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IMMUNOLOGY

Kriippel-like factor 4 regulates the cytolytic effector
function of exhausted CD8 T cells

Jinwoo Nah and Rho H. Seong*

Exhausted CD8 T cells during chronic inflammatory responses against viral infections and cancer are phenotyp-
ically and functionally heterogeneous. In particular, CD8 T cells with cytolytic effector function have been re-
cently identified among the exhausted CD8 T cell subsets. However, the regulation of their differentiation and
function remains largely unknown. Here, we report that Kriippel-like factor 4 (KLF4) is a critical regulator of the
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exhaustion process, promoting the cytolytic effector function of exhausted CD8 T cells. KLF4-expressing CD8 T
cells in exhaustion contexts showed the features of transitory effector CD8 T cells. Enforced KLF4 expression
increased CD8 T cell differentiation into transitory effector subsets and enhanced their antitumor immunity.
We further demonstrated that KLF4 also showed a capacity of reinvigorating exhausted CD8 T cells. Last,
high KLF4 expression was positively correlated with a favorable prognosis in human patients with cancer.
Our study highlights the potential impacts of KLF4 on CD8 T cell exhaustion and antitumor immune therapy.

INTRODUCTION

Antigen-specific CD8 T cells reach a severely dysfunctional state
during chronic inflammatory responses against viral infections
and cancer, which is described as exhaustion (1-3). Exhausted
CD8 T cells are phenotypically and functionally heterogeneous
(4-11). Recent studies have identified progenitor exhausted CD8
T cells and terminally exhausted CD8 T cells and their characteris-
tics (4, 7, 10, 11). Progenitor exhausted CD8 T cells highly express T
cell factor 1 (TCF1) and CXCR5 and show a stem-like phenotype
with an increased proliferative capacity. In contrast, terminally ex-
hausted CD8 T cells down-regulate TCF1 and CXCR5 and up-reg-
ulate PD1 (Programmed cell death protein 1), TIM3 (T cell
immunoglobulin and mucin domain containing protein 3), and
other inhibitory receptors. Notably, the number of progenitor ex-
hausted CD8 T cells increases in response to anti-PD1 therapy,
which appears to be a critical factor for the successful control of
chronic viral infection and cancer (5-7, 10, 12).

Effective immune responses exerted by the progenitor exhausted
CD8 T cells imply that cells with effector functions may develop
from the progenitor cells. CD8 T cells with effector characteristics
in the exhaustion contexts have recently been identified (13-15). In
chronic viral infections, stem-like TCF1* CD8 T cells initially dif-
ferentiated into transitory CD101"CX3CR1*TIM3* cells that exert
effector-like transcriptional signatures and later converted into
CD101*CX3CR1-TIM3" cells (13). CX3CR1* CD8 T cells are
found not only in chronic infections but also in the tumor micro-
environment and show effector-like functions (14). Moreover, four
different subsets of exhausted CD8 T cells are identified in chronic
viral infections: TexP™8! (CD69*Ly108"), TexP™8? (CD69~Ly108™),
Tex'™ (CD697Ly1087), and Tex'*™ (CD69*Ly108~) (15). Tex™
cells display effector-like signatures including the expression of
CX3CR1, proinflammatory cytokines, and granzyme B (GzmB),
and they eventually convert into Tex'"™. Thus, the functional
shift from the effector-like CD8 T cells to the terminally exhausted
CD8 T cells may be the true nature of exhaustion, suggesting that
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increasing the number and/or function of effector-like CD8 T cells
may be an ideal strategy for immune therapy of viral infections and
cancer. However, little is known about the characteristics of the ef-
fector-like CD8 T cells in the context of exhaustion, especially in
terms of their genetic regulation.

Here, we report that Kriippel-like factor 4 (KLF4) is a hallmark of
cytolytic effector—like CD8 T cells during the exhaustion process,
which we term as transitory effector CD8 T cells in this study. We
found that KLF4 promotes the CD8 T cell differentiation into tran-
sitory effector subsets. In consequence, KLF4 expression in CD8 T
cells increased antitumor immunity and provided a great advantage
in controlling tumor growth. Moreover, we demonstrated that KLF4
expression could reinvigorate the effector function of exhausted
CD8 T cells. Last, we showed that high KLF4 expression also corre-
lated with increased survival of human patients with cancer. Thus,
the potential impact of KLF4 on CD8 T cell exhaustion can be un-
derscored in terms of antitumor immune therapy.

RESULTS

KLF4 is a potential regulator of CD8 T cell effector function
during the exhaustion process and is specifically increased
by chronic TCR stimulation

To identify the factors that regulate CD8 T cell effector function
during the exhaustion process, we first examined consensus
motifs and their expected binding factors within the promoter
regions of inhibitory receptors including Pdcdl (PD1), Ctla4
[CTLA4 (Cytotoxic T lymphocyte associated protein 4)], Lag3
[LAG3 (Lymphocyte activation gene 3)], and Havcr2 (TIM3),
which can be regarded as hallmarks of exhaustion (fig. S1, A to
C). The list of identified factors was overlapped with potential
binding factors on differentially methylated regions (DMRs) that
are highly enriched in effector CD8 T cells (16). We identified
EGRI (Early growth response 1), EGR2, and SP1 (Sp1 transcription
factor) as candidate factors binding to demethylated DMR-enriched
motifs, while FLI1 (Friend leukemia integration 1 transcription
factor), CTCFL (CCCTC-binding factor like), SMAD3 (SMAD
family member 3), NEURODI (Neuronal differentiation 1),
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KLF4, and ZNF263 (Zinc finger protein 263) as factors binding to
methylated DMR-enriched motifs (fig. S1D). Among these, it has
been recently shown that KLF4 is positively correlated with T-bet,
a well-known regulator of CD8 T cell effector function, during
chronic viral infections (15).

To check the relatedness between KLF4 and an exhaustion
process, we adopted an in vitro system to induce exhaustion by re-
petitive peptide stimulation on OT-I CD8 T cells, as previously de-
scribed (fig. S2A) (17). Compared to CD8 T cells treated with
cytokines [cytokine only (C cells)] or stimulated by a single treat-
ment with ovalbumin (OVA) peptide for 2 days [single stimulation
(SS cells)], cells repeatedly stimulated with OVA peptide [repeated
stimulation (RS cells)] up-regulated PD1 and TOX (Tox) expression
(fig. S2, B to D). KIf4 expression significantly increased in RS cells
compared to that in C and SS cells (fig. S2E). In addition, we sought
to validate our in vitro exhaustion model whether in vitro generated
CD8 T cells show known features of reported in vivo exhausted CD8
T cells. After day 3, we observed a gradual increase of PD1 and TOX
with a decrease of tumor necrosis factor—a (TNF-a), which are
typical phenotypes of exhaustion (fig. S2, F to H). Moreover, we
found that most of the cells were Tex'™ (CD69"Ly108~) on day
5, while Tex'™ (CD697Ly108™) cells appeared on day 3 and their
proportion was gradually decreased (fig. S2I). Thus, our in vitro ex-
haustion model resembles in vivo exhaustion, suggesting that KLF4,
which is specifically increased by chronic T cell receptor (TCR)
stimulation, is a potential regulator of CD8 T cell effector function
during the exhaustion process.

KLF4 is highly expressed in the transitory effector subset of
exhausted CD8 T cells with cytolytic effector function

To further investigate KIf4 expression in tumor-infiltrating CD8 T
cells, we analyzed single-cell RNA sequencing (scRNA-seq) data of
CD8" tumor-infiltrating lymphocytes (TILs) isolated from B16F10
melanoma-bearing C57BL/6 mice (18). Pdcdl-expressing CD8*
TILs were filtered and grouped into six clusters on the basis of
their expression of distinct markers (progenitor exhausted: Slamf6
and Gzmk; central memory: Tcf7, Lefl, and Sell; terminally exhaust-
ed: Tox, Tigit, and Pdcdl; cycling: Stmnl, Ckslb, and Mki67;
memory-like anergic: Ccr7, Xcll, and Nrnl; and transitory effector:
Junb, Fosb, and Nr4al; Fig. 1A and fig. S3). To validate whether
cluster 5 shows known features of transitory/intermediate exhaust-
ed subsets, we scored the expression level of their signature genes
(Tbx21, Tnf, Cx3crl, Etsl, Klrkl, Ifng, Klrd1, Klrgl, S1prl, KIf3,
Foxj3, Hoxb4, Nfyb, Atf2, Sp3, and Maz) and compared it with
other clusters. We found that the score was the highest in cluster
5 (transitory effector) cells (Fig. 1, B and C). In addition, we
further validated phenotypes of transitory effector cells by gene
set enrichment analysis (GSEA) using Tex™ and Tex'*"™ marker
genes described by Beltra et al. (15). When GSEA was performed
between cluster 2 (terminally exhausted) and cluster 5 (transitory
effector) cells, Tex'™ marker genes were significantly enriched in
cluster 5 cells, whereas Tex'"™ marker genes were significantly en-
riched in cluster 2 cells (fig. S4, A and B). Moreover, cluster 5 cells
showed high expression of Cx3crl and Havcr2 (fig. S4, C and D),
which are also known phenotypes of transitory/intermediate ex-
hausted subsets (13—15). Moreover, cluster 5 cells showed a low
Tox expression with the highest level of Tbx21 and Tnf expression
among the clusters (Fig. 1, D to F). Thus, we defined the cells in
cluster 5 as transitory effector subset of tumor-infiltrating CD8 T
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cells. The expression level of Kif4 was the highest in cluster 5
cells (Fig. 1G).

