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Abstract

Although c-Myc is essential to establish a metabolically active and proliferative state in T cells
after priming, its expression is transient. It remains unknown how T cell activation is maintained
after c-Myc down-regulation. Here, we identify AP4 as the transcription factor that is induced by
c-Myc and sustains activation of antigen-specific CD8* T cells. Despite normal priming, AP4-
deficient CD8* T cells fail to continue transcription of a broad range of c-Myc-dependent targets.
Mice lacking AP4 specifically in CD8* T cells showed enhanced susceptibility to West Nile virus
infection. Genome-wide analysis suggests that many activation-induced metabolic genes are
shared targets of c-Myc and AP4. Thus, AP4 maintains c-Myc-initiated cellular activation
programs in CD8* T cells to control microbial infections.

Protective immunity by CD8* T cells is critical for host defense against many pathogens that
cause death or chronic infection. During an acute infection by a virus or intracellular
bacterium, antigen (Ag)-specific CD8* T cells are primed by signals through the T cell
receptor (TCR), co-stimulatory molecules and cytokine receptors and undergo rapid
expansion, effector differentiation, and memory cell formation® 2. In the priming phase,
activated CD8™ T cells grow in size by increasing global gene transcription and protein
translation and utilize aerobic glycolysis pathways to produce the energy and materials for
biosynthesis prior to cell cycle entry3: 45 6.7 Previous studies established that the
transcription factor (TF) c-Myc is essential for the initiation of the global cellular activation
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processes in activated lymphocytes as well as cancer and embryonic stem cells 91011 ¢.
Myc is induced by signals through the TCR and IL-2 receptor (IL-2R)12 and is essential for
the metabolic reprograming and cell growth of T cells13,

During acute infection, CD8* T cell expansion persists even after levels of Ag and
inflammation wane?. While this persistent proliferation may be driven by residual Ag on
Ag-presenting cells, other evidence suggests that optimally primed CD8* T cells continue
proliferation after Ag and cytokines decrease to sub-optimal concentrations4: 15. 16,17,
Expression of c-Myc is rapidly induced in activated T cells® 13, Its expression, however,
does not persist throughout the duration of T cell expansion® 18, These findings suggest that
other TFs maintain c-Myc-initiated cellular activation to maximize clonal expansion and
effector differentiation of T cells during acute responses to pathogen infection.

We hypothesized that TCR and cytokine receptor signals during the early stage of pathogen
infection induce TFs, which program CD8" T cells for a durable response. Among the
cytokines established as important for CD8* T cell responses, 1L-2 sustains clonal expansion
invitro and possibly in vivo!® 20. 21 and promotes effector differentiation2%: 22: 23, |n this
study, we identified AP4 as a TF regulated by IL-2R signals and demonstrated that AP4
cell-autonomously sustains proliferation of Ag-specific CD8* T cells in acute infection
models. CD8* T cells lacking AP4 failed to sustain clonal expansion compared to control
wild-type (WT) cells, leading to a substantially reduced clonal frequency at the peak of
response. Mice lacking AP4 specifically in CD8" T cells failed to control infection of West
Nile virus (WNV) in the central nervous system (CNS), which requires sustained Ag-
specific CD8" T cell responses for host-mediated clearance and survival. Finally, our data
suggest that AP4 sustains cellular activity through regulation of a substantial proportion of
c-Myec target genes. Thus, our data establish that AP4 regulates the magnitude of acute
CD8™ T cell responses to control microbial infection.

AP4 is regulated by TCR and IL-2R signals

Using microarray analysis (GSE58081), we identified ~70 TFs whose expression changed
by greater than 1.8-fold in CD8* T cells following neutralization of IL-2 (Fig. 1a). In
addition to known 1L-2-regulated genes, Bcl6 and Eomes?3, we identified Tfap4, encoding
AP4, as an IL-2R signal-dependent gene. AP4 is a basic helix-loop-helix protein that
regulates viral gene transcription and Cd4 gene repression?4 25 26 Although Tfap4 mRNA
expression was reduced modestly upon withdrawal of IL-2, AP4 protein expression was
substantially diminished (Fig. 1b,c), suggesting that sustained AP4 expression requires
IL-2R signals at both transcriptional and post-transcriptional levels. AP4 expression from
retrovirus (RV) also required IL-2R stimulation (Fig. 1d), suggesting its expression
regulated predominantly at the post-transcriptional level. The half-life of AP4 protein was
two to three hours under permissive (+1L-2) or non-permissive (IL-2 neutralization)
conditions (Fig. 1e), with its degradation mediated by the ubiquitin-proteasome pathway
(Fig. 1f). AP4 expression was sustained by TCR stimuli or other gamma chain cytokines
(IL-7 and IL-15) but not by IL-12 or type I interferons (Fig. 1g). These results suggest that a
common pathway converging from TCR and IL-2Ry chain signaling sustains AP4 protein
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expression. Consistently, MEK and p38 MAPK inhibitors U0126 and SB203580,
respectively, attenuated the accumulation of AP4 protein in the presence of TCR or IL-2R
stimulation (Fig. 1h). To validate the roles of TCR and IL-2R in maintaining AP4
expression in vivo, we examined AP4 levels in Ag-specific CD8* T cells during acute
infection with the Armstrong strain of lymphocytic choriomeningitis virus (LCMV-Arm)
(Fig. 1i). AP4 protein was expressed highly in Ag-specific CD8" T cells on days 4 and 5
after infection. The level declined on days 6 and 7 as T cell expansion markedly slowed. In
activated CD8" T cells on day 4.5 after LCMV-Arm infection, AP4 protein was detected
specifically in CD25Hi cells, but not in CD25 cells, despite similar mMRNA levels in both
subpopulations (Fig. 1j). Furthermore, Ag-specific CD8* T cells lacking I12ra expressed
reduced amounts of AP4 protein four days after LCMV-Arm infection (Fig. 1k). We
conclude that AP4 is regulated post-transcriptionally in CD8* T cells via signaling through
TCR and IL-2R invitro and in vivo.

