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Significance

Recent studies in chronic viral 
infections and cancers have 
defined a population of PD-
1+TCF1+ stem-like CD8 T cells. 
These self-renewing stem-like 
cells act as resource cells for 
maintaining T cell immunity 
under conditions of chronic 
antigen stimulation and also 
provide the proliferative burst 
after PD-1-targeted 
immunotherapy. In this study, we 
show that these key chronic 
resource CD8 T cells share similar 
phenotype, transcriptional 
profile, and biological functions 
in cancer and chronic viral 
infection. Interestingly, the 
PD-1+TCF1+ stem-like CD8 T cells 
are preferentially located in 
tertiary lymphoid structures 
(TLSs) in human lung cancer 
samples highlighting the 
importance of TLSs in providing a 
niche for the maintenance of this 
CD8 T cell population and more 
broadly for cancer 
immunotherapy.
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Characteristics and anatomic location of PD-1+TCF1+ stem-like 
CD8 T cells in chronic viral infection and cancer
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CD8 T cells play an essential role in antitumor immunity and chronic viral infections. 
Recent findings have delineated the differentiation pathway of CD8 T cells in accordance 
with the progenitor-progeny relationship of TCF1+ stem-like and Tim-3+TCF1− more 
differentiated T cells. Here, we investigated the characteristics of stem-like and differen-
tiated CD8 T cells isolated from several murine tumor models and human lung cancer 
samples in terms of phenotypic and transcriptional features as well as their location com-
pared to virus-specific CD8 T cells in the chronically lymphocytic choriomeningitis virus 
(LCMV)-infected mice. We found that CD8 tumor-infiltrating lymphocytes (TILs) in 
both murine and human tumors exhibited overall similar phenotypic and transcriptional 
characteristics compared to corresponding subsets in the spleen of chronically infected 
mice. Moreover, stem-like CD8 TILs exclusively responded and produced effector-like 
progeny CD8 T cells in vivo after antigenic restimulation, confirming their lineage 
relationship and the proliferative potential of stem-like CD8 TILs. Most importantly, 
similar to the preferential localization of PD-1+ stem-like CD8 T cells in T cell zones 
of the spleen during chronic LCMV infection, we found that the PD-1+ stem-like CD8 
TILs in lung cancer samples are preferentially located not in the tumor parenchyma but 
in tertiary lymphoid structures (TLSs). The stem-like CD8 T cells are present in TLSs 
located within and at the periphery of the tumor, as well as in TLSs closely adjacent to 
the tumor parenchyma. These findings suggest that TLSs provide a protective niche to 
support the quiescence and maintenance of stem-like CD8 T cells in the tumor.

stem-like CD8 T cells | chronic viral infection | cancer models | human lung cancer |  
tertiary lymphoid structures

CD8 T cell immunity is important against chronic viral infections and cancer (1, 2). 
However, persistent antigenic stimulation leads to the functional impairment of 
antigen-specific CD8 T cells, also called T cell exhaustion, with high expression of inhib­
itory receptors, most notably programmed death 1 (PD-1) (1–5). PD-1-targeted immu­
notherapies are known to restore the function of exhausted T cells and have been approved 
for the treatment of several different cancers (5–7). However, despite their durable ther­
apeutic responses and mitigated side effects, only around 30% of patients on average 
exhibit a durable clinical benefit. In addition to the tumor microenvironment, recent 
research has emphasized the importance of tumor-draining lymph nodes (TDLNs) in 
priming and maintaining tumor-specific CD8 T cells, as well as enhancing CD8 T cell 
responses after PD-1 blockade (8, 9).

We and others recently identified a unique subset of virus-specific PD-1+ TCF1+ 
stem-like CD8 T cells that functions as resource cells to maintain virus-specific CD8 T 
cell immunity in the model of chronic lymphocytic choriomeningitis virus (LCMV) 
infection (10–12). These stem-like CD8 T cells sustain themselves by slow self-renewal 
and differentiate into a CX3CR1+ transitory population and CD101+ terminally exhausted 
CD8 T cells accompanied with antigen-driven proliferation (10–14). The stem-like CD8 
T cells mainly reside in the lymphoid organs, while the more differentiated CD8 T cells 
are located in both lymphoid and nonlymphoid organs. Most importantly, the proliferative 
burst that is seen after PD-1-targeted therapy comes exclusively from the stem-like CD8 
T cells. Furthermore, we recently showed that the stem-like CD8 T cells also proliferate 
and generate highly functional effector-like progeny cells upon combination therapy with 
PD-1 blockade and IL-2 (15). These results suggest that these PD-1+ TCF1+ stem-like 
CD8 T cells are critical for effective immunotherapy.

