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Abstract

TCR signal strength is critical for CD8" T cell clonal expansion after antigen stimulation. Levels
of the transcription factor IRF4 control the magnitude of this process through induction of genes
involved in proliferation and glycolytic metabolism. The signaling mechanism connecting graded
TCR signaling to the generation of varying amounts of IRF4 is not well understood. Here we show
that antigen potency regulates the kinetics, but not the magnitude of NFAT1 activation in single
mouse CD8* T cells. Consequently, T cells that transduce weaker TCR signals exhibit a marked
delay in /rf4 mRNA induction resulting in decreased overall IRF4 expression in individual cells
and increased heterogeneity within the clonal population. We further show that the activity of the
tyrosine kinase ITK acts as a signaling catalyst that accelerates the rate of the cellular response to
TCR stimulation, controlling the time to onset of /rf4 gene transcription.

These findings provide insight into the function of ITK in TCR signal transduction that ultimately
regulates IRF4 expression levels in response to variations in TCR signal strength.

Introduction

A central process of the adaptive immune response to infection is the activation and
expansion of cytotoxic T cells. Characterized by their expression of the co-receptor CD8,
these lymphocytes are critical for identification and removal of intracellular pathogens.
Activation of naive CD8* T cells is primarily driven by binding of MHC:peptide antigen to
their T cell receptor (TCR). Upon receptor binding, a signaling cascade is triggered which
directs the cell to respond by reorganizing its cytoskeleton, upregulating glycolytic
pathways, and preparing for cell division and migration. The cell rapidly changes its
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transcriptional program and thousands of new genes are expressed to meet this new
functional demand (1). While numerous studies have characterized the activated T cell
transcriptome, detailed insight into pathways that link proximal TCR signaling dynamics to
graded gene expression has remained elusive.

TCRs can bind to MHC:peptide complexes with wide variations of ligand binding kinetics.
Antigen abundance can also vary greatly, as a result of differences in pathogen burden and
differing efficiencies of antigen presentation. Graded or variable responses to changes in
TCR signal strength are known to generate diverse functional outcomes in responding T
cells, a phenomenon best illustrated by the selection processes that shape the repertoire of
developing T cells in the thymus (2). The responses of peripheral T cells to infection or
immunization are also modulated by variations in TCR signal strength. When antigen doses
are held constant, CD8" T cells with higher affinity TCRs for MHC:peptide show a greater
magnitude of expansion, and exhibit enhanced production of IFN-y relative to low affinity
clones (3). However, it remains unclear whether higher antigen doses are able to compensate
for lower TCR affinity during peripheral T cell activation, or whether intrinsic differences in
TCR interactions with MHC:peptide establish limits on the downstream outcomes of T cell
activation.

One important component regulating TCR signal strength is the Tec family tyrosine kinase
ITK. A key molecule in TCR signal transduction, ITK is activated by the Src kinase Lck and
recruited to the LAT signaling complex along with its substrate, phospholipase C (PLCy).
Once activated, ITK phosphorylates and activates PLC-y. Activated PLCy cleaves the
membrane phospholipid PIP, into the two secondary messengers diacylglycerol (DAG) and
inositol triphosphate (IP3), which both help propagate downstream signaling pathways to
regulate gene expression (4). However, despite this biochemical insight into ITK’s function
in TCR signaling, there is limited understanding of how ITK activity contributes to overall
TCR signal strength.

To gain insight into the regulation of TCR signal strength, and the role of ITK in this
process, we focused on dissecting the TCR-induced upregulation of the transcription factor,
Interferon Regulatory Factor 4 (IRF4). This choice was motivated by our previous studies
demonstrating that IRF4 upregulation was highly dependent on ITK activity (5), an
observation also verified by others (6, 7). IRF4 has been extensively characterized in
lymphocytes (8). For CD8* T cells, the levels of IRF4 expression following T cell activation
determine the magnitude of terminal effector cell (TEC) expansion in vivo (9-11). IRF4
expression is nearly undetectable in naive and memory T cells, but is rapidly induced
following TCR stimulation. Along with its frequent binding partner BATF, IRF4 upregulates
a host of genes in newly-activated CD8* T cells, specifically genes critical for the metabolic
switch to glycolysis (10, 12). In TH2 cells, strength of TCR stimulation correlated with
BATF-IRF4 binding to different enhancer regions of the genome, leading to variations in
gene expression patterns (13). While graded expression of IRF4, which changes the
magnitude of the effector response, is dependent on TCR signal strength, the signaling
mechanism regulating the control of IRF4 expression levels in CD8" T cells is not well
understood.
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To address this issue, we utilized primary naive CD8* T cells, and varied both the
MHC:peptide dose and the affinity of the TCR interaction with individual MHC:peptide
complexes. Using this system to fine tune TCR signaling, we then employed several single-
cell assays to measure the consequences of varying TCR signal activity, thereby providing
insight into the pathways contributing to graded expression of IRF4. We found that CD8* T
cells are able to integrate the digital activation of NFAT into graded IRF4 protein expression
by varying the Kinetics of activation. Furthermore, we showed that ITK activity contributes
to TCR signaling by accelerating the rate of this response. Thus, under conditions of weak
TCR signaling and/or in the absence of ITK activation, delayed kinetics of NFAT activation
and /r”4 mRNA expression create a population of CD8* T cells that, as shown previously,
has reduced proliferative capacity in response to infection (9, 14, 15).

