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SUMMARY

T cells infiltrate affected organs in chronic infections and malignancy, but they may fail to eradicate
virus-infected cells or tumor because of exhaustion. This report describes a Yin Yang-1 (YY1)-centered
mechanism for diverse components that have been correlated with exhaustion. Utilizing an in vitro
reconstruction of chronicT cell activation, YY1 is shown to positively regulate the checkpoint receptors
PD1, Lag3, and Tim3 and to negatively regulate the type | cytokines interleukin-2 (IL-2) (in collaboration
with Ezh2 histone methyltransferase) and interferon gamma (IFN-y). Other tests suggest that IL-2
failure drives a large component of cytotoxic functional decline rather than solely checkpoint
receptor-ligand interactions that have been the focus of current anti-exhaustion therapies. Clinical
evaluations confirm elevated YY1 and Ezh2 in melanoma tumor-infiltrating lymphocytes and in PD1+
T cells in patients with HIV. Exhaustion is revealed to be an active process as the culmination of repet-
itive two-signal stimulation in a feedback loop via CD3/CD28 — p38MAPK/JNK— YY1 — exhaustion.

INTRODUCTION

The T cells of patients affected by malignancy or chronic viral infections become exhausted because of
persistent antigenic stimulation (Zajac et al., 1998; Baitsch et al.,, 2011; Balkhi et al., 2015; Wherry and
Kurachi, 2015). Exhausted T cells have low proliferative capacity; express inhibitory checkpoint receptor
molecules such as programmed death 1 (PD1), T cell immunoglobulin and mucin domain-containing
protein 3 (Tim3), and lymphocyte-activation gene 3 (Lag3); and concurrently lose the ability to produce
type | cytokines and kill antigenic targets (Baitsch et al., 2011; Balkhi et al., 2015).

Our group previously observed that activation of T cells in vitro with two signals leads to abundant inter-
leukin-2 (IL-2) production on initial antigen exposure, which abruptly declines on repeated stimulation
with concomitant slowing of T cell proliferation (Emtage et al., 2008). As a type | cytokine, IL-2 plays a pivotal
role in clonal expansion and persistence of virus- and tumor-reactive T cells and in their effector activity
(Rosenberg et al., 1985; Liao et al., 2013). The demonstrated therapeutic benefit of exogenously supple-
mented IL-2 in humans and in model systems of cancer and infections is one indicator of this impact of
exhaustion that hampers T cells’ ability to generate this same effector molecule (Rosenberg et al., 1985;
Blattman et al., 2003; Emtage et al., 2008; Lo et al., 2010; Liao et al., 2013). Similarly, the effectiveness of
antibodies against the checkpoint receptors to restore T cell function and generate clinical responses is
additional testimony to the relevance of exhaustion to clinical disease (Barber et al., 2006; Nguyen and
Ohashi, 2015). Lastly, there has been an appreciation that a therapeutic synergy may be derived by concur-
rently addressing the two axes of cytokines and checkpoint receptors (West et al., 2013).

Despite advances in the molecular and phenotypic characterization of exhausted T cells, the mechanisms
underlying the initiation, progression, and maintenance of exhaustion are largely unknown. We exploited
our in vitro observation of a depressed IL-2 response under repeated stimulation as a potential entrée to
the exhaustion process to interrogate its molecular basis.

RESULTS
In Vitro Exhaustion Model

Exhaustion is an in-vivo-defined phenomenon. To study exhaustion experimentally, we sought an in vitro
system to recapitulate the process. Building on our prior observations (Emtage et al., 2008), we established
a procedure whereby normal resting human T cells were continuously exposed to signal 1 + 2 with
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Figure 1. Persistent T Cell Activation In Vitro Induces IL-2 Shutdown and Checkpoint Receptor Elevation

(A) Schematic depicting repeat stimulation model. T cells were stimulated with anti-CD3/CD28 beads for 2 days; cells
were counted at the end of 2 days, beads removed, and cells placed in new medium with fresh beads for the next
stimulation. Control cells were cultured identically without beads.

(B) ELISA shows high secretion and then decline of IL-2 production after repeated stimulations.

(C) Flow cytometry of re-stimulated CD4 T cells analyzed at day 8 shows increasing expression of exhaustion markers,
PD1, Lag3, and Tim3. CD8 T cells exhibited same pattern (data not shown). Similar results were obtained when the cells
were analyzed right after first, second, third, and fourth stimulations.

(D) gRT-PCR and (E) IL-2 promoter luciferase assay in CD4 T cells shows fold change of IL-2 mRNA and promoter activity
after re-stimulations. Four replicates performed per assay; data from one of three representative experiments. *p < 0.05.

anti-CD3/CD28 beads, repeated at 2-day intervals, which was previously shown to stimulate and then
lose the production of IL-2 (Figure 1A). This pattern of cytokine failure was confirmed in the current
model for both IL-2 and interferon (IFN) y (Figures 1B and S1). Upon repeated stimulation, CD4 and
CD8 T cells also expressed markers of exhaustion, namely, checkpoint receptors PD1, Tim3, and Lag3,
which progressively increased with each stimulation (Figure 1C). The cells maintained viability during these
stimulations and sustained CD69 expression, a marker of T cell activation (Figure S2). Marker progression
was independent of [L-2 depletion, as the same results were obtained with 330 IU/mL of exogenously sup-
plemented IL-2 (Figure S3). Lastly, repeated stimulation of T cells with immobilized anti-CD3 or anti-CD28
antibody alone was insufficient to induce exhaustion (Figures S4A and S4B), confirming a key distinction
from other processes such as anergy in which isolated signal 1 is effective (Appleman and Boussiotis,
2003; Balkhi et al., 2015). Taken together, this in vitro model mimics in vivo persistent stimulation of
T cells entering into an antigen-rich environment and successfully recapitulates key features of the exhaus-
tion phenotype. For economy of nomenclature/terminology, we provisionally denote such in vitro repeat-
edly stimulated T cells as “exhausted,” with the final judgment reserved for additional confirmations stated
below.

YY1 Recruits Ezh2 to Repress IL-2

The IL-2 secretion pattern was paralleled in mRNA levels, starting high following activation and then
declining (Figure 1D), and was also reflected in reporter assays using an IL-2 promoter construct in recur-
rently stimulated T cells (Figure 1E). To identify putative sites for transcription factor binding that could
regulate IL-2 transcription during exhaustion, we performed an in silico analysis of the IL-2 promoter by
searching the TRANSFAC database (Biobase). Several sites identified with high confidence were associ-
ated with transcriptional activation (Figure S5). In contrast, the presence of a single YY1-binding site
attracted interest because of its known potential for negative as well as positive regulation. This site was
in close proximity to sites for the high mobility group protein 1 (HMG1) and TATA-binding protein, marking
YY1 a strong candidate for IL-2 gene repression.

Yin Yang 1 (YY1) is a ubiquitous and multifunctional zinc finger transcription factor that regulates diverse
cellular functions, including B cell development, proliferation, differentiation, and tumorigenesis (Gordon
et al., 2006; Liu et al., 2007). YY1 regulates both positively and negatively (whence the name yin-yang) after
binding to the consensus sequence 5-CCGCCATNTT-3' in the promoters of these genes (Thomas and
Seto, 1999). As a member of the polycomb group (PcG) proteins, YY1 may recruit and cooperate with other
members of the complex that function as chromatin modifiers (Shi et al., 1997; Srinivasan and Atchison,
2004; Woo et al., 2013; Atchison, 2014). Enhancer of zeste homolog 2 (Ezh2) is a component of the
Polycomb Repressor Complex 2 (PRC2), one of two classes of PcG, and possesses histone H3-K27 trime-
thylation (HKMT) activity that can directly impede gene transcription (Caretti et al., 2004), with prominent
roles in B and T cell differentiation (Arvey et al., 2014; Gray et al., 2017).

Western blotting confirmed marked increases in YY1 and Ezh2 protein with repeated stimulations in
enriched CD4 (Figure 2A) and CD8 T cells (not shown). In contrast, the response from single stimulations
did not recapitulate the pattern of protein increases over time, confirming the necessity of repeat stimula-
tions for active product accumulation (Figure 2B; compare day 8 signals for 1-4 stimulations). Immunoflu-
orescence confirmed high levels of YY1 and Ezh2 in repeatedly stimulated T cells compared with resting
T cells (Figure 2C). No increase in expression of YY1 or Ezh2 was observed when T cells were repeatedly
stimulated with immobilized anti-CD3 or anti-CD28 antibody alone (Figures S6A and Sé6B), confirming
the necessity of two signals for these two nuclear proteins’ expression, as also noted for the classic surface
exhaustion markers above (Figures 1C and S4).
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Figure 2. Persistent T Cell Activation Upregulates YY1 and Ezh2 to Epigenetically Silence IL-2

(A) Western blots show increasing expression of YY1 and Ezh2 after re-stimulation of CD4 T cells, analyzed on day 8. Similar results obtained with CD8 T cells
(not shown). B-Actin is the loading control.

(B) More YY1 and Ezh2 from persistent activation by comparing 1-4 stimulations with results assessed on day 8 days as in (A).

(C) Immunofluorescence (IF) performed on four times stimulated exhausted T cells and unstimulated PBMCs analyzed on day 8 showing YY1 and Ezh2
expression. Right panels show magnified single cell single positive for CD3 or double positive for CD3/YY1 and CD3/Ezh2. In unstimulated PBMCs, Ezh2 is
seen to be expressed in non-T cells that correspond to the B cells that are present and known to express Ezh2 (van Galen et al., 2004).

(D) Western blot shows decreased levels of H3K27me3 with Ezh2 inhibitor. T cells were treated continuously with Ezh2 inhibitor or mock reagent before third
stimulation and analyzed after four stimulations.

(E) gPCR for IL-2 promoter shows high H3K27me3 methylation with recurrent stimulation that is decreased with Ezh2 inhibitor or YY1 shRNA. Chromatin
immunoprecipitation (ChIP) with anti-H3K27me3 antibody or IgG in twice-stimulated CD4 T cells, transduced before third stimulation with plasmid for
control-shRNA (lane 2) or YY1 shRNA (lane 3), or maintained in the presence of Ezh2 inhibitor (lane 4).

(F) ELISA shows sustained IL-2 production from CD4 T cells stimulated repeatedly in vitro without or with Ezh2 inhibitor.

(G) ELISA assay shows recovered IL-2 production from exhausted T cells with YY1 shRNA. CD4 T cells stimulated twice produced high IL-2 but afterward
these cells were exhausted. Twice-stimulated exhausted cells were transduced with plasmids for YY1-specific shRNA and control shRNA or no plasmid just
before the third or fourth stimulations. Western blot shows effective YY1 knockdown by shRNA, analyzed 2 days after shRNA before the fourth stimulation.
(H) Co-immunoprecipitation (colP) confirms YY1 interaction with Ezh2 in repeatedly stimulated T cells. Inmunoprecipitation (IP) was with Ezh2 antibody, and
the blot was probed with YY1 (upper panel) or Ezh2 antibody (bottom panel). No Ezh2 or complex was recovered by Ezh2 IP from unstimulated T cells.
(1) Model showing YY1 acting in association with Ezh2 to repress IL-2 transcription.

Graphs in (E)-(G) are from a minimum of three replicates; assays representative of at least three experiments. *p < 0.05.

If H3-K27 trimethylation and IL-2 failure result from obligatory cooperation of YY1 and Ezh2 during exhaus-
tion, it follows that blocking YY1 or Ezh2 should be equally preventative. To examine this possibility, we
maintained a small molecule Ezh2 inhibitor in the activation cultures or we transduced T cells with short
hairpin RNA (shRNA) to knock down YY1 expression. As anticipated, both approaches suppressed H3-
K27 trimethylation of the IL-2 promoter by western blotting (Figure 2D; Ezh2 inhibitor) and by chromatin
immunoprecipitation (ChIP)/gPCR (Figure 2E; YY1 shRNA and Ezh2 inhibitor). Confirming the hypothesized
suppressive effect of histone trimethylation, T cells continuously blocked for H3-K27 trimethylation with
Ezh2 inhibitor sustained IL-2 at high levels throughout, exceeding that of control T cells by a factor
of >40 after the fourth stimulation (Figure 2F).

In a separate test using YY1 antisense shRNA (Figure 2G), T cells underwent two control stimulations,
releasing ~1500 pg/mL IL-2 after each stimulation, and then on day 4, just before a third stimulation,
were either transduced with shRNA plasmid or control plasmid or were left untransduced. In contrast to
Ezh2 inhibition, which was continuous through the experiment, YY1 inhibition was applied as a transient sys-
tem because the delivered plasmid that generates shRNA is not stably retained and expressed in the T cells.
IL-2 secretion was fully exhausted after the second stimulation, now releasing only 35 pg/mL following a
third stimulation. In contrast, the same twice-stimulated exhausted T cells treated with YY1 shRNA had
30-fold higher IL-2 levels after the third stimulation, in excess of 1,000 pg/mL. In a further repeat of the assay,
using now the control thrice-stimulated exhausted T cells that previously released just 35 pg/mL IL-2, a
fourth stimulation was performed. This yielded 15 pg/mL IL-2 for control but 350 pg/mL from the same ex-
hausted T cells pretreated with YY1 shRNA, yielding a >20-fold IL-2 increase. YY1 was effectively suppressed
when assayed 2 days after shRNA plasmid exposure (Figure 2G inset); shorter times were not evaluated.