Stem-like CD8 T cells have also been identified in human and murine tumors (16–22). 
Similar to the results in chronically infected mice, stem-like CD8 TILs isolated from 
tumor-bearing mice can differentiate into terminally differentiated cells and exclusively 
respond to PD-1 pathway blockade. Correspondingly, approaches for increasing the 
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differentiation into TCF1+ stem-like CD8 T cells such as the over­
expression of transcription factor c-Myb, the genetic perturbation 
of histone demethylase LSD1, or the treatment of cyclophospha­
mide and vinorelbine led to the augmented therapeutic efficacy 
of PD-1-directed immunotherapy (23–25). Additionally, ectopic 
TCF1 expression or in vitro treatment with lactate augmented the 
efficacy of adoptive T cell therapy by promoting stem-like T cell 
differentiation (26, 27). It has been also shown that the presence 
of the TCF1+ stem-like CD8 T cell subset is associated with the 
clinical outcome of checkpoint immunotherapies in melanoma 
and nonsmall lung cancer patients (19–22). However, it is unclear 
what are similarities and differences of exhausted CD8 T cell sub­
sets between chronic viral infection and tumor and where stem-like 
CD8 T cells are specifically located within the tumor microenvi­
ronment. In this study, we compared the phenotypic, functional, 
and transcriptional characteristics of TCF1+ stem-like and Tim-3+ 
terminally differentiated CD8 TILs in murine and human cancers 
to the corresponding subsets in chronically infected mice as well 
as their anatomical locations.

Results

Identification of Stem-Like and Terminally Differentiated CD8 
TIL Subsets in Solid Murine Tumors. To examine the phenotypic 
characteristics of tumor-specific CD8 TILs in solid murine tumors, 
we used melanoma (B16F10), lung carcinoma (LLC1), colon 
carcinoma (CT26), and prostatic adenocarcinoma (TRAMP-C2) 
models. The TILs were isolated at indicated time points when the 
tumors reached an area of approximately 1 cm2. First, we observed 
that more than 80% of CD8 TILs in tumors expressed PD-1 
(Fig. 1A). In addition, we found a distinct TCF1+Tim-3− CD8 
TIL subset among PD-1+ CD8 TILs in all tumor models, but 
they were present at lower frequencies compared to those present 
in the spleen of LCMV-infected mice. These Tim-3−PD-1+ CD8 
TILs completely lacked granzyme B expression. Furthermore, 
they showed lower PD-1 but higher CD73 expression than 
Tim-3+PD-1+ CD8 TILs, consistent with the phenotype of the 
corresponding stem-like CD8 T cell subset found in chronically 
infected mice.

We then examined the phenotype of tumor-specific CD8  
T cells using a tetramer specific to the CT26 GP70423-432 epitope 
in the CT26-bearing mice (Fig. 1B). We first confirmed that these 
tetramer+ tumor-specific CD8 T cells were PD-1hi. Furthermore, 
Tim-3− tumor-specific CD8 TILs highly expressed both TCF1 
and CD73, while Tim-3+ did not. By introducing the LCMV 
glycoprotein (GP) into both B16F10 and LLC1 tumor cell lines, 
we were able to examine tumor-specific T cell responses using 
LCMV GP-specific tetramers (Fig. 1C). In both B16F10-GP- and 
LLC1-GP-bearing mice, Tim3− tetramer+ CD8 T cells were 
TCF1+2B4−, whereas Tim3+ tumor-specific CD8 T cells exhibit 
a phenotype of TCF1-2B4+. It is worth emphasizing that the 
stem-like CD8 TIL phenotype in all three tumor models is con­
sistent with the phenotype of LCMV-specific stem-like CD8 T 
cell subset in chronically infected mice. Taken together, these 
results confirm the phenotypic similarity of stem-like and termi­
nally differentiated CD8 T cell subsets between chronic LCMV 
infection and solid murine tumors.

Proliferative Potential of Stem-Like CD8 T Cells Isolated from  
Tumor-Bearing Mice upon Antigen Reexposure. In mice chron­
ically infected with LCMV, only stem-like CD8 T cells were 
shown to have proliferative potential after antigenic restimulation 
and PD-1 blockade (10). To investigate whether the proliferative 
potential would also be restricted to stem-like CD8 TILs, 

we isolated stem-like (Tim-3−2B4− PD-1+) and terminally 
differentiated (Tim-3+2B4+ PD-1+) CD8 TILs from B16F10-
GP-bearing mice. One thousand LCMV GP33/276-specific 
CD8 T cells of each subset were transferred into congenically 
distinct naive CD45.1 recipient mice separately (Fig. 2A). One 
day after the cell transfer, the recipient mice were rechallenged 
with the LCMV clone 13 (Cl-13) virus. In the blood, donor 
stem-like CD8 TILs expanded robustly and were maintained at 
least 14 days post infection (dpi), whereas terminally differentiated 
CD8 T cells did not expand (Fig. 2 B and C). Furthermore, over 
1,000-fold more donor GP33/GP276-specific CD8 T cells were 
observed in the spleen of recipient mice given stem-like CD8 
TILs compared to mice that received terminally differentiated 
CD8 TILs (Fig. 2 D and E). Stem-like CD8 TILs also gave rise 
to more cells than terminally differentiated CD8 TILs in the liver 
and lung. Interestingly, the donor Tim-3−2B4− stem-like CD8  
T cell subset gave rise to Tim-3+2B4+ effector progeny CD8 T cells 
after expansion, while donor terminally differentiated CD8 T cell 
subset maintained the Tim-3+2B4+ phenotype (Fig. 2F). This result 
confirms the precursor–progeny relationship of these two subsets 
and an exclusive proliferative potential of stem-like CD8 TILs in 
a murine solid tumor model similar to the relationship observed 
during chronic LCMV infection.