AP4 is required for CD8" T cell expansion

To assess AP4 functions in immune responses, we infected Tfap4™~ and congenic wild-type
(WT) C57BL/6 mice with LCMV-Arm and examined expansion and differentiation of CD8*
T cells. At the peak of response, numbers of total CD8* T cells and KLRG1* terminally
differentiated CD8* T cells! were reduced by ~70% and 90%, respectively, in Tfap4=/~
compared to WT mice (Fig. 2a,c). T cells specific for the gp(33-41) epitope also were
decreased by 80% and, among them, KLRG1* effector cells were diminished by 90% in
Tfap4~'~ compared to WT mice (Fig. 2b,d). To determine whether the requirement for AP4
was CD8* T cell-intrinsic, we deleted a loxP-flanked Tfap4 allele specifically in CD8* T
cells using a CD8-Cre transgenic deleter?’ (Supplementary Fig. 1a,b). We observed a
similar reduction in numbers of total, KLRG1* and gp(33—41)-specific CD8* T cells in
Tfap4~/~ and Tfap4™/F CD8-Cre* mice (Supplementary Fig. 1c,d), indicating that the AP4
requirement is CD8"* T cell-intrinsic. CD8* T cell clonal expansion and effector
differentiation also were reduced in Tfap4~'~ mice infected with Listeria monocytogenes
expressing ovalbumin (Lm-Ova) (Supplementary Fig. 2a,b). Memory cells were generated
and maintained comparably between Tfap4~/~, Tfap4™F CD8-Cre* and WT mice following
infection with LCMV-Arm or Lm-Ova (Supplementary Fig. 3a-d). However, expansion of
Tfap4~/~ memory T cells was diminished upon secondary challenge (Supplementary Fig. 3e-
h). Thus, AP4 is essential for expansion of Ag-specific CD8* T cells both in primary and
recall responses.

AP4 sustains CD8* T cell clonal expansion

To compare expansion of Tfap4™~ and WT CD8* T cells in an identical environment, we
generated Tfap4~~ mice expressing a V,2*V8" TCR transgene specific for gp(33-41)
(P14) (vef. 28). A 1:1 mixture of V,2*V8* naive CD8" T cells from Tfap4™'~ (Thy-1.2/
CD45.2) and WT (Thy-1.1/CD45.2) P14 mice was adoptively transferred to congenic host
CD45.1 mice. Prior to infection with LCMV-Arm, the ratio of Tfap4™~ to WT P14 T cells
remained approximately 1:1 in the spleen (Fig. 3a). This result is consistent with comparable
frequencies of CD8* T cells in various tissues in Tfap4~~ and WT mice under steady state
conditions (Fig. 3b). To determine whether AP4 was required for initial proliferation of P14
T cells, we labeled donor P14 T cells with carboxyfluorescein succinimidy! ester (CFSE)
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followed by adoptive transfer and infection of host mice with LCMV-Arm. On day 3 after
infection, both Tfap4™~ and WT P14 T cells diluted CFSE to undetectable levels (Fig. 3c),
which was consistent with the comparable numbers of P14 T cells in the spleen and the
frequencies of bromodeoxyuridine (BrdU)* cells following a pulse labeling (Fig. 3d-g).
These results establish that AP4 is dispensable for initial proliferation of CD8" T cells
during the Ag-specific response. Despite the rapid early expansion, the absolute number of
Tfap4~'~ donor cells was substantially reduced compared to WT donor cells at the peak of
the response (Fig. 3d-f). Although Tfap4~/~ cells continued to proliferate until day 7 post-
infection, they failed to maintain rapid proliferation rates, as judged by BrdU pulse labeling
on day 4 and later (Fig. 3g). Because CD8* T cells divide 6-7 times per day during a
response to acute infection2?, the effect of mild but continued reduction in BrdU
incorporation rates could result in a greater than 90% reduction in clonal expansion of
Tfap4~/~ donors compared to WT cells over 4 days (Fig. 3e,g). We also observed reduced
clonal expansion, BrdU incorporation, and mTOR pathway activation in Tfap4™~ OT-I T
cells following Lm-Ova infection (Supplementary Fig. 2c-e). We did not, however, observe
changes in the frequency of AnnexinV-binding cells between Tfap4~'~ and WT P14 T cells
on day 6 (Fig. 3h,i), or ratios between Tfap4™~ and WT P14 T cells in various
compartments on day 7 after LCMV-Arm infection (Fig. 3j). These results suggest no
substantial difference in apoptosis or trafficking of Ag-specific T cells in vivo. Furthermore,
it is unlikely that AP4 regulates TCR sensitivity per se, since Tfap4~/~ and WT OT-1 T cells
proliferated at similar rates, and comparably produced IFN-y in response to Ag in vitro
(Supplementary Fig. 2f-h). However, Tfap4™~ cells were outcompeted in numbers by co-
cultured WT cells and failed to blast when kept for a longer duration with low concentration
of peptide. These results suggest that AP4 is required for sustained T cell proliferation after
TCR stimulation.

Protection against WNV infection requires AP4

We next tested the contribution of AP4 to CD8" T cell-mediated protection against a lethal
infection by utilizing the WNV infection model. WNV is a virulent zoonotic virus causing
fatal encephalitis in humans and mice30: 31, CD8* T cells are required for clearance of WNV
in both the spleen and CNS32. To determine whether AP4 was required for protection
against WNV infection in a CD8* T cell-dependent manner, we infected Tfap4™F CD8-Cre*
mice and age-matched control Tfap4™F Cre™ mice with WNV. While the majority of
Tfap4™F Cre™ mice survived, all Tfap4F/F CD8-Cre* mice died between days 8 and 13 (Fig.
4a), which was similar to the lethality observed in mice lacking CD8* T cells32. TfapaF/F
CD8-Cre* mice sustained higher viral loads in the brain compared to control mice on day 9
post-infection (Fig. 4b), indicating that AP4 expression in CD8" T cells is essential for the
control of WNV in the CNS. Ag-specific CD8* T cell expansion was diminished in WNV-
infected Tfap4™'~ and Tfap4t/F CD8-cre™ mice compared to control WT mice in the spleen
on day 7 after infection (Supplementary Fig. 4). However, AP4 was dispensable for control
of WNV in the spleen (Fig. 4c). Consistent with this observation, no differences in LCMV-
Arm or Lm-Ova burden were detected in peripheral tissues following infection presumably
because clearance of these pathogens begins at an early phase of the acute response (Fig. 2e
and Supplementary Fig. 2i). In contrast, AP4 is required for host protection against WNV
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infection in the CNS, and AP4-mediated sustained activation of Ag-specific CD8* T cells
may be critical for control of certain CNS pathogens.