Materials and Methods

Mice

Cell culture

Mice were bred and housed in specific pathogen-free conditions at the University of
Massachusetts Medical School (UMMS) in accordance with Institutional Animal Care and
Use Committee (IACUC) guidelines. OTI Rag™~ (B6.12957-Rag1tmMom
Tg(TcraTcerb)1100Mjb N9+N1) were purchased from Taconic (Hudson, NY). CD45.1
(B6.SJL-Ptprc? Pep3P/BoyJ) and CD4-Cre mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). OT| Rag™~ /tk”~ CD45.1 mice were generated by crossing
Itk”~, OTI Rag™~ and CD45.1 mice. /tk”'~ mice have been described previously (16).
Nur77-GFP reporter mice (a gift from Dr. S. Swain, UMMS) were crossed to OTI Rag™~
mice. Nur77-GFP reporter mice have been described previously (17). NFAT-AV mice were
crossed to CD4-Cre and have been described previously (18). For experiments, male or
female littermate mice at 8-12 weeks of age were used.

Splenocytes from OT-1 Rag™~ mice (and the genetic variants) were stimulated ex-vivo with
recombinant peptide (N4, T4, or G4) at the indicated doses for 24h. Antigen-presenting-cells
(APCs) in the bulk splenocyte population were sufficient for stimulation. (Figures 1-2)
Recombinant peptides were purchased from 215t Century Biochemicals (Marborough, MA).
PRN694 was generously provided by Principia Pharmaceuticals (19). For stimulation
readouts earlier than 24h, OT-I T cells were stimulated at a 5:1 ratio of APCs to T cells. The
APCs used were bulk splenocytes isolated from WT C57BL/6 mice, then pulsed with
peptide prior to the addition of T cells. (Fig. 4) APCs used in Fig. 5 were stimulated with
LPS (1ug/mL) and pulsed with peptide for 1h prior to addition of T cells. LPS, FK506,
PMA, and lonomycin were purchased from Sigma-Aldrich (St. Louis, MO). Fractionated
CD8 T cells used in Fig. S3C-D were stimulated with 1ug/mL of plate-bound aCD3e
antibody (Clone 1742) purchased from Biolegend for 12-36h.

Antibodies and flow cytometry

IRF4 (eF660 and PE), CD8a (PE-eF610), Va2 (APC and APC-eF780), TCRb (APC-eF780),
Eomes (PE and PE-Cy7), T-bet (PerCP-Cy5.5), CD45.1 (eF450 and APC-eF780), CD69
(FITC and PE-Cy7) were purchased from eBioscience / Thermo Fisher (San Diego, CA).
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CD44 (v500) and CD45.1 (BV510) were purchased from BD Biosciences (Billerica, MA).
LIVE/DEAD Violet, LIVE/DEAD Aqua, goat anti-rabbit (PE) were purchased from Life
Technologies (Grand Island, NY). Single cell suspensions were prepared from isolated
spleens; RBCs were lysed; Fc receptors were blocked using supernatant from 2.4G2
hybridomas. Intracellular transcription factor staining was performed using eBioscience
FoxP3 Transcription Factor Staining Buffer Set. Samples were analyzed on the LSR 11 flow
cytometer (BD Bioscience) and data was analyzed on Flow Jo (Tree Star).

Nuclear flow and RNA flow

Nuclei isolation and flow cytometry staining of OT-I cells stimulated in co-cultures were
performed as previously described (20). Briefly, CD8* T cells were negatively enriched from
OT-I spleens (Stemcell Technologies) and labeled with CellTrace Violet cell tracking and
proliferation dye (Thermo Fisher) for 20m prior to co-culture with peptide-pulsed B6
splenocytes at a 5:1 ratio of APCs to T cells. For nuclei isolation, cells were treated and
washed with sucrose and detergent buffers. The nuclei were fixed in 4% paraformaldehyde
and then intranuclear staining was performed with a 0.3% Triton-X 100 detergent PBS
buffer. NFAT1-AF488 antibody (clone D43B1) was purchased from Cell Signaling
Technology (Danvers, MA) and NFAT2-PE antibody (clone 7A6) was purchased from
BiolLegend (San Diego, CA). The PrimeFlow assay kit, from Thermo Fisher, was used for
RNA flow. Ca69and /rf4 probe sets were ordered for AF647.

ChlIP analysis

NFAT1 ChIP-Seq data (GSE64409) from Martinez et. al. (21) was analyzed using
Integrative Genomics Viewer (Broad Institute, Cambridge, MA) (22). A snapshot was taken
of the /rf4 gene locus.

Statistical analysis

Graphs represent mean + SEM. Statistical significance indicated by * p<0.05, ** p<0.01,
*** n<0.001, **** p<0.0001 (NS, p>0.05) based on one-way ANOVA followed by
Dunnett’s test or unpaired Student #test. Data analysis performed using GraphPad Prism 7.0
(GraphPad, San Diego, CA).

Results

Weaker TCR signaling reduces maximum effector-associated gene expression in CD8* T
cells

In the first 24h after TCR stimulation, CD8* T cells upregulate a variety of proteins that play
key roles in T cell proliferation and cell trafficking, including CD69 and IRF4. We used the
OT-I TCR transgenic line to study naive CD8* T cell activation in response to different
peptide ligands that stimulate the TCR with differing potencies. The cognate peptide for the
OT-1 TCR is derived from chicken Ovalbumin, with the amino acid sequence of SIINFEKL
(N4) (23). By substituting amino acids at the fourth position, TCR affinity for the
MHC:peptide complex can be decreased without affecting peptide binding to MHC Class |
(3). For our studies, we used the SIITFEKL peptide (T4), which is approximately 100-fold
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less potent, and the SIIGFEKL peptide (G4), which is approximately 1000-fold less potent,
than N4 (3, 24).