Similarities in Transcriptional Profiles of CD8 T Cell Subsets 
between Tumor and Chronic LCMV Infection. Next, we 
examined the transcriptional profile of stem-like and terminally 
differentiated CD8 TILs (Fig. 3). We isolated Tim-3−2B4− PD-1+ 
stem-like and Tim-3+2B4+ PD-1+ terminally differentiated CD8 
TILs from B16F10-GP-bearing mice and performed microarray 
analysis. This analysis revealed that stem-like and terminally 
differentiated CD8 TILs exhibited a similar gene signature to 
their corresponding subsets in chronically infected mice. For 
example, stem-like CD8 TILs had an overall lower expression 
of inhibitory receptors and higher expression of costimulatory 
molecules (Fig.  3A). In contrast to chronic LCMV infection, 
however, terminally differentiated CD8 TILs exhibited high 
expression of Tnfrsf4 (OX40) and Icos. The expression pattern 
of chemokines and chemokine receptors was similar between 
chronic LCMV infection and tumor. Stem-like CD8 T cells in 
both models showed high expression of Xcl1, Cxcl10, Cxcl11, 
Cxcr4, and Cxcr5, whereas terminally differentiated CD8 T cells 
showed high expression of Ccl3, Ccl4, Ccl5, Ccr5, and Cxcr6, 
which are associated with local inflammation (28).

Of interest, the Cxcr5 transcript was present in stem-like CD8 
T cells from both the tumor and LCMV models. CXCR5 was 
used as a phenotypic marker for identifying the stem-like CD8 T 
cells in the LCMV chronic infection model (10, 11). However, 
TILs usually do not stain positive for CXCR5. The reason for this 
is that the collagenase treatment used to isolate T cells from the 
tumor digests the CXCR5 molecule from the cell surface. The 
effect of collagenase treatment in removing CXCR5 is shown in 
Fig. 4 where we treated LCMV-specific CD8 T cells with colla­
genase that resulted in lack of staining with CXCR5 antibody.

We also confirmed higher Eomes and lower Tbx21 (T-bet) expres­
sion in stem-like CD8 TILs, consistent with the results in chroni­
cally infected mice. However, both subsets showed higher expression 
of these transcription factors compared to naive CD8 T cells. Tox, 
a transcription factor known to regulate T cell exhaustion (29–31), 
was also highly expressed in both subsets of CD8 TILs. Id2 and 
Prdm1 (Blimp1) were selectively expressed in terminally differenti­
ated CD8 TILs, while Plagl1, Bcl6, Id3, Tcf7, and Foxo1 were highly 
expressed in stem-like CD8 TILs. Additionally, stem-like CD8 TILs 
showed higher expression of genes related to the self-renewal of 
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hematopoietic stem cells and cytokine genes such as Il2 and Tnf. 
In comparison, terminally differentiated CD8 TILs exhibited higher 
expression of effector genes like Gzma, Gzmb, Prf1, and Ifng. The 
overlap in gene signature of chronic LCMV-derived and 
tumor-derived CD8 T cell subsets was also revealed by gene set 
enrichment analysis (GSEA) (Fig. 3C).

We next analyzed the enriched Reactome pathways in two CD8 
T cell subsets of each model and compared them between two 
models. Translation-, IFNαβ signaling-, IFNγ signaling-, and 
cell-cell communication-related genes were enriched in stem-like 
CD8 T cells from both chronically infected and tumor-bearing 

mice (Fig. 3D). In contrast, proliferation-, apoptosis-, and cho­
lesterol biosynthesis–related genes were commonly enriched in 
terminally exhausted CD8 T cells. Taken together, these compar­
isons suggest that stem-like and terminally differentiated CD8 
TILs primarily share transcriptional profiles with their respective 
subsets present in chronically infected mice.

Differences in Transcriptional Profiles of CD8 T Cell Subsets 
between Tumor and Chronic LCMV Infection. The above results 
show the striking similarities between the CD8 T cell subsets in 
tumor models and chronic LCMV infection. However, we also 
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noted some differences. Both stem-like and terminally differentiated 
CD8 TILs were enriched in genes associated with the cell cycle and 
apoptosis compared to their counterparts in chronically infected 

mice (Fig.  5). The enrichment of cell cycle–related genes was 
consistent with higher Ki-67 expression of both subsets in tumor-
bearing mice (SI  Appendix, Fig.  S1A). When we examined the 

A B C

D E F

2x106

Cl13 (IV)