AP4 sustains T cell activation

Upon T cell priming, c-Myc activates aerobic glycolysis and amplifies global gene
transcription and protein synthesis, leading to cell size growth and metabolic
reprogramming® 9 13.33_¢c-Myc expression was induced rapidly after TCR stimulation,
followed by AP4 up-regulation in CD8* T cells (Supplementary Fig. 5a,b). c-Myc was
essential for AP4 up-regulation in activated CD8* T cells at both protein and mRNA levels
(Fig. 5a). In agreement with a prior study34, c-Myc bound to the Tfap4 locus in activated
CD8™ T cells (Supplementary Figs. 5¢c and 6e), further suggesting that AP4 expression is
augmented by c-Myc through direct binding. In contrast to defective cell growth and
metabolic changes in Myc-deficient T cells!3, activated Tfap4~/~ CD8* T cells underwent
normal blast development accompanied by active glycolysis in vitro (Supplementary Fig.
5d-f). Moreover, Tfap4~/~ and WT Ag-specific T cells were of comparable size three days
after LCMV-Arm or Lm-Ova infection (Fig. 5b, and Supplementary Fig. 5g). Differences in
gene expression between Tfap4~'~ and WT CD8* T cells either three days after activation in
vitro or two days after Lm-Ova infection were substantially smaller than that observed at
later time points with few genes relevant to T cell activation altered (Supplementary Fig.
5h). Thus, AP4 is dispensable for establishment of the c-Myc-dependent cellular response to
T cell activation. However, at later time points (days 4 and 6), Tfap4™/~ Ag-specific CD8* T
cells were smaller in size than control cells (Fig. 5b,c and Supplementary Fig. 59). The size
difference between Tfap4~~ and control cells coincided with c-Myc down-regulation in Ag-
specific CD8" T cells after Lm-Ova infection (Fig. 5d,e). A small fraction of OT-I T cells
primed by Lm-Ova infection up-regulated c-Myc protein as determined using the c-Myc—
GFP fusion protein knock-in allele3®. Activated OT-I T cells uniformly expressed c-Myc—
GFP as they expanded in size until day 3 (Fig. 5d). Although they continued to proliferate
and only slowly reduced cell size on day 4, c-Myc—GFP was down-regulated by 95%
compared to day 2 and by 90% compared to day 3 (Fig. 5d,e). In comparison, AP4
expression in WT cells also was up-regulated following c-Myc induction and began to
decline on day 3 (Fig. 5d). In contrast to the rapid c-Myc decay, AP4 protein was still
detected on day 4 (3), suggesting that AP4 expression persists longer than c-Myc. Total
RNA content per cell also was reduced in Tfap4™~ compared to WT OT-I T cells on day 4
(Fig. 5f). Furthermore, basal aerobic glycolysis and the maximum glycolytic capacity, as
measured by extracellular acidification rates (ECAR)36, were significantly reduced in
Tfap4~~ compared to WT OT-I cells recovered from the same host mice on days 4 and 6
after Lm-Ova infection (Fig. 5g). Consistently, expression of key glycolytic enzymes
normalized to a per cell basis by using spiked-in control RNA3” was reduced by 30 to 60%
and by 75 to 80% in Tfap4~/~ compared to WT OT-I T cells on days 4 and 6 post-infection,
respectively (Fig. 5h). These results indicate that AP4 is required for sustained expression of
glycolytic genes and suggest that AP4 sustains T cell activation after c-Myc down-
regulation.
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AP4 sustains c-Myc-initiated global cellular activity

To further define the AP4 requirement in maintenance of the c-Myc-initiated T cell
activation, we analyzed gene expression in Tfap4~~ and WT OT-I T cells activated in vivo
using microarray (GSE58081) at the time point in which we detected cell size differences.
For accurate assessment of gene expression, we spiked the cellular RNA with a mixture of
control RNAs according to the cell number and then profiled cell number-normalized gene
expression in Tfap4™~ and WT OT-1 T cells® 10, Consistent with the smaller size and
reduced RNA content of Tfap4~/~ cells, global gene expression in Tfap4~/~ cells, as
determined by the slopes of scatter plots, was reduced compared to WT cells (Fig. 6a-b). We
identified 1,784 genes that showed greater than 1.8-fold difference between Tfap4~/~ and
WT OT-I cells four days after Lm-Ova infection. A pathway analysis highlighted an
enrichment of the 1,784 genes in those related to metabolism, transcription and translation
(Fig. 6¢). To determine whether these genes were directly regulated by AP4, c-Myc or both,
we performed chromatin immunoprecipitation (ChIP) analysis using anti-AP4 and anti-c-
Myc antibodies and profiled AP4- and c-Myc-bound genes in activated CD8* T cells
(Supplementary Fig. 6, GSE58081). Unbiased analysis of 7,000 statistically significant
peaks of AP4 or c-Myc binding remarkably revealed that more than 50% of AP4 and c-Myc
peaks overlapped at the gene level (Fig. 6d). Furthermore, nearly a quarter (479 genes) of
the 1,784 genes differentially expressed between Tfap4~/~ and WT OT-I T cells were bound
by both AP4 and c-Myc (Fig. 6d). These AP4-c-Myc shared target genes were highly
enriched in those annotated in metabolism, transcription and translation pathways (Fig. 6¢
and Supplementary Fig. 6e). The majority of these 479 genes were up-regulated on day 2
after Lm-Ova infection in WT OT-I cells expressing both c-Myc and AP4, remained highly
expressed on day 4 when c-Myc levels waned, and were eventually down-regulated on day 6
following the decline of AP4, suggesting that AP4 regulated these genes as c-Myc
expression decayed (Fig. 6e). Because expression of these 479 genes was not different
between Tfap4~~ and WT OT-I T cells on day 2 post-infection (Supplementary Fig. 5h), the
altered expression of these genes on day 4 may explain the phenotypes observed in Tfap4™~
OT-1 T cells. Since the ChIP analysis was performed using cells co-expressing AP4 and c-
Myc, we further tested whether AP4 still bound to these loci after c-Myc down-regulation
using CD25* P14 T cells five days after LCMV-Arm infection. Although c-Myc was down-
regulated in P14 T cells on day 5 compared to earlier time points (Fig. 6f), the majority of
previously identified AP4-c-Myc-bound loci retained AP4 binding (Fig. 6g). These results
suggest that c-Myc-induced AP4 expression is required for sustained transcription of c-Myc
target genes through direct binding.