Initially, we performed dose response experiments in which each of the three peptides was
added to unfractionated splenocytes from OT-1 TCR transgenic x Rag2~~ (hereafter referred
to as OT-1) mice, and cells were assessed 24h later by flow cytometry. For CD69 expression,
as expected, a bimodal response was observed. At low peptide doses of T4 peptide, for
instance, no CD69 upregulation was observed. As the peptide dose increased, a threshold
was reached where a subset of cells transitioned from low CD69 expression to high
expression (Fig. 1A, left panel). At these intermediate doses, a mixture of CD69* and
CD69™ cells was observed. Plotting the percent CD69 positive fraction at each peptide dose
generated a steep dose response curve, indicative of an all-or-nothing binary response (Fig.
1A, right panel).

In contrast, simultaneous examination of IRF4 expression in the same cell populations
showed a markedly distinct pattern of expression. Like CD69, low peptide doses do not turn
on IRF4. However, at higher peptide doses, IRF4 levels continue to increase as peptide dose
increases (Fig. 1B). If CD69 expression is used as a minimal marker for activation, IRF4
levels continue to rise with higher peptide doses, even after the peak magnitude of CD69 is
achieved. Simultaneously overlaying the %CD69* and IRF4 MFI line plots on the same
graph illustrates this comparison, as highlighted by the shaded area (Fig. 1C). The shallow
slopes for the dose response curves for IRF4 expression, as well as the variable slopes of
these curves for peptides of different potencies, indicate that IRF4 regulation is not binary in
nature; rather, IRF4 expression levels are tunable by TCR signal input. Correspondingly, a
significant difference in maximum IRF4 expression levels is seen when comparing the
responses to the three different peptides, with maximal expression proportional to TCR
affinity (Fig. 1D).

To determine whether differences in peak expression levels of IRF4 in response to
stimulation with different potency peptides might result from altered kinetics of IRF4 gene
expression, we examined CD69 and IRF4 levels on stimulated OT-I cells at 12, 24, 36, and
48h post-stimulation. These data clearly indicate that the affinity-based maximum
expression of IRF4 was not due to a delay in the timepoint at which maximal IRF4
expression was achieved. Instead, we observed maximum levels of IRF4 at 24-36h post-
stimulation, regardless of the peptide used to stimulate the T cells. Similar kinetics of CD69
induction was also observed with all 3 peptides (Fig. 1E). Overall these results show that
IRF4 expression levels are a sensitive measure of TCR signal strength, and are sensitive to
both the dose of antigen as well as the strength of binding of each TCR to peptide-MHC.
Eomesodermin (Eomes), a transcription factor associated with memory CD8 T cells, has
been shown to be downregulated by IRF4 (5). Therefore, we predicted an inverse
relationship between Eomes and IRF4 expression in stimulated OT-I T cells. Consistent with
this, we observed Eomes expression increasing at the low peptide doses just above the
threshold needed to induce CD69 upregulation; as peptide doses increased, leading to
increasing levels of IRF4, Eomes expression was reduced in a dose-dependent manner.
Additionally, peak expression levels of Eomes were inversely related to peptide potency, as

J Immunol. Author manuscript; available in PMC 2021 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Conley et al.

Page 6

the highest levels of Eomes were observed after stimulating OT-I cells with the weakest
potency G4 peptide (Fig. 1F).

We next examined other genes known to be regulated by TCR signaling. For these studies,
we first chose Nur77 (Ar4al) induction, a response commonly used to monitor TCR signal
strength both in vitroand in vivo. (17, 25, 26) OT-1 mice were crossed to the Nur77-GFP
reporter line (17), and OT-1 CD8* T cells were stimulated in bulk splenocyte cultures with
varying doses of each of the three Ova peptides (N4, T4, and G4). Unlike the pattern of
expression observed for IRF4, Nur77-GFP peak expression levels were not dependent on the
peptide potency (Fig. S1A, left and middle panels). In each case, higher doses of lower
potency peptides were able to achieve the same levels of GFP expression as the strongest N4
peptide. This pattern of expression was independent of the timepoint examined, as
timecourse studies showed overlapping kinetics of Nur77-GFP expression regardless of the
peptide used to stimulate the T cells (Fig. S1A, right panel). Thus, while Nur77 reporter
expression is closely linked to TCR activation /n vitro and in vivo, we did not observe the
same affinity based maximum expression relationship that was observed with IRF4 (Fig.
S1A).

In contrast to Nur77-GFP, examination of CD25, the IL-2 receptor alpha chain, showed a
pattern resembling IRF4, in that maximum expression levels of CD25 were proportional to
peptide potency (Fig. S1B). The graded expression of CD25 was even more pronounced
over time with large differences observed at 48h post-stimulation. These data confirm our
findings that some gene expression responses are highly tunable by TCR signal strength, and
depend on the binding interactions of individual MHC:peptide complexes with the TCR, and
not just on the relative dose of antigenic peptide present on antigen-presenting-cells.