These YY1 shRNA tests allow a key conclusion, i.e., IL-2 failure can be reversed by our interventions rather
than merely prevented. This ability to reverse IL-2 exhaustion implies a need for continuously effective
histone trimethylation for continued IL-2 suppression, marking “exhaustion” itself as an active, energy-
requiring process rather than simply a depleted state.

The YY1-shRNA-rescued IL-2 levels after the fourth stimulation (350 pg/mL) were less complete than after
the third stimulation (>1000 pg/mL) (Figure 2G). This outcome would be consistent with higher YY1 mRNA
and protein levels at the fourth stimulation (Figures 2B and 4B) and higher degrees of histone modification
that require longer times to reverse than under our 2-day test condition. This hypothesis was not further
investigated.

The presumed physical association of YY1 and Ezh2 to mediate IL-2 suppression was confirmed by
co-immunoprecipitation assays using extract from T cells under exhaustion conditions (Figures 2H and
S7). These results thus support a model of T cell exhaustion in which the IL-2 promoter binds YY1, YY1
recruits Ezh2, Ezh2 trimethylates chromatin, and IL-2 transcription is repressed (Figure 2I).
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Figure 3. YY1 Upregulates Checkpoint Receptors in Exhaustion

(A and B) Electrophoretic mobility shift assay (EMSA) shows YY1 binding to PD1 and Lag3 promoters. Recombinant YY1 protein was incubated with PD1 and
Lag3 probes containing intact (lane 2) or mutated YY1-binding sites (lane 3). Epstein-Barr nuclear antigen (EBNA) extract was the control non-specific extract
(lane 4).

(C and D) Luciferase reporter assay shows increased activity with PD1 and Lag3 reporter plasmids in re-stimulated CD8 T cells with intact YY1-binding sites
and activity loss with YY1-mutated sites. Three replicates per assay; *p < 0.05.

(E) Flow cytometry shows suppression of increase of PD1, Lag3, and Tim3 in CD8 T cells expressing lentiviral YY1-shRNA. Samples analyzed after four
stimulations.

(F) YY1 knockdown achieved with YY1 shRNA compared with control after four stimulations.

As a key control in this effort, Ezh2 inhibition did not reverse the IFN-y loss that follows repeated T cell
stimulation (Figure S8). YY1 was previously shown to disrupt transcription of this type | cytokine by a distinct,
non-Ezh2-dependent mechanism from what we newly describe for IL-2, i.e., by sterically blocking AP1 binding
via an overlapping YY1-binding site, in which AP1 is a prime activator of IFN-vy transcription (Ye et al., 1996).

YY1 Upregulates Exhaustion Markers

The simultaneous rise of Ezh2 along with PD1, Lag3, and Tim3 suggests coordinate regulation of these
genes by YY1 as well. Searching the TRANSFAC database (Biobase), PD1 and Lag3 promoters were found
to contain consensus binding sites for YY1 (Figures S9A and S9B), whereas Tim3 and Ezh2lacked such sites
(data not shown).

We examined the PDT and Lag3 genes for regulation by YY1. Gel shift assay confirmed that YY1 binds
specifically to the consensus sites present in PD1 and Lag3 promoters (Figures 3A and 3B). Reporter
gene assays showed increased transcription with repeat T cell stimulations that was abrogated by mutation
of the YY1-binding sites, confirming that PD1 and Lag3 genes are positively regulated by YY1 (Figures 3C
and 3D). Finally, knockdown of YY1 in repeatedly stimulated cells markedly reduced not only PD1 and Lag3,
as predicted, but also Tim3 (Figures 3E and 3F), suggesting that YY1 regulates Tim3 as well but by indirect
means. The Tim3 promoter carries a binding site for GATA3 (Figure S9C), which is known to bind YY1 to
enhance transcriptional activity in the absence of a separate YY1-binding site (Hwang et al., 2013), again
supporting the centrality of YY1 to broad elements of the exhaustion process as studied here in vitro.
Knockdown of YY1 had no impact on Ezh2 levels (not shown), implying that Ezh2 regulation is through
an independent mechanism that parallels rather than depends on YY1.
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Figure 4. cJun/ATF2 Stimulates YY1 Transcription

(A) YY1 promoter sequence shows cAMP response element (CRE)-binding site for cJun/ATF2 at —136 relative to transcription start site (TSS).

(B) Western blot (upper) and gRT-PCR (lower) show increase of YY1 protein and mRNA in CD8 T cells with re-stimulation. Three replicates per assay.

(C) Luciferase reporter gene assay of YY1 promoter shows increased activity with re-stimulation (blue bars) and activity loss with mutation of CRE site (red
bars).

(D) Western blot shows increased phospho-cJun and phospho-ATF2 in CD4 T cells after re-stimulation. Total cJun and ATF2 levels unchanged.

(E) Native gel analysis shows increased phospho-cJun dimer formation with restimulation and loss of monomer detected by specific antibodies.

(F) Electrophoretic mobility shift assay (EMSA) confirms binding of phospho-cJun and phospho-ATF2 to site on YY1 promoter. YY1 probe was mixed with
nuclear extract from four times stimulated CD8 T cells and incubated with antibody to phospho-cJun or phospho-ATF2 before gel loading. Bottom panel:
western blot developed after species-specific secondary antibody to detect primary antibodies bound to the probe.

cJun/ATF2 Upregulates YY1

We next sought to understand the connection between T cell activation and exhaustion, specifically, what
precedes YY1 upregulation. Examination of the YY1 promoter revealed an octameric palindrome cyclic
adenosine monophosphate (cAMP) response element (CRE) (TGACGTCA) for binding the cJun/ATF2 tran-
scription factor complex (van Dam and Castellazzi, 2001) (Figures 4A and S9D) (Figure S9E summarizes the
relevant TF binding sites in this report). Repeated stimulation yielded increased YY1 mRNA and protein
levels (Figure 4B) as above (Figures 2A-2C). A YY1 reporter assay showed progressively increased activity
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Figure 5. p38MAPK/JNK Signaling Pathway Regulates YY1 Expression

(A) Model depicting p38MAPK/JNK signaling to cJun/ATF2 to regulate YY1 in T cells exposed to antigen-rich environment. T cell activation initiates
phosphorylation of tyrosine residues within the ITAMs of the TCR/CD3 complex and CD28 co-stimulatory molecules by Src family tyrosine-protein kinases,
Lck and Fyn (Arbour et al., 2002), to serve as docking site for ZAP70. Phospho—ZAP7O(Tyr319/Ty’352) amplifies the downstream signaling cascade. CD28
co-stimulation complements TCR stimulation by activating and integrating serine-threonine kinase AKT with MEKK kinase (Kane et al., 2001) to
phosphorylate MKK3/6 and MKK4/7. Phoshpho-MKK3%e'89/MKK65¢2%7) and phospho-MKK4S257/Th261) 4 ctivate p38 MAPK and the cJun-N-terminal
kinase (JNK) pathways, respectively (Kang et al., 2006; Raingeaud et al., 1995). Phospho-p38 MAPK ™80/ 182) i +,1n activates ATF2 and phospho-
JINK2 (Thr183/Tyr185) 5 tivates the cJun transcription factor (Freshney et al., 1994; Ichijo, 1999). Phospho-cJun and phospho-ATF2 form heterodimers that bind
to the YY1 promoter to initiate transcription.

(B) Western blots show increased phosphorylation of kinases in p38MAPK/JNK pathway with T cell re-stimulation.

(C) YY1 is suppressed by inhibitors to p38 and JNK by reporter assay (upper) and by western blot (lower). Three replicates per assay; representative of three
experiments. *p < 0.05.

with repeat T cell stimulation that was abrogated upon mutating the CRE site (Figure 4C), thus confirming
the essential role of cJun/ATF2 binding.

To stimulate transcription, non-phosphorylated cJun and ATF2 that predominate in resting state undergo
conversion to their transcriptionally active phospho forms (Smeal et al., 1992) as seen on repeat stimulation in
our system (Figure 4D). cJun and ATF2 exist as homodimers and as cJun-ATF2 heterodimers, where the latter
may be more commonly recruited for promoter binding and activation (Hayakawa et al., 2004). With repeated
stimulations in the T cells, the majority of phospho-cJun was confirmed as dimers on native gels (Figure 4E).
Furthermore, dimer was seen to bind to YY1 probe on gel shift assay (Figure 4F, lanes 2-4), which was confirmed
by antibody staining to contain phospho-cJun (lane 3) and phosph-ATF2 (lane 4). Taken together, these data
confirm that phospho-cJun/ATF2 dimer physically binds to the CRE locus to upregulate YY1 expression in chron-
ically stimulated T cells.

p38MAPK/JNK Pathway Phosphorylates cJun/ATF2

We then sought to define the upstream elements that precede cJun/ATF2 transcription factor phosphorylation
and activation. The p38MAPK/JNK2 stress signaling pathway has a complex array of activities that are cell and
context dependent, initiated in the current context by the combination of TCR/CD3 and CD28 signaling (Davis,
2000). Here, we hypothesize a model that this prominent pathway, upon persistent stimulation, leads to cJun and
ATF2 phosphorylation, YY1 promoter activation, and ensuing T cell exhaustion (Figure 5A).
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Figure 6. Continued

(E) Functional exhaustion shown by live images of MIPCEA target cells before and after co-culture with CAR-T cells. T cells from first co-culture were
recovered and re-exposed to second and third batches of target tumor cells. High clearing of plates in first co-cultures indicates high initial killing that shows
less clearing (less killing) in subsequent co-cultures.

(F) IL-2 ELISA as in (D) except co-culture performed in the presence of Ezh2 inhibitor, now showing sustained IL-2 for MIPCEA + CAR-T.

(G) Reversal of functional exhaustion shown by live images of MIPCEA and control MIP101 target cells after co-culture with CAR-T cells in the presence of
Ezh2 inhibitor without or with anti-IL-2 antibody that blocks exhaustion reversal.

(H) Cell counts obtained from experiment in (E) and (G). Three replicates per assay; representative of three experiments.

To test the explanatory value of our model (Figure 5A), we examined lysates from T cells persistently
activated in vitro to analyze phospho-p38a™™?¥ (alternative p38 activation pathway), phospho-

Y Y.
p38a(Thr180/Tyr182)l phOSphO-AKT(S473), phospho_JNK2(T183/Tyr185)l phOSphO-MKK4(Ser257/Thr261), phOSphO-
MKK3©Ger187Thr193) - and phospho-ZAP70TY3™). Upon repeated stimulation, these kinases underwent a
progressive increase in phosphorylation (Figure 5B).

To probe the relation of this pathway to YY1 expression, we employed selective inhibitors that block
phosphorylation of JNK, p38MAPK, and MEK1 (Figure S10A), with the last of these included as a non-path-
way control. YY1 luciferase reporter showed high transcriptional activity after four stimulations, which was
suppressed by inhibitors to p38MAPK or JNK, confirming their roles in YY1 transcription, with no impact
from MEK1 inhibitor, confirming that the MEK1 pathway is not involved (Figure 5C upper). These inhibitor
tests also showed markedly reduced YY1 protein in the same cells (Figure 5C lower).

These data are consistent with a pathway beginning at the membrane with two-signal T cell stimulation to
p38MAPK/JNK activation to phosphorylation of ATF2/cJun in the cytoplasm with nuclear translocation and
then activation of YY1 transcription, which in turns directs the exhaustion phenotype that ensues. The total
YY1-centered circuit from T cell activation to exhaustion as revealed by these studies is depicted graphi-
cally in Figure S11.

As noted, Ezh2 exhibits similar expression kinetics to YY1 with T cell restimulation, but its promoter lacks
YY1-binding sites. However, a cJun-binding site was identified (TGAATCA; Figure SPE). We speculate that
the JNK pathway through cJun homodimerization or heterodimerization with other molecules could be
regulating Ezh2 expression. This would put YY1 and Ezh2 regulation under the same signaling pathway.
This was not investigated further.