To validate the results of the single-cell analysis, we verified KIf4
expression among different subsets of exhausted CD8 T cells ob-
tained from tumor tissue of MC38 tumor—bearing mice. According
to previous reports (13—15) and our data, we grouped CD8" TILs
into three subsets: progenitor (Ly108*), TIM3-expressing transitory
effector (CD69"Lyl108~TIM3"), and terminally exhausted cells
(CD69*Ly108~TIM3*; fig. S5, A to E). Then, we isolated CD44'°%
(naive) and CD44"8" (effector/memory) CD8 T cells from the
spleen and each subset of the exhausted CD8 T cells from the
tumor tissue and compared their gene expression patterns
(Fig. 1H). The expression of Tox gradually increased during the ex-
haustion process (Fig. 1I). In contrast, the Tbet/Eomes ratio, a sig-
nature of CD8 T cell effector function (15, 19), was the highest in
transitory effector cells and decreased in terminally exhausted cells
(Fig. 1]). In addition, while gene expression of T¢f7, Havcr2, and
Gzmb was comparable between the two subsets (fig. S5, F to H),
gene expression of Ifng, Tnf, and Cx3crl was the highest in transi-
tory effector cells and decreased in terminally exhausted cells (fig.
S5, I to K). KIf4 expression was the highest in the transitory effector
cells, showing similar kinetics to the effector signature genes
(Fig. 1K). Together, our data demonstrated that KIf4 is highly ex-
pressed in the transitory effector subset and its expression decreased
in the terminally exhausted subset of tumor-infiltrating CD8 T cells.

KLF4 enhances effector function and characteristics of
transitory effector CD8 T cells

To identify the role of KLF4 on exhausted CD8 T cells, we retrovir-
ally transduced KIf4 into OT-I CD8 T cells on day 1 of in vitro ex-
haustion model and repeatedly treated OVA peptide to induce
exhaustion (fig. S6A). We found that CD8 T cells transduced with
KIf4 showed a significantly increased proportion of GzmB* and in-
terferon-y—positive (IFN-y*) cells compared to that of cells trans-
duced with the MigRI control (Fig. 2, A and B). We further
analyzed the gene expression profiles of these transduced cells by
RNA-seq. Among the 1435 differentially expressed genes (DEGs),
genes related to the effector program (Tbx21, PrdmI, and Jun), cy-
totoxic molecules (Prfl, Gzmb, Gzmc, and Ifng), and T cell migra-
tion and localization (KIf3, S1prl, Runx3, and Cxcr6) were up-
regulated by KIf4 expression. In contrast, Tcf7 and Slamf6, which
are known to be down-regulated during effector CD8 T cell differ-
entiation (20-22), were decreased by Kif4 expression. In addition,
the expression of genes encoding inhibitory receptors (Ctla4,
Cd200, Cd101, and Cd160) and the exhaustion state (Tox) decreased
(Fig. 2, Cand D). Gene Ontology (GO) enrichment analysis showed
that genes involved in leukocyte differentiation, leukocyte migra-
tion, and regulation of cytokine production were highly enriched
within the DEGs (Fig. 2E). In addition, the result showed that the
genes involved in the mitogen-activated protein kinase cascade
pathway and the guanosine triphosphatase (GTPase) activity, both
of which are closely related to c-Jun (23-25), were significantly en-
riched within DEGs. GO analysis also showed that the transcrip-
tional network regulated by Kif4 shared prominently with Jun-
regulated processes (Fig. 2F). CD8 T cells transduced with KIf4
highly increased the expression of Jun and AP-1 (Activator
protein 1) subunit factors Junb, Fosll, and FosI2 (Fig. 2G). More-
over, CD8 T cells transduced with Kif4 showed an increased
phospho—c-Jun level, which is critical for its activity (Fig. 2H)
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Fig. 1. KLF4 is highly expressed in the transitory effector subset of exhausted CD8 T cells with cytolytic effector function. (A to G) scRNA-seq data from B16F10
melanoma-infiltrating CD8* TILs (GSE116390) were analyzed. Pdcd1-expressing CD8" TILs were filtered. (A) Clustering and uniform manifold approximation and projec-
tion (UMAP) visualization of Pdcd1-expressing CD8 T cells from B16F 10 melanoma tumor (n = 2652 cells) on day 15. Colors denote transcriptional clusters, labeled with
functional annotations. (B) UMAP visualization of transitory signature score within Pdcd1-expressing CD8* TILs. (C) Violin plot of transitory signature score within clusters.
Cluster 5 denotes transitory effector cells. (D to G) Violin plot of the expression level of (D) Tox, (E) Tbx21, (F) Tnf, and (G) KIf4 within clusters. Cluster 5 denotes transitory
effector cells. (H to K) Five different CD8 T cell subpopulations were isolated from MC38 tumor—bearing C57BL/6 mice on day 18. (H) Schematic design of the experiment.
(1) Histogram of Tox mRNA expression on five different CD8 T cell subpopulations (n = 5 per group). (J) Histogram of ratio T-bet/Eomes (mRNA) on five different CD8 T cell
subpopulations (n =4 per group). (K) Histogram of KIf4 mRNA expression on five different CD8 T cell subpopulations (n = 5 per group). All data are means + SEM. Statistical

analysis was performed using Student's t test. ns (nonsignificant), P > 0.05; *P < 0.05; **P < 0.01; ****P < 0.0001.

(26). In line with a previous report that the expression of c-Jun en-
hances effector function and counteracts exhaustion in CAR T cells
(27), our results suggest that c-Jun activity increased by KIf4 expres-
sion may contribute to enhancing CD8 T cell effector function.
To consolidate the role of KLF4 during the exhaustion process,
we compared the RNA-seq data with published data through GSEA.
We found that signature genes for circulating T cells (28) were
highly enriched in CD8 T cells transduced with KIf4 (Fig. 2I),
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whereas signature genes for naive T cell quiescence (29) were
highly enriched in cells transduced with MigRI (Fig. 2J). Detailed
analysis of four subsets (TexP™ 8!, TexP™8%, Tex™, and Tex'"™) of
exhausted CD8 T cells (15) revealed that genes down-regulated in
Tex'™ were highly enriched in the cells transduced with MigRI
(Fig. 2K), while genes up-regulated in Tex™™ were highly enriched
in cells transduced with KIf4 (Fig. 2L). Furthermore, genes up-reg-
ulated in Tex'*"™ were significantly enriched in the cells transduced

30f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

Z score
A c D [ Same
Gated on CD8* T cells
MigRI Kif4 200 Kif4
, 1007  Hekkk Elf4
CED 80 2 . :
T 3 60 w28 . : . Tafa3 c Prdm1
! 150 1 i ) 2
2 ; 5 401 38 . Pomj 20 1d2
w 3 o P 5 9
=20 I_P‘ ° Emp1 . Ceacam1 5 g Jun
0 = © =
N & © o Upk1a « Rhoc &
GzmB S & > 100 : : .. = Tbx21
~ g cd160 : §
E . . P et L KIf3 Tef7
B <3 : : g / Ifitm 1
e Tox
dhds Kif4
£ g - AA467197 Prf1
o @
Creb ek || S0l - | | odir e AN 53 |
1 g. % Gzmb
& 10 ©E .
Log,FC e
| cties
E F - . Pl T
Pathway and process Transcriptional regulation network g ) Cd200
= _—
: e £38 cd101
Leukocyte differentiation Regulated by: Jun £0
Leukocyte migration Regulated by: Sp1 Cd160
Regulation of MAPK cascade Regulated by: Trp53
Regulation of GTPase activity Regulated by: Xbp1
Regulation of cytokine production Regulated by: Cebpb - Kif3
Positive regulation of cell migration Regulated by: Nfkb1 c S s1
Negative regulation of cell activation———7] Regulated by: Egr1 ——1 =] [ pr1
Mononuclear cell migration ———— Regulated by: Smad3 ——31 g 5 —
Hemostasis ———1 Regulated by: Fos/1 ——1 g8 unx
Actin cytoskeleton organization ——] Regulated by: Pparg —————1 pe Cxcré
T T 1
0 10 20 30 0 2 4 6
—Logyo(P value) -Log;o(P value) &
G z score H I Tcirc signature Naive T cell quiescence
(GSE86042) (EITanbouly etal.)
101 » = -
c * g N NG .
_ Jun § 3 5 — : \\ A \ \r
= £ ] g 50/ NES = 2.150005 NES = -1 6942158\ 'y
3 Junb 28 ] =10 £..| FDR g value <001 FOR g value <005\
=1 Lo w 03
= g 7 MMUMJ.UL T
a Fosl1 = 1 205
< Fosl2 £ - 5
s 2 ‘ & 0.0
e I
& & —» Phospho c-Jun I A
\g& (3
K L M N
Genes down-regulated in Tex™  Genes up-regulated in Texi Genes up-regulated in Tex'em Normalized enrichment score
(GSE149879) (GSE149879) (GSE149879)
L. N { % : fﬁm\ﬂv g“‘ ks _..w"\~\\\ \\ Genes down-regulated in Texint (GSE149879)
g'i 1 zial J E = Naive T cell quiescence (ElTanbouly et al.)
£o NES = -3.4803317 s E JENES ;2501502 £o NES = -1.2084648 Genes up-regulated in Texte™ (GSE149879)

. FDR g value < 001" FDR g value < 0.01

(1T uwuuuwwummw »u_

3 FDR g vthe £0.25 Effector vs. naive (GSE10239)

Effector vs. exhausted (GSE9650)
Effector vs. naive (GSE1000001)

Tcirc signature (GSE86042)

Genes up-regulated in Tex" (GSE149879)

-4 -2 0 2 4

Fig. 2. KLF4 enhances effector function and characteristics of transitory effector CD8 T cells. (A to N) OT-I CD8 T cells were retrovirally transduced with MigRI/KIf4 on
day 1 during in vitro exhaustion process and were harvested on day 5. GFP* cells were gated for all analyses. (A) Representative flow cytometry plot of GzmB expression
and the proportion of GzmB* cells in CD8 T cells transduced with MigRI/KIf4 (n = 6 per group). (B) Representative flow cytometry plot of IFN-y expression and the pro-
portion of IFN-y* cells in CD8 T cells transduced with MigRI/KIf4 (n = 6 per group). (C to N) CD8 T cells transduced with MigRI/KIf4 were isolated and RNA-seq was
performed. (C) Volcano plot highlighting differential transcripts between CD8 T cells transduced with MigRI/KIf4 (n = 3 per group). (D) RNA expression heatmap of
DEGs from CD8 T cells transduced with MigRI/KIf4 (n = 3 per group). (E) Gene Ontology (GO) (pathway and process) analysis of DEGs. (F) GO (transcriptional regulation
network) analysis of DEGs. (G) RNA expression heatmap of AP-1 subunit genes from CD8 T cells transduced with MigRI/KIf4 (n = 3 per group). (H) Representative flow
cytometry plot and histogram of relative MFI (mean fluorescence intensity) level of phospho—c-Jun in CD8 T cells transduced with MigRI/KIf4 (n = 4 per group). (I to M)
GSEA between CD8 T cells transduced with MigRI/KIf4 using gene sets of (I) Tcirc signature, (J) naive T cell quiescence, (K) genes down-regulated in Tex™ (L) genes up-
regulated in Tex™, and (M) genes up-regulated in Tex®™. (N) Histogram of normalized enrichment score from GSEA using various gene sets. (A, B, and H) Data are means
+ SEM. Statistical analysis was performed using Student's t test. *P < 0.05; ****P < 0.0001. Log,FC, log, fold change; FDR, false discovery rate; NES, normalized enrichment
score; FSC-H, forward scatter height.
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with MigRI (Fig. 2M). In addition, genes related to the effector
function of CD8 T cells in various contexts (30-32) were signifi-
cantly enriched in cells transduced with Kif4 (Fig. 2N). These data
indicated that KIf4-expressing CD8 T cells show transcriptional par-
allelism with transitory effector cells, as well as resistance to quies-
cence and terminal exhaustion. Collectively, all these data support
that KIf4-expressing CD8 T cells in the exhaustion contexts resem-
ble transitory effector CD8 T cells with increased effector function.