Analysis
Day 14

B16F10-GP
D17

C57bl/6
(CD45.2)

naive CD45.1

naive CD45.1

Terminally
differentiated

PD-1+ : 40K
Tet+ : 1K 

PD-1+ : 20K
Tet+ : 1K 

Stem-like

2B4

Ti
m

-3

Ti
m

-3

0.11 99.8

0.110
0 0

0.6199.4

CD45.2

Day 0 Day 7 Day 14

G
P3

3+
G

P2
76

0

00.11

99.9

0

00.08

99.9

0.01

07.89

92.1

1

0.469

89.5

0.01

012.9

87.1

1.18

0.6717.5

80.7

Terminally
differentiated

CD8 TILs

Stem-like
CD8 TILs

Spleen Liver Lung

Terminally
differentiated

CD8 TILs

Stem-like
CD8 TILs

Terminally
differentiated

CD8 TILs

Stem-like
CD8 TILs

CD45.2

G
P3

3+
G

P2
76

1.41

0.4214.7

83.5

0.046

0.02333

66.9

3.61

2.7528.2

65.4

0.034

0.01126.7

73.3

1.2

0.84425.7

72.2

#
of

CD
45

.2
+  c

el
ls

 / 
10

6  P
BM

C
s terminally

differentiated
stem-like

terminally
differentiated
stem-like

** **
** **

Pre-transfer

2B4

Day 14 after
rechallenge

0.05

0.00114.9

85

1.73 96.9

0.390.96
22.7 75.2

0.831.29
Spleen Liver Lung

**
** **

Spleen Liver Lung

**
** **

105

104

103

102

101

#
of

CD
45

.2
+  c

el
ls

 in
 th

e 
tis

su
es

105

106

104

103

102

101 #
of

 T
et

+ C
D4

5.
2+  c

el
ls

in
 th

e 
tis

su
es 105

106

104

103

102

101

#
of

 T
et

+ C
D4

5.
2+  c

el
ls

/ 1
06  P

BM
C

s

105

104

103

102

101

0 5 10
days post infection

15 0 5 10
days post infection

15

terminally differentiated stem-like

Fig. 2. Proliferative potential of stem-like CD8 T cells isolated from tumor-bearing mice upon antigen reexposure. (A) Experimental setup illustrating transfer 
of congenically marked Tim-3+2B4+ PD-1+ (terminally differentiated) and Tim-3−2B4− PD-1+ (stem-like) CD8 T cells isolated from B16F10-GP-bearing mice (day 
17) into naive Ly5.1 recipient mice, followed by LCMV Cl-13 challenge. (B and C) Representative FACS plots (B) and kinetics of total donor cells and donor GP33/
GP276-specific CD8 T cells (C) in the blood (D and E) Representative FACS plots (D) and the number of total donor cells and donor GP33/GP276-specific CD8 T 
cells (E) in the tissues at day 14 post the challenge. (F) Phenotypic analysis of donor CD8 TIL subsets before and after the transfer followed by Cl-13 challenge. 
Data were representative of two independent experiments (n = 4/experiment). Graph shows the mean and SEM. Student’s t test, where **P < 0.01.

A B

D

IFN�� signaling

Terminally
differentiatedStem-like

C

ES=0.783
p<0.01

Tumor
Terminally

differentiated

Tumor
Stem-like

LCMV stem-like signature LCMV terminally differentiated signature

Tumor
Terminally

differentiated

Tumor
Stem-like

ES=-0.843
p<0.01

LCMV : Exhausted vs. Stem
(Log2 fold-change)

Tu
m

or
 : 

Ex
ha

us
te

d 
vs

. S
te

m
(L

og
2 

fo
ld

-c
ha

ng
e)