Restimulation Induces Functional Exhaustion

Conventional markers of T cell exhaustion (e.g., checkpoint receptor expression, cytokine loss) are indica-
tors or mediators: the key functional outcome of exhaustion is its adverse impact on killing of pathogenic
targets, i.e., tumor or virus-infected cells. Our in vitro model successfully recapitulates the markers of in vivo
exhausted T cells, but it cannot directly address cytotoxic activities without antigenic targeting. In this sec-
tion, we extend our analysis via a related functional model that allows antigen selection as well as control of
the number of signals involved. We then further apply this model to dissect the contributions of the sepa-
rate cytokine and checkpoint axes of exhaustion.

We previously created chimeric antigen receptor (CAR)-modified T cells with one or two signals that enable a
direct assay of killing against cells expressing carcinoembryonic antigen (CEA) (Figure 6A) (Emtage et al., 2008).
We incubated the CAR-T cells with an excess of CEA+ tumor cells and followed the T cells for exhaustion
marker responses. PD1 and Lag3 progressively increased in the CAR-T fraction (~50%), but only with the
construct generating two signals (Figures 6B and 6C), paralleling our results in restimulated normal unmodified
T cells (Figures 1C and S4). (All subsequent data pertain to signal 1 + 2 [second generation] CAR-T.) As previ-
ously determined (Emtage et al., 2008) and as also reproduced in normal unmodified T cells above, there was a
high initial secretion of IL-2 via signal 1 + 2 by CAR-T on CEA+ targets that declined with subsequent tumor cell
exposures (Figure 6D). Finally, referencing cytotoxicity as the ultimate functional outcome, killing was robust
with the first CAR-T exposure to tumor, but then declined with subsequent exposures, compatible with
T cell functional exhaustion (Figure 6E). Our in vitro restimulation model is therefore confirmed by this final func-
tional criterion as replicating in vivo T cell exhaustion responses.

To assess selectively the contributions of IL-2 failure versus checkpoint receptor action in the functional
decline of exhausted T cells, we asked if blocking Ezh2 or checkpoint receptor PD1 could restore the
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cytotoxic potency of the exhausted T cells. Because Ezh2 inhibition appears only to reverse IL-2 suppres-
sion with no impact on other aspects of the exhaustion phenotype, any activity of the checkpoint receptors
to mediate this exhaustion could continue uninterrupted. Specifically, the MIPCEA cell line is strongly
PDL1+ (Figure S12) with the potential to continue to drive exhaustion if the PD1-PDL1 axis were the prime
regulator of exhaustion.

As expected from the normal T cell results (Figure 2F), CAR-T cells treated with Ezh2 inhibitor sustained
their antigen-specific IL-2 production under exhaustion-promoting conditions (Figure 6F). The CAR-T cells
in the presence or absence of Ezh2 inhibitor performed robust killing against antigenic targets equally
during the first co-culture with tumor cells (compare Figure 6G with Figure 4E), whereas only Ezh2-inhibi-
tor-treated CAR-T cells maintained efficient killing with each subsequent exposure for a net 5-fold benefit
by the third co-culture (Figure 6H). An anti-IL-2-neutralizing antibody applied to the Ezh2 inhibitor group
successfully blocked 60%-70% of the restored killing activity, confirming that the benefit of Ezh2 inhibitor
was from sustained IL-2 (Figures 6G and éH).

A trivial reason for loss of cytotoxic function would be death of T cells in the IL-2-deficient cultures. Accord-
ingly, we monitored the viability of the T cells in Figure 6H by trypan blue and propidium iodide staining in
flow cytometry. Values after the third co-culture with MIPCEA revealed preserved CAR-T cell viability
(74%—~79%) across all tests: (1) control, exhausted cells (IL-2 suppressed); (2) experimental, Ezh2 inhibitor
(abundant IL-2); and (3) control, Ezh2 inhibitor + anti-IL-2 Ab (IL-2 blocked). Stimulation with two signals
is known to render T cells resistant to short-term IL-2 withdrawal via Bcl-x| upregulation (Boise et al,,
1995), and this is the likely reason for preserved viability in the IL-2-deficient cultures (1 and 3). Although
the presence or absence of IL-2 did not affect the viability in these tests, the absence of IL-2 with repeated
two-signal stimulation appeared to engender cytotoxic exhaustion. Although IL-2 has been considered
important for survival of activated T cells (Emtage et al., 2008), this result emphasizes a second, non-survival
action of IL-2 to support T cell cytotoxic functions.

In other tests, we performed blocking of the PD1-PDL1 axis with anti-PD1 antibody, nivolumab. In line with
nivolumab’s action to oppose exhaustion in human cancer therapies with major anti-tumor benefits (Rajan
et al., 2016), nivolumab partially rescued the loss of T cell cytotoxic potency during repeated exposures of
CAR-T cells to tumor, but to a lesser degree than Ezh2 inhibition (30% rescue by nivolumab versus 100%
rescue by Ezh2 inhibitor in third co-culture; Figures S13A and S13D). This result could suggest that IL-2 fail-
ure may be of even greater importance than PD1-PDL1 signaling to functional suppression under some
exhaustion conditions. Nivolumab interrupts the action of PD1 to upregulate phosphatases that inhibit
TCR activation (Freeman et al., 2000) by a non-IL-2-dependent mechanism. Nivolumab-treated CAR-T cells
experienced the same IL-2 loss as control T cells, indicating that restoring IL-2 is not part of how nivolumab
acts (Figure S13E).

In Vivo Markers of Exhaustion in Cancer and HIV

T cells reactive to melanoma antigen Melan-A/MART1 commonly infiltrate tumor sites (i.e., tumor-infil-
trating lymphocytes [TILs]) but are functionally exhausted, as evidenced by loss of type | cytokines; expres-
sion of genes associated with exhaustion, including PD1; and lack of tumor cell killing (Baitsch et al., 2011).
We examined 15 human melanoma samples and 10 normal skin biopsies and confirmed that the majority of
TILs were exhausted per PD1 positivity, whereas normal skin T cells were negative (Figure 7A). We then
assayed these tissues for the novel features revealed in our in vitro exhaustion system. Staining confirmed
elevated phospho-cJun®¥”® protein in the TlLs, indicating activation of the p38MAPK/JNK pathway and
abroad YY1 positivity (Figures 7B and 7C). YY1-cofactor Ezh2 was also elevated (Figure 7D). Resident CD3+
T cells in normal skin were negative for all exhaustion markers. These in vivo data on exhausted T cells thus
replicate and validate the key novel findings derived from our in vitro modeling: activation of p38MAPK/
JNK pathway in TILs drives YY1 expression, which in turn upregulates PD1 and mediates the other diverse
aspects of the exhaustion phenotype (Figure S11).

As a further test of the breadth of the model for exhaustion regulation, we examined T cells from an infec-
tious disease setting. T cell exhaustion was first recognized in infections rather than cancer, specifically in
experimental lymphocytic choriomeningitis virus (LCMV) infections in mice, and later in chronic infections in
humans, including HIV (Barber et al., 2006; Wherry, 2011). Similar to melanoma, PD1 expression on CD4 and
CD8T cells in untreated HIV infection has been associated with functional exhaustion, with higher fractions
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Figure 7. New Exhaustion Markers Confirmed in Melanoma TILs

(A and B) Human melanoma sections underwent immunofluorescence (IF) staining, showing most infiltrating T cells are PD1+ (CD3 and PD1 double staining)
and activated phospho-cJun®®®" ¢373 positive (CD3/phospho-cJun®" ©¥73) double staining). The tumor cells themselves are positive for phospho-cJun.
Normal skin T cells were negative for PD1 and phospho-cJun (arrows point to CD3 cells negative for PD1in A and CD3 cells negative for phospho-cJun in B).
Magnified panels shown for double staining.

(C and D) IHC showing expression of YY1 and Ezh2 in TILs, confirmed on double staining (CD3 is brown, YY1 and Ezh2 are red; merged IHC dark red for
double positive). Normal skin T cells were negative for YY1 and Ezh2, bottom panels (arrows).

Scale bar represents 20 pm. These stainings were performed five times with a minimum of two melanoma and two skin samples in each test with concordant
results.
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Figure 8. New Exhaustion Markers Confirmed in HIV T Cells

(A and B) CD4 T cells from (A) control subjects and (B) patients with HIV were stained and analyzed by flow cytometry for
PD1 and YY1 or PD1 and Ezh2 as in Transparent Methods.

(C) Summary of MFI values for YY1 and Ezh2 in PD1- and PD1+ CD4 T cells. MFI for YY1 and Ezh2 is higher in PD1+ than
PD1- cells at p<0.02 (paired two-tailed t-test).

of PD1+ CD4 cells correlating with higher viral load and low CD4 counts (Day et al., 2006; Grabmeier-
Pfistershammer et al., 2011). Furthermore, the PD1+ CD4 T cell subset, which is restrained from activation
and proliferation by exhaustion, has been favored as a reservoir for latent HIV in patients on antiretroviral
therapy (Hatano et al., 2013). We analyzed CD4 T cells by flow cytometry from n = 10 chronically infected
and untreated patients with HIV and an equal number of healthy donors (Figures 8A and 8B). These tests
confirm that the PD1+ populations are shifted toward YY1 expression and Ezh2 expression in HIV+ subjects
(Figure 8C), in parallel with our findings with the in vitro exhaustion model (Figures 2A-2C) and the in vivo
melanoma tests (Figure 7) and also in the smaller fraction of PD1+ CD4 T cells in normals (Figure 8C).

DISCUSSION

In the recent decade, T cell exhaustion has come to be recognized as critically important both in the resis-
tance to virus elimination in chronic infections and in the failure of immune surveillance in cancer. To
understand the molecular underpinnings of exhaustion and its regulation, we required an in vitro model
that we could manipulate to dissect the underlying elements. The restimulation model we employed
was shown to recapitulate key defining elements that distinguish exhausted T cells from differentiated
effector and memory T cells (Wherry, 2011): a requirement for chronic two-signal stimulation; upregulation
of checkpoint receptors PD1, Lag3, and Tim3; downregulation of type 1 cytokines IL-2 and IFN-y; loss of
proliferative potential; and cytotoxic failure.

Still, our data are derived from an in vitro model, whereas exhaustion is fundamentally an in-vivo-defined
phenomenon. Corroboration was sought in the presence of YY1, Ezh2, and cJun in in vivo exhausted T cells
in melanoma and HIV, which is reassuring for the relevance of our findings to human biology. However,
more work will be required to firmly link these discoveries to in vivo exhaustion. These in vitro results
have provided a vital roadmap to suggest where to look in in vivo systems and how to perturb those sys-
tems for this ultimate corroboration, as discussed below.

By the studies in our in vitro T cell exhaustion model, the functionally disparate axes of checkpoint receptor
action and cytokine deprivation are unified for the first time under a common mechanistic origin. Our
results reveal the previously unknown role of transcription factor Yin Yang-1 to orchestrate diverse
elements of exhaustion progression in our in vitro model, displaying both positive and negative regulations
as embodied in its name. Persistent two-signal stimulation was shown to be required for the upregulation
of YY1, yet the process leading to exhaustion in this model is shown to begin already with the very first
interval of T cell activation.

Components of both TCR signal 1 and CD28 signal 2 merge into the p38MAPK/JNK pathway (Figure S11),

which leads to phosphorylation of cJun and ATF2 and conversion to their transcriptionally active forms.
Phospho-cJun/ATF2 dimers bind to the CRE locus in the YY1 promoter, activating transcription for YY1
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accumulation. We noted in every setting that Ezh2 increases in parallel with YY1 but Ezh2 is not regulated
by YY1. However, Ezh2, like YY1, contains a cJun site in its promoter that could also be regulated through
the same p38MAPK/JNK pathway. This was not investigated further. Increasing YY1 then exerts its dual
roles to upregulate checkpoint receptors PD1, Lag3, and Tim3 and to downregulate cytokines IL-2—
recruiting Ezh2 for histone trimethylation—and IFN-vy, and functional cytotoxic exhaustion ensues.

The novel elements predicted in this study were corroborated in in vivo sample examinations of tumor
tissues and blood from normal subjects and patients with HIV. Melanoma TILs were confirmed for PD1 pos-
itivity, marking them as exhausted as previously defined (Ahmadzadeh et al., 2009). Staining showed
elevated phospho-cJun that drives transcription of YY1, which in turn drives PD1 expression from our
in vitro model. Ezh2 was highly expressed in melanoma TlLs in parallel with YY1, potentially also driven
by phospho-cJun, as stated above. PD1 positivity in T cells of patients with HIV, also associated with
exhaustion (Wherry et al., 2003; Day et al., 2006; Wherry and Kurachi, 2015), was similarly shown to correlate
with YY1 and Ezh2 expression, consistent with our in vitro model and the in vivo findings in melanoma.
Exhausted T cells exist in normal settings as a self-protective mechanism and in disease, where it can
have a negative impact to hamper effective immune responses. Seemingly, the clinical setting (normal,
infection, or cancer) does not differentially affect how exhausted T cells are generated: all work through
a continued T cell activation-driven transcription of YY1.