CEACAM1 is highly expressed in transitory effector CD8 T
cells during the exhaustion process

Our RNA-seq analysis revealed that Ceacam1 was the gene with the
highest fold change among 1435 DEGs in CD8 T cells transduced
with KIf4 compared to the control (Fig. 2C). The majority (61.3 £
0.9%) of CD8 T cells transduced with Kif4 were CEACAM1 (CEA
cell adhesion molecule 1)* (Fig. 3A). In the CD8" TILs, Ceacaml
was expressed at the highest level in the transitory effector subset
but down-regulated in the terminally exhausted subset (fig. S5L),
which is similar to the expression pattern of Kif4 (Fig. 1K). To
check CEACAMLI protein level in exhausted CD8 T cells, we ana-
lyzed the PD1*CD8* TILs from MC38 tumor-bearing C57BL/6
mice. The cells were grouped into four different subsets depending
on the expression of CEACAM1 and TIM3: CEACAM1~TIM3™,
CEACAMI*TIM3~, CEACAM1*TIM3", and CEACAM1~TIM3".
The majority (92.2 + 0.3%) of PD1*CD8"* TILs were CEACAMI1~
(with TIM3* and TIM37), and the proportion of CEACAMI1*"
TIM3™ cells was low (4.6 £ 0.2%; Fig. 3B). When the effector fea-
tures were compared among the four groups, the highest
proportion of GzmB* and TNF-a® cells was observed in
CEACAMI*TIM3™" cells, and the proportion was decreased in
CEACAMI1™TIM3" cells (Fig. 3, C and E). The proportion of
IEN-y* cells was also the highest in CEACAMI*TIM3" cells;
however, it did not show a significantly decreased level in
CEACAMI™TIM3" cells (Fig. 3D). In addition, CEACAM1*TIM3™"
cells contained the highest proportion of CX3CR1™ cells, which are
known as effector-like CD8 T cells during exhaustion, while the
proportion decreased in CEACAM1~TIM3" cells (Fig. 3F). Further-
more, CEACAM1*TIM3" cells showed relatively lower level of TOX
(Fig. 3G), whereas the levels of Tbet/Eomes ratio and phospho—c-
Jun were the highest among the subpopulations (Fig. 3, H and I).
Similarly, the profiles of the effector signatures shown by the sub-
populations matched well with Klf4 expression (Fig. 3]). Together,
we concluded that CEACAMI*TIM3™ cells, which show the highest
effector features among the exhausted subsets, are in the transitory
effector stage, whereas CEACAM1™TIM3" cells are in the terminal-
ly exhausted stage.

KLF4 enhances CD8 T cell differentiation into transitory
effector subsets and the antitumor function

To investigate the function of KLF4 during CD8 T cell exhaustion in
vivo, we induced a tumor in Rag2 knockout (KO) mice by injecting
MC38-gp100 cells, which could be recognized by CD8 T cells
derived from Pmell TCR transgenic mice (33). Pmell CD8 T cells
were transduced with MigRI control or KIf4 and then adoptively
transferred into mice bearing the tumor (fig. S6B). Mice that re-
ceived CD8 T cells transduced with KIf4 showed a decreased
tumor volume compared to that in control mice (Fig. 4A). The pro-
portion of proliferative Ki-67* cells within the CD69Ly108~ and
CD69"Ly108~ subsets also significantly increased in CD8 T cells
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transduced with Kif4 (Fig. 4B). In addition, the proportion of
GzmB*, IFN-y ¥, and TNF-a* cells significantly increased in CD8
T cells transduced with Kif4 (Fig. 4, C to E). Notably, CEACAM1*
TIM3" cells, which showed the highest effector function among the
tumor-infiltrating CD8 T cells, were highly enriched in CD8 T cells
transduced with KIf4 (Fig. 4F).

To further investigate the in vivo function of KLF4, we analyzed
gene expression profiles of tumor-infiltrating CD8 T cells trans-
duced with MigRI or Kif4 by SMART (Switching mechanism at 5'
end of RNA template) sequencing (SMART-seq). CD8 T cells trans-
duced with MigRI or Kif4 were adoptively transferred on day 7 (fig.
S7A), instead of day 1, to increase overall tumor sizes, as well as the
total number of CD8 T cells from tumor tissues, against to the
model described in fig. S6B. GO enrichment analysis showed that
genes involved in regulation of cytokine production, cell adhesion,
and immune cell differentiations were highly enriched within DEGs
(Fig. 4G), similarly to the results from in vitro experiments (Fig. 2E).
In addition, GSEA showed that genes up-regulated in Tex™™ were
highly enriched in CD8 T cells transduced with KIf4, whereas
genes up-regulated in Tex"™ and signature genes for naive T cell
quiescence were highly enriched in CD8 T cells transduced with
MigRI (Fig. 4, H to ]). These results indicated that CD8 T cells trans-
duced with Kif4 displayed similar transcription profiles to transitory
effector subsets. We found that the proportion of TIM3*CX3CR17,
CD697Ly108~, and CEACAM1*TIM3" cells, which are considered
as transitory effector subsets, were all significantly increased in CD8
T cells transduced with KIf4 (fig. S7, B to F). In particular, the ex-
pression of AP-1 family factor Jun and Fos, as well as KIf3 and
Prdm1, was highly increased in CD8 T cells transduced with KIf4,
while the expression of Tcf7, Eomes, Nr4a2, and Tox was decreased.
The expression of cytotoxic molecules (Tnf, Prfl, and Ifng) was also
increased by Klf4 overexpression. Moreover, the expression of
Ceacaml and Havcr2 was increased by KIf4 overexpression,
whereas the expression of most inhibitory receptors (Tigit, Lag3,
Pdcdl, Cd101, Ctla4, Cd160, and Cd200) was down-regulated
(Fig. 4K). Consistently, KIf4 overexpression increased the propor-
tion of IFN-y* cells in all CEACAM1-TIM3~defined subsets (fig.
S7G). Increased functionality even in terminally exhausted subsets
(CEACAM1"TIM3") suggests that KIf4 may increase the effector
function of CD8 T cells and/or counteracts the exhaustion status
in these subsets. Together, these results demonstrated that overex-
pression of KIf4 in tumor-specific CD8 T cells increases their func-
tionality, by up-regulating effector-related genes and down-
regulating exhaustion-related genes, which, in turn, promotes dif-
ferentiation into the transitory effector subsets and counteracts ter-
minal exhaustion.

KLF4 deficiency impairs CD8 T cell differentiation into

transitory effector subsets and the antitumor function

Next, we further investigated the effects of the loss of KIf4 in CD8 T
cells on their antitumor response using KIf4"%; E8i-cre [KIf4 con-
ditional KO (cKO)] mice. A tumor was induced by subcutaneous
injection of MC38 cells into control or Kif4 cKO mice. The tumor
volume and mass increased slightly but significantly in KIf4 cKO
mice compared to that in control mice (Fig. 5, A and B). The pro-
portion of GzmB™, IFN-y *, and TNF-a" cells also decreased in Kif4
cKO PD1*CD8" TILs (Fig. 5, C to E). Note that although the pro-
portion of CEACAM1*TIM3™ cells decreased significantly in Kif4
cKO PD1*CD8" TILs (Fig. 5F), the degree of the decrease was
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Fig. 3. CEACAM1 is highly expressed in transitory effector CD8 T cells during the exhaustion process. (A) Representative flow cytometry plot of CEACAM1 expres-
sion and the proportion of CEACAM1* cells in CD8 T cells transduced with MigRI/KIf4 (n = 5 per group) from in vitro exhaustion experiment. GFP* cells were gated for the
analysis. (B to J) CD8* TILs were analyzed from MC38 tumor—bearing C57BL/6 mice on day 18. (B) Representative flow cytometry plot of CEACAM1 and TIM3 expression,
and the proportion of each subpopulation in PD1*CD8* TILs (n = 9 per group). (C to F) Representative flow cytometry plot and the proportion of (C) GzmB™* (n = 8 per
group), (D) IFN-y * (n = 7 per group), (E) TNF-a* (n = 6 per group), and (F) CX3CR1* (n = 7 per group) cells in CEACAM1-TIM3-defined subsets. (G to J) Histogram of (G)
relative TOX (MFI) ratio (n = 4 per group), (H) relative T-bet/Eomes (MFI) ratio (n = 5 per group), (I) relative phospho—c-Jun (n = 3 per group), and (J) relative expression of
KIf4 (n = 3 per group) in CEACAM1-TIM3—defined subsets. Relative values were calculated on the basis of the level of CEACAM1*TIM3" subset. All data are means + SEM.
Statistical analysis was performed using Student's t test. ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

minor when compared to that of the increase observed after Kif4
overexpression (Fig. 4F). Thus, there appears to be a correlation
between a high increase in CEACAM1*TIM3* cells and effective
control of tumor growth. Similarly, the proportion of transitory ef-
fector subsets, defined by various combination of markers, ap-
peared to be decreased by KIf4 deficiency (fig. S8, A to E).