−4

0

2

4

-2

10

-6

8

6

-10

-8

40-2-4 2-10 6-8 -6 108

Tcf7
Sell

Entpd1
Cx3cr1

Id3
Plagl1

Cxcr5

Cd83
Il7r

Prdm1
Gzmb

Gzma
Nt5e

Xcl1

Ccr7

Bcl6
Bach2

Cd244

Havcr2

R=0.809
p<0.01

enriched in 
stem-like cells

enriched in 
terminally differentiated cells

In
hi

bi
to

ry
re

ce
pt

or
s

na
iv

e

Stem

s..d. from mean

LC
M

V
Tu

m
or

C
os

tim
ul

at
or

y
m

ol
ec

ul
es

C
he

m
ok

in
es

 a
nd

ch
em

ok
in

e 
re

ce
pt

or
s

C
yt

ok
in

es
 a

nd
ef

fe
ct

or
 m

ol
ec

ul
es

M
em

or
y

pr
ec

ur
so

rs
Tr

an
sc

rip
tio

n 
fa

ct
or

s

Se
lf-

re
ne

w
al

TD

LC
M

V
Tu

m
or

na
iv

e

Stem

LC
M

V
Tu

m
or

TD

LC
M

V
Tu

m
or

na
iv

e

Stem

LC
M

V
Tu

m
or

TD

LC
M

V
Tu

m
or

-1 1

Fig. 3. Similarities in transcriptional profiles of CD8 T cell subsets between tumor and chronic LCMV infection. Tim-3−2B4− PD-1+ stem-like and Tim-3+2B4+ 
PD-1+ terminally differentiated CD8 TILs were isolated from B16F10-GP tumor-bearing mice at day 19 post inoculation. Affymetrix microarray was performed 
to examine the transcriptome of isolated CD8 TILs, then they were compared with that of two CD8 T cell subsets obtained from mice chronically infected with 
LCMV (GSE84105) (A) Heat map displaying the relative expression of genes in naive (CD44loCD127+CD62L+) CD8 T cells from uninfected mice, two CD8 TIL subsets 
from tumor-bearing mice and two CD8 T cell subsets from chronically infected mice. (B) A scatter plot showing differentially expressed genes with twofold cutoff 
(in addition to the adjusted P-value < 0.05 cutoff) between two CD8 T cell subsets in chronically infected mice (X axis) and tumor-bearing mice (Y axis). (C) GSEA 
for identifying specific gene signatures of two murine CD8 TIL subsets compared to gene signatures of LCMV stem-like and exhausted CD8 T cells. (D) Cytoscape 
network analysis for identifying enriched Reactome pathways in each CD8 T cell subset.

http://www.pnas.org/lookup/doi/10.1073/pnas.2221985120#supplementary-materials


PNAS  2023  Vol. 120  No. 41  e2221985120� https://doi.org/10.1073/pnas.2221985120   5 of 12

kinetics of Ki-67 expression in CD8 T cells during the course of 
LCMV infection, both CD8 T cell subsets were highly proliferating 
at 8 dpi (SI  Appendix, Fig.  S1B). After that, Ki-67 expression 
gradually declined, and the stem-like subset became quiescent by 
28 dpi, while a fraction of terminally differentiated CD8 T cells still 
expressed it. Therefore, the enrichment of cell cycle- and apoptosis-
related genes in the subsets of CD8 TILs was likely due to the 
different time points of examination (day 20 versus day 45) after 
tumor inoculation and viral infection, respectively.

Genes related to hypoxia were also specifically up-regulated in 
both subsets of CD8 TILs, suggesting that low oxygen level in the 
tumor microenvironment induces changes in gene expression 
profiles in CD8 TILs irrespective of the T cell state (Fig. 5). In 
contrast, genes associated with IFNαβ signaling were up-regulated 
more in CD8 T cells from LCMV-infected mice than in the cells 
from tumor-bearing mice. It is well documented that type I IFNs 
(IFN-Is) are induced at high levels during viral infections, while 
the production of IFN-Is is much lower in a tumor setting (32, 
33). These results suggest that the local microenvironment is com­
monly involved in the regulation of gene expression profiles irre­
spective of CD8 T cell subsets.

Furthermore, the comparison of enriched Reactome pathways 
between the two CD8 T cell subsets of each model showed that 
genes involved in glucose metabolism and transcription were 
highly expressed only in the stem-like CD8 T cells from chroni­
cally infected mice (Fig. 3D). At the same time, epidermal growth 
factor receptor (EGFR) and G-protein-coupled receptor (GPCR) 
signaling pathways were enriched in the stem-like CD8 TILs, 
suggesting unique features of the stem-like CD8 T cell subset 
between chronic viral infection and cancer. However, we still 

found no significant enrichment of the mTOR pathway (ES = 
0.2, P = 0.42) comparing these cells suggesting a similar level of 
mTOR signaling in the TCF1+PD1+ cells in cancer and LCMV.

Therefore, despite the common transcriptional signatures for the 
lineage differentiation into stem-like and terminally differentiated 
CD8 T cells in both chronic viral infection and cancer, the individ­
ual microenvironment still regulates gene expression profiles.

Characteristics of TCF1+PD-1+ CD8 TILs in Human NSCLC Patients. 
We next examined the phenotypic characteristics of CD8 TILs 
isolated from stage I–IV nonsmall cell lung cancer (NSCLC) 
patients (Fig. 6A and SI Appendix, Table S1). We found that around 
80% of tumor-infiltrating CD8 T cells, ranging from 50 to 95%, 
expressed PD-1 (Fig. 6B). In addition, a considerable population 
of Tim-3+PD-1+ CD8 TILs, varying from 5 to 40% of CD8 TILs, 
was observed in 12 out of 16 patients (Fig. 6B) and the frequency of 
Tim-3+PD-1+ CD8 T cells was positively correlated to a population 
of total PD-1+ CD8 T cells (Fig.  6C). More importantly, there 
was a significant linear correlation between the frequency of 
Tim-3+PD-1+ CD8 TILs and proliferating (Ki-67+) PD-1+ CD8  
T cells (Fig. 6D). In accordance with our results in murine tumor 
models and HNSCC patients (18), Tim-3−PD-1+ CD8 TILs were 
enriched with TCF1+ cells compared to Tim-3+PD-1+ CD8 TILs 
in NSCLC patients (Fig. 6E). It is noteworthy that both TCF1+ 
and TCF1− subsets were observed within the Tim-3-PD-1+ CD8 
T cell population. Interestingly, we have also observed the presence 
of TCF1−Tim-3− PD-1+ CD8 T cells in patients with head and 
neck cancer using HPV-specific tetramers (18) as well as in kidney 
cancer patients and TRAMPC1-GP tumor-bearing mice (8). These 
findings indicate additional heterogeneity within the TCF1− CD8 
TIL population. It is possible that TCF1−Tim-3− PD-1+ CD8 T cells 
may represent an early transitional population during the transition 
from TCF1+Tim-3− cells to TCF1−Tim-3+ cells.