Our studies are solely in humans with uncertain correspondence to mouse systems, which can exhibit
important differences (Mestas and Hughes, 2004). However, clues exist to analogous processes in mice.
Search of an RNA-seq database from LCMV chronic infection (http://rstats.immgen.org/Skyline/skyline.
html) showed increased T cell YY1 mRNA (61 versus 36 in control) and Ezh2 mRNA (190 versus 36 in control)
(Yuetal., 2017). Inasmuch as this analysis was in bulk CD8 T cells, it would underestimate predicted changes
in YY1 and Ezh2 in the PD1+ exhausted virus-specific fractions. The significance of the co-expression of YY1
and Ezh2 and the potential for collaboration was not part of their investigation. Similarly, in a tumor model,
upregulation of Ezh2 mRNA was observed in exhausted ova-specific T cells infiltrating B16-ova melanoma
tumors (OT-1 TILs) when compared with non-exhausted non-specific T cells (P14 TILs) (Mognol et al., 2017).
Both tumor and control T cells were pre-activated before infusion, and therefore differences in these
markers could be underrepresented. No linkage of Ezh2 to a transcription factor was investigated that
would direct the Ezh2 action (e.g., YY1).

Finally, Blimp-1 has been proposed to have a role in exhaustion and IL-2 shutdown (Wherry, 2011) based on
a Blimp-1-binding site 2 kb from the IL-2 promoter and knockout studies in mice (Martins et al., 2008).
However, this IL-2-repressive role for Blimp-1 was not evaluated by promoter mutation studies as we do
here, and the site for Blimp-1 binding is also not conserved in the human IL-2 promoter and therefore
cannot be a direct mediator of human IL-2 decline as we show for YY1. Furthermore, any residual effect
of Blimp-1 to repress IL-2 in our system was inapparent given that blocking YY1 activity yielded sustained
IL-2 production, whatever Blimp-1's contribution. Formally, one cannot exclude the possibility that Blimp-1
has a role in mouse that is distinct from humans and that exhaustion is mediated by different mechanisms
between the species. On the other hand, all promoters in which we have shown functional YY1-binding sites
in humans are also present in mice, including GATA-3 in mouse Tim3, strongly suggesting that a YY1-
centered mechanism will be shown to pertain in mouse T cell exhaustion as well.

Asurvey of promoters for all 24,135 expressed genes identified 765 or ~3% with YY1 binding (Xi et al., 2007).
Notably, of the five genes that we selected in an unbiased fashion a priori for study based on their associ-
ation with exhaustion (PD1, Lag3, Tim3, IL-2, INF-y), all (5/5) have sites for YY1 binding (or GATA-3 in Tim3
that can mediate YY1 binding). The probability of such an association by chance across all 5 genes is
(0.03)° = 2.4 x 1078, and if not by chance, the “purpose” of the YY1 association with these genes would
be compatible with a role for YY1 to coordinately regulate all of these components to mediate T cell
exhaustion. The same statistical argument applies to the mouse setting above.

Because we prove that signal 1 + 2 is required for YY1 expression in our exhaustion model, it begs the ques-
tion as to the source of signal 2 in these settings. In HIV infection, signal 2 could derive from B7.1 (CD80) on
monocytes and macrophages that harbor HIV viruses and that also scavenge HIV proteins from plasma
(Giguere et al., 2004). In contrast, B7.1 is typically absent from solid tumors. However, its homolog B7.2
(CD86), also a CD28 ligand, is expressed more widely and was found to be positive on 11/12 specimens
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of melanoma in the human protein atlas database (http://www.proteinatlas.org/ENSG00000114013-CD86/
cancer); melanoma is the tumor in which human T cell exhaustion is most prominent and well characterized
among human cancers (Baitsch et al., 2011).

We previously showed that repeat two-signal stimulation resulted in IL-2 shutdown and a severely
restricted T cell proliferation (Emtage et al., 2008) as anticipated with exhaustion, but the impact on
functional killing, the ultimate consequential outcome, was not directly addressed until now. An unantici-
pated study result was the degree to which IL-2 failure appeared to underlie cytotoxic failure. To ameliorate
the adverse functional effects of exhaustion, most current efforts have focused on checkpoint receptor
interactions and their interruption. From our analyses, however, it appears possible that IL-2 failure may
in some settings contribute even more to functional cytotoxic exhaustion than checkpoint receptors.

If our in vitro results can be confirmed for relevance to human in vivo clinical settings, a number of interven-
tions of therapeutic potential are enabled by these results. Three types of interventions are demonstrated:
(1) those that interrupt Ezh2 activity, with the principle impact on rescuing IL-2 production; (2) those that
interrupt checkpoint receptor and ligand interactions, undampening TCR activation; and (3) those that
interrupt YY1 action, disrupting both axes for what could be a more complete block of exhaustion. Of
these, only checkpoint receptor-ligand interruption was previously known and exploited with important
clinical benefits.

YY1 is readily inactivated in therapeutic T cells (TIL and CAR-T) with RNAI, as used here (Figure 2G), but not
directly by small molecules at this point in time. However, small molecule inhibitors can act at points along
the p38MAPK/JNK2 pathway to block YY1 transcription (Figure 5C). This rationale is bolstered by the
observation that JNK2 knockout mice have heightened proliferation of CD8 T cells in vivo and increased
IL-2 production with improved virus control (Dong et al., 2000; Arbour et al., 2002; Conze et al., 2002).
Our data for the first time provide the means to understand this result: by our model (Figure S11), JNK2
knockout would prevent cJun phosphorylation and block YY1 transcription with T cell restimulation,
escaping cytokine failure and checkpoint receptor upregulation and thereby avoiding exhaustion for an
improved therapeutic outcome.

Ezh2, on the other hand, can be directly inhibited systemically with small molecules that have shown favor-
able safety profiles in early-stage clinical trials primarily in Ezh2-expressing lymphomas (Ribrag et al., 2014).
Ezh2 could likewise be interrupted with RNAI in engineered therapeutic T cells to avoid the need for contin-
uous drug exposures. Ezh2 has attracted interest as a cancer target because of its overexpression and
mutational hyperactivity in some tumors (Kim and Roberts, 2016). However, such rationales for the directed
treatment of malignant tumor cells with Ezh2 inhibitors are conceptually wholly distinct from the rationales
emerging from these new discoveries surrounding Ezh2's role as a critical co-factor in immune regulation.
Rather, targeting of Ezh2 or YY1 in the current context is solely for the directed treatment of exhausted
T cells, irrespective of tumor Ezh2 gene expression, with potentially broad implications for infections as
well as cancer.

Exhaustion with IL-2 failure is widely observed in oncology and infectious diseases, prompting the use of
systemic IL-2 in melanoma and renal cell cancers (Atkins et al., 2000; Klapper et al., 2008) and in infection
models (Blattman et al., 2003), and as a critical adjunct in TIL and CAR-T therapies (Rosenberg et al., 1988;
Lo et al., 2010; Katz et al., 2015; Junghans, 2017). Avoiding IL-2 failure by inhibiting Ezh2 or YY1 could
alleviate the need for systemic IL-2 and its associated toxicity and cost. On the other hand, where
checkpoint inhibitor therapies have a proven utility, the co-application of Ezh2 inhibitor to maintain endog-
enous IL-2 would be rational: synergy of exogenous IL-2 with checkpoint blockade was previously shown in
infections (West et al., 2013) with high probability of utility for their co-application in cancer as well. Ezh2
inhibitor co-applied with checkpoint antibodies to combat IL-2 failure and checkpoint suppression could
be equivalent to blockade of YY1, which coordinates both.

Exhaustion, as revealed by these in vitro studies, is seen to be an integral feature of the T cell immune
response that initiates lead elements with the very first T cell activation. Exhaustion is an active, energy-
requiring process that depends critically on recurrent stimulation for continued YY1 transcription to
achieve and maintain exhaustion’s full expression. CD4 and CD8 T cells were highly concordant in their
expression of conventional exhaustion markers and in their functional declines of cytokine and cytotoxicity,
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emphasizing that both T cell arms are restrained by exhaustion for a more complete suppression. Similar to
anergy, exhaustion likely evolved to limit anti-self reactions that escaped TCR editing in the thymus. Anergy
is conceived via signal-1-only stimulation, whereas exhaustion as defined here is distinguished by its sup-
pressive activity in settings with co-stimulation (signal 1 + 2) that could otherwise elicit robust autoimmune
responses (Leavy, 2015). In pathologic states of malignancy and chronic infection, however, exhaustion is a
limiting factor that restrains the full potential of T cells to cure.

The data in this report advance our understanding of the relevance of T cell activation via a p38MAPK/JNK/
YY1 feedback loop to IL-2 shutdown, checkpoint receptor upregulation, and T cell exhaustion, revealing
novel points of intervention with potential to improve immunotherapies against chronic infections and
metastatic cancers alike. Because the elucidated pathways were developed with in vitro exhausted
T cells, additional studies can be considered to reinforce and validate the inferences derived here for in vivo
settings. With experimental confirmation that the conserved YY1 sites in mouse also reflect conserved
functions to upregulate checkpoint receptors and downregulate type 1 cytokines, animal testing may
ensue. Conditional knockdown of YY1in T cells in LCMV and YY1 antisense engineered into CAR-T in tumor
models should show better control of infections and cancer if YY1 is a direct mediator of exhaustion. Finally,
if this model is applicable in vivo, the use of checkpoint receptor antibodies to restore function of
exhausted T cells in human cancer therapies should be further enhanced with the co-application of Ezh2
inhibitor in human trials, with a net increase in the potency and effectiveness of the intervention, providing
both the ultimate validation and clinical benefit of these discoveries.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods and 13 figures and can be found with this article
online at https://doi.org/10.1016/].isci.2018.03.009.

ACKNOWLEDGMENTS

We thank Dr. Gongxian Liao for providing CAR-T cells and target cell lines as well as know-how for their
evaluation. We thank Dr. Liao and Dr. Steven Bunnell for their expert advice with FACS analysis. We thank
Dr. Guangchao Sui of Wake Forest Health Sciences and Dr. Denis C. Guttridge of Ohio State University for
providing the YY1-promoter luciferase construct and YY1 expression plasmid, respectively. We acknowl-
edge Drs. Satori Iwamoto, Zhengke Wang, and Ting Zhao of Roger Williams Medical Center for providing
materials and guidance in experimental procedures. We would like to acknowledge the contribution of
Dr. Monika Pilichowska and Ms. Karen Krajewski for their help with the cytospin experiments. We thank
Dr. Laura Kogelman for access to HIV samples and Dr. Nordine Bakouche for his help with HIV work. We
acknowledge Nathan Li, Division of Laboratory Medicine, Tufts University, for his assistance with IHC.
Finally, we would like acknowledge Dr. Seema Naheed, Dr. Sylvester Homsy, Stacey Bjorgaard, and Chris-
topher Robertson for expert technical assistance. Grant support was in part from the U.S. Department of
Defense (DAMD17-98-1-8284).

AUTHOR CONTRIBUTIONS

M.Y.B. conducted all experimentation except immunostainings, which were performed by G.W. and F.X.
M.Y.B. and R.P.J. oversaw the experimental design and data interpretation; and M.Y.B. and R.P.J. wrote
the manuscript.

DECLARATION OF INTERESTS

Competing Interests: None.

Received: September 13, 2017
Revised: January 31, 2018
Accepted: February 22, 2018
Published: April 27, 2018

120 iScience 2, 105-122, April 27, 2018

Cell


https://doi.org/10.1016/j.isci.2018.03.009

iScience

REFERENCES

Ahmadzadeh, M., Johnson, L.A., Heemskerk, B.,
Waunderlich, J.R., Dudley, M.E., White, D.E., and
Rosenberg, S.A. (2009). Tumor antigen-specific
CD8 T cells infiltrating the tumor express high
levels of PD-1 and are functionally impaired.
Blood 114, 1537-1544.

Appleman, L.J., and Boussiotis, V.A. (2003). T cell
anergy and costimulation. Immunol. Rev. 192,
161-180.

Arbour, N., Naniche, D., Homann, D., Davis, R.J.,
Flavell, R.A., and Oldstone, M.B. (2002). c-Jun
NH(2)-terminal kinase (JNK)1 and JNK2 signaling
pathways have divergent roles in CD8(+) T cell-
mediated antiviral immunity. J. Exp. Med. 195,
801-810.

Arvey, A., van der Veeken, J., Samstein, R.M.,,
Feng, Y., Stamatoyannopoulos, J.A., and
Rudensky, A.Y. (2014). Inflammation-induced
repression of chromatin bound by the
transcription factor Foxp3 in regulatory T cells.
Nat. Immunol. 15, 580-587.

Atchison, M.L. (2014). Function of YY1 in long-
distance DNA interactions. Front. Immunol. 5, 45.

