TCR
signaling, with impaired thymocyte selection in mice with Themis
germline knockout (KO) resulting from enhanced negative
selection.?’* However, an alternative model proposes that
Themis is a positive regulator of TCR signaling, attributing
compromised thymocyte development to reduced positive
selection.”® One of the early papers describing Themis suggested
that the main effect of Themis during thymocyte development is
an effect on the regulation of metabolism rather than on TCR
signaling.”” Themis germline KO mice have severely reduced
numbers of CD4™ T cells and increased percentages of Tregs and
memory-phenotype CD44™ CD4" T cells.'>'® However, post-
selection Themis deletion does not alter CD4™ T cell numbers and
has a minor effect on their phenotype.** The role of Themis in
peripheral CD4™ T cells is still poorly understood.

The modulation of T cell effector functions by changes in TCR
signaling strength has been studied extensively, and several
studies have reported how the metabolic landscape of a T cell
changes with differing TCR signal strength. The strength of the
TCR stimulus determines the frequency of cells that express c-
Myc,”® and a recent paper showed a circuit linking TCR signal
strength and the amount of acetyl-CoA modulated by Akt.°
However, there is little information on how intrinsic variations
within a T cell that lead to signal transduction differences can
affect its metabolic profile. Themis-deficient mature CD4" T cells

have been shown to respond poorly to TCR stimulation,’” but the
molecular basis of this defect is unknown. To understand the
molecular basis, we investigated metabolic signaling in Themis-
deficient CD4" T cells and their effector functions. Our results
show that a lack of efficient TCR signal transduction due to the
absence of Themis leads to decreased effector functions in vitro
and in vivo, reduced IR signaling and nutrient uptake, defective
metabolic reprogramming of mitochondria and defective mTOR
activation. Ultimately, we show that these defects in metabolic
signaling are regulated via NFAT translocation to the nucleus and
its control of IR expression.

RESULTS

Themis deficiency reduces CD4*1 T cell function in vitro

Themis germline KO mice present a lymphopenic phenotype in
the periphery, with a significant decrease in the proportion of
CD4™ T cells.”” '8 The effect of Themis deletion on CD4™ T cell
function in the periphery has not been thoroughly examined. We
therefore tested two of the most fundamental T cell effector
functions: proliferative responses and cytokine production. Naive
CD4" Foxp3™ CD44" T cells sorted from Themis™* and Themis”
mice were stimulated with anti-CD3/CD28. The gating strategy
used for sorting is shown in Supplementary Fig. 1. Cell trace violet
(CTV) labeling was used to assess in vitro proliferation after 72 h of
activation. Themis” CD4" T cells proliferated significantly less than
Themis™" CD4™ T cells (Fig. 1A). An IL-2 ELISA was performed to
assess cytokine production after 24 h of activation, and CD25
expression was evaluated to check the activation state of these
cells. Themis”” CD4™ T cells had lower CD25 cell surface expression
and reduced production of IL-2 (Fig. 1B, C). These results showing
a deficit in cytokine production and proliferation point toward a
decrease in effector functions in Themis-deficient CD4" T cells.
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Fig. 1 CD4" T cells from Themis”™ mice have defective effector functions in vitro. A Histogram and bar graph showing the proliferation of
CD4" T cells from Themis”” and Themis ™" mice in response to anti-CD3/CD28 stimulation for 72 h. B Histogram and bar graph showing CD25
expression on CD4" T cells from Themis” and Themis™" mice in response to anti-CD3/CD28 stimulation for 24 h. € IL-2 production by CD4"

T cells from Themis” and Themis*/*

mice in response to anti-CD3/CD28 stimulation for 24 h. Data are representative of three individual

experiments with n = 3-4 technical replicates per genotype per experiment. *p < 0.5, **p < 0.01, ***p < 0.001 as determined by Student’s t test.

All error bars represent SDs
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Themis deficiency affects CD4" T cell function in vivo

Next, we investigated the in vivo effector functions of Themis-
deficient CD4" T cells using an adoptive transfer model of colitis.?’”
This model tests for the ability of CD4™ T cells to induce colonic
inflammation by proliferation and cytokine production in response
to the gut flora in Rag-deficient hosts. This colonic inflammation
leads to a decrease in the length and thickness of the colon tissue,
leading to malabsorption of nutrients, weight loss, and ultimately
death.?” Naive CD4™ Foxp3™ T cells sorted from Themis™* and
Themis”" mice were injected intraperitoneally into Rag!”" mice.
Rag1”" mice that received Themis”~ CD4" Foxp3™ T cells were
resistant to developing colitis compared to the Rag1” mice that
received Themis*/* CD4" Foxp3™ T cells, as measured by increased
body weight (Fig. 2A). Histopathological characterization of the
colon showed decreased inflammation in mice that received
Themis” cells compared to mice that received Themis™ " cells.
There were no changes in colon length and weight in the mice
that received Themis” cells compared to uninjected mice and a
decreased colon weight/length ratio compared to that of the mice
that received Themis™* cells (Fig. 2B, C). Further investigation of
gut-draining mesenteric lymph nodes revealed significantly
reduced accumulation and proliferation of total T cells and
CD4" Foxp3™ T cells in the mice that received Themis”" CD4*
Foxp3™ T cells compared to the mice that received Themis™*
CD4" Foxp3™ T cells (Fig. 2D, E). Themis” CD4" Foxp3™ T cells
showed a significant reduction in the proportion of Ty1-polarized
(IFNy-producing) (Fig. 2F) and Ty17-polarized (IL-17a-producing)
cells (Fig. 2G) after restimulation with anti-CD3/CD28 compared to
that of Themist/* CD4* Foxp3™ T cells. Peripheral lymph nodes
were analyzed as controls and revealed no significant changes in
the accumulation and proliferation of either total T cells or CD4"
Foxp3™ T cells, nor in the proportions of Ty1-polarized and Ty17-
polarized cells, between the mice that received Themis” CD4"
Foxp3™ T cells and the mice that received Themis*’* CD4" Foxp3
T cells (Fig. 2D-G), pointing toward the reduced capability of
Themis” CD4™ Foxp3 T cells to migrate to the gut. Taken together
with the data from the in vitro functional assays (Fig. 1), these data
show that Themis-deficient CD4" T cells have a deficit in effector
functions.