Nah and Seong, Sci. Adv. 8, eadc9346 (2022) 25 November 2022

Although the proportion of progenitor exhausted subsets appeared
to increase and that of terminally exhausted subsets was largely un-
changed, KIf4 deficiency greatly reduced the absolute cell number of
transitory effector subsets, as well as terminally exhausted subsets,
while the number of progenitor exhausted subsets did not change
significantly (fig. S8, F to H).

6 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

A B Cc Gated on CD8* T cells
MigRI Kif4
800+ o ] 40
-0~ MigRI - * ° wke
= ok © MigRI - P ] <83 —
E 600 - Kif4 @ a Kif4 =, T B 0 g
= - A
£ oy HEEYIE N @ ||| S s
g €8 10] 8 ° ol
£ 200 ** £ Ii-”'!;‘ [i1 = GzmB ®§. &
= *kk 0 - s - i D
& o S ®
N N N S i 60
0 5 10 15 RN A} i © *
) ) ) S ¢ £ £ < 8 40 o
Time (days after inoculation) o o o oY _ i;'_
O 13.6 34.9 T o a
o . z ol 201 2
F Gated on CD8" T cells 1 =0 ’—I-‘
£ ol
MigRI Kif4 ) & &
{528 " & ¥
o E 20
3 8 ] P
'+_ = 3 = @ 151 _*
E 2 I 3 5
2 50 S | Ja ',
= << D zQa
wi ek FO 5
43. o £
v N X
L CEACAMI L’ TNF-a & ¢
G H | J
Biological process (MigRI vs. KIf4) Genes up-regulated in Tex" Genes up-regulated in Textem Naive T cell quiescence

(GSE149879) (GSE149879) (ElTanbouly et al.)

Positive regulation of cytokine
production | .

Positive regulation of cell |
adhesion .= NES = -2.4583077
» FDR q value ='0.0

LTI

MigRI

g NES = -1.8889412
' FDR g value < 0.01

[T

Kif4

NES = 1.813551%: ..
FDR g value < 0.05

LTy

Kif4 - é
MigRI

Envicument score (€8)
Ervictment score (£5)

Mononuclear cell differentiation -

Myeloid cell differentiation -

Autophagy +
Process utilizing autophagic
mechanism |
Negative regulation of immune |
system process
Regulation of hemopoiesis -
Positive regulation of cell
projection organization |

Intersection size
@ 125
@ 150
| @175 K
| @20 10—
Adj. P value
5.005435 x 1033

o
@
o
@ |
Regulation of binding - [ | 6.383641 x 10720
o
o
@
[ J

o
()
[
Regulation of cell-cell adhesion - .
[
[

Leukocyte cell-cell adhesion -

|

Regulation of protein catabolic 1.276728 x 10719
process 1.915092 x 10719

Regulation of T cell activation - 2.553456 x 10719

Regulation of leukocyte cell-
cell adhesion ]

1
=
o

1

Log,FC (KIF4/MigRI)

Homeostasis of number of cells |

Positive regulation of cell-
cell adhesion ] L

T cell differentiation 4 ® | 20T T T - T T T T T T : T | . | | 1 1 1 1
- ; A A
Positive regulation of leukocyte 5\5(\?09\(5‘\{5 ‘li\ <\ \‘\0 «o“"\ﬂ\ Q{\ \(\Q \: < \/’b% N N Q% 6\%&@
O

cell-cell adhesion | L] & o
Myeloid leukocyte differentiation - ®

0.00 0.01 0.02 0103 0.04 0.05 D — Cytotoxic Siiffacainolasiiles
Gene ratio molecules (inhibitory receptors)

Fig. 4. KLF4 enhances CD8 T cell differentiation into transitory effector subsets and the antitumor function. (A to F) Pmell CD8 T cells transduced with MigRI/KIf4
were adoptively transferred into MC38-gp100-inoculated Rag2 KO mice on day 1. The tumor-infiltrating CD8 T cells were analyzed on day 15. GFP* cells were gated for all
analyses. (A) Tumor growth curve of mice received CD8 T cells transduced with MigRI (n = 6)/KIf4 (n = 7). (B) The proportion of Ki-67" cells in CD8 T cells transduced with
MigRI/KIf4 (n = 4 per group). (C to E) Representative flow cytometry plot and the proportion of (C) GzmB*, (D) IFN-y*, and (E) TNF-a* cells in CD8 T cells transduced with
MigRI (n = 4)/KIf4 (n = 3 to 4). (F) Representative flow cytometry plot and the proportion of CEACAM1*TIM3" cells in CD8 T cells transduced with MigRI (n = 4)/KIf4 (n = 5).
(G to K) Pmell CD8 T cells transduced with MigRI/KIf4 were adoptively transferred into MC38-gp100—inoculated Rag2 KO mice on day 7. The tumor-infiltrating CD8 T cells
transduced with MigRI (from four mice) and KIf4 (from four mice) were pooled (GFP* cells were sorted) on day 15, and SMART-seq was performed. (G) GO (GO biological
process) analysis of DEGs. (H to J) GSEA between CD8 T cells transduced with MigRI/KIf4 using gene sets of (H) genes up-regulated in Tex'™, (I) genes up-regulated in
Tex'®™, and (J) naive T cell quiescence. (K) Histogram of fold change of genes between CD8 T cells transduced with MigRI/KIf4. (A to F) Data are means + SEM. Statistical
analysis was performed using Student's t test. ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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To better understand the role of KLF4, we analyzed gene expres-
sion profile of control and Kif4 cKO PD1*CD8" TILs by SMART-
seq. GO enrichment analysis showed that genes involved in energy
production, such as adenosine triphosphate (ATP) metabolic
process and oxidative phosphorylation, were highly enriched
within DEGs (Fig. 5G). GSEA analysis also showed that genes in-
volved in ATP metabolic process and oxidative phosphorylation
were significantly enriched in control PD1"CD8* TILs (Fig. 5, H
and I). It has been known that dysfunctional and terminally ex-
hausted CD8 T cells from tumors display defective oxidative phos-
phorylation and ATP synthesis (34). Genes down-regulated in
Tex'™ and up-regulated in Tex'*™ were highly enriched in Kif4
cKO PD1*CD8* TILs (Fig. 5, ] and K), indicating that KIf4 defi-
ciency increases the severity of exhaustion. Consistent with this,
the expression of AP-1 family (Jun, Fosb, and Fosl2), as well as
Prdm1l, was decreased in KIf4 cKO PD1*CD8" TILs, while the ex-
pression of exhaustion genes (Nr4a2 and Tox) was increased. Fur-
thermore, the expression of inhibitory receptors such as Cd101,
Cd160, Tigit, Pdcdl, and Ctla4 was up-regulated, whereas the ex-
pression of Ceacaml was down-regulated in KIf4 cKO PD1*
CD8* TILs (Fig. 5L).

To integrate the results from the analyses of both Kif4 overex-
pression and KIf4 deficiency, genes up-regulated by KIf4 overexpres-
sion and those down-regulated by KIf4 deficiency were overlapped.
GO enrichment analysis showed that genes involved in GTPase-me-
diated signal transductions and regulation of phosphatidylinositol
3-kinase (PI3K) activity were highly enriched within these overlap-
ping genes (fig. S9A). Among the genes that were decreased by Kif4
deficiency, genes involved in small GTPase-mediated signal trans-
duction were highly enriched in CD8 T cells transduced with Kif4
compared to the MigRI control. In contrast, genes that were in-
creased by Klf4 overexpression were decreased in KIf4 cKO PD1*
CD8" TILs and highly enriched in the control (fig. S9B). Genes in-
volved in PI3K activity showed a similar tendency (fig. S9C). It was
reported that signal transduction by PI3K and Ras small GTPase
induces the expression of AP-1 family factors such as c-Jun (35).
Thus, there is a possibility that decreased signaling in small
GTPase and PI3K pathway by KIf4 deficiency may down-regulate
the expression of Jun. To sum, the results revealed that KIf4 defi-
ciency impairs the generation of transitory effector subsets and in-
creases the severity of exhaustion—such as impaired energy
metabolism, small GTPase, and PI3K signaling pathways—which,
in turn, decreases the antitumor function of CD8 T cells.

KLF4 reinvigorates the effector function of exhausted CD8
T cells

Next, we tested whether KIf4 can reinvigorate the effector function
of exhausted CD8 T cells. For this, Retro-X Tet-One system was
used to induce Kif4 expression in exhausted CD8 T cells through
doxycycline treatment. The pRetroX vector was inserted with inter-
nal ribosomal entry site (IRES)—green fluorescent protein (GFP;
pRetroX-GFP) or KIf4-IRES-GFP (pRetroX-KIf4), and cells trans-
duced with the constructs were identified by GFP expression (fig.
S10A). CD8 T cells were first transduced with pRetroX-GFP or
pRetroX-KIf4 and then induced to be exhausted by repeated
antigen stimulation in vitro. The exhausted CD8 T cells transduced
with the constructs were then cultured for additional 2 days with or
without doxycycline (fig. S10B), and GFP* cells appeared only after
the doxycycline treatment (fig. S10C). GFP- or Kif4-induced

Nah and Seong, Sci. Adv. 8, eadc9346 (2022) 25 November 2022

exhausted CD8 T cells (pRetroX-GFP/Dox" or pRetroX-KIf4/
Dox* cells) were isolated, and their phenotypes were analyzed.
The proportion of IFEN-y* cells significantly increased in
pRetroX-KIf4/Dox" cells compared to that in pRetroX-GFP/Dox*
cells (Fig. 6A). The proportion of CEACAMI1™ cells also markedly
increased in pRetroX-Klf4/Dox* cells (Fig. 6B). Moreover, pRetroX-
Kif4/Dox* cells, which showed increased expression of Kif4
(Fig. 6C), expressed Tox and Tcf7 at a considerably reduced level
(Fig. 6, D and E). Conversely, they showed significantly increased
expression of genes related to the effector functions including
Tbx21, Gzmb, and Ifng (Fig. 6, F to H). Thus, it appears that CD8
T cells exhausted by repeated antigen stimulation were reinvigorat-
ed by the induction of KIf4 expression.