Atkins, M.B., Kunkel, L., Sznol, M., and
Rosenberg, S.A. (2000). High-dose recombinant
interleukin-2 therapy in patients with metastatic
melanoma: long-term survival update. Cancer J.
Sci. Am. 6 (Suppl 1), S11-S14.

Baitsch, L., Baumgaertner, P., Devevre, E.,
Raghav, S.K., Legat, A., Barba, L., Wieckowski, S.,
Bouzourene, H., Deplancke, B., Romero, P., et al.
(2011). Exhaustion of tumor-specific CD8(+)

T cells in metastases from melanoma patients.
J. Clin. Invest. 121, 2350-2360.

Balkhi, M.Y., Ma, Q., Ahmad, S., and Junghans,
R.P. (2015). T cell exhaustion and Interleukin 2
downregulation. Cytokine 71, 339-347.

Barber, D.L., Wherry, E.J., Masopust, D., Zhu, B.,
Allison, J.P., Sharpe, A.H., Freeman, G.J., and
Ahmed, R. (2006). Restoring function in exhausted
CD8 T cells during chronic viral infection. Nature
439, 682-687.

Blattman, J.N., Grayson, J.M., Wherry, E.J.,
Kaech, S.M., Smith, K.A., and Ahmed, R. (2003).
Therapeutic use of IL-2 to enhance antiviral T-cell
responses in vivo. Nat. Med. 9, 540-547.

Boise, L.H., Minn, A.J., Noel, P.J., June, C.H.,
Accavitti, M.A., Lindsten, T., and Thompson, C.B.
(1995). CD28 costimulation can promote T cell
survival by enhancing the expression of Bel-XL.
Immunity 3, 87-98.

Caretti, G., Di Padova, M., Micales, B., Lyons,
G.E., and Sartorelli, V. (2004). The Polycomb Ezh2
methyltransferase regulates muscle gene
expression and skeletal muscle differentiation.
Genes Dev. 18, 2627-2638.

Conze, D., Krahl, T., Kennedy, N., Weiss, L.,
Lumsden, J., Hess, P., Flavell, R.A., Le Gros, G.,
Dauvis, R.J., and Rincon, M. (2002). c-Jun NH(2)-
terminal kinase (JNK)1 and JNK2 have distinct
roles in CD8(+) T cell activation. J. Exp. Med. 195,
811-823.

Davis, R.J. (2000). Signal transduction by the JNK
group of MAP kinases. Cell 103, 239-252.

Day, C.L., Kaufmann, D.E., Kiepiela, P., Brown,
J.A., Moodley, E.S., Reddy, S., Mackey, EW.,
Miller, J.D., Leslie, AJ., DePierres, C., et al. (2006).
PD-1 expression on HIV-specific T cells is
associated with T-cell exhaustion and disease
progression. Nature 443, 350-354.

Dong, C., Yang, D.D., Tournier, C., Whitmarsh,
AJ., Xu, J., Davis, R.J., and Flavell, R.A. (2000).
JNK is required for effector T-cell function but not
for T-cell activation. Nature 405, 91-94.

Emtage, P.C, Lo, ASS., Gomes, E.M,, Liu, D.L.,
Gonzalo-Daganzo, R.M., and Junghans, R.P.
(2008). Second-generation anti-
carcinoembryonic antigen designer T cells resist
activation-induced cell death, proliferate on
tumor contact, secrete cytokines, and exhibit
superior antitumor activity in vivo: a preclinical
evaluation. Clin. Cancer Res. 14, 8112-8122.

Freeman, G.J., Long, AJ., lwai, Y., Bourque, K.,
Chernova, T., Nishimura, H., Fitz, L.J.,
Malenkovich, N., Okazaki, T., Byrne, M.C., et al.
(2000). Engagement of the PD-1
immunoinhibitory receptor by a novel B7 family
member leads to negative regulation of
lymphocyte activation. J. Exp. Med. 192, 1027-
1034.

Freshney, N.W., Rawlinson, L., Guesdon, F.,
Jones, E., Cowley, S., Hsuan, J., and Saklatvala, J.
(1994). Interleukin-1 activates a novel protein
kinase cascade that results in the phosphorylation
of Hsp27. Cell 78, 1039-1049.

Giguere, J.F., Bounou, S., Paquette, J.S.,
Madrenas, J., and Tremblay, M.J. (2004). Insertion
of host-derived costimulatory molecules CD80
(B7.1) and CD86 (B7.2) into human
immunodeficiency virus type 1 affects the virus life
cycle. J. Virol. 78, 6222-6232.

Gordon, S., Akopyan, G., Garban, H., and
Bonavida, B. (2006). Transcription factor YY1:
structure, function, and therapeutic implications
in cancer biology. Oncogene 25, 1125-1142.

Grabmeier-Pfistershammer, K., Steinberger, P.,
Rieger, A., Leitner, J., and Kohrgruber, N. (2011).
Identification of PD-1 as a unique marker for
failing immune reconstitution in HIV-1-infected
patients on treatment. J. Acquir. Immune Defic.
Syndr. 56, 118-124.

Gray, S.M., Amezquita, R.A., Guan, T., Kleinstein,
S.H., and Kaech, S.M. (2017). Polycomb repressive
complex 2-mediated chromatin repression
guides effector CD8+ T cell terminal
differentiation and loss of multipotency.
Immunity 46, 596-608.

Hatano, H., Jain, V., Hunt, P.W., Lee, T.H., Sinclair,
E., Do, T.D., Hoh, R., Martin, J.N., McCune, J.M.,
Hecht, F., et al. (2013). Cell-based measures of
viral persistence are associated with immune
activation and programmed cell death protein 1
(PD-1)-expressing CD4+ T cells. J. Infect. Dis. 208,
50-56.

Hayakawa, J., Mittal, S., Wang, Y., Korkmaz, K.S.,
Adamson, E., English, C., Ohmichi, M.,
McClelland, M., and Mercola, D. (2004).
Identification of promoters bound by c-Jun/ATF2
during rapid large-scale gene activation
following genotoxic stress. Mol. Cell 16, 521-535.

Cell

Hwang, S.S., Kim, Y.U., Lee, S., Jang, S.W., Kim,
M.K., Koh, B.H., Lee, W., Kim, J., Souabni, A.,
Busslinger, M., and Lee, G.R. (2013). Transcription
factor YY1 is essential for regulation of the Th2
cytokine locus and for Th2 cell differentiation.
Proc. Natl. Acad. Sci. USA 110, 276-281.

Ichijo, H. (1999). From receptors to stress-
activated MAP kinases. Oncogene 18, 6087-6093.

Junghans, R.P. (2017). The challenges of solid
tumor for designer CAR-T therapies: a 25-year
perspective. Cancer Gene Ther. 24, 89-99.

Kane, L.P., Andres, P.G., Howland, K.C., Abbas,
AK., and Weiss, A. (2001). Akt provides the CD28
costimulatory signal for up-regulation of IL-2 and
IFN-gamma but not TH2 cytokines. Nat.
Immunol. 2, 37-44.

Kang, Y.J., Seit-Nebi, A., Davis, R.J., and Han, J.
(2006). Multiple activation mechanisms of
p38alpha mitogen-activated protein kinase.

J. Biol. Chem. 281, 26225-26234.

Katz, S.C., Burga, R.A., McCormack, E., Wang,
L.J., Mooring, W., Point, G.R., Khare, P.D., Thorn,
M., Ma, Q., Stainken, B.F., et al. (2015). Phase |
hepatic immunotherapy for metastases study of
intra-arterial chimeric antigen receptor-modified
t-cell therapy for CEA+ liver metastases. Clin.
Cancer Res. 21, 3149-3159.

Kim, K.H., and Roberts, C.W. (2016). Targeting
EZH2 in cancer. Nat. Med. 22, 128-134.

Klapper, J.A., Downey, S.G., Smith, F.O., Yang,
J.C., Hughes, M.S., Kammula, U.S., Sherry, R.M.,
Royal, R.E., Steinberg, S.M., and Rosenberg, S.
(2008). High-dose interleukin-2 for the treatment
of metastatic renal cell carcinoma : a
retrospective analysis of response and survival in
patients treated in the surgery branch at the
National Cancer Institute between 1986 and
2006. Cancer 113, 293-301.

Leavy, O. (2015). Autoimmunity: benefits of
exhaustion. Nat. Rev. Immunol. 15, 468.

Liao, W., Lin, J.X., and Leonard, W.J. (2013).
Interleukin-2 at the crossroads of effector
responses, tolerance, and immunotherapy.
Immunity 38, 13-25.

Liu, H., Schmidt-Supprian, M., Shi, Y., Hobeika, E.,
Barteneva, N., Jumaa, H., Pelanda, R., Reth, M.,
Skok, J., and Rajewsky, K. (2007). Yin Yang 1 is a
critical regulator of B-cell development. Genes
Dev. 21, 1179-1189.

Lo, AS., Ma, Q,, Liu, D.L., and Junghans, R.P.
(2010). Anti-GD3 chimeric sFv-CD28/T-cell
receptor zeta designer T cells for treatment of
metastatic melanoma and other
neuroectodermal tumors. Clin. Cancer Res. 16,
2769-2780.

Martins, G.A., Cimmino, L., Liao, J.,
Magnusdottir, E., and Calame, K. (2008). Blimp-1
directly represses 112 and the 112 activator Fos,
attenuating T cell proliferation and survival.

J. Exp. Med. 205, 1959-1965.

Mestas, J., and Hughes, C.C. (2004). Of mice and

not men: differences between mouse and human
immunology. J. Immunol. 172, 2731-2738.

iScience 2, 105-122, April 27,2018 121


http://refhub.elsevier.com/S2589-0042(18)30018-X/sref1
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref1
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref1
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref1
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref1
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref1
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref2
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref2
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref2
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref3
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref3
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref3
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref3
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref3
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref3
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref4
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref4
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref4
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref4
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref4
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref4
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref5
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref5
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref6
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref6
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref6
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref6
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref6
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref6
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref7
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref7
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref7
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref7
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref7
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref7
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref8
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref8
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref8
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref9
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref9
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref9
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref9
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref9
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref10
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref10
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref10
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref10
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref11
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref11
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref11
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref11
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref11
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref12
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref12
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref12
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref12
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref12
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref13
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref13
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref13
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref13
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref13
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref13
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref14
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref14
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref15
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref15
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref15
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref15
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref15
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref15
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref16
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref16
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref16
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref16
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref17
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref17
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref17
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref17
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref17
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref17
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref17
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref17
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref18
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref18
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref18
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref18
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref18
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref18
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref18
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref18
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref19
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref19
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref19
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref19
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref19
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref20
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref20
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref20
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref20
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref20
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref20
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref21
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref21
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref21
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref21
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref22
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref22
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref22
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref22
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref22
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref22
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref23
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref23
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref23
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref23
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref23
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref23
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref24
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref24
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref24
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref24
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref24
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref24
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref24
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref25
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref25
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref25
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref25
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref25
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref25
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref26
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref26
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref26
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref26
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref26
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref26
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref27
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref27
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref28
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref28
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref28
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref29
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref29
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref29
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref29
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref29
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref30
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref30
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref30
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref30
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref31
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref31
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref31
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref31
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref31
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref31
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref31
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref32
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref32
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref33
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref33
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref33
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref33
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref33
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref33
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref33
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref33
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref33
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref34
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref34
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref35
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref35
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref35
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref35
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref36
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref36
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref36
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref36
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref36
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref37
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref37
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref37
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref37
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref37
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref37
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref38
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref38
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref38
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref38
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref38
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref39
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref39
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref39

iScience

Mognol, G.P., Spreafico, R., Wong, V., Scott-
Browne, J.P., Togher, S., Hoffmann, A., Hogan,
P.G., Rao, A., and Trifari, S. (2017). Exhaustion-
associated regulatory regions in CD8+ tumor-
infiltrating T cells. Proc. Natl. Acad. Sci. USA 114,
E2776-E2785.

Nguyen, L.T., and Ohashi, P.S. (2015). Clinical
blockade of PD1 and LAG3-potential
mechanisms of action. Nat. Rev. Immunol. 15,
45-56.

Raingeaud, J., Gupta, S., Rogers, J.S., Dickens,
M., Han, J., Ulevitch, R.J., and Davis, R.J. (1995).
Pro-inflammatory cytokines and environmental
stress cause p38 mitogen-activated protein
kinase activation by dual phosphorylation on
tyrosine and threonine. J. Biol. Chem. 270, 7420-
7426.