Themis-deficient CD4™ T cells do not upregulate IR upon TCR
stimulation

Themis has been shown to be involved in TCR signaling and
metabolic pathways in thymocytes,'” which led us to examine
intersections between TCR and metabolic signaling pathways in
CD4" T cells. The insulin signaling pathway was of particular
interest, as there are common binding partners between IR and
Themis, such as Grb2>?° as well as common downstream
signaling pathways, such as Erk and mTOR activation. This led
us to hypothesize that there might be an interaction between the
two pathways. We analyzed the expression of IR in naive CD4"
Foxp3™ T cells sorted from Themis™* and Themis”" mice after
stimulation with anti-CD3/CD28 for 72 h. The expression levels of
IR were analyzed by flow cytometry (Fig. 3A). We observed that
Themis” CD4" T cells did not upregulate IR relative to
unstimulated ex vivo T cells upon TCR stimulation. To corroborate
these IR expression data, we performed an insulin binding assay.
The amount of fluorescent insulin bound to the T cells correlates
with the surface expression of IR. The amount of insulin bound to
stimulated Themis™* CD4™ T cells was much higher than that
bound to stimulated Themis” CD4" T cells. In unstimulated T cells,
the ratio of insulin binding between CD4™ T cells from Themis*/*
and Themis”" mice was close to 1, indicating that there was no
difference in the amount of insulin bound to resting CD4™ T cells
from Themis™" and Themis” mice (Fig. 3B). To further validate
these results, we measured IR mRNA expression by qPCR. To this
end, naive CD4" T cells sorted from Themis™* and Themis” mice
were stimulated with anti-CD3/CD28 for 72h. RNA from
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stimulated and unstimulated cells was converted to cDNA, which
was used for gene expression analysis by gPCR. The gPCR results
were consistent with the flow cytometry results, showing that
CD4™ T cells from Themis” mice were not able to upregulate IR
upon TCR stimulation (Fig. 3C). This suggests that the downstream
signaling of the IR pathway would be affected in Themis” CD4™
T cells.

Themis-deficient CD4™ T cells have defective nutrient uptake

IR and signaling mediated via IR are required to bring glucose
transporter molecules such as GLUT1 to the cell surface to enable
glucose uptake. To examine changes in GLUTT expression, we sorted
naive CD4" Foxp3™ T cells from Themis™* and Themis” mice and
stimulated them with anti-CD3/CD28 for 72 h. We then analyzed
GLUTT mRNA expression by qPCR. We observed that CD4" T cells
from Themis” mice were unable to upregulate GLUTT expression
upon TCR stimulation (Fig. 3D). This led us to hypothesize that there
might be differences in glucose uptake by these T cells, which would
be a functional readout for these cells" metabolic activity upon TCR
stimulation. We therefore performed a glucose uptake assay using a
fluorescent glucose analog, 2-NBDG, on stimulated and unstimu-
lated naive sorted CD4" Foxp3™ T cells from Themis*’" and Themis”
mice. We observed that stimulated CD4" T cells from Themis” mice
take up less glucose than CD4 ™" T cells from Themis™" mice (Fig. 3E).
Next, we wanted to test whether the uptake or transport of other
nutrients was also affected during the activation of Themis” CD4*
T cells. We analyzed the surface expression of CD98, which is the
transporter for large and neutral amino acids (valine, leucine,
isoleucine, tryptophan and tyrosine).”® We observed that stimulated
CD4™ T cells from Themis”” mice had reduced expression of CD98 in
comparison to that of CD4™ T cells from Themis™" mice (Fig. 3F).
These data show defective nutrient uptake by Themis” CD4™ T cells,
which might be a reason for the loss of their effector functions.