Because exhausted CD8 T cells are known to have a strong epi-
genetic imprint, which is known as a major obstacle for reinvigora-
tion (36-38), we investigated whether the induced KIf4 expression
could change the epigenetic status of the exhausted CD8 T cells. For
this, we performed assay for transposase-accessible chromatin with
high-throughput sequencing (ATAC-seq) and compared chromatin
landscapes between in vitro generated effector, pRetroX-GFP/Dox™,
and pRetroX-KIf4/Dox* CD8 T cells. The principal components
analysis (PCA) plot showed that the cluster of pRetroX-KIf4/Dox*
cells was closer to the cluster of pRetroX-GFP/Dox* cells than that
of the effector cells (Fig. 6I). In addition, the proportion of overlap-
ping differentially accessible regions (DARs) between effector CD8
T cells and pRetroX-GFP/Dox™ cells or pRetroX-KIf4/Dox* cells
was comparable (59 and 61%, respectively; fig. S10D). When
DARs were clustered according to their chromatin accessibility,
most were clusters 2 and 5, showing similar patterns between
pRetroX-GFP/Dox™ cells and pRetroX-KIf4/Dox* cells (fig. S10E).
These data suggest that KIf4 expression could partly change the epi-
genetic status of the already exhausted CD8 T cells. Nevertheless,
the PCA plot suggests that effector cells, pRetroX-GFP/Dox" cells,
and pRetroX-KIf4/Dox™* cells could be segregated into distinct phe-
notypic groups (Fig. 6I). The GSEA analysis showed that regions
adjacent to the genes up-regulated in Tex™ appeared to be more
accessible in pRetroX-Klf4/Dox* cells than that in pRetroX-GFP/
Dox™ cells. In contrast, regions adjacent to the genes down-regulat-
ed in Tex'™ appeared to be more accessible in pRetroX-GFP/Dox*
cells; however, the differences were statistically insignificant (Fig. 6,
J and K). We also noticed that regions adjacent to the top 100 up-
regulated DEGs from RNA-seq (Fig. 2C) were more accessible in
pRetroX-KIf4/Dox* cells (Fig. 6L). In addition, most of the
opened DARs were located at promoter regions, and potential
binding targets of enriched motifs in the DARs were majorly SP
and KLF families (fig. S10, F to I). Although the chromatin acces-
sibility of Tox was comparable between pRetroX-GFP/Dox* cells
and pRetroX-Kif4/Dox* cells (Fig. 6M), pRetroX-Kif4/Dox* cells
showed increased chromatin accessibility of genes related to cyto-
toxicity (Ifng), effector program (Jun), and T cell migration (KIf3),
with decreased chromatin accessibility of inhibitory receptor Cd160
(Fig. 6, N to Q). Together, our data suggest that the exhausted CD8
T cells could be reinvigorated by Kif4 expression through transcrip-
tional and partial epigenetic changes, recapitulating the features of a
transitory effector CD8 T cell differentiation.
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Fig. 6. KLF4 reinvigorates the effector function of exhausted CD8 T cells. (A to H) OT-I CD8 T cells were transduced with pRetroX-GFP/pRetroX-Kif4 on day 1 during in
vitro exhaustion process. Exhausted CD8 T cells were harvested on day 5 and cultured with doxycycline for additional 2 days. GFP* cells were gated for all analyses. (A)
Representative flow cytometry plot and the proportion of IFN-y* cells in pRetro-GFP/Dox* and pRetro-KIf4/Dox* cells (n = 4 per group). (B) Representative flow cytometry
plot of CEACAM1 expression and the proportion of CEACAM1* cells in pRetro-GFP/Dox* and pRetro-KIf4/Dox™* cells (n = 4 per group). (C to H) Histogram of relative mRNA
expression of (C) KIf4 (n = 4 per group), (D) Tox (n = 4 per group), (E) Tcf7 (n = 4 per group), (F) Tbx21 (n = 3 per group), (G) Gzmb (n = 4 per group), and (H) Ifng (n = 4 per
group) in pRetro-GFP/Dox* and pRetro-KIf4/Dox* cells. (I to Q) ATAC-seq was performed on naive, effector, pRetro-GFP/Dox™*, and pRetro-KIf4/Dox™* cells. Effector cells
were in vitro generated by peptide stimulation for 2 days. (I) Principal components analysis plot of ATAC-seq data from effector CD8 T cells (n = 3), pRetro-GFP/Dox* (n = 3),
and pRetro-KIf4/Dox* (n = 2) cells. (J to L) GSEA on chromatin accessibility of genes adjacent to peak regions between pRetro-GFP/Dox* and pRetro-KIf4/Dox* cells using
gene sets of (J) genes up-regulated in Tex'™, (K) genes down-regulated in Tex™, and (L) top 100 genes increased DEGs by Kif4 overexpression (RNA-seq from in vitro
exhaustion model). (M to Q) Representative ATAC-seq genome track of (M) Tox, (N) Ifng, (O) Jun, (P) KIf3, (Q) Cd160 in naive, effector, pRetro-GFP/Dox*, and pRetro-KIf4/
Dox™ cells. (A to H) Data are means + SEM. Statistical analysis was performed using Student'’s t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 7. High KLF4 expression correlates with a favorable tumor prognosis. (A and B) Kaplan-Meier curve of patients with COAD and KIRC based on their (A) KLF4 and
(B) CEACAM1 expression (upper, 25%; and lower, 25%). Analyzed by OncoLnc. (C) Pearson correlation between KLF4 and CEACAM1 expression on COAD (n = 275) and KIRC
(n=523) tumor tissue. Analyzed by GEPIA2. (D) Pearson correlation between the expression of GAPDH/KLF4/CEACAM1 and average expression of effector signature genes
(top 100 genes induced by Kif4 overexpression from RNA-seq data) on COAD (n = 275) and KIRC (n = 523) tumor tissue. Analyzed by GEPIA2. (E) Correlation of KLF4
expression and CD8 T cell infiltration score on COAD (n = 458) and KIRC (n = 533) tumor tissue. Analyzed by TIMER2.0. (F) KLF4 fold change after anti-PD1 therapy in CR
(complete response)/PR (partial response; n = 5), SD (stable disease; n = 4), and PD (progressive disease; n = 9) group from patients with melanoma. Data are means +
SEM. Statistical analysis was performed using Student's t test. ns, P > 0.05; *P < 0.05. (G) Kaplan-Meier curve of melanoma patient groups distinguished by KLF4 fold
change. P values less than 0.05 were considered to be significant for the log-rank test and Pearson correlation test.
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High KLF4 expression correlates with a favorable tumor
prognosis

To check the clinical relevance between KLF4 expression and tumor
prognosis in patients with cancer, we analyzed data from The
Cancer Genome Atlas (TCGA) using various analytical tools (39—
41). Among the cancer types, the survival rate of patients with colon
adenocarcinoma (COAD) and kidney renal clear cell carcinoma
(KIRC) was positively correlated with KLF4 expression (Fig. 7A).
Similarly, CEACAMI expression was also positively correlated
with the survival rate of the patients (Fig. 7B). In line with the
results of mouse experiments, the expression of KLF4 and
CEACAM]1 was positively correlated in patients with COAD and
KIRC (Fig. 7C). Analysis on the average expression of human ortho-
logs of top 100 up-regulated DEGs by KIf4 expression (Fig. 2C) re-
vealed a positive correlation with KLF4 and CEACAM1 expression
in these patients, whereas there was no such correlation with the
control gene GAPDH (Fig. 7D). The average expression of Tex™,
Tcirc, and Teff signature genes was also positively correlated with
KLF4 and CEACAM1 expression (fig. S11, A to C). Furthermore,
CD8 T cell infiltration was positively correlated with KLF4 expres-
sion, in concordance with the survival rates of patients with COAD
and KIRC (Fig. 7E).

To further investigate a possibility that CD8 T cells expressing
KLF4 actually play a major anticancer function in human, the cell
type and their gene expression profiles were analyzed by scRNA-seq
analysis. Then, a signature matrix was generated, and the abun-
dance of the cell type within human cancer was calculated by CI-
BERSORTX (42). The calculated abundance was used for survival
analysis of human patients with cancer (fig. S12A). scRNA-seq
data of high-grade serous ovarian cancer (HGSOC) have been de-
posited (43) and used for the subsequent analysis. CD8 T cells were
filtered from the datasets and grouped into six subpopulations
(LAYN-CDS8, GZMK-CD8, STMNI1-CD8, FOSB-CD8, KLF2-
CD8, and FOXP3-CD8) on the basis of their highly or exclusively
expressed genes (fig. S12, B and C). Among the subpopulations,
cluster 4 (FOSB-CD8) cells highly expressed TRANSITORY gene
sets that are human orthologs of top 10 marker genes in transitory
effector subsets of the mouse CD8 T cells (fig. S12D). When we
compared KLF4 expression between clusters, the expression was
the highest in cluster 4 (FOSB-CD8) cells (fig. S12E). The results
suggest that cluster 4 (FOSB-CD8) cells are human counterparts
of mouse transitory effector subsets. Then, the signature matrix of
10 cell types in cancer, including six CD8 subpopulations, was gen-
erated using CIBERSORTXx (fig. S12F). Using the signature matrix,
we calculated the abundances of each cell types from expression
data of 532 patients with KIRC and analyzed their survival rates.
We found that the abundance of FOSB-CD8 T cells showed a pos-
itive correlation with better prognosis in patients with cancer (fig.
S13, A to F). In line with that, when the patients were grouped by
their prognostic stage (stages I to IV), the abundance of FOSB-CD8
T cells decreased as cancer progressed (fig. S13G). These results in-
dicated that a high abundance of FOSB-CD8 T cells expressing high
level of KLF4 correlates positively with better outcomes for patients
with KIRC.