Rajan, A., Kim, C., Heery, C.R., Guha, U., and
Gulley, J.L. (2016). Nivolumab, anti-programmed
death-1 (PD-1) monoclonal antibody
immunotherapy: role in advanced cancers. Hum.
Vaccin. Immunother. 12, 2219-2231.

Ribrag, V., Soria, J.C., Reyderman, L., Chen, R.,
Salazar, P., Kumar, N., Kuznetsov, G., Keilhack, H.,
Ottesen, L.H., and Italiano, A. (2014). Phase 1 first-
in-human study of the enhancer of zeste-
homolog 2 (EZH2) histone methyl transferase
inhibitor E7438 as a single agent in patients with
advanced solid tumors or B cell lymphoma. Eur. J.
Cancer 50, 197.

Rosenberg, S.A., Mule, J.J., Spiess, P.J.,
Reichert, C.M., and Schwarz, S.L. (1985).
Regression of established pulmonary
metastases and subcutaneous tumor mediated
by the systemic administration of high-dose
recombinant interleukin 2. J. Exp. Med. 161,
1169-1188.

Rosenberg, S.A., Packard, B.S., Aebersold, P.M.,

Solomon, D., Topalian, S.L., Toy, S.T., Simon, P.,
Lotze, M.T., Yang, J.C., Seipp, C.A., et al. (1988).

122  iScience 2, 105-122, April 27, 2018

Use of tumor-infiltrating lymphocytes and
interleukin-2 in the immunotherapy of patients
with metastatic melanoma. A preliminary report.
N. Engl. J. Med. 319, 1676-1680.

Shi, Y., Lee, J.S., and Galvin, K.M. (1997).
Everything you have ever wanted to know about
Yin Yang 1. Biochim. Biophys. Acta 1332,
FA9-F66.

Smeal, T., Binetruy, B., Mercola, D., Grover-
Bardwick, A., Heidecker, G., Rapp, U.R., and
Karin, M. (1992). Oncoprotein-mediated
signalling cascade stimulates c-Jun activity by
phosphorylation of serines 63 and 73. Mol. Cell.
Biol. 12, 3507-3513.

Srinivasan, L., and Atchison, M.L. (2004). YY1 DNA
binding and PcG recruitment requires CtBP.
Genes Dev. 18, 2596-2601.

Thomas, M.J., and Seto, E. (1999). Unlocking the
mechanisms of transcription factor YY1: are
chromatin modifying enzymes the key? Gene 236,
197-208.

van Dam, H., and Castellazzi, M. (2001). Distinct
roles of Jun : Fos and Jun : ATF dimers in
oncogenesis. Oncogene 20, 2453-2464.

van Galen, J.C., Dukers, D.F., Giroth, C., Sewalt,
R.G., Otte, A.P., Meijer, C.J., and Raaphorst, F.M.
(2004). Distinct expression patterns of polycomb
oncoproteins and their binding partners during
the germinal center reaction. Eur. J. Immunol. 34,
1870-1881.

West, E.E., Jin, H.T., Rasheed, A.U., Penaloza-
Macmaster, P., Ha, S.J., Tan, W.G., Youngblood,
B., Freeman, G.J., Smith, KA., and Ahmed, R.
(2013). PD-L1 blockade synergizes with IL-2
therapy in reinvigorating exhausted T cells.

J. Clin. Invest. 123, 2604-2615.

Wherry, E.J. (2011). T cell exhaustion. Nat.
Immunol. 12, 492-499.

Cell

Wherry, E.J., Blattman, J.N., Murali-Krishna, K.,
van der Most, R., and Ahmed, R. (2003). Viral
persistence alters CD8 T-cell immunodominance
and tissue distribution and results in distinct
stages of functional impairment. J. Virol. 77,
4911-4927.

Wherry, E.J., and Kurachi, M. (2015). Molecular
and cellular insights into T cell exhaustion. Nat.
Rev. Immunol. 15, 486-499.

Woo, C.J., Kharchenko, P.V., Daheron, L., Park,
P.J., and Kingston, R.E. (2013). Variable
requirements for DNA-binding proteins at
polycomb-dependent repressive regions in
human HOX clusters. Mol. Cell. Biol. 33, 3274—
3285.

Xi, H., Yu, Y., Fu, Y., Foley, J., Halees, A., and
Weng, Z. (2007). Analysis of overrepresented
motifs in human core promoters reveals dual
regulatory roles of YY1. Genome Res. 17,
798-806.

Ye, J., Cippitelli, M., Dorman, L., Ortaldo, J.R.,
and Young, H.A. (1996). The nuclear factor YY1
suppresses the human gamma interferon
promoter through two mechanisms: inhibition of
AP1 binding and activation of a silencer element.
Mol. Cell. Biol. 16, 4744-4753.

Yu, B., Zhang, K., Milner, J.J., Toma, C., Chen, R.,
Scott-Browne, J.P., Pereira, R.M,, Crotty, S.,
Chang, J.T., Pipkin, M.E., et al. (2017). Epigenetic
landscapes reveal transcription factors that
regulate CD8+ T cell differentiation. Nat.
Immunol. 18, 573-582.

Zajac, AJ., Blattman, J.N., Murali-Krishna, K.,
Sourdive, D.J., Suresh, M., Altman, J.D., and
Ahmed, R. (1998). Viral immune evasion due
to persistence of activated T cells without
effector function. J. Exp. Med. 188, 2205-
2213.


http://refhub.elsevier.com/S2589-0042(18)30018-X/sref40
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref40
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref40
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref40
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref40
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref40
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref41
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref41
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref41
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref41
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref42
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref42
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref42
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref42
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref42
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref42
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref42
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref43
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref43
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref43
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref43
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref43
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref44
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref44
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref44
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref44
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref44
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref44
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref44
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref44
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref45
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref45
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref45
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref45
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref45
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref45
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref45
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref46
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref46
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref46
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref46
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref46
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref46
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref46
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref47
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref47
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref47
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref47
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref48
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref48
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref48
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref48
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref48
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref48
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref49
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref49
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref49
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref50
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref50
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref50
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref50
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref51
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref51
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref51
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref52
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref52
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref52
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref52
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref52
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref52
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref53
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref53
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref53
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref53
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref53
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref53
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref54
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref54
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref55
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref55
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref55
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref55
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref55
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref55
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref56
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref56
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref56
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref57
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref57
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref57
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref57
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref57
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref57
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref58
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref58
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref58
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref58
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref58
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref59
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref59
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref59
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref59
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref59
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref59
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref60
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref60
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref60
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref60
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref60
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref60
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref61
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref61
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref61
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref61
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref61
http://refhub.elsevier.com/S2589-0042(18)30018-X/sref61

ISCI, Volume 2

Supplemental Information

YY1 Upregulates Checkpoint Receptors and
Downregulates Type | Cytokines in Exhausted,

Chronically Stimulated Human T Cells

Mumtaz Y. Balkhi, Gabor Wittmann, Fang Xiong, and Richard P. Junghans



Supplemental Information

Transparent Methods

Tissue and blood samples

Studies involving de-identified human samples were obtained after approval through the Tufts
Health Science Campus Institutional Review Board (IRB). The malignant melanoma and normal
healthy skin frozen sections were obtained from the Cooperative Human Tissue network
(Philadelphia, PA). The purified peripheral blood mononuclear cells (PBMCs) from untreated ten
HIV patients were obtained upon request from Retrovirus laboratory, University of Washington,
Seattle, WA. Universal precautions were followed while working with the human samples.
Bioinformatics

The IL2 promoter (GenBank and promoter database accession number, NM_000586 and
32233, respectively) and YY1 promoter (GenBank and promoter database accession number,
NM_003403 and 12193, respectively) were retrieved using the transcriptional regulatory

element database (TRED) (https://cb.utdallas.edu/cqi-

bin/TRED/tred.cqgi?process=searchPromForm). The data on transcription factors binding to the

consensus binding sequences were obtained through TRANSFAC database (www.gene-

regulation.com). We used the “best selection criteria” for transcription factor binding sites to help

minimize false positives.

Reporter plasmids, reporter assays and site directed mutagenesis

A human IL2 promoter luciferase pGL3-NFAT plasmid (-326 to +46 bp) was a gift from Jerry

Crabtree (Addgene plasmid #17870) (Clipstone and Crabtree, 1992; Northrop et al., 1994). The

YY1 binding site, 5-CCCCCATAAT-3’, in the IL2 promoter luciferase was mutated to 5'-

aaCaaAgAAc-3’ using the service of GenScript Inc. (item cat. SC1622). Human YY1 promoter

luciferase construct YY1-pGLuc-basic was a kind gift from Dr. Guangchao Sui of Wake Forest

Health Sciences, NC (Balkhi et al., 2012). The cJun/ATF2 octameric palindrome cyclic AMP-

response element (CRE), 5-TGACGTCA-3’, was mutated to 5-cGgCaTaA-3’ using the service of

1
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GenScript Inc. (Item cat. 426354-1).

The reporter assays and plasmid overexpression were performed in 6 well tissue culture
plates. 5x10° T cells were transfected with plasmids using Amaxa human T cell nucleofector Kit, cat.
VPA-1002 (Lonza). Transfections were performed using Amaxa nucleofector Il device, program no.
T-023/T-020. Luciferase assays were generally performed 48 hours after transfections. We
ectopically express the IL2 promoter construct in combination with a renilla lucifearse reporter to
serve as an internal control and activity was measured using dual luciferase reporter assay system
(Promega, cat. E1910). The YY1 promoter luciferase assay was measured from T cell culture
supernatants using BioLux Gaussia lucferase assay kit (New England Biolabs, cat. no. E3300S).
Amounts of transfected plasmids were kept proportionally constant. Samples were assayed for
reporter activity using a Gloma 20/20 Luminometer (Promega), essentially using the recommended
parameters provided by the reagent suppliers.

Antibodies, shRNA and inhibitors

The following antibodies were used for cell staining: PE-conjugated anti-human CD279 (PD-1) (cat.
12-2799), CD223 (LAG-3) (cat. 12-2239), Tim3 (cat. 12-3109), and CD3-PECyanine7 (cat.
25003182), all of which were purchased from eBioscience, and FITC-conjugated anti-human CD8
(Invitrogen) and CD4 (BD Biosciences, cat. 340133). Pacific Blue-conjugated PD1 (cat. 329920),
PE-conjugated PD-L1 (cat. 329705) and purified PD-L1 (cat. 329702) was purchased from
BioLegend. In addition, PE-conjugated (cat. 555783, Pharmingen) was used as an isotype control.
T cell apoptosis was detected through flow cytometric analysis using the FITC Annexin V apoptosis
detection kit | (BD Pharmingen, cat. 556547) in conjunction with the vital dye, propidium iodide (BD
Pharmingen, cat. 51-66211E). In addition, following antibodies were used in westerns, phospho-
MKK3(ert89)/MKK6(Se20)  (cat. 12280), phospho-SEK1/MKK4(Ser257mh2el) (cat, 9156), MKK3 (cat.
5674), SEK1/MKK4 (cat. 9152BC), p38-alpha MAPK (cat. 9217BC), phospho-p38 MAPK(T180Y182)
(cat. 4511BC), ZAP-70 (cat. 2709BC), phospho-ZAP-70("319/Syk(352) (cat. 2701BC), AKT (cat.
9272), phospho-AKT®47) (cat. 9271), p44/42 MAPK (Erk1/2) (cat. 9102), phospho-p44/42 MAPK
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(Erk1/2)(Thr202/Tyr204) (cagt, 9106) and B-actin (cat. 4970S), all of which were purchased from Cell
Signaling, and anti-Ezh2 (cat. 07-689), anti-YY1 (cat. AB10007), anti-phospho-ATF2(T" 6971 (cat.
05-891) and anti-ATF2 (cat. 04-1021), all of which were purchased from Millipore. We also used
Anti-cJun (BD, cat. 610326) and phospho-c-Jun®er 6373 antibodies (Santa Cruz, cat. sc16312). The
human IL2 neutralizing antibody was purchased from R & D Systems (cat. AF-202-NA). An anti-
p38a MAP Kinase(™"32% (cat. PP3411) was acquired from ECM Biosciences. The human YY1
specific shRNA (cat. sc-36863) and control shRNA plasmid (sc-108060) were obtained from
SantaCruz Biotechnology.