Themis-deficient CD4™ T cells have defective mitochondrial
function

Under low-glucose conditions, such as those experienced by CD4*
T cells from Themis” mice due to low-glucose uptake, T cells
utilize glutamine®® and convert it to glutamate in the mitochon-
dria. Glutamate is converted to o-ketoglutarate, one of the
intermediaries for the TCA cycle, in a process called anapleurosis
to fuel the TCA cycle."" To test if this was occurring, we measured
the glutamine and glutamate content in stimulated and unstimu-
lated CD4" T cells from Themis” and Themis™" mice. We found
higher glutamine and glutamate contents in stimulated CD4™
T cells from Themis” mice, pointing towards higher mitochondrial
activity (Fig. 4A, B). Higher mitochondrial activity suggests more
OXPHOS rather than aerobic glycolysis in Themis” CD4" T cells.
T cells with more aerobic glycolysis have mitochondria with a
punctate morphology, whereas T cells with more OXPHOS have
mitochondria with a tubular morphology.3® We tested whether
mitochondria from Themis” CD4" T cells were of the punctate
type or the tubular type. We observed that even upon activation,
Themis” CD4™ T cells had equal proportions of mitochondria with
a tubular or punctate morphology compared to those of Themis™
* CD4™ T cells, which had mitochondria with a mostly punctate
morphology (Fig. 4C). This indicates that Themis” CD4" T cells
undergo more OXPHOS than Themis™+ CD4™ T cells, which shift
to aerobic glycolysis upon TCR stimulation.

Themis-deficient CD4" T cells have defective mTOR upregulation
TCR stimulation and activation leads to activation of the kinase
mTOR, which in turn activates c-Myc® Activation of c-Myc is
important for cellular expansion, proliferation and other effector
functions.'"*' A good measure of mTOR activity is the phosphor-
ylation of its substrate p70S6-kinase, more commonly known as
pS6, which indirectly reflects translation in the cell37* Since we
observed defective upregulation of the IR and glucose transporter
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after activation in Themis-deficient CD4" T cells (Fig. 3), we
hypothesized that there might be differences in the expression of
other genes downstream of TCR signaling that would have an
effect on T cell effector functions. Upon TCR activation, quiescent
T cells grow and increase in size for the first ~24 h and then start
to divide every 4-6 h. Since c-Myc and pS6 are responsible for the
translation and production of enzymes required for proliferation
and effector functions,'’ we tested their expression at 24 h post-
stimulation. We used naive CD4" Foxp3™ T cells sorted from
Themis”” and Themis™" mice and stimulated them with anti-CD3/
CD28 for 24 h. These cells were then stained for c-Myc and pS6
and analyzed by flow cytometry. We observed that the proportion
of CD4" T cells that were positive for c-Myc and pS6 upon TCR
stimulation was lower in Themis”™ mice than in Themis™* mice
(Fig. 5). This suggests weaker effector function of Themis”” CD4™
T cells, possibly explaining the reduced cytokine production we
observed in the colitis model (Fig. 2F), since a correlation between
effector function, namely, IFNy production, and c-Myc expression
has been shown in previous studies.?> The lower frequency of pS6-
expressing cells in Themis” CD4" T cells indicates reduced
translation of downstream genes, some of which might be needed
for T cell effector functions.>*3*

NFAT regulates IR expression in activated CD4" T cells

The inability of CD4" T cells from Themis”™ mice to upregulate IR
suggests that there might be direct or indirect interactions
between Themis and IR through their common binding partners,

Cellular & Molecular Immunology (2021) 18:2249 - 2261

such as Grb2. To test this hypothesis, we immunoprecipitated IR
from CTLs and immunoblotted for Themis, IR, GAPDH and Grb2.
We confirmed that Grb2 binds to both Themis and IR, but we did
not observe any interactions between Themis and IR (supplemen-
tary Fig. 2). We therefore sought to examine whether there might
be an indirect connection between Themis and IR expression.
Previous research has shown that Themis modulates early TCR
signaling.'>?' TCR signaling results in the nuclear translocation of
transcription factors, such as NFAT, which regulate transcription
programs for T cell activation and effector functions, such as IL-2
production.' Since we observed reduced IL-2 production in
Themis”~ CD4" T cells (Fig. 1C), we investigated the nuclear
translocation of NFAT using imaging flow cytometry.®® Naive
CD4" Foxp3™ T cells sorted from Themist’* and Themis”" mice
were left unstimulated or stimulated with anti-CD3/CD28 for 3 h.
We observed that after stimulation, a smaller proportion of
Themis” CD4" T cells than Themis™™ CD4™ T cells showed NFAT
localization to the nucleus (Fig. 6A), suggesting reduced NFAT
transcriptional activity in Themis-deficient CD4" T cells. It was
therefore important to determine whether IR is one of the genes
that is regulated by NFAT in activated CD4" T cells. To this end, we
analyzed published chromatin immunoprecipitation-sequencing
(ChlP-seq) data, which reported ChIP data for NFAT from
stimulated and unstimulated wild-type and NFAT-deficient
T cells.3” This allowed us to look at the potential binding sites of
NFAT molecules in the genome. The data showed strong binding
of NFAT at exon 1 of IR (Fig. 6B), which suggests that NFAT
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regulates IR gene expression upon T cell activation. To further
validate this, we examined RNA-seq data from wild-type versus
NFAT-CA-RIT CD4™ T cells.®” CA-RIT cells have constitutive NFAT
nuclear localization. The RNA-seq data show that constitutive
expression of NFAT in the nucleus led to higher expression of IR
(Fig. 6C, D), which demonstrates regulation of IR gene expression
by NFAT. To further confirm this finding, we used cyclosporin A, a
known NFAT inhibitor*® and tested its effect on IR expression. The
addition of cyclosporin A to T cell cultures led to reduced
translocation of NFAT to the nucleus and a simultaneous
reduction in IR expression on the cell surface (Fig. 6E, F), thus
providing further evidence of the regulation of IR expression by
NFAT. Therefore, reduced NFAT nuclear translocation in response
to TCR signaling in CD4™" T cells leads to a decrease in metabolic
signaling and effector function in CD4" T cells.