Because immune checkpoint blockade therapy enhances the an-
titumor immunity of CD8 T cells (44), we investigated whether
immune checkpoint blockade increases KLF4 expression in patients
with cancer. We analyzed the reported RNA-seq data obtained from
patients with melanoma both before and after anti-PD1 therapy
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(45). Notably, the fold change in KLF4 expression was the greatest
in the CR (complete response)/PR (partial response) group, fol-
lowed by the SD (stable disease) and PD (progressive disease)
groups (Fig. 7F). We also found that the higher fold change in
KLF4 expression correlated well with the survival rate of the patients
(Fig. 7G). All these data strongly suggest that higher KLF4 expres-
sion confers a significant advantage in controlling tumor growth
and survival rates of patients with cancer.

DISCUSSION

KLF4 is well known as a reprogramming factor that is highly ex-
pressed in embryonic stem cells. Ectopic expression of reprogram-
ming factors (Oct4, Sox2, c-Myc, and KIf4) is known to reprogram
mouse somatic cells into pluripotent stem cells (46). In T cells, it has
been reported that KLF4 negatively controls their proliferation and
is rapidly down-regulated after TCR activation (47-49). However,
these studies focused on T cell activities for a short period after
TCR stimulation, and the role of KLF4 in the context of exhaustion
has been unknown. In this study, we showed that KIf4 expression of
CD8 T cells specifically increased during the process of exhaustion
induced by chronic antigen stimulation. Kif4 is expressed at its
highest level in the transitory effector CD8 T cells during the ex-
haustion process, while it is decreased in the terminally exhausted
CD8 T cells. Kif4 overexpression study revealed that high expression
of KiIf4 in tumor-specific CD8 T cells up-regulates effector program
genes such as AP-1 family factor Jun to acquire the properties of
transitory effector subsets. c-Jun is known to enhance the effector
function of CD8 T cells (50-52). Recent studies have also demon-
strated that the expression of c-Jun or BATF (Basic leucine zipper
ATEF-like transcription factor), the binding partner of c-Jun, en-
hances effector function and counteracts exhaustion in CAR T
cells (27, 53). In line with that, Kif4 expression down-regulated
genes associated with terminal exhaustion and T cell quiescence,
highlighting the role of KIf4 in counteracting terminal exhaustion.
In contrast, Kif4 deficiency impairs CD8 T cell differentiation into
transitory effector subsets and increases the severity of exhaustion,
such as impaired energy metabolism, small GTPase, and PI3K sig-
naling pathways, which might, in turn, weaken the effector func-
tions. Thus, our data indicate that high KIf4 expression is
important for maintaining functions of transitory effector CD8 T
cells, while down-regulation of Kif4 is related to terminal
exhaustion.

Several surface molecules have been discovered as signatures of
effector CD8 T cells (31, 54). CD69 and CD25 are the most typical
markers of activated effector CD8 T cells (55, 56). However, in
chronic infections and cancers, these molecules are also up-regulat-
ed in exhausted CD8 T cells despite their low-responsive state (15,
57). Thus, identifying previously unknown surface markers for ef-
fector CD8 T cells, specifically in the exhaustion contexts, is crucial
for understanding their exhaustion process. We found that
CEACAM1 was highly induced by KIf4 expression. CEACAM1 is
known to mediate immune synapse formation between CD8 T
cells and dendritic cells, thereby enhancing the effector function
of CD8 T cells during chronic viral infections (58). In addition, it
has been reported that CEACAMI1 signaling enhances Ras small
GTPase and PI3K pathways (59), both of which induce the expres-
sion of AP-1 family factors such as c-Jun (35). Thus, CEACAM1
may play a critical role in the antitumor function of CD8 T cells
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as well. Our results show that Ceacam1I is highly expressed in the
transitory effector CD8" TILs. Moreover, CEACAM1*"TIM3" cells
displayed the highest level of effector signatures among CD8" TIL
subsets, while the level decreased in CEACAMI1~TIM3" cells, sug-
gesting that CEACAM1*TIM3™ cells are in the transitory effector
stage and CEACAM1™~TIM3" cells are in the terminally exhausted
stage. We also noticed that the proportion of transitory effector
(CEACAMI1*TIM3") cells among the CD8" TILs from normal con-
ditioned mice was even very low, whereas the proportion of termi-
nally exhausted (CEACAM1™TIM3") cells was high, implying
insufficient control of overwhelming tumor growth. We discovered
that Kif4 expression greatly increased the proportion of
CEACAMI*TIM3™ cells and markedly increased their antitumor
immunity, suggesting that maintaining a high number and/or pro-
portion of CEACAMI1*TIM3" cells is effective for the control of
tumor growth. Our study provides a new window of analyzing ex-
hausted CD8 T cell subsets; however, further studies on detailed
characteristics of CEACAMI1-TIM3—defined subsets are needed.
Recent studies have shown that terminal exhaustion inherits
strong epigenetic scars in CD8 T cells, which could not be cured
by “passive” methods such as removal of chronic antigen stimula-
tion (36-38). Rather, more “active” methods are needed to reinvig-
orate terminally exhausted CD8 T cells. Several studies have shown
that CD8 T cells from tumor environment can be reinvigorated by
immune checkpoint blockades, gene manipulations, and exogenous
cytokine treatments (27, 44, 53, 60, 61). However, most of these
studies investigated at the scope of overall antitumor immunity,
overlooking the heterogeneity of CD8" TILs. Our data, combining
in vitro exhaustion and Retro-X Tet-one system, showed that Kif4
expression could reinvigorate the effector function of exhausted
CD8 T cells, in part, by restoring the transcriptional and epigenetic
status of genes related to effector functions such as Ifng, Jun, and
KIf3. Although we did not dissect whether KIf4 expression causes
dedifferentiation and rejuvenation of terminally exhausted CD8 T
cells or just strengthens the effector function of the cells, our
study suggests that KLF4 may serve as an effective reinvigorating
factor for cancer immune therapy. Further studies will be required
to understand the mechanistic role of KLF4 in reinvigorating ex-
hausted CD8 T cells and to improve the efficacy of the process.
Last, our TCGA data analyses suggested that KLF4 expression
positively correlates with the prognosis of patients with cancer.
The expression of KLF4 and CEACAM]I was positively correlated
with the expression of effector signature genes and survival rates
of patients with COAD and KIRC. Similarly, the abundance of
KLF4-expressing human counterparts of transitory effector
subsets was also positively correlated with favorable prognosis
among patients with KIRC. Although these correlations were ob-
served only in certain types of cancer, our results support that
KLF4 plays an important role also in regulating human cancer.
Moreover, we found that up-regulation of KLF4 expression by
anti-PD1 increased the survival rates of patients with melanoma.
The increase of KLF4 by anti-PD1 suggests two possibilities: anti-
PD1 directly increases the expression of KLF4 on CD8" TILs or
anti-PD1 increases the number of KLF4-expressing transitory effec-
tor CD8 T cells. Up-regulated KLF4 expression might increase CD8
T cell differentiation into transitory effector subsets and the effector
function. Meanwhile, because anti-PD1 is known to increase the
number of progenitor exhausted CD8 T cells, the number of tran-
sitory effector CD8 T cells is also likely to increase upon the
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treatment. In either case, anti-PD1 therapy may increase the func-
tion and/or the number of transitory effector CD8 T cells, thereby
effectively controlling human cancer. We also noticed that the in-
crease of KLF4 was detected only within responders, while the ex-
pression did not change within nonresponders. The results imply
that the responsiveness of anti-PD1 therapy may positively correlate
with increased KLF4 expression, suggesting that a combinatorial
therapy using anti-PD1 with KLF4 inducers would be an efficient
way of treating cancer.

In conclusion, our study demonstrates that KLF4 promotes CD8
T cell differentiation into cytolytic transitory effector CD8 T cells,
enhances their effector function during the exhaustion process,
blocks reaching into terminal exhaustion, and reinvigorates the ex-
hausted cells (fig. S14). Thus, the potential effect of KLF4 on CD8 T
cell exhaustion can be highlighted in terms of antitumor immune
therapy. A major limitation of the study is a lack of understanding
on the molecular mechanism of how KLF4 expression is regulated
during the exhaustion process. Further studies are required to dis-
cover any signal and/or factor(s) regulating KLF4 expression during
the exhaustion process.

MATERIALS AND METHODS

Study design

The aim of this study was to understand the role of KLF4 on CD8 T
cells specifically in the context of exhaustion. To examine the ex-
pression of KLF4 on exhausted CD8 T cells, we used in vitro CD8
T cell exhaustion model and mouse tumor model, as well as scRNA-
seq analyses. In addition, we combined retroviral transduction of
KLF4 on CD8 T cells with the models and used a ¢cKO mice
model to figure out the role of KLF4 on antitumor immunity. To
investigate whether KLF4 could reinvigorate exhausted CD8 T
cells, we used a modified in vitro exhaustion model in which
KLF4 could be induced after the exhaustion process, not during
the activation stage. Last, to apply the results to human patients
with cancer, we analyzed TCGA data by various analytical tools
to examine the correlation between gene expression and tumor
prognosis.

Mice

KIf4"% mice were purchased from Mutant Mouse Resource & Re-
search Centers. C57BL/6, Rag2 KO, OT-I, and E8i-cre were pur-
chased from the Jackson Laboratory. Pmell mice were gifted by
E.]J. Park (Korea National Cancer Center). KIf4 cKO mice were gen-
erated by crossing KIf4"! mice with E8i-cre mice for deletion of
Kif4 on CD8 T cells. KIf4"" or Kif4"* mice were used as control
mice for comparison with Kif4 cKO mice (KIf4"%; E8i-cre). All
mice were bred and maintained in specific pathogen—free barrier
facilities at Seoul National University and were used according to
protocols approved by Institutional Animal Care and Use Commit-
tees of Seoul National University.