AP4 supplements c-Myc function

Our data thus far suggest that AP4 and c-Myc have overlapping functions in activated CD8*
T cells. To determine whether AP4 was dispensable if c-Myc expression is sustained, we
retrovirally expressed a stabilized form of c-Myc (T58A mutant38: 39) in Tfap4™~ OT-I T
cells in a culture system that recapitulates the cell size difference between Tfap4~~ and WT
cells. In this assay, Tfap4~~ and WT OT-I T cells were primed with anti-CD3 and anti-
CD28 antibodies for two days and transferred to a culture of irradiated splenocytes pulsed
with 1 pM of Ova peptide for 24 hours. Ectopic expression of c-Myc(T58A) or AP4 itself in
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Tfap4™~ OT-I T cells rescued the cell size defects under these conditions (Fig. 7a,b).
Overexpression of c-Myc(T58A) or AP4 also restored glycolysis, BrdU incorporation, and
expression of a subset of AP4-c-Myc-regulated genes (Fig. 7c-€). To determine whether c-
Myc(T58A) expression restored clonal expansion of Tfap4™~ CD8* T cells in vivo, we
adoptively transferred c-Myc(T58A)- or AP4-transduced naive Tfapd™~ OT-I T cells and
empty-RV-transduced WT OT-I T cells into congenic hosts followed by Lm-Ova infection.
Although retroviral expression of AP4 in Tfap4~~ OT-I T cells fully restored clonal
expansion and KLRG1 expression, c-Myc(T58A) expression only partially restored clonal
expansion (Fig. 7f-h). Nevertheless, c-Myc(T58A) expression increased size and BrdU
incorporation of Tfap4™~ OT-I cells comparably to AP4 ectopic expression (Fig. 7i,j). These
results suggest that AP4 and c-Myc have partially overlapping functions in regulating T cell
activation and that a temporal switch from c-Myc to AP4 is necessary for optimal CD8* T
cell expansion.

To determine whether AP4 ectopic expression correspondingly rescued the defects of Myc-
deficient cells, we retrovirally expressed AP4 in CD8* T cells in which c-Myc was inducibly
deleted40: 41, To express AP4, we infected CD8* T cells from MycHF ROSA26-CreERT?
(Myc™) and control Myc* Cre™ or Myc*’* ROSA26-CreERT2 mice with RV following
twenty-four-hour stimulation in vitro, followed by a treatment with 4-hydroxytamoxifen
(40HT) under resting conditions for two days. Subsequently, proliferation and gene
expression of transduced cells were tested upon re-stimulation (Supplementary Fig. 7a-c).
Retroviral c-Myc expression rescued, albeit partially, proliferation and size increase of
Myc ™~ cells (Supplementary Fig. 7d), presumably because of a delay in expression of RV-
derived c-Myc compared to endogenous c-Myc upon re-stimulation (Supplementary Fig.
7¢). In contrast, AP4 ectopic expression failed to rescue the defects of Myc™~ cells
(Supplementary Fig. 7d). Accordingly, gene expression profiling revealed little difference
between AP4- and empty RV-transduced Myc™~ cells and partially rescued gene expression
by c-Myc transduction (Supplementary Fig. 7e). These results indicate that AP4 requires
prior expression of c-Myc to mediate its effects. Thus, AP4 functionally supplements c-Myc
activity to prolong activation of CD8* T cells.

DISCUSSION

Our study defines a critical role of AP4 in regulating clonal expansion and antiviral function
of CD8™ T cells. AP4 regulates the maintenance but not initiation of rapid clonal expansion
after priming. AP4 is dispensable for control of LCMV-Arm or Lm-Ova infection as
clearance of these microbes occurs rapidly and full clonal expansion of Ag-specific CD8* T
cell is not necessary. In contrast, AP4 expression in CD8* T cells is essential for protection
against neurotropic WNV infection because control of WNV in the CNS requires sustained
activity of Ag-specific CD8* T cells. The increased susceptibility could be due to reduced
clonal expansion leading to fewer cells reaching the tissue (quantitative defects) or to
defective differentiation as effector cells (qualitative defects). Our data suggest that AP4 is
required predominantly for sustained rapid proliferation.

Mechanistically, there are two major possible interpretations of AP4 function in regulating
acute CD8™ T cell responses. One interpretation is direct regulation of genes essential for T
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cell activation by AP4. Identification of AP4- and c-Myc-bound genes in CD8" T cells
revealed substantial overlap between targets of the two TFs. Combined analysis of ChIP and
gene expression data showed that approximately a quarter of the differentially expressed
genes in Tfap4~~ cells were shared binding targets of AP4 and c-Myc. When we
specifically examined a subset of the 1,748 genes, which were annotated in metabolism,
general transcription or translation pathways, AP4 and c-Myc shared targets were further
enriched (~75%), supporting the hypothesis that AP4 contributes to maintenance of T cell
activation by regulating these genes. AP4 was dispensable for initial up-regulation of these
genes upon T cell priming because these pathways are initially activated by c-Myec. In
contrast, after c-Myc down-regulation during the late phase of the acute response, the
contribution of AP4 to the regulation of these genes may become critical for the
maintenance of expression. AP4 hinds to these loci not only in CD8* T cells activated in
vitro, but also in those activated in vivo after c-Myc expression wanes. With respect to
cellular carbohydrate metabolism, the differentially expressed genes were enriched for
enzymes but not transporters, suggesting the altered glucose utilization in Tfap4~~ CD8* T
cells results from defective glycolysis rather than its uptake. In contrast, since many genes
encoding enzymes for glutaminolysis, amino acid transporters, and components of protein
translation machinery were down-regulated in Tfap4~/~ CD8" T cells, their smaller cell size
likely reflects reduced protein synthesis from defects at multiple stages. Since expression of
Hifla and components of the mTOR pathway was not reduced, the diminished activity of
the mTOR pathway may be regulated indirectly by AP4.