We also found that Tim-3+PD-1+ CD8 TILs exhibited higher 
expression of inhibitory receptors, PD-1 and CD39, and a cytol­
ytic molecule, granzyme B (Fig. 6 F and G). It is noteworthy that 
TCF1+Tim-3- CD8 TILs were largely quiescent (Ki-67-) in 
NSCLC patients, while Tim-3+ CD8 TILs were actively prolifer­
ating, as evidenced by the expression of Ki-67 (Fig. 6 G and H).

CD28 costimulatory signals are important for efficient 
PD-1-directed immunotherapy (34, 35). The proliferative burst 
of effector CD8 cells from the stem-like cells after PD-1 blockade 
requires not only removing the PD-1 inhibitory brake but also 
providing costimulatory signals from CD28 (34). In this context, 
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it is worth noting that CD28+ CD8 TILs possess more TCF1+ 
cells than CD28- CD8 TILs in human lung cancers (Fig. 6I). 
Thus, CD28 is a critical marker of functional TCF1+ stem-like 
CD8 T cells in both chronic viral infection and cancer.

We also examined the transcriptional profiles of CD8 TILs iso­
lated from human NSCLC patients by RNA sequencing. We used 
CD28 expression to enrich for stem-like cells among Tim-3−PD-1+ 
CD8 TILs and isolated stem-like CD28+Tim-3−PD-1+ CD8 TILs 
and terminally differentiated Tim-3+PD-1+ CD8 TILs from 
NSCLC tumors (SI Appendix, Fig. S2). Transcriptional profiling 
revealed that stem-like and terminally differentiated CD8 T cell 
subsets isolated from NSCLC patients had distinct gene signatures 
(Fig. 7 A–C). For example, there was a trend that stem-like human 
CD8 TILs exhibited higher expression of costimulatory molecules, 
memory-related genes, and Toll-like receptors (TLRs), whereas ter­
minally differentiated human CD8 TILs highly expressed inhibitory 
receptors, effector genes, inflammatory chemokines, and MKI67. 
Transcription factors related to the differentiation into stem-like 
CD8 T cells such as BCL6, TCF7 (encoding TCF1), LEF1, and 

EOMES were also enriched in stem-like CD8 TILs. Consistently 
(29–31), higher TOX expression was observed in both subsets of 
CD8 TILs than naive CD8 T cells.

GSEA of Reactome pathways revealed that translation, TCR sig­
naling, NF-kB and MAPK activation by TLR, and TRIF-mediated 
TLR3 signaling were enriched in stem-like TILs, while the cell cycle 
pathway was enriched in terminally differentiated TILs (Fig. 7D). We 
also observed an enrichment of stem-like and terminally differentiated 
CD8 T cell signatures that were previously seen in chronically infected 
mice in the corresponding human TIL subsets (Fig. 7E). Collectively, 
these results support that stem-like CD8 TILs also exist in human 
lung cancers and they exhibit similar phenotypic and transcriptional 
profiles to corresponding CD8 T cell subsets found in chronically 
infected mice and tumor-bearing mice.

Localization of Stem-Like CD8 T cells in Chronically Infected 
Mice and Human Tumors in the Lung. The presence of stem-
like CD8 T cells in the tumor microenvironment (TME) raised 
questions about the specific location of stem-like CD8 T cells 
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and their spatial relationships with other immune cells in the 
TME. We have previously observed the enrichment of stem-like 
CD8 T cells in lymphoid tissues such as the spleen and lymph 
nodes in chronically infected mice (36). These observations 
suggest that stem-like CD8 T cells may be enriched in lymphoid 
aggregates like TLSs in the TME of human tumors. To further 
characterize the location of stem-like CD8 T cells, we examined 
the spatial organization of TCF1+PD-1+ and Tim-3+PD-1+ CD8 
T cells within the spleens of chronically infected mice. We first 
confirmed that most viral infected cells were primarily localized 
in the red pulp, whereas viral antigens were rarely observed in the 
white pulp of the spleen of chronically infected mice (SI Appendix, 
Fig. S3A). We next used intravascular labeling to distinguish cells 
in the blood-accessible red pulp from those situated in the white 
pulp, the lymphoid compartment of the spleen (SI  Appendix, 
Fig. S3B). TCF1+PD-1+ and Tim-3+PD-1+ antigen-specific cells 
were clearly located in distinct compartments within the spleen. 
Majority of the TCF1+PD-1+ cells were located in the lymphoid 
compartment (white pulp), while the terminally differentiated 
Tim-3+PD-1+ cells were predominantly in the red pulp of the 
spleen (SI Appendix, Fig. S3 C–E).