DISCUSSION

Themis is a T cell lineage-specific protein that regulates T cell
selection in the thymus by setting the threshold for positive and
negative selection.'””'”?" Here, we analyzed the activation and
metabolic defects of Themis-deficient CD4™ T cells. Themis”” CD4™
T cells showed reduced proliferation and lower IL-2 production
in vitro than Themis™" CD4" T cells. They also showed lower
inflammatory potential in an adoptive transfer model of colitis
in vivo. These results demonstrate that defective TCR signaling in
CD4" T cells due to the absence of Themis effectively diminishes
their effector functions. Genes involved in carbohydrate metabo-
lism were notably downregulated in Themis-deficient developing
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not significant, *p < 0.5, ****p < 0.0001 as determined by Student’s t test. All error bars

thymocytes, which also showed signs of oxidative stress, which
may indicate similar metabolic stress during positive selection as
observed in mature T cells from selection in Themis”" mice."”

Effective TCR signaling and metabolic signaling are both
important for proper T cell activation and immune response to
antigens. Therefore, defects in either of these factors can
incapacitate an effective T cell response. Since we observed
defective effector functions in Themis-deficient CD4™ T cells, we
wanted to examine whether TCR signaling defects in these cells
would also lead to defects in metabolic signaling. Glucose is the
main energy source for T cells upon activation. T cells take up
glucose through the action of the glucose transporter molecule
GLUT1? and process it via aerobic glycolysis during activation.'
The translocation of glucose transporters to the membrane is
regulated by IR signaling, which shares common molecules and
pathways with TCR signaling. Grb2 and Shp2 are shared
molecules, and both TCR and IR signaling lead to the activation
of similar pathways, such as Erk/MAPK and mTOR.3>° To test our
hypothesis, we analyzed the upregulation of IR on CD4" T cells
upon activation, which would be required to increase insulin
signaling and GLUT1 expressmn We observed that peripheral
naive CD4" T cells from Themis”” mice were not able to upregulate
IR expression upon TCR stimulation, at either the mRNA or
protein level.

Interestingly, we detected IR expression even on naive T cells,
contradicting previous findings that IR is expressed in T cells only
upon activation and not in their naive quiescent state.*° These
previous studies had used human samples and other techniques,
which might not be as sensitive as those used here. We validated
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our results using an insulin binding assay, finding that in
unstimulated ex vivo cells, the ratio of insulin binding between
CD4" T cells from Themis” and Themis™" mice was ~1,
suggesting equal amounts of IR expression. However, once
activated, compared to those from Themis”" mice, CD4" T cells
from Themis™" mice upregulated their insulin binding by two-
fold, suggesting a reduced ability to upregulate IR in the absence
of Themis. These data suggested IR signaling deficiencies in
Themis-deficient mice.

Since IR was not upregulated, indicating that Themis-deficient
CD4" T cells would not be able to transduce IR signals to
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allow glucose uptake, we checked whether glucose uptake in
Themis-deficient CD4" T cells was affected. GLUTT expression
was increased approximately 12-fold in Themis-sufficient
cells but only doubled in Themis-deficient cells. After testing
glucose uptake, we found that upon TCR stimulation, CD4"
T cells from Themis” mice could take up only half the amount of
glucose taken up by Themis™’* cells. These data indicate that
there are problems with signal transduction through IR in CD4"
T cells from Themis” mice and that Themis-deficient T cells are
insulin resistant since they do not respond to the action of
insulin.
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Mitochondrial function in energy production relies upon
glucose uptake and production of pyruvate through glycolysis. It
has been shown that under activating conditions, T cells shift from
OXPHOS to aerobic glycolysis to meet the metabolic needs of the
effector cells.*' OXPHOS and aerobic glycolysis have been linked
to different mitochondrial morphologies® We observed that
Themis” CD4" T cells had a higher proportion of OXPHOS
‘tubular’-type mitochondria than aerobic glycolysis ‘punctate’-type

SPRINGERNATURE

mitochondria. Themis” CD4™ T cells also had higher intracellular
concentrations of glutamine and glutamate than Themis™ " CD4™"
T cells, which also points toward more OXPHOS than aerobic
glycolysis in Themis” CD4" T cells. This suggests defective
metabolic reprogramming upon activation.