Cell culture

Tumor cell lines (MC38, MC38-gp100) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS; Gibco, HyClone), streptomycin (100 U/ml),
and penicillin. Platinum-E (Plat-E) cells were cultured in DMEM
supplemented with 10% FBS (Gibco, HyClone), streptomycin
(100 U/ml), and penicillin, and with blasticidin (10 pg/ml) and
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puromycin (1 ug/ml) for selection. All primary cells (CD8 T cells)
were cultured in RPMI supplemented with 10% FBS (Gibco,
HyClone), streptomycin and penicillin (100 U/ml), and 2-ME (2-
mercaptoethanol).

In vitro CD8 T cell exhaustion experiment

In vitro CD8 T cell exhaustion was performed as described (17) with
little modification. Briefly, magnetic-activated cell sorting (MACS)—
purified naive CD44'°% CD8 T cells from OT-I mice were cultured
with RPMI medium supplemented with mouse interleukin-7 (mIL-
7) (5 ng/ml), mIL-15 (5 ng/ml), and OVA peptide (257 to 264; 10
ng/ml). After 24 hours, cells were washed twice with RPMI medium
and stimulated with the same condition as stated before. The daily
stimulation process was repeated for additional 4 days, and cells
were harvested at day 5 for further experiments. To generate cyto-
kine only samples, cells were cultured without OVA peptide; and for
single stimulated samples, cells were stimulated with OVA peptide
for 2 days and cultured without OVA peptide for another 3 days. In
case of retroviral transduction of CD8 T cells, the cells from day 1
(24 hours stimulated) were retrovirally transduced with MigRI, KIf4,
pRetroX-GFP, and pRetroX-KIf4 and repeatedly stimulated until
day 5. For reinvigoration experiments using Retro-X Tet-one
system (Takara Bio), the cells were treated with OVA peptides and
doxycycline (500 ng/ml) for additional 2 days.

Transfection and production of retrovirus

A total of 2.5 x 10° Plat E cells were seeded on 60-mm plates in
DMEM without antibiotics; and after 6 hours, attached cells were
transfected with MigRI, MigRI-KIf4, pRetroX-GFP, and pRetroX-
KIf4 (10 pg) according to calcium phosphate transfection
methods. Briefly, DNA—calcium chloride mix was added onto 2x
HBS (HEPES buffured saline) along with weak vortexing. After 30
min of a resting period, mix was gently pipetted and added to the
plate dropwisely. Cells were cultured overnight at 37°C. On the next
day, plates were gently washed twice with warm medium or phos-
phate-buffered saline (PBS) and added 3 ml of fresh DMEM
without antibiotics. After 48 hours, viral supernatants were harvest-
ed and filtered through 0.45-pm filter (ADVANTEC). Prepared
viral supernatants were used directly for transduction or snap-
frozen and stored at —70°C.

Retroviral transduction of CD8 T cells

For efficient retroviral transduction of CD8 T cells, we isolated
blasting CD8 T cells using Percoll enrichment method as described
(62). Briefly, OT-I or Pmell CD44"°% naive CD8 T cells were MACS-
enriched and activated with OVA peptide (10 ng/ml) or gp100
peptide (1 pug/ml), soluble anti-CD28 (2 ug/ml), and mIL-2 (100
U/ml) for 18 to 24 hours. Then, cells were density gradient—centri-
fuged with 30%/60% Percoll for 20 min at 2000 rpm, 25°C. Cells on
the interface layer were harvested and spin-infected for 90 min at
2000 rpm, 30°C in the presence of polybrene (8 pg/ml). After
spin infection, cells were incubated at 37°C for 30 min and harvested
for further experiments.

Tumor transplantation and CD8 T cell adoptive transfer
experiment

A total of 3 x 10> MC38/MC38-gp100 tumor cells (less cultured
than 3 weeks from thawed cell stock) were subcutaneously injected
into the shaved-right flank of mice. For CD8 T cell adoptive transfer
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experiments, 5 x 10° retrovirally transduced Pmell CD8 T cells were
transferred into MC38-gp100 tumor—inoculated Rag2 KO mice
through tail vein. Tumor size was monitored every 2 to 3 days,
and tumor cells were harvested on days 14 to 18 from inoculation
for further analyses.

Isolating TILs from tumor tissue

Tumor tissues were minced using scissors, and digestion solution
[RPMI medium supplemented with collagenase IV (1 mg/ml), de-
oxyribonuclease I (100 pg/ml), 1% FBS, antibiotics, and 2-ME] was
added. Samples were incubated at 37°C for 30 min and stirred with a
magnetic stirrer. After that, samples were passed through 70-pm
strainers, and RPMI medium (10% FBS, antibiotics, and 2-ME)
was added. Cells were washed and density gradient—centrifuged
using 40%/70% Percoll for 20 min at 2000 rpm, 25°C. Interfaced
cells were harvested and washed twice with 1x PBS. Then, prepared
samples were used for further experiments.

Flow cytometry and cell sorting

Single-cell suspensions were prepared by passing through a strainer
to get rid of cell debris. ACK (Ammonium-Chloride-Potassium)
lysing buffer was added to the cells and incubated at room temper-
ature for 3 min to remove red blood cells. After that, PBS was added
up to 10 ml and washed. In case of using MACS for an enrichment
of naive CD8 T cells, experiments were performed according to the
manufacturer’s protocol (Miltenyi Biotec). Cells were treated with
Fc Block (BD Biosciences) for at least 20 min and stained with
monoclonal antibodies in various combinations in 1x PBS for 15
to 30 min. Flow cytometry analyses were performed using FACS-
Canto II (BD Biosciences), and Sony Sorter SH-800 (Sony) and
FACSAria II (BD Biosciences) were used for cell sorting. Data
were analyzed using FlowJo v10 software. The antibodies used are
as follows: The following antibody conjugates were purchased from
BD Biosciences: Biotin-conjugated mouse lineage (Lin) panel that
contains anti-B220 (RA3-6B2), anti-CD3e (145-2C11), anti—Gr-1
(RB6-8C5), anti-CD11b (Macl, M1/70), and anti—Ter-119 antibod-
ies; CD62L (MEL-14)-PerCP/Cy5.5; IFN-y (XMG1.2)-allophyco-
cyanin (APC); Lyl08 (13G3)—Alexa Fluor 647; and Fc Block
(2.4G2). The following antibody conjugates were purchased from
BioLegend: LAG3 (C9B7W)-PE-Cy7, TIGIT (1G9)-phycoerythrin
(PE)-Cy7, TIM3 (RMT3-23)-PE, TIM3 (RMT3-23)-APC, TNF-a
(MP6-XT22)-APC-Cy7, CEACAM1 (Mab-CC1)-PerCP/Cy5.5,
and CX3CR1 (SA011F11)-PerCP/Cy5.5. The following antibody
conjugates were purchased from Miltenyi Biotec: GzmB
(REA226)-PE, TOX (REA473)-PE, and TOX (REA473)-APC.
The following antibody conjugates were purchased from Invitrogen:
CD44 (IM7)-APC, CD45 (HI30)-PerCP-Cy5.5, CD45.1
(A20)-APC eFluor780, CD45.2 (104)-PE-Cy7, CD8 (53-6.7)—fluo-
rescein isothiocyanate (FITC), CD8 (53-6.7)-APC-Cy7, CD8 (53-
6.7)-PE; CTLA-4 (UC10-4B9)-Biotin, Eomes (Danllmag)-PE-
Cy7, Ki-67 (SolA15)-Biotin, PD-1 (J43)-FITC, T-bet (4B10)-PE,
CD69 (H1.2F3)-PerCP-Cy5.5, and TOX (TXRX10)-PE. TCF1/
TCF7 (C63D9)—Alexa Fluor 647 and Phospho—c-Jun (Ser®,
54B3)-Biotin were purchased from Cell Signaling Technology.

Intracellular staining of cytokine and transcription factors

For intracellular staining of cytokine, cells were treated with
phorbol 12-myristate 13-acetate (50 ng/ml), ionomycin (1 pug/ml),
and brefeldin A for 4 hours. In case of OT-I1 CD8 T cells, the cells
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were treated with OVA peptide (10 ng/ml) and brefeldin A for
6 hours. Then, intracellular cytokine staining was performed ac-
cording to BD Biosciences protocol. For intracellular staining of
transcription factors, staining was performed according to the eBio-
science protocol. In case of detecting GFP signal, because Fix/Perm
from BD Biosciences and eBioscience causes loss of GFP signal,
cells were prefixed with 4% paraformaldehyde for 20 min in ice.
After that, cells were washed with 1x PBS and added Fix/Perm
from BD Biosciences/eBioscience.

Quantitative reverse transcription PCR

Total RNA was extracted from cells using TRI Reagent according to
the manufacturer’s instructions (Molecular Research Center Inc.).
Equivalent quantities of total RNA were reverse-transcribed with
the Quantitect Reverse Transcription Kit (QIAGEN). Complemen-
tary DNAs (cDNAs) were diluted and were analyzed by quantitative
real-time polymerase chain reaction (PCR) analysis (Applied Bio-
systems, StepOnePlus). The expression of each gene was normalized
to Actb expression. The primer sets used in experiments are listed in
table S1.

Motif analysis

Motif analysis for searching consensus motifs in inhibitory receptor
gene promoters was performed using the MEME Suite (63). For
comparing motifs against a database of known motifs, TomTom
analysis (64) was performed. For discovering motifs from the
ATAC-seq peak regions, MEME-ChIP was used (65).

scRNA-seq analysis

Mouse scRNA-seq analysis was performed using data from
GSE116390. All data processing and analysis were performed
using galaxy (66). Filtered 3574 cells expressing Cd8a, Cd8b1, and
Cd2 but not Cd4 were kept for further analysis (processed data
available in Gene Expression Omnibus (GEO) entry). Among the
cells, Pdcdl-expressing 2652 cells were filtered. Cell size normaliza-
tion was performed using Scanpy as target sum 10,000, and then,
the data matrix was logarithmized. For dimensionality reduction,
we identified highly variable genes using Scanpy as Seurat comput-
ing method: minimal mean cutoff, 0.0125; maximal mean cutoff, 3;
and minimal normalized dispersion cutoff, 0.5. Then, data were
scaled to unit variance and zero mean. A total of 1987 highly vari-
able genes were used for dimensionality reduction using PCA. We
chose 10 neighbors for a K-nearest neighbor (KNN) graph, the Eu-
clidean distance metrics, and the uniform manifold approximation
and projection (UMAP) method to compute the connectivities.
Louvain graph clustering method was used to cluster neighborhood
graph: vtraag method, resolution 0.3. The expression of Tbx21, Tnf,
Cx3crl, Etsl, Kilrkl, Ifng, Kirdl, Kirgl, S1prl, KIf3, Foxj3, Hoxb4,
Nfyb, Atf2, Sp3, and Maz was scored for the signature genes of tran-
sitory/intermediate exhausted CD8 T cells, which are known to pos-
itively correlate with Tbx21 expression and CD8 T cell effector
functions (15). Marker genes for each cluster were analyzed by com-
paring each cluster to the union of the rest of the cluster using Wil-
coxon rank sum method. UMAP visualization and violin plots were
plotted using Scanpy.