As an alternative explanation, AP4 might indirectly sustain activity of T cells through
sensitizing T cell activation independent of c-Myc. Sensitivity to extrinsic stimuli may not
be important for initial activation of CD8" T cells in the presence of abundant Ag or
inflammatory cytokines. However, it may be critical in the late phase of the CD8* T cell
response in vivo due to declines in Ag and cytokine concentrations. Under these
circumstances, Tfap4™~ cells might prematurely lose activation, leading to their reduced
metabolic activity and clonal expansion. A previous study using Listeria expressing altered
Ova peptide ligands demonstrated that duration and magnitude of Ag-specific CD8* T cell
responses in vivo are determined by affinity between TCR and peptide ligands*2. Compared
to Lm-Ova expressing the canonical SIINFEKL epitope, engineered strains expressing low
affinity variant epitopes induced reduced clonal expansion of OT-I T cells at the peak
despite normal initial activation. Although these phenotypes are similar to those in Tfap4™~
mice, there are differences. Infection by Listeria expressing low affinity ligands shortens the
duration of clonal expansion by triggering earlier contraction and also generates reduced
numbers of memory cells after the clearance of the infection®2. We observed neither of these
phenotypes in Tfap4~/~ mice after infection with Lm-Ova or LCMV-Arm.

Although we favor the former interpretation of AP4-dependent maintenance of c-Myc-
regulated genes, the two models are not mutually exclusive. Regardless, our results indicate
that c-Myc-induced AP4 expression is essential for maximal clonal expansion and sustained
T cell activity in a temporally regulated manner.

In conclusion, our study demonstrates that AP4 is critical for regulation of CD8* T cell-
mediated acute anti-pathogen responses by sustaining metabolic gene expression in the post-
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Myc phase. Activated T cells utilize AP4 to maintain their activated states under conditions
of threshold signaling for complete elimination of pathogens.

ONLINE METHODS

Mice

Mice harboring a loxP-flanked Tfap4 allele were generated in 129P2/Ola-derived E14TG2a
ES cells essentially as described (Supplementary Fig. 1a)24. Tfap4~/~ mice were described
previously?4. Both AP4 mutant strains were backcrossed to C57BL6 mice for more than 10
generations before intercrossing or breeding to other transgenic mice. Myc-flox mice and c-
Myc-GFP fusion protein knock-in mice were described previously3® 40, C57BL6 and B6-
Ly5.2 (CD45.1) mice were purchased from the National Cancer Institute. OT-1 transgenic*3,
Tera™~ (ref. 44), l12ra™/~ (ref. 45), ROSA26-CreERT? (ref. 41) and B6-Thy-1.1 mice were
purchased from the Jackson Laboratory and P14 transgenic mice28 were purchased from
Taconic. I12ra™= P14 T cells were collected from mixed bone marrow chimeric mice
reconstituted with a mixture of bone marrow cells from I12ra™~ (Thy-1.2) and WT
(Thy-1.1) P14 mice. CD8-Cre mice were generated previously in the C57BL6
background?’. All mice were maintained in a specific pathogen free facility at Washington
University in St. Louis, and all experiments were performed according to the protocol
approved by Washington University’s Animal Studies Committee. All mice were analyzed
at 6 — 14 weeks of age, and both sexes were included without randomization or blinding.

Infection Experiments

LCMV-Arm stocks were prepared by infecting BHK cells and titering culture supernatants
by plaque assay on Vero cells. Mice were infected with 2 x 10° plaque forming units (PFU)
of LCMV-Arm by intraperitoneal injection. Lm-Ova was inoculated intravenously at a dose
of 1 x 10* colony-forming units (CFU). Infection with WNV (New York 1999 strain) was
performed as previously described32. For adoptive transfer experiments,
CD447CD62L"V,2"V5" OT-1 or CD44"CD62L*V,2* V8" P14 donor T cells were
purified by fluorescence activated cell sorting, and 5 x 10° (for day 3 analysis), 1 to 2 x 104
(for day 4 analysis), or 1 to 3 x 10% (for days 5 to 12 analysis) cells were transferred
intravenously to host mice one day before infection. All experiments using infectious agents
were performed in biosafety level 2 and 3 facilities according to the protocols approved by
Washington University Institutional Biological and Chemical Safety Committee.

Flow Cytometry

Single cell suspensions were prepared by disrupting spleens manually with frosted glass
slides followed by erythrocyte lysis with Ammonium-Chloride-Potassium solution, or by
digesting mesenteric lymph nodes, liver, lung and kidney with collagenase B and D (Roche)
followed by purification using Percoll gradient (GE Healthcare Life Sciences). For sorting
of naive CD8* T cells, splenocytes were initially depleted of B220* cells using magnetic
beads (Life Technologies) and then stained with monoclonal antibodies prior to sorting
CD62L*CD44-CD8*CD4" cells using a FACS Ariall (BD Biosciences). For analysis, cells
were stained with monoclonal antibodies, H-2DP—gp(33-41) (Beckman Coulter), or H2-KP-
Ova single chain tetramer and analyzed using a FACS LSRII (BD Biosciences) with DAPI
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staining to exclude dead cells. Data were analyzed using FlowJo software (Tree Star Inc.).
All antibodies were purchased from Biolegend. For intracellular staining for AP4, cells were
fixed with 2% paraformaldehyde (PFA) for 10 minutes, permeabilized with ice-cold 100%
methanol for 30 minutes, and then stained for markers with fluorochrome-conjugated
monoclonal antibodies and for AP4 with affinity-purified anti-AP4 polyclonal antibody?# at
a concentration of 1.25 pug/ml, and Alexa-647 conjugated anti-rabbit IgG secondary antibody
(Cell Signaling). For detection of phosphorylated S6 (p-S6) ribosomal protein, cells were
fixed with PFA, permeabilized with methanol, and stained for surface markers and p-S6
with an anti-p-S6 antibody (Cell signaling 4858) and Alexa-647 conjugated anti-rabbit 1gG
secondary antibody (Cell Signaling).

BrdU labeling

At different time points after infection mice were administered with 1 mg BrdU by i.p.
injection two hours before euthanasia. BrdU incorporation was analyzed using an APC-
BrdU Flow Kit (BD Biosciences) according to the manufacturer’s instruction. For
proliferation assays in vitro, cells were cultured in media containing 10 uM BrdU for 1 hour
prior to analysis.