The signaling molecules c-Myc and pS6 are downstream of
mTOR activation by both IR and TCR signaling.? We observed that
compared to that of CD4™ T cells from Themis™ " mice, a lower
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percentage of CD4" T cells from Themis”” mice upregulated c-Myc
and pSé6. This fits with our effector function and IR signaling data
indicating that Themis-deficient CD4" T cells have problems
transducing signals from IR and TCR; thus, a lower percentage of
these cells upregulate c-Myc and pSé. This shows that both IR and
TCR signaling are crucial for efficient metabolic activation of
T cells.

Recent work showed that IR is critical for modulating the
immune response and that IR-deficient T cells have defective
effector functions,” similar to what we have observed in
Themis”" CD4" T cells. We did not observe any interactions
between IR and Themis, although we found that Grb2 and
GAPDH interact with IR, as expected.® This suggested that there
might be an indirect link between Themis and IR, possibly
through TCR signaling. Themis is involved in TCR signaling, and
TCR signaling leads to the nuclear localization of transcription
factors such as NFAT, which regulate the expression profile of
activated T cells. We discovered that reduced TCR signaling due
to the absence of Themis led to a reduced proportion of Themis-
deficient CD4" T cells with nuclear translocation of NFAT. We
analyzed a previously published report on the NFAT gene
regulation landscape®” and found that NFAT binds to the IR
gene, suggesting that NFAT might control IR expression down-
stream of TCR signaling in CD4" T cells. To verify this, we
analyzed RNA-seq data from NFAT-WT and NFAT-CA-RIT cells,
the latter of which have constitutive nuclear localization of
NFAT.3” We observed higher expression of IR in NFAT-CA-RIT
cells, suggesting that NFAT nuclear localization controls IR
expression in activated CD4" T cells. To provide more direct
evidence for this, we used cyclosporin A, a known NFAT
inhibitor,?® to test whether this would affect IR expression. We
observed reduced IR expression in T cells cultured with
cyclosporin A, thus showing that NFAT translocation to the
nucleus is necessary for IR expression. This explains how TCR
signaling defects in Themis”” CD4" T cells lead to IR signaling
defects, which in turn lead to reduced glucose uptake,
mitochondrial dysfunction and defective mTOR upregulation,
culminating in poor effector functions.

The absence of Themis in T cells leads to signal transduction
differences compared to Themis-sufficient T cells.">>* Our
research shows how such differences in signal transduction lead
to an altered metabolic landscape via the regulation of IR
expression by NFAT translocation to the nucleus, ultimately
affecting the T cell's potential to proliferate, produce cytokines
and cause inflammation. Future investigation of such internal
control circuits during T cell responses in infection models and
cancer immunotherapy, where T cells are exhausted and might
not be perceiving the TCR signal at its full strength, would provide
insights into ways to engineer these T cells to yield better
responses.

MATERIALS AND METHODS

Mice

Themis”"Foxp3-GFP, Themis’*Foxp3-GFP, Rag1”” and OT-I mice on
the C57BL/6 background were bred in our restricted flora (RF)
facilities at Comparative Medicine, NUS. Mice were treated under
Institutional Animal Care and Use Committee-approved guidelines
in accordance with approved protocols.

Cell sorting

Mice were euthanized and dissected. Lymph nodes from several
mice of the same genotype were excised and pooled together to
prepare the samples for sorting. These were then mashed through
a 70um cell strainer into 5ml of cRPMI. The resulting cell
suspensions were then centrifuged at 1200 rpm for 5 min at 4 °C.
The resulting cell pellet was surface stained by resuspension in 0.5
ml of cRPMI per mouse containing fluorescently conjugated
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antibodies at a 1:500 dilution, followed by incubation at 4 °C for
30 min on a shaker. They were then washed with cRPMI and
resuspended in 0.5 ml of cRPMI per mouse for sorting. The cells
were sorted on either a Sy2000 (Sony Corporation, Tokyo, Japan)
or Facsfusion (BD Biosciences, California, USA) system.

TCR stimulation

100 or 500 pL of anti-CD3e and anti-CD28 per well were coated
onto a 96- or 24-well plate at concentrations of 1 ug/ml and 2 pg/
ml in PBS, respectively, and incubated overnight at 4 °C. The wells
were washed with PBS for 10 min before seeding the cells for
stimulation.

IL-2 production

A total of 1 x 10° sorted CD4™ Foxp3™ CD44" T cells were added to
a 96-well plate with either wells precoated with anti-CD3e and
anti-CD28 or empty wells. After 24 h, the cells were centrifuged to
collect the supernatant. An IL-2 ELISA kit (eBiosciences, California,
USA) was used to measure the amount of IL-2 in the supernatant.

CTV labeling

For proliferation analysis, cells were labeled with CTV (Life
Technologies, California, USA). Cells were centrifuged and
resuspended in PBS at a concentration of 2 x 108/ml. Cell Trace
Violet was then added to the cell suspension at a concentration of
5 uM. The cells were vortexed immediately and incubated at 37 °C
for 10 min while vortexing every 5 min. After incubation, medium
was added to quench the reaction at 5 times the original staining
volume and further incubated for 5 min at 37 °C. The cells were
then centrifuged at 500 g for 5 min at 4 °C. Live cells were counted
and then used for subsequent experiments.