In experiments using p38MAPK, JNK, MEK1 and Ezh2 inhibitors, cells were grown in the
continued presence of inhibitors. After each wash and activation step, cells were treated with a
fresh batch of inhibitors. The following inhibitors were used: MAPKp38-SB202190 (10umol/ml)
(Sigma, cat. S7067), JNK-SP600125 (10umol/ml) (Sigma, cat. S5567), MEK1-PD98059
(5umol/ml) (Calbiochem, cat. 513001), MEK1/2-inhibitor 1l (5umol/ml) (Calbiochem, cat.
444966) and Ezh2-UNC999 (10 nmol) (Millipore, cat. 505052). DMSO was used as a mock
treatment. The specificity of p38MAPK, JNK and MEK1 inhibitors to block the downstream
kinases, phospho-ATF2, phospho-cJun and phospho-ERK, respectively, was confirmed by
westerns (Figure S10A). The continued presence of p38MAPK/IJNK/MEK1 inhibitors in T cell
culture did not produce noticeable toxicity (Figure S10B).

Westerns, Native gels and Co-immunoprecipitations

For denaturing westerns, 20-40 g of protein extracted from T cells was used. RIPA lysis buffer
(Sigma, cat. R0278) was used to prepare whole cell extracts. For native gel analysis, cells were
lysed in native lysis buffer (50mM Tris-Cl, pH 8.0; 1% NP40; 150mM NacCl, 100ug leupeptin,
1mM PMSF, 5mM orthovanadate). For both native and denaturating conditions, samples were
resolved on 4-15% TGX precast gels (Bio-Rad, cat. 456-1084) with the difference in running
buffer. Native samples were run without SDS. Generally, 10ug of protein extract dissolved in 2x

Native PAGE sample buffer (Bio-Rad, cat. 161-0738) was run on the gel following the
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procedures described previously (Balkhi et al., 2010). For Co-IPs, CD8 enriched T cells were
stimulated repeatedly in vitro and lysed in a standard Co-IP lysis buffer, and then 500ug of
whole cell extract was prepared and incubated with YY1 antibody pre-absorbed to Protein A/G
Agarose (Santa Cruz Biotechnology, cat. sc-2003). Western transfers were performed on
Immobilon transfer membranes (Millipore, cat. IPVYH08100). Membranes were blocked for 1 hr
at RT in TBS-T buffer containing 5% dry skim milk powder and then incubated overnight in
primary antibody. Membranes were washed 3 times in TBST-milk and incubated for 1 hr in anti-
mouse or anti-rabbit IgG-HRP antibodies (GE Healthcare, cat. NA931 and NA934). After
secondary antibody incubation, membranes were thoroughly washed for 2 hours. Immuno-
detection was performed using chemiluminescence substrate reagents (Perkin Elmer) and
autoradiography detection on HyBlot CL film (Denville Scientific). Membrane stripping was
performed with Restore Western blot stripping buffer (Thermo Fisher Scientific, cat. 21059). The
immunoprecipitation and westerns were performed with antibodies derived from different
species to avoid cross reactivity.
Chromatin immunoprecipitation and Electrophoretic mobility shift assay (EMSA)
Chromatin immunoprecipitation assay. The ChIP assay was performed using a ChIP-IT high
sensitivity kit (Active Motif, cat. 53040), following the manufacturer’'s recommended protocol.
Human CD4+ T cells were repeatedly activated with CD3/CD28 beads in the continued
presence of Ezh2 inhibitor or transfected with YY1 shRNA and a control after 2" stimulation.
Approximately, 15ug of chromatin was used in each reaction with an antibody that specifically
recognizes H3K27me3 (Active Motif, cat. 39155). Fold enrichment was calculated relative to IgG
and input. We used the primer pair that amplifies the IL2 promoter sequence containing the YY1
binding site: F-5'-CATCAGAAGAGGAAAAATGAAGGT-3,, R-5'-
TCTTGAACAAGAGATGCAATTTAT-3.

EMSA was performed using LightShift chemiluminescent EMSA kit (Thermo Scientific, cat.
20148). We followed the manufacturer’s procedure to perform the assay. The primer duplex
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containing the cJun/ATF2 octameric palindrome cyclic AMP-response element (CRE) present on
the YY1 promoter was modified with biotin at the 5’ end. We used the following primer duplex:
5'Biotin- GGCGGTGGCGGCGGCGGCGGCGCGCTGACGTCACGCG-3’
3-CGCGCGACTGCAGTGCGC-Biotin 5’
In addition, we used a non-specific biotin modified probe provided by the manufacturer. We used
10ug of nuclear extract obtained from the activated T cells in the binding reaction. All the reaction
components, phospho-cJun and ATF2 were added in the order recommended by the manufacturer.
Gels were run in 0.5X TBE using 4-15% precast polyacrylamide gels, subsequently gels were
transferred onto a positively charged nylon membrane (Hybond-N+, Amersham pharmacia biotech)
in 0.5X TBE. After the transfer membrane was crosslink for 10-15 minutes using UV transilluminator
(Fisher Scientific). Protein binding to the biotin-labeled DNA was detected through
chemiluminescence method as described by the manufacturer. To detect phospho-cJun and
phospho-ATF2 binding to the probe, we incubated membrane first with secondary rabbit HRP
antibody. The same membrane was stripped and reprobed with secondary mouse HRP. DNA
oligonucleotides were acquired from Sigma. Each time EMSA was performed, we included a
complete set of three control reactions provided by the supplier.
Immunohistochemistry and immunofluorescence
Formalin-fixed paraffin tissue samples of human metastatic melanoma were cut at 4 um
sections and placed on positively-charged slides. Slides were subsequently incubated in a 60° C
oven for 1 hour, cooled, and deparaffinized. Rehydration of slides was performed in graded
ethanol solutions. Antigen retrieval was performed by the Heat-Induced Epitope Retrieval
procedure. In this procedure slides were first placed in a IX solution of Target Retrieval Solution
(Dako, pH 6) for 25 min at 96°C using a vegetable steamer (Black and Decker) and cooled for
20 min. Endogenous peroxidase was blocked by incubating the slides in 3% hydrogen peroxide
aqueous solution and 10% goat serum. Sections were then sequentially stained, first with
mouse anti-CD3 (Santa Cruz, sc-1239) for 60 min. then with HRP goat anti-mouse polymer

5



secondary antibody (Vector) for 30 min. The chromogen used was 3,3 -diaminobenzidine
(DAB+, Vector Labs). Rabbit anti-YY1 (Abcam, cat. ab109237) and rabbit anti-Ezh2 (Novus
Biological, cat. NBP2-38143) was subsequently applied, followed by secondary biotinyated goat
anti-rabbit. ABC alkaline phosphatase was used for the YY1 and Vector Red was a chromogen.
A negative control consisted of omitting the primary antibody.

For IF, the fresh-frozen mounted sections were fixed with methanol at -20 °C for 5 min.
Sections were permeabilized with 0.25% Triton-X-100 for 20 min, and then blocked with 2%
normal horse serum in PBS for 20 min. Sections were incubated overnight in a cocktail of
primary antisera of CD3/PD1 and CD3/phospho-cJun for dual immunofluorescence. The
primary antibodies used were mouse anti-PD1 (cat. ab52587), goat anti-CD3 (Santa Cruz, cat.
sc-1127), and rabbit ant-phospho-cJun®e¥7®) (Santa Cruz, cat. sc-16312-R). Subsequent
detections were performed with a mixture of secondary antibodies consisting of Cy3-conjugated
donkey anti-rabbit IgG (Jackson Immunoresearch, 1:200), Alexa 488-conjugated donkey anti-
mouse IgG (Jackson), and Cy3-conjugated donkey anti-sheep IgG (Jackson). Images were
captured with a Carl Zeiss Axioskop fluorescence microscope (Axioskop 40; Carl Zeiss Inc.)
gRT-PCR and ELISA
Total RNA was extracted from T cells using Trizol Reagent (Life Technologies). Reverse
transcription reactions were performed using M-MuLV reverse transcriptase (New England Biolabs,
cat. M0253L). gPCR amplification reactions were performed using SYBR GREEN PCR master mix
(applied biosystems). The following primers were used in the gPCR amplification reactions: IL2, F-
5-AACTCCTGTCTTGCATTGCAC-3, R-5-" GCTCCAGTTGTAGCTGTGTTT-3’; IFNy, F-5'-
TCGGTAACTGACTTGAATGTCCA-3, R-5-TCGCTTCCCTGTTTTAGCTGC-3; YY1, F-5'-
ACGGCTTCGAGGATCAGATTC-3, R-5-TGACCAGCGTTTGTTCAATGT-3’; GAPDH, F-5-
ACAACTTTGGTATCGTGGAAGG-3’, R-5-GCCATCACGCCACAGTTTC-3' Gene amplification
reactions were performed with iCycler 480 (Roche). Fold changes were calculated using the
LightCycler software basic relative quantitation method (AAcp). AACP (Fold change) = Acp Target ene) —
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Acp Calibrator apoH).

ELISA assays were performed using human IL2 and IFNy Ready-SET-Go kits
(eBioscience). We included three replicates for each experimental set and each experiment was
repeated three or more times. ELISA was performed on the supernatant saved from each
stimulation step. CD4+ or CD8+ T cells were stimulated with anti-CD3/CD28 beads and
cultured for 48 hours, after which cells were spun down and supernatants carefully removed and
saved at -20°C. The same procedure was followed for the rest of the stimulation steps.

Cell culture and Flow cytometry

Human T cell isolation and culture in vitro. CD4+ and CD8+ T cells were enriched from peripheral
blood mononuclear cells obtained from healthy donors. We received leukoreduction filters from
Boston Children’s Hospital that were processed using histopaque (Sigma) cushions to separate
PBMCs. Human CD8+ and CD4+ cells were enriched using naive CD8 and CD4 T cell enrichment
cocktail (BD Biosciences, cat. 51-900481 and 9002314, respectively). Approximately, 1x10° T cells
were initially plated in 24 well plates suspended in AIM-V medium (Life Technologies, cat. 12055-
083), 5% heat inactivated human serum (Sigma, cat. F4135) without IL2 unless stated. IL2 when
included in the growth medium was used at concentration of 300IU/ml (Chiron). Cells were
stimulated the same day with T-Activator CD3/CD28 dynabeads (Life Technologies, cat. 11131D)
following the manufacturer's recommendations. 48 hours after the first stimulation, cells were
counted and washed, and beads were removed using a magnet. This was followed by a second,
third and fourth round of stimulations with fresh batches of CD3/CD28 beads. In each stimulation
step, the amount of beads used and the number of viable cells activated were kept proportionally
equal. In the experiments requiring selective activations with anti-CD3 or anti-CD28 antibody alone,
we used immobilized anti-OKT3 or anti-CD28 antibodies at a concentration of 1ug/ml.

Intracellular staining of T cells for flow cytometry analysis was performed using intracellular
fixation and permeabilization buffer set (eBioscience, cat. 88882400). Briefly, T cells were
incubated first with fluorescent conjugated surface antibodies for 40 minutes in FACS buffer. This
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followed a onetime wash. Cells were then fixed with 100ul fixation buffer for 30 minutes followed by
washes to remove fixation buffer. After the washes, cells were incubated for additional 30 minutes
in 1X permeabilization buffer containing either anti-YY1 (Alexa 488) (abcam, cat. 199814) or anti-
Ezh2 (Alexa 647) (BD Biosciences, cat. 563491), followed by two time washes in permeabilization
buffer before flow cytometry analysis.

Flow cytometry of stained PBMCs and cultured T cells was performed with a multicolor
BD LSR Il at the Tufts University School of Medicine flow cytometry core. Analyses were
performed with Flow Jo software. Samples with intracellular staining were gated on the well-
permeabilized fraction.
CEA-CAR T cells and retroviral transduction
To produce second generation CEA-CAR T cells, T cells are modified by retroviral gene therapy to
express a single chain antibody domain (sFv) that recognizes CEA tumor antigen. This anti-CEA
binding domain is fused together with the full length sequence of CD28 co-stimulatory molecule and
sequences of the C signaling chain of the CD3 complex (signal 1+2) (Figure 6A) (Nolan et al.,
1999). The clinical grade CEA-CAR vector producing cells have been sucessfully tested in a
number of in vitro studies as well as in a clinical setting to modify T cells for breast cancer clinical
trials (Katz et al., 2015). The first generation CEA-CAR contains anti-CEA binding domain fused
with ¢ signaling chain (signal 1) (Nolan et al., 1999). Transduction of T cells with anti CEA-CAR
vector were as previously described (Beaudoin et al., 2008).