In vitro T cell stimulation

Naive CD8* T cells were cultured in RPMI supplemented with 10% fetal bovine serum
(Life Technologies) in the presence of soluble anti-CD3 (145-2C11, Biolegend) and anti-
CD28 (37.51, Bio x Cell) at 0.1 pg/ml and 1 pg/ml, respectively, unless otherwise specified,
in multi-well tissue culture plates coated with rabbit anti-hamster 1gG (MP Biomedicals).
For retroviral transduction of activated T cells, viral supernatants were prepared by
transfecting PlatE cells* with TransIT 293 (Mirus Bio) and primed T cells were
spinoculated following overnight stimulation as described previously24. To retrovirally
transduce CD8* T cells without TCR stimulation, naive CD8* T cells were cultured in the
presence of IL-7 (10 ng/ml, Peprotech) and IL-15 (100 ng/ml, Peprotech) for 2 days prior to
spinoculation. For IL-2 blockade, 2 pug/ml of anti-IL-2 (JES6-1A12, Biolegend) was added
to the culture.

Real-time qRT-PCR

RNA was extracted using Trizol (Life Technologies), and reverse transcribed using gScript
supermix (Quanta Bio). Real-time gRT-PCR was performed using DyNAmo ColorFlash
SYBR green qPCR mix (Thermofisher) and LightCycler 480 (Roche). Quantities of
transcripts were normalized against 18S ribosomal RNA (rRNA) unless specificed
otherwise. Primer sequences are available upon request. For quantitation of gene expression
normalized against spiked-in RNA, 1 pL of 1:1,000 diluted External RNA Controls
Consortium (ERCC) RNA Spike-In Control Mixes (Ambion) was added to total RNA
extracted from 1 x 10° cells prior to reverse-transcription. The mixed RNA was used for
reverse-transcription and real-time PCR quantitation.
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Microarray Analysis

Total RNA was extracted with a Nucleospin RNA XS extraction kit (Macherey-Nagel). 5 to
50 ng of total RNA was amplified using PicoSL RNA amplification kit (Nugen) and
biotinylated with Encore biotin module (Nugen). Labeled RNA was hybridized to Mouse
Gene 1.0ST microarray (Affymetrix) according to the manufacturer’s instruction. For each
experiment, RNA was prepared from two to three biological replicates, amplified, labeled
and hybridized in a single experiment. Data were analyzed using Arraystar (DNA Star) with
Robust Multi-array Average (RMA) normalization*”. For spiked-in microarray analysis,
ERCC RNA Spike-In Control Mixes were added as described above followed by RNA
amplification, labeling and hybridization. CEL files were generated using a modified CDF
file provided by Affymetrix. Data were initially normalized by RMA and signal intensities
were further converted by formula obtained from linear regression of signals for spiked-in
control RNA between samples.

Chromatin Immunoprecipitation

CD8* T cells were purified from C57BL6 mice by positive selection with FlowComp CD8
Dynabeads (Life Technologies). Purified CD8* T cells were stimulated with anti-CD3 and
anti-CD28 antibodies for 2 days, and fixed with 1% PFA for 10 minutes at room
temperature. Chromatin shearing and immunoprecipitation were performed as described
previously*8. Anti-AP4 antibody was previously described?4. Anti-c-Myc antibody (sc-764)
and anti-phosphorylated RNA polll antibodies (ab5095 and ab5131) were purchased from
Santa Cruz and Abcam, respectively. After immunoprecipitation, DNA was purified with a
purification kit (Sigma), and 1-10 ng of DNA was used for library construction followed by
50 bp single read sequencing on HiSeq2000 (Illumina). Sequence tags were mapped onto
the NCBI37/mm9 assembly of mouse genome using Bowtie2 (ref.49) with the default
setting. BedGraph histograms normalized to 1 x 107 reads were generated using the Homer
package®0 (http://biowhat.ucsd.edu/homer/ngs/) and visualized in the IGV browser (http:/
www.broadinstitute.org/igv/). Peak calling was performed using Homer with a -style factor
option and Poisson P-value cut-off of 1e-65 for AP4 and 5e-9 for c-Myc to extract top 7,000
statistically significant peaks. For analysis of overlapping binding targets and binding
motifs, 7,000 AP4 binding peaks filtered by P < 1.5e-65 and 7,000 c-Myc-binding peaks (P
< 5e-9) were analyzed.

Metabolic Measurements

Extracellular acidification rates (ECARs) were measured using a Seahorse XF96 Analyzer
(Seahorse Bioscience) essentially as described36. Briefly, CD8* T cells were purified from
uninfected mice (for naive) or chimeric mice transferred with a mixture of Tfap4™~ and
control WT OT-I T cells and infected with 1 x 104 CFU of Lm-Ova. To prepare in vitro
activated CD8™ T cells, purified naive CD8" T cells were activated with anti-CD3 and anti-
CD28 antibodies without exogenous IL-2 for 24 hours. 0.15 x 106 cells/well of CD8* T cells
from three biological replicates were seeded onto a 96 well plate and ECARSs were measured
in duplicate in XF media (non buffered RPMI 1640 containing 25 mM glucose, 2 mM L-
glutamine, and 1 mM sodium pyruvate) under basal conditions and in response to 1 pM
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oligomycin. Experiments were repeated three times for in vivo activated CD8* T cell
samples and four times for naive and in vitro activated CD8* T cells.

Immunoblotting

Whole cell extracts were prepared by lysing cells in Laemmli buffer containing 1% SDS and
2% 2-mercaptoethanol. Lysates from equal numbers of cells were separated by 8 or 10%
SDS PAGE, transferred to PVDF membranes (GE Healthcare), incubated with primary
antibodies and detected with HRP-conjugated species-specific anti-immunoglobulin light
chain antibodies (Jackson ImmunoResearch) and a Luminata HRP substrate (Millipore).
Anti-HDAC1 (Abcam, ab7028) and anti-Tubulin beta (Developmental Studies Hybridoma
Bank, University of lowa) were used as loading controls. Anti-AP4 antibody was previously
described?4. The following antibodies were purchased: anti-c-Myc (Cell Signaling, 9402S),
anti-phospho STATS5 (PY694) (BD Biosciences, 611964), anti-Blimp-1 (Genscript,
A01647-40), anti-T-bet (Santa Cruz, sc-21003). For translation inhibition and proteasome
inhibition, 10 uM of cycloheximide (Sigma) or MG-132 (Sigma) was added to the cell
culture. For inhibition of signaling pathways, 20 nM of U0126 (Cayman Chemical), 10 uM
of SB203580 (Cayman Chemical), 50 nM of wortmannin (Cayman Chemical), 5 nM of
FK506 (Cayman Chemical), or 2.5 nM of rapamycin (Cayman Chemical) was added to the
cell culture.