Flow cytometry

For surface staining, cell pellets were resuspended in 100 pl of PBS
with 0.5% BSA (FWB: FACS wash buffer) containing dilutions
(1:300) of fluorophore-conjugated antibodies specific for cell
surface antigens and incubated on ice for 30 min in the dark.
The cells were then centrifuged at 1200 rpm at 4 °C for 5 min and
resuspended in 300yl of FWB for flow cytometry analysis. For
intracellular staining, the cells from the previous step were
resuspended in 0.2 ml of IC fixation buffer (eBiosciences, California,
USA) with vortexing, followed by incubation at room temperature
for 20 min. The cells were then washed twice with 2ml of 1X
permeabilization buffer (eBiosciences, California, USA), resus-
pended in 100l of FWB containing dilutions (1:250) of
fluorophore-conjugated antibodies specific for intracellular anti-
gens and incubated at room temperature for 30 min. The cells
were then washed once with 2 ml of 1X permeabilization buffer
and then with 2 ml of FWB. The cells were then resuspended in
300 ul of FWB for analysis on a flow cytometer. Then, 25 pl of
Count Bright beads (Life Technologies, California, USA) were
added to each sample for cell count analysis. The cells were
analyzed on a BD LSR Fortessa X-20 flow cytometer (BD
Biosciences, California, USA). Flow cytometry data were analyzed
using FlowJo software (Treestar, California, USA). All antibodies
used for flow cytometry purposes are described in Table 1.

T cell adoptive transfer model of colitis

Colitis was induced as described in ref. > Briefly, 5 x 10° sorted
CD4" Foxp3™ CD44"° T cells per mouse were injected intraper-
itoneally into 6- to 8-week-old Ragl”" mice. Injected or control
animals were monitored for body weight gain or loss every week
for a 6-week period. The time of onset of colitis was determined as
the time of 20% body weight loss and the appearance of diarrhea.
At the end of the follow-up period, the animals were euthanized,
and their colons were collected for pathological analysis. The
pathology of the colon was characterized as described pre-
viously.?” The mesenteric (m)LNs and peripheral (p)LNs (pooled
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cervical, axillary, brachial, and inguinal LNs) from these mice were
analyzed for inflammation caused by the transferred T cells. Total
T cell numbers and T,eg and T.ony NuMbers between the different
groups were analyzed. The isolated cells were restimulated by
plate-bound anti-CD3/CD28 for 6 h and then analyzed for IFNy
and IL-17a production via intracellular cytokine staining.

Insulin receptor staining

Cells were stained with surface markers for 30 min on ice. The cells
were fixed with 200 pl of IC fixation buffer for 20 min at room
temperature and then washed twice with 2 ml of 1X permeabiliza-
tion buffer. The permeabilized cells were then blocked with 100 pl
of 10% goat serum for 30 min at 37 °C and washed with 2 ml of 1X
permeabilization buffer. The IR primary antibody was diluted at
1:500 in 1X permeabilization buffer, and 100 pl of the antibody
dilution was added to the cell pellet and stained for an hour on
ice, followed by a wash with 2 ml of 1X permeabilization buffer.
The fluorescently tagged secondary antibody was diluted at
1:2000 in 1X permeabilization buffer, and 100 pl of the antibody
dilution was added to the cell pellet and stained for an hour on
ice, followed by a wash with 1X permeabilization buffer and a
wash with FWB and then analyzed on a flow cytometer. For the
negative controls, the same procedure was followed, except for
adding the primary antibody. Insulin receptor expression was then
obtained after subtracting the MFI of the negative control from
the sample.

Insulin binding assay

A total of 1x 10° cells were centrifuged in an Eppendorf tube at
500 g for 5min at 4°C. The cell pellet was washed with 1 ml of
cold PBS at 500g for 5min at 4°C. The cell pellet was then
resuspended in 100 ul of KRPH-modified buffer (20 mM HEPES
(HyClone, Utah, USA), 5mM KH,PO, (Sigma-Aldrich, Missouri,
USA), 1 mM MgSO, (Sigma-Aldrich, Missouri, USA), 1 mM CaCl,,
136 mM NaCl (Sigma-Aldrich, Missouri, USA), 4.7 mM KCl (Sigma-
Aldrich, Missouri, USA), 10 mM D-glucose, 1% BSA at pH 7.8)
containing fluorescent insulin (1:200; Nanocs Inc., New York, USA)
and CD4 and CD8 antibodies for surface staining. This cell
suspension was then incubated for 90 min at 15°C in the dark,
followed by two washes with 1 ml of cold PBS. The cells were then
resuspended in 300 pl of KRPH-modified buffer for analysis on a
flow cytometer. For the negative controls, the same procedure
was followed, except for the addition of fluorescent insulin. The
amount of insulin binding was then calculated after subtracting
the MFI of the negative control from the sample.