ITK activity drives graded IRF4 expression in CD8" T cells

To address in greater detail the TCR signals responsible for graded expression of genes
based on TCR signal strength, we chose to focus on the regulation of IRF4. We reasoned
that binary modes of expression, such as that seen for CD69, had previously been
characterized. Specifically, Das et. al. demonstrated a positive feed-forward pathway
accounting for the all-or-nothing response of Ca69to TCR stimulation. In this study, the
authors showed that following TCR stimulation, the initial production of the second
messenger DAG activated the Ras GTP-exchange factor Ras-GRP, leading to the generation
of activated Ras molecules. These Ras-GTP molecules bound to a second Ras GTP-
exchange factor SOS, acting as an allosteric modulator of SOS activity and promoting a
massive enhancement in the production of activated Ras. A consequence of this feed-
forward loop was that low signaling thresholds could rapidly produce maximal activation of
the Ras-MAPK pathway, a key inducer of CD69 expression. The authors then linked this
pathway to the bimodal expression of CD69 (27). In contrast to this well-characterized
pathway producing bimodal expression of CD69, the signals accounting for graded
expression of IRF4 in response to variations in TCR signal strength have not been described.

Changes in IRF4 expression were shown to be dependent on ITK activity in the context of
low dose aCD3 stimulation (5). To pursue this connection further, we generated /tk™~ OT-1
TCR transgenic mice. Stimulation of splenocytes from these mice with the three Ova peptide
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variants showed that CD69 upregulation was nearly unaffected by the absence of ITK when
T cells were stimulated with varying doses of N4 or T4 peptide. Stimulation with the
weakest potency peptide G4 showed an impairment of CD69 upregulation in the absence of
ITK, shifting the EC50 for the G4 peptide from 11 to 37nM, but the maximal response of
CD69 expression could be restored by modest increases in peptide dose (Fig. 2A). This
suggests a greater ITK-dependent signaling defect with the weakest TCR stimulation.

In contrast to CD69, IRF4 upregulation was markedly reduced in stimulated /tk~~ OT-1 T
cells, particularly in response to T4 and G4 peptides (Fig. 2B—C). Interestingly, the overall
peptide concentration-dependence of IRF4 expression was not changed; for example, for T4
peptide, the ECsq for WT OT-I cells was 1.3nM and was 1.0nM for /tk”~ cells. However,
the maximum level of IRF4 expression was significantly decreased, in addition to being
substantially delayed (Fig. 2D-E). To further explore the relationship between ITK and
maximum IRF4 expression, we treated OT-1 cells with a small molecule dual ITK/RLK Tec
kinase family inhibitor PRN-694 (19). Inhibition of ITK/RLK signaling significantly
reduced IRF4 expression in WT OT-I cells stimulated with either N4 or T4 stimulated
peptide, with similar 1C5ps (20-40nM) (Fig. 2F). Further evidence that ITK/RLK activity
could fine tune IRF4 expression was generated in an additional experiment, where cells were
treated with multiple doses of T4 peptide, and for each peptide dose, cells were treated with
a series of doses of PRN-694 in an 8x8 matrix format (Fig. 2G). Quantification of these
dose-response experiments demonstrates a clear relationship between ITK/RLK activity and
maximum IRF4 expression, as is evident by the stratified plateaus of the dose response
curves. PRN694 also inhibited CD25 expression at a similar potency as for inhibition of
IRF4 upregulation, but did not inhibit CD69 or Nur77-GFP expression (Fig. 2H). Overall,
these studies demonstrated that modulation of TCR signal strength by reducing TCR affinity
for MHC:peptide or by inhibiting ITK activity led to reduced IRF4 expression in each
responding T cell. Furthermore, these data also showed that low affinity peptides were
unable to induce the same levels of IRF4 expression as higher affinity peptides, regardless of
the dose of peptide provided.

Calcium and calcineurin signaling drives graded IRF4 expression in CD8* T cells

To determine the component(s) of TCR signaling that could account for the graded
expression of IRF4 in response to variable TCR signaling, as well as the importance of ITK
signaling in this response, we considered the major transcription factors activated by the
TCR. Due to the demonstrated role of ITK in this phenomenon, we focused on pathways
downstream of PLC-y1, including the MAPK, NF-xB, and calcium/NFAT signaling
pathways (28-30). As previous studies have demonstrated that /zk~~ T cells have a
substantial defect in calcium signaling amplitude (16, 31, 32), we initially hypothesized that
calcium could directly contribute to graded IRF4 expression in T cells.

To address the signaling pathways that could be contributing to increased IRF4 expression,
we utilized two common pharmacological agents commonly used to stimulate T cells /n
vitro, phorbol 12-myristate 13-acetate (PMA) and lonomycin. PMA is a small molecule
mimetic of DAG that directly activates protein kinase C and Ras-MAPK signaling, whereas
the calcium ionophore, lonomycin, induces calcium signaling in T cells. Unlike the usual
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strategy of combining these two agents together to stimulate T cells, we separately treated
WT OT-I cells with varying doses of PMA or lonomycin alone. After 24h, IRF4 expression
was assessed by flow cytometry (Fig. 3A). After treatment with PMA, we observed a binary
response of IRF4 expression, with a modest induction of IRF4 that achieved a stable plateau.
In contrast, treatment with lonomycin recapitulated the graded induction of IRF4 expression.
Only in combination do the two agents yield comparable IRF4 expression to that observed
with strong peptide antigen-dependent stimulation (Fig. 3B; Fig. S2A). Furthermore, the
ability of lonomycin to promote a graded induction of gene expression was unique to IRF4,
as neither CD69, Nur77-GFP, nor CD25 showed a comparable upregulation induced by
calcium signaling alone (Fig. S2B-D). The calcineurin inhibitor FK-506 was also able to
block IRF4 upregulation, emphasizing the dependence of this response on calcium and
calcineurin signaling (Fig. 3C). These data indicated that multiple signaling pathways
regulate IRF4, but that the calcium/calcineurin pathway can control the graded expression of
IRF4 in response to variations in TCR signal strength.