Human scRNA-seq analysis was performed using data from
GSE184880. Datasets from seven patients with HGSOC were
merged and analyzed. Among the cells, CD14-expressing mono-
cytes, CD79A-expressing B cells, and EPCAM-expressing tumor
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cells were filtered out, and CD8A-expressing cells were kept for
CD8* TIL analysis (n = 3137). Cell size normalization was per-
formed using Scanpy as target sum 10,000, and then, the data
matrix was logarithmized. For dimensionality reduction, we identi-
fied highly variable genes using Scanpy as Seurat computing
method: minimal mean cutoff, 0.0125; maximal mean cutoff, 3;
and minimal normalized dispersion cutoff, 0.5. Then, data were
scaled to unit variance and zero mean. A total of 2338 highly vari-
able genes were used for dimensionality reduction using PCA. We
chose 22 neighbors for a KNN graph, the Euclidean distance
metrics, and the UMAP method to compute the connectivities.
Louvain graph clustering method was used to cluster neighborhood
graph: vtraag method, resolution 0.45. The expression of TRANSI-
TORY gene sets (JUNB, BTG1, TNFAIP3, BTG2, DUSPI, PNRCI,
NR4A1, NFKBIA, DUSP2, and ZFP36) was scored for signature
genes of transitory effector human counterparts. UMAP visualiza-
tion and violin plots were plotted using Scanpy.

Bulk RNA-seq library preparation and analysis

OT-1CD8 T cells transduced with MigRI (n = 3)/KIf4 (n = 3) were
repeatedly stimulated with OVA peptide in vitro and then harvested.
Total RNA was extracted using TRI Reagent according to the man-
ufacturer’s instructions (Molecular Research Center Inc.). cDNA li-
braries were prepared using the TruSeq stranded mRNA Sample
Preparation Kit (Illumina, CA, USA). cDNA libraries were quanti-
fied with the KAPA library quantification kit (Kapa Biosystems,
MA, USA) according to the manufacturer’s library quantification
protocol. Agilent 2100 BioAnalyzer (Agilent, CA, USA) was used
to evaluate the quality of these cDNA libraries. Sequencing was per-
formed as paired-end [2 x 150 base pairs (bp)] using an Illumina
NovaSeq6000 (Illumina, CA, USA) by Theragen Bio sequencing
service (Theragen Bio Co. Ltd., Seongnam, Gyeonggi, Korea). The
ends of the reads less than Phred quality score of 20 and the adapter
sequences were trimmed. In addition, the reads shorter than 50 bp
were removed by using cutadapt (v2.8) (67). Aligner STAR
(v.2.7.1.a) (68) was used to map filtered reads to the reference
genome (mm10), and RSEM (v.1.3.1) (69) was used to estimate
gene expression. FPKM (Fragments per kilobase of transcript per
million mapped fragments), RPKM (Reads per kilobase of tran-
script per million mapped reads), and TPM (Transcripts per
million) values were calculated to normalize the sequencing depth
among the samples. The TCC (Tag count comparison) R package
(v.1.26.0) (70) was used to normalize and compare the tag count
data. To identify physiologically meaningful gene expression
changes, genes with read counts lower than 10 and/or RPKM
lower than 2 were filtered out. Normalization factors were calculated
using the iterative DEseq2 method (71). The DEGs were identified
on the basis of the P value less than 0.05 and an absolute value of
fold change over 2. GO analysis was performed using Metascape
(72). For GSEA, GSEA 4.1.0 software was used.

RNA-seq of tumor-infiltrating CD8 T cells using SMART-seq

Pmell CD8 T cells transduced with MigRI/KIf4 were adoptively
transferred into MC38-gp100—-inoculated Rag2 KO mice on day
7. The tumor-infiltrating CD8 T cells transduced with MigRI
(from four mice) and KIf4 (from four mice) were pooled (GFP*
cells were sorted) on day 15. For cKO study, PD1*CD8" TILs
from tumor tissues of four control mice and six KIf4 cKO mice
were pooled on day 14. Total RNA was extracted from the isolated

15 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

cells using TRI Reagent according to the manufacturer’s instruc-
tions (Molecular Research Center Inc.). The RNA isolated from
each sample was used to construct sequencing libraries with the
SMART-Seq v4 Ultra Low Input RNA Kit for Illumina, following
the manufacturer’s protocol. cDNA libraries were quantified with
the KAPA library quantification kit (Kapa Biosystems, MA, USA)
according to the manufacturer’s library quantification protocol.
Agilent 4200 TapeStation (Agilent, CA, USA) was used to evaluate
the quality of these cDNA libraries. Sequencing was performed as
single-end (100 bp) using an Illumina NovaSeq6000 (Illumina, CA,
USA) by Macrogen sequencing service (Macrogen Inc., Seoul,
Korea). Low-quality reads were filtered out, and adaptor sequences
were trimmed. HISAT (Hierarchical indexing for spliced alignment
of transcripts) (v.2.1.0) (73) was used to map filtered reads to the
reference genome (mm10), and StringTie (v.2.1.3b) (74) was used
to estimate gene expression. Size factor for read count data was cal-
culated using edgeR (calcNormFactors), and counts were TMM
(trimmed mean of M values)-normalized. DEG analysis was per-
formed using edgeR (75). The DEGs were identified on the basis
of the P value less than 0.05 and an absolute value of fold change
over 2. GO analysis was performed using Metascape (72) and g:Pro-
filer (76). For GSEA, GSEA 4.1.0 software was used.

ATAC-seq library preparation and analysis

A total of 50,000 cells from naive OT-I CD8 T cells (n = 3), effector
OT-ICDS8T cells (n = 3), pRetroX-GFP/Dox™* (n = 3), and pRetroX-
KIf4/Dox* CD8 T cells (n = 2) were prepared for ATAC-seq samples.
Naive OT-I CD8 T cells were treated with OVA peptide (10 ng/ml),
anti-CD28 (2 pg/ml), and mIL-2 (100 U/ml) for 2 days to generate
effector OT-1 CD8 T cells. For generation of gene-induced exhaust-
ed CD8 T cells, OT-I1 CD8 T cells transduced with pRetroX-GFP/
pRetroX-KIf4 were repeatedly stimulated with OVA peptide in
vitro. After that, cells were cultured with OVA peptide (10 ng/
ml), anti-CD28 (2 pug/ml), mIL-2 (100 U/ml), and doxycycline
(500 ng/ml) for 2 days. Gene-induced cells (GFP*) were isolated
using flow cytometry. DNA libraries of each group were prepared
using an ATAC-Seq kit (Cell Biologics) according to the manufac-
turer’s instructions. DNA libraries were quantified with the KAPA
library quantification kit (Kapa Biosystems, MA, USA) according to
the manufacturer’s library quantification protocol. Agilent High
Sensitivity D1000 ScreenTape (Agilent, CA, USA) was used to eval-
uate the quality of these DNA libraries. Sequencing was performed
as paired-end (2 x 150 bp) using an Illumina NovaSeq6000 (Illumi-
na, CA, USA) by Theragen Bio sequencing service (Theragen Bio
Co. Ltd., Seongnam, Gyeonggi, Korea). All data processing was per-
formed using galaxy (66). Raw ATAC-seq FASTQ files were
trimmed with cutadapt. Samples were aligned to the mm10 refer-
ence genome using Bowtie2. Unmapped, unpaired, and mitochon-
drial reads were removed using BamTools filter. PCR duplicates
were removed using Picard MarkDuplicates. Peak calling was per-
formed using MACS2. Then, we combined the peaks of all samples
to create union peaks and merged overlapping peaks using bedtools
mergeBed. The number of reads in each peak was calculated using
BedCov. DARs were identified using DEseq2 and P value cutoff <
0.05. bigWig files were generated from Bam files using bamCover-
age with BPM (bins per million) normalization, and genome tracks
were visualized using pyGenomeTracks and Integrative Genomics
Viewer (v2.11.2). We used MEME-ChIP to search for enriched
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motifs from the DARs. We used ChIPseeker for peak region
annotation.

Cancer patient data analysis

Data from TCGA were analyzed using various analytic tools (39—
41). Kaplan-Meier survival analysis was performed using
OncoLnc (39) and Prism8 (GraphPad software). Gene expression
correlation analysis was performed using GEPIA2 (40). Scoring of
CD8 T cell infiltration and correlation with gene expression were
calculated using TIMER2.0 (41). RNA-seq data and clinical infor-
mation of patients with melanoma were acquired from the pub-
lished report (45).

For analyzing abundance of the cell types and survival rates of
patients with cancer, count matrix of 10 cell types was generated
from the single-cell analysis, and the signature matrix was generated
by CIBERSORTx (42). scRNA-seq mode was used with quantile
normalization option and min. Expression was set to 0. Then,
TPM expression data of 532 patients with KIRC were downloaded
from TCGA and were deconvoluted using the signature matrix. The
analysis was performed using S-mode batch correction with quan-
tile normalization and absolute mode options. Calculated abun-
dances were used for survival analysis of patients with cancer. All
other options in CIBERSORTx were conducted as in default
option unless stated otherwise.

Statistical analysis

For calculations of statistical significance, Prism 8 (GraphPad soft-
ware) was used. Data are presented as means + SEM and were an-
alyzed using two-tailed Student's ¢ test unless stated otherwise. P
values less than 0.05 were considered to be significant.
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