gPCR
A total of 5 x 10° cells were stimulated with plate-bound anti-CD3/
CD28 for 72h. RNA was extracted from unstimulated and
stimulated cells according to the protocol of the RNeasy spin
column (Qiagen, Hilden, Germany). RNA concentrations were
measured using an ND-1000 spectrophotometer. The RNA was
converted into ¢cDNA with a Biorad iScript ¢cDNA synthesis kit
(Biorad, California, USA). The amount of cDNA was normalized
among all samples based upon RNA concentrations. The cDNA
sequences of the genes were obtained from NCBI GenBank, and
Primer 3.0 was used for primer design. gPCR was then conducted
on a Light Cycler 96 (Roche, Basel, Switzerland) using the SyBr
green detection method according to the manufacturer’s protocol.
-2 microglobulin was used as a housekeeping gene. The analysis
was performed by the AAC; method. The list of the primers used
for qPCR is as follows:

IR, 5'-ATGGGCTTCGGGAGAGGAT-3’ (forward) and 5-GATGTCC
ATACCAGGGCACA-3’ (reverse);

Glut1, 5-AGCCCTGCTACAGTGTAT-3’ (forward) and 5’-AGGTCT
CGGGTCACATC-3/ (reverse); and

B-2 microglobulin, 5’-ACCGGCCTGTATGCTATCCAGAAA-3' (for-
ward) and 5-GGTGAATTCAGTGTGAGCCAGGAT-3’ (reverse).
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Glucose uptake assay

The assay was performed according to the manufacturer’s
instructions. Briefly, cells were pelleted at 500 g for 5 min at 4 °C
and then washed twice with glucose-free medium. 2-NBDG
(Cayman Technologies, Ohio, USA) was diluted to a concentra-
tion of 150 pg/ml in glucose-free medium. Then, 100 pl of the 2-
NBDG dilution was added to the cells and incubated at 37 °C for
30 min in the dark. The cells were washed twice with FWB to
remove all the residual 2-NBDG and then analyzed on a flow
cytometer.

Mitochondrial analysis

Glutamine and glutamate intracellular concentrations were
calculated using the Glutamine/Glutamate-Glo™ Assay (Promega,
Wisconsin, USA) following the manufacturer’s protocol. Mitochon-
drial morphology analysis was performed as described in ref. *
Briefly, the live cell fraction was isolated from T cells stimulated
with plate-bound anti-CD3/CD28 by using lymphocyte separation
medium (Corning, Virginia, USA). These cells were then stained in
prewarmed serum-free medium containing MitoTracker Green at a
concentration of 1uM for 40 min at 37°C. The cells were then
washed twice with PBS to remove any residual MitoTracker and
resuspended in 100 pl of PBS with a 1:1000 dilution of DAPI. The
cells were then washed and plated in an 8-well chamber (Nunc,
New York, USA) to form a monolayer for microscopic analysis. The
samples were then analyzed on an 1X83 fluorescence microscope
(Olympus, Tokyo, Japan). The images were collected and analyzed
on cellSens imaging software (Olympus, Tokyo, Japan).

mTOR activation analysis

Cells (0.5-1 x 10°) were pelleted at 500 g for 5 min at 4 °C. The cells
were then fixed by adding 1 ml of 4% PFA while vortexing and
incubated at room temperature for 15 min. The cells were then
washed with 2 ml FWB, followed by permeabilization of the cells
by adding 1 ml of ice-cold 90% methanol while vortexing and
incubation on ice for 30 min. The samples were then stored at
—20°C or used for further staining. The cells were then washed
twice with 2 ml of FWB to remove all residual methanol. The cell
pellet was resuspended in 50 pl of primary antibodies (c-Myc and
pS6) diluted 1:100 and stained for an hour at room temperature.
The cells were then washed with 2 ml of FWB and resuspended in
50ul of FWB containing a 1:2000 dilution of fluorescently
conjugated secondary antibody and surface markers such as
CD4, CD8, and CD25 for 30 min at room temperature in the dark.
The cells were then washed and resuspended in FWB for analysis
on a flow cytometer.

CTL culture

Spleens from OT-I mice were excised after euthanasia and
mashed through a 70 um cell strainer into 5 mL of cRPMI. The
cell suspension was then centrifuged at 500 g for 5 min at 4 °C to
obtain the cell pellet. The cell pellet was then resuspended in 2
ml of ACK lysis buffer (150 mM NH,CI (Sigma-Aldrich, Missouri,
USA), 10 mM KHCOs (Sigma-Aldrich, Missouri, USA), and 0.1 mM
EDTA (Invitrogen, Massachusetts, USA) in Milli-Q water) to lyse
the contaminating erythrocytes for 10 min. Lysis was stopped by
adding 5 ml of cRPMI to the cell suspension. The samples were
then centrifuged at 500g for 5min at 4°C to obtain the
splenocyte pellet. The splenocyte pellet was resuspended in 40
ml of cRPMI containing IL2 (10 U/ml; PeproTech, New Jersey,
USA) and OVA peptide (10ng/ml; NIH, Maryland, USA) and
incubated at 37 °C for 2 days in a T-75 flask. The cell suspension
was then centrifuged at 500 g for 5min at 4 °C. The cell pellet
was resuspended in 40 ml of cRPMI containing IL2 (10 U/ml)
and incubated for 2 more days at 37 °C in a T-75 flask. The CTLs
were used immediately or were cultured for an additional
1-2 days by splitting the cells into two T-75 flasks and adding
fresh cRPMI.
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Preparation of cell lysate for immunoprecipitation