TCR signal strength and ITK activity drives digital NFAT activation in CD8* T cells

We hypothesized that the calcium/calcineurin-mediated regulation of IRF4 expression
worked through NFAT activation. NFAT is a family of transcription factors that are regulated
indirectly by calcium flux through the removal of inhibitory phosphorylation sites by the
calcium-activated phosphatase calcineurin (33, 34). Normally, NFAT is highly
phosphorylated and sequestered in the cytoplasm. When calcineurin is active, these sites are
removed, unmasking the nuclear localization domain and allowing nuclear transport where it
can then bind to DNA along with other transcription factor binding partners, often AP-1 (35,
36). The two primary NFAT proteins that are critical for CD8* T cell function are NFAT1
(encoded by NFATc2) and NFAT2 (encoded by NFATc1). NFAT2 is critical for cytotoxic
function in activated CD8* T cells, specifically through regulation of key genes like Gzmb
(37). Both NFAT proteins also promote CD8" T cell exhaustion with NFAT2 expression
elevated during chronic LCMV clone 13 infection (38). However, in newly activated T cells,
both proteins have similar expression with similar binding to the /-4 gene locus (38).

To test the effects of graded TCR signaling on NFAT activation in CD8* T cells, we utilized
a nuclear flow cytometry assay to assess nuclear NFAT1 and NFAT2 levels in activated OT-I
T cells (20). For these experiments, OT-1 CD8* T cells were isolated, labeled with
fluorescent cell tracking dye, and then mixed with unlabeled splenocytes plus varying doses
of the T4 peptide antigen. After 30 minutes, nuclei were prepared and stained with
antibodies to NFAT1 and NFAT2. Histograms of NFAT1 and NFAT2 staining in nuclei of
OT-I cells stimulated with varying concentrations of the T4 peptide variant showed that
activation of both proteins was not graded in nature, but rather, exhibited a binary response
(Fig. S3A). Both proteins had a similar response to increasing doses of T4 peptide. We also
tested NFAT1 activation with varying doses of the three peptide antigens. As the dose of
peptide increased, the proportion of OT-1 cells with nuclear NFATc2 increased in a dose-
dependent manner (Fig. 4A, right panel). While NFAT activation was binary at the single-
cell level, the overall pattern of NFAT1 activation seen in the population of OT-I cells as a
whole reflected both the dose of peptide as well as the binding strength of each peptide
variant. When plotted as a percentage of NFAT1* nuclei, the data for NFAT1 activation show
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a striking similarity to the data examining IRF4 protein expression under these same
conditions. Thus, at this early 30 minute timepoint, the OT-I population shows a maximum
level of NFAT1-positive nuclei that is proportional to peptide affinity with N4>T4>G4.

We then examined the effect of ITK activity on NFAT activation. As shown in Fig. 4B (left
panel), ITK inhibition by PRN694 retained a bimodal response of NFAT1 activation
following stimulation of OT-1 cells with antigen-presenting-cells and peptide. Instead,
inhibition of ITK reduced the percentage of NFAT1* nuclei at each peptide dose tested (Fig.
4B). Inhibition was also observed in /tk-deficient OT-1 T cells with reductions of both
NFAT1* and NFAT2* nuclei (Fig. S3B). These results also mirror the effects of ITK
deficiency on the expression of IRF4 protein in response to varying doses of T4 peptide.

To generate a more detailed view of the NFAT activation response, we performed a
timecourse experiment, including timepoints ranging from 5 minutes to 60 minutes post-
stimulation. Because both NFAT proteins had similar ITK-dependent activation, we focused
on NFAT1. These data confirmed our initial observations that varying TCR signal strength
had a dramatic effect on the kinetics of NFAT1 nuclear localization (Fig. 4C). Whereas
higher doses of N4 peptide elicited a more rapid rise in the percentage of NFAT1" nuclei,
stimulation with lower doses of this peptide delayed the accumulation of NFAT1* nuclei.
Strikingly, the weaker peptide variant T4 was unable to induce NFAT1 nuclear localization
in any cells, regardless of the peptide dose, within the first 15 minutes of stimulation (Fig
4C, right panel). This lag in NFAT nuclear localization is consistent with the delay in
calcium flux onset observed in single OT-1 cells stimulated with lower doses of the N4
peptide antigen (39). We reasoned that this delay in NFAT activation could dictate the
graded levels of IRF4 protein seen at later timepoints. Extensive characterization of NFAT
DNA binding sites in activated CD8* T cells has been reported (21). Analysis of these
published data for NFAT binding sites at the /rf4 promoter region revealed a robust peak
1.2kB upstream of exon 1 (Fig. 4D). Interestingly, this NFAT binding peak is also present in
cells that expressed an NFAT protein carrying amino acid substitutions that interfere with its
binding to AP-1. These data confirm that NFAT is able to bind to the /rf4 regulatory region
as a homodimer in the absence of its usual binding partner, consistent with the robust control
of IRF4 expression through calcium signaling alone.