To determine where stem-like CD8 T cells were located in the 
TME of human tumors in the lung, we examined TCF1+PD-1+ 
and TCF1−PD-1+ CD8 T cell subsets in formalin-fixed 
paraffin-embedded tumor sections from surgical resection samples 
from cancer patients using multiplex immunohistochemistry 
(Fig. 8A). Regions of tumor parenchyma marked by cytokeratin 
and nuclear features were identified and differentiated from stro­
mal areas lacking cytokeratin expression (regions indicated by 
orange dashes in Figs. 8 D–F and 9 A–C). Infiltration of the tumor 
by PD-1+ and stem-like TCF1+PD-1+ CD8 T cells was variable 
in the different tumors evaluated. Within the tumor parenchyma 
(marked by positive cytokeratin staining), TCF1+PD-1+ CD8 T 
cells were less prominent and rare (Fig. 8 B, D–F). However, 
TCF1−PD-1+ CD8 T cells were easily identified within the tumor 
parenchyma (Fig. 8C) and in the stromal regions throughout the 
tumor bed (Fig. 8 D–F). These observations suggest that the dis­
tribution pattern of stem-like CD8 T cells is distinct from 
TCF1−PD-1+ CD8 T cells in the TME.

Based on our observations that TCF1+PD-1+ cells are prefer­
entially located in lymphoid compartments in tissues (18, 36), 
we hypothesized that stem-like CD8 T cells reside in tertiary 
lymphoid structures (TLSs) within tumors. First, we evaluated 
the presence and composition of lymphoid aggregates in the 
tumor bed. We identified lymphoid aggregates that were mainly 
composed of T cells or B cells and other aggregates that were 
composed of tight clusters of B and T cells indicative of TLSs 
(Fig. 9 A–C). Discrete lymphoid aggregates were identified in 11 
out of the 13 samples that we analyzed and the number of aggre­
gates ranged from 0.16/mm2 to 1.36/mm2. Two samples had 
small T cell-only aggregates (0.16/mm2 and 0.27/mm2).

Nine out of 13 (69.2%) of the tumors examined had aggregates 
of T and B cells corresponding to TLSs that ranged from 0.19/mm2 
to 1.1/mm2. There were no significant differences in the number of 
TLSs per mm2 between primary and metastatic tumors or based on 
tumor grade (i.e. stage of differentiation), tumor stage, and sex. TLSs 
were identified in tumors at all three stages of tumor differentiation, 
with well-differentiated tumors showing morphologic and architec­
tural features consistent with the cell lineage of origin, 
moderately-differentiated tumors that had morphologic features 
similar to the cells of origin but with a component of tumor that 
lacked the classic features of the cells of origin, and poorly-differentiated 
tumors that lacked features distinctive of the cell lineage of origin. 
The tumors that lacked TLSs (a mixture of T and B cells) were all 

moderately-differentiated tumors. TLSs with discernable T and B 
cell-like zones were present in all nine samples that had TLSs. TLSs 
with discernable T and B cell-like areas accounted for between 5% 
and 48% of the TLSs per mm2. The TLSs were present in the stromal 
regions within and around the tumor bed.

To further determine whether the stem-like CD8 T cells were 
preferentially located in TLSs, we quantified TCF1−PD-1+ and 
stem-like TCF1+PD-1+ CD8+ cells in the tumor parenchyma 
(ITL) and in TLSs within the tumor (iTLS), at the periphery of 
the tumor (pTLS), and adjacent to the tumor (aTLS). In the four 
tumor samples that did not have TLSs, TCF1+PD-1+ CD8+ cells 
were rare and difficult to identify. For the samples that had TLSs, 
TCF1+PD-1+ CD8+ cells were identified in the TLSs that were 
within and around the tumor (iTLS, pTLS, and aTLS; Figs. 8 B, 
D–F and 9 A–C). Additionally, spatial map analysis computing 
the distance from the nearest TCF1+PD-1+ CD8 T cell to each 
CD4 T cell or B cell showed that the TCF1+PD-1+ CD8 T cells 
were closer to CD4 T cells than B cells in the TLSs (Fig. 9D), 
suggesting the preferential clustering of stem-like CD8 T cells 
with CD4 T cells. Taken together, these results show that stem-like 
CD8 T cells preferentially cluster in TLSs and stay away from the 
tumor parenchyma.

Discussion

In this study, we compared phenotypic and transcriptional profiles 
of CD8 TILs in solid murine tumors and human NSCLC to those 
in the model of chronic LCMV infection. In line with the findings 
from the chronic LCMV infection, these stem-like cells in the 
murine tumor model exclusively proliferated and differentiated 
into effector-like cells following antigenic restimulation. Of note, 
we showed that TCF1+ stem-like CD8 T cells in human lung 
tumors were mainly observed in TLS in the stromal areas and not 
within the tumor parenchyma.