Twenty milliliters of CTL culture was spun down at 500 g for 5
min at 4 °C. The supernatant was discarded, and the pellet was
washed with 2 ml of PBS at 500 g for 5 min. Finally, this pellet
was resuspended in 300 ul of lysis buffer (Brij97 (Sigma-Aldrich,
Missouri, USA) for IR and maltoside buffer (Sigma-Aldrich,
Missouri, USA) for Themis and transferred to an Eppendorf
tube. The samples were then placed on a cold orbital shaker at
750 rpm for an hour at 4 °C, followed by centrifugation for 15
min at 13000 rpm at 4 °C. During lysis, nuclear debris and other
insoluble components formed an insoluble pellet that was
discarded after transferring the supernatant to a fresh tube. This
supernatant was the cell lysate that was wused for
immunoprecipitation.

Immunoprecipitation

A total of 30 pl of cell lysate was collected as the whole-cell lysate.
Then, 6 ul of 6X SDS reducing agent (Nacalai Tesque Inc., Kyoto,
Japan) was added to the whole-cell lysate, followed by heating the
sample at 95 °C for 5 min and storing the sample at —80 °C. Next,
15l of protein G beads (Invitrogen, Massachusetts, USA) were
washed with 200 pl of lysis buffer and then added to the
remaining cell lysate for 30 min on a rotary shaker at 4°C for
preclearing to reduce nonspecificity. Then, 6 ug of Ab was added
to the precleared cell lysate. This mixture was then incubated
overnight at 4 °C on a rotary shaker. The next day, 30 ul of protein
G beads were washed twice with 500 pl of lysis buffer and then
resuspended in 100 pl of lysis buffer. This sample was then added
to the lysate with the Ab. The bead-Ab complex was incubated
with the lysate for 2-4 h at 4°C. The bead-Ag-Ab complex was
washed twice with lysis buffer. It was then resuspended in 36 pl of
1X SDS sample buffer, followed by boiling for 5 min at 95 °C in SDS
sample buffer to elute the protein.

Western blotting

Ten microliters of the immunoprecipitated sample and the whole-
cell lysate was loaded into 12-well precast SDS gels (Invitrogen,
Massachusetts, USA). The gels were then run with 1X MOPS Buffer
(Invitrogen, Massachusetts, USA) at 100V for 20 min and then at
140V for 90 min. The proteins were then transferred to a
methanol-preactivated PVDF membrane (EMD Millipore, Massa-
chusetts, USA) for 1h at 100V with 1X transfer buffer. After
transfer, the membrane was again activated in methanol for 30s.
The membrane was then blocked in blocking buffer (LI-COR
Biosciences, Nebraska, USA) for 1 h at room temperature. Primary
antibodies were added at the recommended dilution in blocking
buffer, and the membrane was incubated overnight at 4 °C on an
orbital shaker. The membrane was washed five times with 1X TBST
(20mM Tris, 150mM NaCl, 0.2% Tween-20 (Sigma-Aldrich,
Missouri, USA) in Milli-Q water) before incubation with another
primary antibody or the secondary antibody. The secondary
antibody solution was prepared by adding anti-rabbit 680LT and
anti-mouse 800CW antibodies to blocking buffer at a 1:4000
dilution. The membrane was washed five times with 1X TBST and
air-dried. Processing and analysis of the membrane were carried
out on the Odyssey Infrared Imaging System (LI-COR Biosciences,
Nebraska, USA). All the antibodies used for immunoprecipitation
and western blotting are listed in Table 1.

Imaging flow cytometry

The assay was performed as described in ref. 3 with a few
changes. The staining procedure was similar to that used for
MTOR pathway markers, except for a 1:500 dilution of NFAT
primary antibody. After secondary antibody staining, the cells
were centrifuged and resuspended in PBS with a 1:1000 dilution of
DAPI for 15 min in the dark. They were then washed with PBS and
resuspended in 30 pl of PBS in an Eppendorf tube. They were then
analyzed on an Amnis ImageStream X MKIl Imaging flow
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cytometer (Merck Millipore, Darmstadt, Germany). The data were
analyzed using IDEAS software (Merck Millipore, Darmstadt,
Germany) to calculate nuclear translocation.

In silico analysis

NFAT ChIP-seq data sets were downloaded from GEO and were
analyzed using the UCSC genome browser. RNA-seq data sets
were downloaded from GEO, and the RPKM values, calculated
based on the read counts using a custom script, were used to
generate the heatmap and plot the fold change.

Statistical analysis

Prism (GraphPad Software, California, USA) and Excel (Microsoft
Corporation, Washington, USA) were used for all statistical analysis
and graphical representations. Data are presented as the mean +s.
d., and we determined significance by Student’s t test. We
considered a p value of <0.05 as statistically significant.
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