To further examine the relationship between NFAT and IRF4, we took advantage of the
hyper-activable NFAT mouse (18). These mice have a mutant form of NFA7c2 knocked into
the RosaZ6 locus, named NFAT-AV. This mutant form of NFAT has reduced binding to the
CK1 kinase and increased binding to the Calcineurin phosphatase, thus creating a protein
more able to localize to the nucleus and bind DNA while not constitutively active in the
absence of calcium signaling. We isolated CD8* T cells from these mice and stimulated with
anti-CD3 antibody. While the naive NFAT-AV T cells had an increase in CD44N cells, IRF4,
CD69, and CD25 expression was low and comparable to WT B6 T cells prior to stimulation
(Fig. S3C). In addition, stimulated WT and NFAT-AV CD8" T cells had similar levels of
IRF4, CD69, and CD44. However, there was a significant increase in CD25 expression,
consistent with the known role of NFAT in driving //2ra expression (40). WT and NFAT-AV
T cells stimulated in the presence of the ITK inhibitor PRN694 showed a partial rescue of
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%IRF4Ni cells across the entire population at 24 and 36h, further confirmation that NFAT
contributes to IRF4 production, along with other transcription factors (Fig. S3D).

Graded TCR signaling alters the kinetics of Irf4 mRNA upregulation

IRF4 upregulation is detectable by 6h post-stimulation and generally peaks at 24h, with
maximum levels of expression differing between T cells stimulated by ligands of different
potencies. These data suggested that evaluating the kinetics of early /774 mRNA upregulation
could be informative in understanding how cells stimulated with distinct TCR signal
strengths ultimately accumulate different amounts of IRF4 protein. Using RNA flow
cytometry, we measured /rf4 mRNA in activated OT-1 T cells over the first 16h post-
stimulation. Histograms comparing /rf4 mRNA expression in activated OT-1 T cells
compared to CD8* T cells from bulk splenocytes illustrated antigen-dependent expression of
the MRNA (Fig. 5A). Cells stimulated with 100nM of T4 peptide rapidly upregulated /rf4
MRNA by 2h, and levels of this mMRNA were relatively constant for 16h post-stimulation
(Fig. 5B—C). We also observed a sharp transition of cells going from /rf4 mRNA negative to
positive in the time from 0-2h post-stimulation. Consistent with the IRF4 protein data,
FK506 completely blocks upregulation of /rf4 mRNA. These findings emphasize the
important role of calcium signaling and NFAT activation in /r/4 mRNA transcription, a
result consistent with previous data demonstrating NFAT binding to the /rf4 gene locus in
activated T cells (41, 42).

In contrast, inhibition of ITK signaling by treatment of cells with PRN694 delayed, but did
not abolish, the upregulation of /774 mMRNA. Similar to our results examining NFAT
activation, we observed two distinct populations of OT-I cells at 2h post-stimulation in the
presence of PRN694, one population positive for the /rf4mRNA and one population
remaining negative. Compared to the cells stimulated in the absence of the ITK inhibitor,
those treated with PRN694 showed a slower transition to having /rf4 mRNA, along with a
broader histogram peak, indicative of greater variability in expression within the population.
The role for ITK in accelerating the rate of /rf4 mRNA upregulation was also confirmed by
examination of stimulated WT versus /t&~ OT-1 T cells. Again, along with delayed kinetics
of /rf4 mRNA expression in the absence of ITK, we observed a bimodal pattern of /rf4
mRNA staining (Fig. 5D). Finally, as expected based on the protein expression data, we
found no major effect on Cad69 mRNA expression in the absence of ITK (Fig. 5D).

Reduced TCR signaling consistently yielded a reduction in peak expression of IRF4 protein,
based on the IRF4 histogram MFI, while also showing a broader distribution within the
population. To quantify this variability in expression we plotted the coefficient of variance
(CV) for IRF4 MFI of OT-I cells stimulated with 200nM T4 peptide, in the absence or the
presence of varying different doses of PRN694 (Fig. S4). ITK inhibition significantly
increased the CV of both IRF4 protein and /rf4 mRNA, suggesting increased heterogeneity
of expression across the clonal population. This was not a consequence of failing to activate
a subset of cells, as >95% of cells were CD69+ under each of these conditions.
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Discussion

Understanding the molecular mechanisms that control graded signaling through the TCR has
been a central effort in T cell biology. A component of this effort has been studies directed at
elucidating the contribution of the Tec kinase ITK to this process. Here, we utilized a
combination of assays providing single cell data to dissect the signaling inputs that control
the graded expression of the transcription factor IRF4, a key factor regulating the magnitude
of the CD8* effector T cell response to infection. Our studies revealed a process in which a
clonal population of naive CD8 T cells integrated different strengths of TCR stimulation into
binary NFAT activation responses. Weaker TCR stimulation led to a delay in the kinetics of
NFAT nuclear localization that correlated with slower upregulation of /rf4 mRNA,
ultimately resulting in reduced expression of the IRF4 protein. As a consequence of this
mechanism, a population of CD8* T cells that receives weak TCR signaling is destined to
undergo limited clonal expansion (9-11, 15).