MIP101 and MIPCEA, tumor cell coculture with CEA-CAR modified T cells. MIP101 is a
CEA- undifferentiated human carcinoma cell line derived from liver metastases of colonic
adenocarcinoma patients. The MIPCEA cell line was generated by stably expressing the full length
CEA gene in MIP101 cells (Thomas et al., 1995). All cell lines tested negative for mycoplasma
contamination using mycoplasma detection kit (Sigma, cat. D9307). Their coculture with CAR-T
cells was performed in 12 well tissue culture plates. Approximately 3x10° tumor cells were plated
overnight prior to coculture. The next day, cells were treated with Mitomycin C (Millipore, cat.
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475820) for 1 hr, following which cells were carefully washed three times. This was followed by their
coculure with CAR -T cells in a 1:1 ratio either in the absence or presence of 10nm Ezh2 inhibitor
(Millipore, cat. 505052) (Konze et al., 2013). Ezh2 inhibitor treatment was performed by incubating
CAR-T cells with the inhibitor for 1 hour, after which CAR-T cells were put in coculture with the
tumor cells. After 48 hours of coculture, CAR-T cells were recovered from culture, washed and
exposed to a second batch of Mitomycin C treated tumor cells either in the absence or presence of
10nm Ezh2 inhibitor for an additional 48 hours. Modified T cells were again recovered, washed and
exposed to a third batch of Mitomycin C treated tumor cells either in the absence or presence 10nm
Ezh2 inhibitor for an additional 48 hours. Each time after the coculture, tumor cells were trypsinized
(cellgro) and counted. In experiments requiring blocking of PD1 (nivolumab) or PD-L1 in MIPCEA
and MIP101 cells, we used 20ug and 5ug respectively of clinical grade anti-PD1 antibody (courtesy

Tufts Medical Center, Cancer Center) and purified anti-PD-L1 antibody (cat. 329702).

Statistical analysis
Data are presented as averages + SD. Student's t-test was applied to perform pair-wise
comparisons between different treatment groups or between control and treatment

groups. P values less than 0.05 were considered statistically significant.



Figure S1
Balkhi et al.
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Figure S1. IFNy production declines after repeated stimulations, (Related to Figure 1).
ELISA for IFNy production in CD4 T cells repeatedly stimulated in the presence of IL2.
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Figure S2
Balkhi et al.
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Figure S2. Exhausted T cells maintain activation status and viability after repeat
stimulation, (Related to Figure 1). Flow cytometry analysis for CD69 activation marker in CD4
T cells after repeat stimulations. DAPI positive cells indicate percent dead cells. Viability was
75% or greater and CD69 was strongly positive throughout.
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Figure S3

Balkhi et al.
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Figure S3. IL2 supplementation does not block exhaustion marker progression, (Related
to Figure 1). Flow cytometry analysis showing expression of PD1, Lag3 and Tim3 in CD4 T

cells repeatedly stimulated with anti-CD3/CD28 beads in presence of 300 IU/ml IL2.
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Figure S4
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Figure S4. Persistent activation of T cells with signal 1 or signal 2 alone does not induce
exhaustion phenotype, (Related to Figure 1). (A-B) FACS for exhaustion markers after
repeat stimulation of CD4 T cells with immobilized (A) anti-CD3 or (B) anti-CD28 antibody on
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tissue culture plates. Unstimulated CD4 T cells were used as control.
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Figure S5
Balkhi et al.

CCTTGAATGCAAACCTTTTTCTGAGTATTTAACAATCGCACCCTTTAAAAAATG TACAATAGACATTAA
GAGACTTAAACAGATATATAATCATTTTAAATTAAAATAGCGTTAAACAGTACCTCAAGCTCAATAAGC
ATTTTAAGTATTCTAATCTTAGTATTTCTCTAGCTGACATGTAAGAAGCAATCTATCTTATTGTATGCAAT
TAGCTCATTGTGTGGATAAAAAG GTAAAACCATTCTGAAACAGGAAACCAATACACTTCCTGTTTTAT
CAACAAATCTAAACATTTATTCTTTTCATCTGTTTACTCTTGCTCTTGTCCACCACAATATGCTATTCACA
TGTTCAGTGTAGTTTTATGACAAAGAAAATTTTCTGAGTTACTTTTGTATCCCCACCCCCTTAAAGAAA
GGAGGAAAAACTGTTTCATACAGAAGGCGITAATTGCAT GAATTAGAGCTATCACCTAAGTGTGGC

NF-AT1/2/3 AP1 AP2 AP3 AP3
CTAATGTAACAAAGAGGGATTTCACCTACATCCATTCAGTCAGTCTTTGGGGGTTITAAAGAAATTCC
NF-xB CD28RE

AAAGAGTCATCAGAAGAGGAAAAATGAAGGTAATGTTTTTTCAGACAGGTAAAGTCTTTGAAAATA
TGTGTAATATGTAAAA CATTTTGACACCCCCATAATATTTTTCCAGAATTAACAGTATAAATTGCATCT
oCT-1 Yin-Yangl HMG1 TFIID

CTTGTTCAAGAGTTCCCTATCACTCTCTTTAATCACTACTCACAGTAACCTCAACTCCTGCCACAATGT
ACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACAAACAGTGCACCTACTTCA
AGTTCTACAAAGAAAACACAGCTACAACTGGAGCATTTACTGCTGGATTTACAGATGATTTTGAATG
GAATTAATGTAAGTATATTTCCTTTCTTACTAAAATTATTACATTTAGTAATCTAGCTGGAGATCATTTCT
TAATAACAATG

Figure S5.1L2 promoter contains YY1 binding site, (Related to Figure 1). IL2 promoter
sequence showing putative transcription factor binding sites. YY1 binding site is close to HMGL1,
TFIID and ATG.
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Figure S6
Balkhi et al.
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Figure S6. Persistent activation of T cells with signal 1 or signal 2 alone does not
increase YY1 or Ezh2, (Related to Figure 2). Western blot of YY1 and Ezh2 protein in CD4 T
cells that were repeatedly stimulated with immobilized (A) anti-CD3 antibody or (B) anti-CD28
antibody. -actin was loading control.
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Figure S7
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Figure S7. YY1 interacts with Ezh2 in exhausted T cells, (Related to Figure 2). Whole cell
extracts were prepared after 4" stimulation of T cells and subjected to immunoprecipitation
using anti-YY1 antibody followed by westerns with Ezh2. The same blot was reprobed with YY1

to demonstrate its precipitation.
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Figure S8
Balkhi et al.
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Figure S8. Ezh2 inhibitor does not protect against IFNy shutdown. (Related to Figure 2).
ELISA showing IFNy production after repeated stimulations in the continued presence of Ezh2
inhibitor, compare with Figure S1.
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Figure S9

Balkhi et al.
A) Position Core Matrix
PD1 Promoter Matrix Factor name (strand) score score Sequence
VYY1 Q4 01 YY1 207 (+) 1.000 0.989  ccgtaaAATGGggge
CCAT . VEYY1_ Q6 03 YY1 211 (-) 1.000 1.000 aaAATGG
YY1 site V$MAF_Q6 01 MAF 254 (1) 1.000 0.964 tgcggAGTCAL
VEMAF_Q4 MAF 255 (+) 1.000 0.968 gcggAGTCAL
V$CJUN_Q6 C-Jun 258 (-) 1.000 1.000 gAGTCA
VESTAT3I_01 STAT3 291 () 0.908 0.824  tggcaggtccgGGAAGtggag
B) Position Core Matrix
LAG3 Promoter Matrix Factor name  (strand) score score Sequence
VSNFAT1_Q4 NF-AT1 23 (+) 1.000 1.000 GGAAAa
CCAT . V$BLIMP1_03 Blimp-1 61 (-) 1.000 0.873 tgTCCAAtacag
YY1 site V$XBP1_01 XBP-1 74 (-) 1.000 0.883 gcttagCACGTaatgaa
V$OCT1_03 Oct-1 80 (+) 1.000 0.994 cacGTAATgaagc
V$TCF1_Q5 TCF-1 124 (-) 1.000 1.000 aCAAAG
VEYY1_Q6_03 YY1 154 (+) 1.000 1.000 CCATTHt
V$ETS B c-Ets 172 () 1.000 0.935 taaggcTTCCTgtc
C) N .
Position  Core Matrix
TIM3 Promoter Matrix Factorname  (strand) score  score Sequence
V$GATA3 Q4 GATA-3 12 (-) 1.000 1.000 {TATCT
- ATA-~ V$HMGIY_Q3  HMGIY 18 (+) 1.000 0.939 aatacAATTTtctca
) V$CEBPG_Q6 C/EBPgamma 29 (+) 0.845 0.904 ctcATTTTataaa
GATAS site V$POUBF1_01 POUGF1 37() 1000 0.894 ATAAAttatat
V$CETS1_QB6  C-ets-1 190 (-) 1.000 1.000 aCTTCCt
V$SPI1_04 SPI 190 (-) 1.000 1.000 acTTCCT
V$ELF1_Q5 EIf-1 191 (-) 1.000 1.000 ¢TTCCT
V$SPI1_Q5 SPI1 191 (-) 1.000 1.000 c¢TTCCT
D) Position Core Matrix
Matrix Factor name (strand) score score Sequence
YY1 Promoler 3P AXa 01 Pax-4 310() 0.881 0.843 ccgeccaccegCCTCAacece
A G V$CREBP1_Q2 CRE-BP1 555 (+) 1.000 0.972 gcTGACGtcacy
T CA V$CREB_01 CREB 557 (+) 1.000 1.000 TGACGtca
cJun/ATF2 V$CREB_01 CREB 557 (-) 1.000 1.000 tgaCGTCA
V$CREBP1CJUN_01 CRE-BP1/c-Jun 557 (+) 1.000 1.000 tGACGTca
VSCREBP1CJUN_01 CRE-BP1/c-Jun 557 (-) 1.000 1.000 tgACGTCa
V$PAX4_01 Pax-4 557 (+) 0.977 0.897 tgacgTCACGcgecegegggee
V$CDPCR1_01 CDP CR1 672(-) 1.000 0.930 cagaTCGATt
Transcription Position
E) Gene Factor from TSS
IL2 YY1 -5
IFNy YY1/AP1 -198/-189
PD1 YY1 -433
LAG3 YY1 -492
TIM3 GATA3/YY1 633
YY1 cJun/ATF2  -136
Ezh2 cJun 5

Figure S9. Transcription factor consensus sites in exhaustion related promoters,
(Related to Figure 3). (A-D) Promoter sequences match in Transfac database (Biobase) for TF
binding sites using cutoffs to minimize false positive matches. Consensus sites are shown in
PD1, Lag3, Tim3 and YY1 promoters along with scores. Promoter sequences were retrieved
using the transcriptional regulatory element database (TRED) (https://cb.utdallas.edu/cqi-
bin/TRED/tred.cqgi?process=searchPromForm). Capital

indicate positions of the core strings. (E) Table shows distance of key TF binding sites from

respective transcription start sites (TSS).
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Figure S10

Balkhi et al.
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Figure S10. Targeted inhibition of p38MAPK/JNK signaling pathways, (Related to Figure
5). (A) Kinase activities by western blot. CD8+ T cells were repeatedly stimulated with anti-
CD3/CD28 beads in continued presence of inhibitors targeting p38MAPK, JNK or MEK1
(methods). Westerns show effect of inhibitors on the p38MAPK, JNK and MEK1 kinase targets:
phospho-ATF2, phospho-cJun and Phopho-ERK1/2, respectively, which are all substantially
below control levels (compare with Figure 4D). (B) Viability by Annexin V staining. As a control
on nonspecific toxicity, CD8+ T cells in (A) were stained with Annexin V after the 4" stimulation
and analyzed by FACS for cellular apoptosis. Viability of >80% was maintained in all cultures.
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Figure S11. Summary diagram of exhaustion regulation, (Related to Figure 5).
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Figure S12

Balkhi et al.
|sotype MIPCEA MIP101
[=
S
o,
O
A 0.4% 93.5% 82.6%
102 (T S
> PD-L1

Figure S12. MIPCEA and MIP101 tumor are positive for PDL1, (Related to Figure 6). FACS
analysis showing PDL1 expression on MIPCEA and MIP101 epithelial cancer cell lines.
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Figure S13
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Figure S13. Rescue from cytotoxic exhaustion with nivolumab compared to Ezh2,
(Related to Figure 6). (A) 2" generation CAR-T cells with ~50% modification were cocultured 3
times for two days with MIPCEA cell line either in continued presence of nivolumab (20ug/ml) or
Ezh2 inhibitor (10nm) or no additive and imaged. (B) MPI-CEA cell line incubated with inhibitors
alone showed no toxicity.(C) Antigen-negative MIP101 cells were not killed by CAR-T cells in
presence of exhaustion inhibitors. (D) Cell counts obtained from experiment in (A-C), showing
partial rescue of killing effect with nivolumab and more complete rescue witth Ezh2

inhibitor. Three replicates per assay; representative of three experiments. (E) IL2 ELISA shows
high initial IL2 production in MIPCEA/CAR-T cell cocultures in presence or absence of
nivolumab that declined in parallel when CAR T cells were re-exposed to second and third
batches of target tumor cells.
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