Statistical Analysis

P values were calculated with unpaired two-tailed Student’s t-test for two group
comparisons and with one-way ANOVA for multiple group comparisons with the Tukey
post-hoc test in Prism 6 (Graphpad) unless otherwise specified. P values < 0.05 were
considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

AP4 is post-transcriptionally regulated in CD8* T cells. (a) Mean microarray signal intensity
for TFs differentially expressed (>1.8-fold) in activated CD8* T cells treated with IL-2 (100
U/ml) or anti-IL-2 antibody (2 pg/ml) for 12 h. (n =3). (b) gRT-PCR analysis showing
expression levels of indicated genes in CD8" T cells treated as in (a). Error bars, s.d. (n = 2).
(c) Immunoblot showing AP4 expression in CD8* T cells treated as in (a). Phosphorylated
STATS and B-tubulin serve as controls. (n = 4). (d) Immunoblot showing AP4 expression in
IL-2-treated or IL-2-deprived Tfap4~~ CD8* T cells transduced with an empty (EV) or
AP4-expressing RV. (n = 2). (¢) Immunoblot analysis of AP4 in IL-2-treated or IL-2-
deprived CD8* T cells in the presence of cycloheximide (CHX, 10 uM) for indicated time.
(n=2). (f) Immunoblot analysis of AP4 in IL-2-deprived CD8* T cells in the presence of
MG-132 (10 uM) for indicated time. (n = 2). (g) Immunoblot analysis of AP4 in CD8* T
cells stimulated with different concentrations of anti-CD3 antibody for 12 h (left, n = 2) or
with indicated cytokines for 12 h after 2 day stimulation with anti-CD3 antibody (right, n =
2). (h) Immunoblot analysis of AP4 in CD8* T cells stimulated with anti-CD3 and anti-
CD28 antibodies for 48 h followed by treatments with indicated chemicals for 6 h (left, n=
2) and in those treated with chemicals after IL-2 stimulation for 24 h following anti-CD3
and anti-CD28 antibody stimulation (right, n = 2). Wort: Wortmannin. (i) Immunoblot
analysis of AP4, Blimp-1 and T-bet in adoptively transferred P14 T cells at indicated time
points after LCMV-Arm infection. (j) Histogram showing CD25 expression in CD8" CD44*
CD62L™ T cells in B6 mice on day 4.5 after LCMV-Arm infection (left), immunoblots
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showing AP4, Blimp-1 and T-bet expression (middle), and gRT-PCR analysis showing
Tfap4 expression (right) in CD25° and CD25Mi cells. (n =2). Error bars, s.d. (k)
Immunoblots showing AP4 expression in l12ra”~ P14 T cells on day 4 post LCMV-Arm
infection. (n=2). * P < 0.05 by unpaired t-test.
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Figure 2. AP4 is required for expansion of Ag-specific CD8* T cells following LCMV-Arm
infection. (a,b) Flow cytometry of splenocytes from Tfap4~'~ and WT mice 8 days after
LCMV infection showing CD4, CD8, KLRG1 and CD62L expression and binding of an
H-2DP-gp(33-41) tetramer. Percentages of CD8" T cells, CD8* KLRG1* effector cells, and
gp(33-41)-specific CD8* T cells of the total splenocytes (top panels) and percentages of
CD62L* and KLRG1* cells in gp(33—41)-specific CD8" T cells (bottom panels) are shown
with gates indicated as rectangles. Statistical analysis of data from ten WT and eight
Tfap4~/~ mice from three experiments is shown in (c) and (d). (€) qRT-PCR analysis of the
LCMV GP transcript in spleen, kidney, and liver of Tfap4™F CD8-Cre* and control Tfap4™/F
Cre™ mice 6 days after LCMV-Arm infection. Transcript levels were normalized against
Hprtl levels. Data from five mice in two experiments were combined. Dotted lines indicate
the limit of detection. Error bars, s.d. * P < 0.0001 by unpaired t-test. NS: not significant.
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Figure 3.
AP4 is required for sustained CD8 clonal expansion but not for initial proliferation. (a) Flow

cytometry of Tfap4~/~ (Thy-1.1~ CD45.2) and control WT (Thy-1.1* CD45.2) P14 T cells
16 h after co-transfer at a 1:1 ratio into congenic host mice showing expression of Thy-1.1,
CD45.2, CD62L and CD44. (n = 3). (b) Frequencies of CD8* T cells in the spleen,
mesenteric lymph nodes (MLN), lung, liver, and kidney of Tfap4~/~ and control B6 mice
under steady-state conditions. (n = 5). (c) Flow cytometry of CFSE-labeled Tfap4™~ and
WT P14 T cells in host mice three days after LCMV-Arm infection. (n = 2). (d) Flow
cytometry showing the frequencies of Tfap4™~ and WT P14 donor cells at different time
points after LCMV-Arm infection in host mice with a starting ratio of 1:1. (e-g) Statistical
analysis of numbers of Tfap4~/~ and WT P14 cells in the spleen normalized to 10,000
transferred cells (e), ratios between Tfap4™~ and WT P14 T cells (f), and percentages of
BrdU™ cells following two hour pulse labeling (g). (n = 9-13 for day 3, 8-18 for day 4, 8-13
for day 5, 9-19 for day 6, 4-8 for day 7, 4-9 day 8, 3 for day 10, 5 for day 12). (h,i) Flow
cytometry of transferred Tfap4~~ and WT P14 cells and host CD8*CD44* cells in the
spleen six days after LCMV-Arm infection showing AnnexinV (AnnV) binding.
Representative plots (h) and statistical analysis from five mice (i) are shown. (j) Relative
frequencies of Tfap4™'~ and WT P14 donor cells in different organs and blood in host mice
seven days after LCMV-Arm infection with a starting ratio of 6:1. (n = 8). Error bars, s.d. *
P <0.05, ** P<0.01, *** P <0.001 by unpaired t-test. NS: not significant by unpaired t-
test (b, €, g) and by one-way ANOVA (j).
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Figure4.