Our results are in agreement with the recent studies of Richard et. a/. Using state-of-the-art
single cell RNA sequencing and proteomic techniques, the authors showed that the strength
of TCR signaling controlled the rate at which individual cells were activated within a clonal
population (43), and was responsible for greater variability in gene expression between
individual cells in low affinity clonal populations. However, in analyses of cytolytic effector
functions several days post-stimulation, this delay in kinetics among weakly stimulated
naive CD8" T cells did not ultimately impair their cytolytic capacity, results that are in line
with our observations that only some genes (e.q., /174, /1/2rd) are sensitive to this delay in
activation and are likely driving the magnitude of clonal expansion, while others (e.g., Cd69)
are not.

Our results also expand our knowledge of how the Tec kinase ITK regulates the strength of
TCR signaling. Many studies have documented that ITK is not required for T cell activation
per se. Instead, T cells lacking ITK have selective defects in some T cell responses, while
other responses appear unaffected by the absence of ITK. For instance, naive /tk”~ CD4 T
cells are defective in producing IL-17A or IL-9, when stimulated under T17 or Ty9
polarizing conditions, respectively (6, 44). Yet, /tk”~ mice are proficient at clearing
infections of Leishmania major, and viruses such as LCMV, Influenza A, and Vaccinia,
responses that require effective Tyl and cytotoxic CD8" T cell responses, respectively (14,
45-47). Interestingly, these data also correspond nicely to the recent findings of Richard, et
al, which found that expression of genes required for cytotoxic T cell function were
independent of the strength of the initial T cell stimulation.

Our studies indicate that ITK functions as an accelerator in the TCR signaling pathway. In
this regard, ITK is not required for TCR signaling, but acts to accelerate the process by
which TCR stimulation produces a calcium response capable of inducing NFAT nuclear
translocation. We speculate that ITK functions to increase the number of activated PLC-y1
molecules produced by each stimulated TCR. As our data also show that NFAT nuclear
translocation is an all-or-nothing response to TCR stimulation, we envision a sharp threshold
of IP3 production by activated PLC-y1 that is required to induce NFAT activation. When
ITK signaling is engaged, the rate at which this threshold is achieved can be dramatically
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increased. It is likely that other key transcription factors activated by TCR stimulation have
alternative modes of response to variations in TCR signal strength, possibly explaining why
some genes expression responses, but not all, are sensitive to ITK signaling.

Our data indicate that NFAT is not the sole transcription factor contributing to IRF4
expression after TCR stimulation. As shown by the modest upregulation of IRF4 in response
to PMA aloneg, as well as the combinatorial effect of PMA and lonomycin added together,
we conclude that additional DAG-dependent factors are required for optimal IRF4
upregulation in response to TCR signaling. One likely pathway contributing to the NFAT-
independent component of IRF4 expression is NF-xB, as previous studies have suggested a
role for both canonical NF-xB p65, as well as c-Rel in /rf4 expression (48). While these
findings reveal the complex and multifactorial regulation of genes induced by TCR
stimulation, they also highlight the utility of reductionist experiments, such as those
described here, in identifying key inputs responsible for differing responses to variations in
TCR signal strength. Our studies also demonstrate that increasing ligand dose or density on
antigen-presenting-cells cannot necessarily overcome signaling deficits due to weakly
stimulatory ligands. Thus, increasing the concentration of weakly potent peptide antigens is
unable to generate the levels of IRF4 in naive CD8" T cells that can be achieved by more
potent ligands. Understanding the complete program of genes that share this characteristic of
Irf4 will provide critical information in the development of improved vaccines and T cells
used for adoptive immunotherapy, to maximize desired effector and/or memory T cell
responses.
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Antigen potency and ITK control graded IRF4 expression.

Altered kinetics of NFAT activation provide a mechanism linking ITK and

IRF4.
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Figure 1. CD69 and | RF4 respond differently to graded TCR signaling in activated CD8" T cells.
(A) Representative histogram plots of CD69 staining on OT-I cells stimulated with different

doses of T4 peptide for 24h. Cells were gated on live CD8* TCRB™. Plots of %CD69+
values are shown for all three peptides at right.

(B) Representative histogram plots of IRF4 intracellular staining in OT-1 cells stimulated
with different doses of T4 peptide for 24h. Cells were gated on live CD8* TCRB*. Plots of
IRF4 MFI values are shown for all three peptides at right.
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(C) IRF4 MFI and %CD69+ values for the T4 peptide dose response were plotted on the
same graph. The area shaded in gray emphasizes the concentration of antigen that yields
maximum CDG69 expression but is still on the upslope for IRF4 expression.

(D) IRF4 MFI values were normalized to N4 stimulation over multiple experiments. These
data show results of stimulations with 1nM N4, 100nM T4, and 1uM G4, which are the
relative concentrations eliciting maximum IRF4 expression for each peptide. ** p<0.01, ***
p<0.001, **** p<0.0001 (one-way ANOVA followed by Dunnett’s test for N4 comparisons.
Unpaired student ¢test for T4 and G4 comparison)

(E) OT-I T cells were stimulated for 12-48h with 1nM N4, 100nM T4, or 1uM G4. MFI
values for CD69 (left) and IRF4 (right) are plotted over time.

(F) OT-I cells were treated with varying doses of N4, T4, or G4 peptides for 24h.
Representative histograms of Eomes intracellular staining are shown for the T4 peptide
(left). Eomes MFI is plotted for each peptide dose (middle). Cells were treated with 1nM
N4, 100nM T4, or 1uM G4 from 12-48h and MFI for each peptide is plotted over time.
Data are representative of three to five experiments.
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Figure 2. ITK inhibition reduces maximum IRF4 expression in CD8" T cellsin a graded manner.
(A-B) OT-1 WT (/tk*"*) or OT-1 /tk™~ (/tk”") T cells were stimulated each peptide for 24h

at multiple doses. %CD69+ (A) and IRF4 MFI (B) are plotted for each peptide
concentration.

(C) Representative histograms of IRF4 intracellular staining for 1nM N4, 100nM T4, and
1uM G4 peptide stimulations of /tk** or /tk™" cells.

(D) /tk*’* or Itk”~ OT-1 cells were stimulated with 100nM T4 peptide at timepoints from
12-48h, and IRF4 MFI is plotted.
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(E) IRF4 MFI values of /tk*/* or Itk™~ cells stimulated with 100nM T4 for 24h, ****
p<0.0001 (unpaired student #test)

(F) OT-I T cells were stimulated with 1nM N4 and 100nM T4 peptide while simultaneously
treated with varying doses of the ITK/RLK inhibitor PRN694 for 24h. Cells were stained for
intracellular IRF4 and MFI of IRF4 staining under each condition is displayed.

(G) OT-I T cells were stimulated with a range of doses of T4 peptide in a matrix using
varying doses of PRN694. After 24h the cells were stained for IRF4, and the IRF4 MFI for
each condition is displayed. Each curve represents a dose response of T4 peptide at a single
concentration of PRN694.

(H) OT-I T cells were stimulated with 100nM T4 peptide with varying doses of PRN694 for
24h. The cells were stained for IRF4, CD69, and CD25. For Nur77, the Nur77-GFP reporter
was used. The MFI values were normalized to a positive and negative control to obtain %
Inhibition.

Data are representative of three to five experiments.
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Figure 3. Calcium and calcineurin signaling drives graded | RF4 expression in CD8+ T cells.
(A) OT-1 T cells were treated with varying doses of PMA or lonomycin for 24h, and cells

were stained for intracellular IRF4. Representative histograms of IRF4 staining are shown.
(B) Representative histograms of IRF4 staining for OT-I cells left unstimulated (Naive), or
stimulated with 500ng/mL lonomycin, 10ng/mL PMA, a combination of both, or 1nM N4
for 24h.

(C) Representative histograms of IRF4 staining for OT-I cells treated with 100nM T4 for
timepoints from 2-16h in the absence (left) or presence (right) of 100nM FK506.

Data are representative of three experiments.
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Figure4. TCR signal strength and I TK activity drives digital NFAT activation in CD8* T cells.
(A) Representative histograms of NFAT1 fluorescence in OT-1 nuclei isolated after T cells

were stimulated with B6 splenocytes pulsed with indicated doses of T4 peptide for 30m
(left). Line plots of %NFAT1* nuclei after 30m of stimulation with B6 splenocytes pulsed
with indicated doses of either N4, T4 and G4 peptides (right). OT-1 nuclei were identified as
CellTrace Violet* events.

(B) Representative histograms of NFAT1 fluorescence in OT-1 nuclei after cells were
stimulated for 30m with B6 splenocytes pulsed with 25 nM T4 peptide with or without
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50nM PRN694 treatment (left). Line plots of %NFAT1+ (nuclear NFAT) values are shown
for the T4 peptide dose response with and without 50nM PRN694 treatment (right). Nuclei
were gated on CellTrace Violet* events.

(C) Line plots of %NFAT1+ OT-I nuclei over a 60m timecourse after cells were stimulated
B6 splenocytes pulsed with varying doses of either N4 (left) or T4 (right) peptides as
indicated.

(D) NFAT1 ChiIP-Seq data (GSE64409) on activated CD8 T cells from Martinez et a/ (21)
were visualized using IGV software and a snapshot was taken of the /r#4locus. The data
represents 4 samples: (1) WT T cells, transduced with Mock construct, unstimulated (2)
NrfatcZ7~ T cells, transduced with Mock construct, stimulated with PMA/lonomycin for 1h
(3) Nfatc2™/~ T cells, transduced with CA-RIT-NFAT (constitutively active NFAT unable to
bind AP-1), stimulated with PMA/lonomycin for 1h (4) WT T cells, transduced with Mock
construct, stimulated with PMA/lonomycin for 1h.

Data are representative of three or five experiments.
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Figure 5. Reducing TCR strength, through I TK inhibition, delays Irf4 mRNA upregulation.
(A) OT-1 T cells were labeled with CellTraceViolet and combined 5:1 with unlabeled

peptide-pulsed APCs from B6 splenocytes. Representative histograms plots of /r/4 mRNA
expression after 16h of 100nM T4 peptide stimulation. Cells are gates on live CD8* TCRp™*
cells (+CellTraceViolet from OT-I mice and —CellTraceViolet from B6 mice.)

(B-C) OT-I T cells were treated with 100nM T4 peptide for timepoints from 2-16h either
alone or in the presence of 100nM PRN694 or 100nM FK506. (A) Representative histogram
plots of /rf4 mRNA expression. (B) Data are plotted as % /rf4 mRNA positive (left) or as /rf4
mMRNA MFI (right) over time. Cells are gates on live CD8* TCRB* CellTraceViolet* cells
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(C) 1tk*”* or Itk cells OT-1 T cells were treated with 100nM T4 peptide for 2 or 6h.
Representative histograms for /rf4and Ca69 mRNA expression are shown. Cells are gates
on live CD8" TCRB* CellTraceViolet* cells

Data are representative of three experiments.
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