Time after WNV infection (d)

AP4 is essential for host protection against WNV infection in a CD8* T cell-intrinsic
manner. (a) Survival of Tfap4F’F CD8-Cre* and control Tfap4™F Cre™ mice following WNV
infection. Data from three independent experiments were pooled (n = 22 for CD8-Cre*, n=
16 for Cre™). * P < 0.001 by the log-rank test. (b,c) Viral titers in the brain (b) and spleen (c)
from Tfap4™F CD8-Cre* and control Tfap4™F Cre™ mice on day 9 post-WNV infection.
Data were pooled from four (b, n = 18) or two (¢, n = 7) independent experiments. Red bars
in (b) indicate median values of PFU/gram tissue. ** P < 0.05, NS: not significant by Mann

Whitney U-test.
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Figurebs.

Ag4 is induced by c-Myc and sustains glycolysis. (a) Immunoblot and qRT-PCR analysis
showing AP4 and c-Myc expression in CD8* T cells following a 4OHT treatment and
stimulation for 10 or 24 h in vitro. Myc*™*: MycF* Cre™, Myc*/~: MycF/* CreERT2(+),

Myc ™/~ MycF/F CreERT2(+), N: 4OHT-treated WT naive CD8" T cells. (n = 3). (b,c) Flow
cytometry of OT-I T cells showing FSC after Lm-Ova infection (b) with statistical analysis
(). (n= 8 for day 4, 4 for day 6). (d) Flow cytometry analysis of c-Myc-GFP and AP4
expression in OT-I T cells following Lm-Ova infection. c-Myc-GFP levels were determined
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by subtracting the autofluorescence from the GFP fluorescence of MycSMyc-GFPI+ oT_| T
cells. FSC of WT OT-I T cells is shown as a reference. (n = 1 for day 0, 3 for days 1 to 3, 2
for days 4 and 5). () Immunoblot showing c-Myc and AP4 expression in OT-I T cells after
Lm-Ova infection. Lysates from Tfap4~~ CD8* T cells were used to show antibody
specificity. (n = 3). (f) Total RNA content in OT-I T cells four days after Lm-Ova infection.
(n=5 for WT, 4 for Tfap4~"). (g) ECAR measurement of CD8* T cells without stimulation
(naive), after 24 h stimulation in vitro, or on days 4 and 6 after Lm-Ova infection. Baseline
values (UT) and changes following treatment with oligomycin are shown. (n = 6 for naive,
10 for 24 h, 3 for days 4 and 6). (h) gRT-PCR analysis of expression of glycolytic genes in
OT-1 T cells. Expression levels were normalized against the ERCC-00108 spiked-in control
RNA and shown as relative values to WT OT-1 T cells (n= 2 for day 4 WT and day 6
Tfap4~~, 3 for day 4 Tfap4~/~ and day 6 WT). Error bars, s.d. * P < 0.05, ** P < 0.01, *** P
< 0.001, NS: not significant by one-way ANOVA (a), paired (c) or unpaired t-test (f-h).
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Figure®6.
AP4 is essential for sustained expression of c-Myc target genes. (a, b) Scatter plots showing

normalized signal intensity (NSI) of endogenous transcripts in Tfap4™~ (KO) and WT OT-I
T cells on day 4 after Lm-Ova infection (upper panels) and ERCC control RNA (bottom
panels). Values of slopes obtained by linear regression (95% CI in parentheses) are shown.
The slope of the blue dotted line in each plot is 1. Error bars, 95% CI in (b). (c) Heat maps
showing expression of genes in over-represented pathways identified by NIH DAVID ver.
6.7 (n=2). Genes shown in red are bound by both c-Myc and AP4. (d) Venn diagram
showing overlap between AP4-bound genes, c-Myc-bound genes and differentially
expressed genes. (€) Expression kinetics of the 479 genes defined in (d) in WT OT-I T cells
after Lm-Ova infection. Expression levels were normalized to values in naive CD8" T cells.
(n =2 for naive, days 4 and 6, 3 for day 2). (f) Flow cytometry of Myct-MY¢-GFP p14 T cells
showing c-Myc-GFP expression after LCMV-Arm infection. (n = 4). (g) ChIP-gPCR
analysis of AP4 binding to AP4-c-Myc co-targeted genes in P14 T cells on day 5 after
LCMV-Arm infection. Data normalized to signals from Tfap4~/~ cells. Error bars, s.d. *P <
0.05, **P < 0.01, ***P < 0.001, NS: not significant by unpaired t-test.
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Figure7.
Sustained c-Myc expression rescues defects of Tfap4™~ CD8 T cells. (a) Flow cytometry of

Tfap4™~ OT-1 T cells transduced with empty (EV), AP4- or c-Myc(T58A)-expressing RV
showing FSC. Co-cultured EV-transduced WT OT-1 T cells were used as control. Statistical
analysis of FSC ratios between RV-transduced Tfap4~/~ and EV-transduced WT OT-I T
cells are shown in (b). (n=5). (c,d) ECAR (c) and BrdU incorporation rates (d) of RV-
transduced Tfap4~~ and EV-transduced control WT OT-I T cells. (n = 3). (€) gRT-PCR
analysis of expression of AP4-c-Myc co-target genes in RV-transduced Tfap4~/~ and EV-
transduced WT OT-I T cells. Expression of each gene was normalized against the control
ERCC-108 spiked-in RNA and shown as a heat map. (n = 2). (f) Flow cytometry showing
frequencies of and expression of Thy-1.1, CD44, KLRG1 and CD62L in adoptively co-
transferred RV-transduced Tfap4~/~ (Thy1.17) and EV-transduced WT (Thy-1.1*) OT-I T
cells on day 6 after Lm-Ova infection. (n = 8). (g-j) Statistical analyses of relative
frequencies of RV-transduced Tfap4™'~ to EV-transduced WT OT-I T cells (KO/WT, g) and
percentages of KLRG1" cells (h), BrdU incorporation rates (i), and FSC ratios between RV-
transduced Tfap4~/~ and co-transferred EV-transduced WT OT-I T cells (j). (n=8 for g, h,
j, 4 fori). Error bars, s.d. * P < 0.05, * P < 0.01, *** P < 0.001 by one-way ANOVA.
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