One of the common features of stem-like CD8 T cells among 
chronically infected mice, tumor-bearing mice, and human cancer 
patients was the enrichment of genes associated with translation, 
including ribosomal proteins and ribosomal subunits. It is well 
known that the translational machinery genes that encode specific 
ribosomal proteins possess the sequence of 5′ terminal oligopy­
rimidine tracts (TOP) (37), and mTOR stimulates the translation 
of TOP mRNA (38, 39). Although persistent antigenic stimula­
tion during chronic LCMV infection compromised AKT and 
mTOR activation (40), we have previously observed higher 
mTOR activation of stem-like CD8 T cells compared to termi­
nally differentiated CD8 T cells in mice chronically infected with 
LCMV (10). Of interest, although PD-1 pathway blockade 
increased mTOR activity in CD8 T cells during chronic LCMV 
infection, the therapeutic effect of anti-PD-L1 antibodies was 
abrogated in mice that were also treated with rapamycin, an 
mTOR inhibitor (40). Similarly, Ando et al. recently found that 
a cell-intrinsic mTOR signaling play a role in the differentiation 
of stem-like CD8 T cells into Tim-3+ terminally differentiated  
T cells (41). Therefore, mTOR inhibition prior to PD-1 blockade 
augmented its therapeutic efficacy, while simultaneous treatment 
abolished the effect of PD-1 blockade. These results highlight the 
importance of mTOR signaling in the proliferative potential of 
stem-like CD8 T cells.

IFN-related genes were expressed at higher levels in CD8  
T cells from chronically infected mice compared to CD8 T cells 
from tumor-bearing mice, suggesting the influence of the specific 
microenvironment (Fig. 5). Interestingly, between the two CD8 
T cell subsets, there was greater enrichment of IFN-related genes 
in the stem-like subset compared to the more differentiated subset 

http://www.pnas.org/lookup/doi/10.1073/pnas.2221985120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221985120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221985120#supplementary-materials
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and this trend was seen in CD8 T cells from both chronically 
infected or tumor-bearing mice (Fig. 3D). Earlier studies have 
shown that IFNα4, IFNα6, and IFNα9 significantly inhibited the 
proliferation of CD8 T cells in the acute viral infection model 
(42). Additionally, it has been reported that IFN-I has antiprolif­
erative effects in a STAT1- and IL-27-dependent manner during 
chronic LCMV infection (43). Taken together, it is possible that 
IFN-I mediates the quiescence of stem-like CD8 T cell subset by 

inhibiting their proliferation and differentiation in the microen­
vironment of persistent antigenic stimulation.

When comparing T cell responses in various models of chronic 
infection and tumors, it is important to consider how the different 
temporal aspects of these models might influence the properties of 
the CD8 T cells. As summarized in SI Appendix, Table S2, PD-1 
expression is high on all subsets of CD8 T cells, suggesting that they 
are seeing antigen in vivo, irrespective of the time or whether it was 
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viral versus tumor or murine versus human. Furthermore, TCF1 
denotes the stem-like or Tpex CD8 T cells under all three condi­
tions and is typically not expressed by the more differentiated and 
exhausted CD8 T cell subsets. In contrast, Ki-67 expression shows 
striking changes as a function of time and this is particularly evident 
for the stem-like CD8 T cell population. These PD-1+TCF1+ CD8 
T cells are Ki-67 positive and undergoing proliferation during the 
early stages (first 2 to 3 wk) in both mouse tumor and chronic 
infection models but then their proliferation starts slowing down 
over time. The mouse chronic LCMV model allows us to monitor 
the stem-like CD8 T cells for extended periods and at later time 
points (> day 30 to 60), these Tpex cells are mostly quiescent. This 
quiescent feature of the stem-like T cell subset is also observed in 
TILs from NSCLC patients (Fig. 6 G and H) and has been reported 
in other human cancers (16, 18). In a recent study, we demonstrated 
that TGF-β up-regulated the expression of novel inhibitory path­
ways specifically on stem-like cells, contributing to the maintenance 
of their stemness and quiescence during chronic LCMV infection 
(44). Interestingly, the expression of these novel inhibitory receptors 
on stem-like CD8 T cells was regulated by TGF-β signaling and 
was time-dependent becoming more prominent at later time points 

during chronic LCMV infection (44). These studies point to the 
importance of the temporal aspects when characterizing CD8 T 
cells under conditions of chronic antigen exposure during chronic 
infection and cancer.

Although heterogeneity of CD8 T cells including the subsets of 
stem-like and terminally differentiated cells have been identified in 
different types of human tumors (16–22), their spatial distribution 
within the TME has not been fully evaluated. We recently found 
that TCF1+ PD-1+ CD8 TILs were predominantly localized in the 
stromal areas and were rarely present in the tumor parenchyma in 
both primary tumors and metastatic lymph nodes of HNSCC 
patients (18). We now show in this study of lung cancer patients 
that PD-1+TCF1+ CD8 T cells were mainly found in the TLSs 
within the tumor. Similar to other investigators’ observations that 
TLSs are present in 67 to 90% of NSCLC tumor samples (45, 46), 
we identified TLSs in 69% of our tumor samples. We found that 
PD-1+TCF1+ stem-like CD8 T cells clustered near CD4 T cells, 
while the PD-1+TCF1− more differentiated cells were diffusely scat­
tered in the tumor parenchyma of human lung tumors. The obser­
vation of stem-like CD8+ cells in close proximity to CD4+ cells in 
the TLSs may simply be because the stem-like CD8 T cells mainly 
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reside in the T cell-like zones of the TLSs. However, it could also 
suggest direct interactions between stem-like CD8 T cells and 
antigen-specific CD4 T cells. In the chronic LCMV mouse model, 
we have shown that stem-like CD8 T cells are located primarily in 
lymphoid tissues, specifically the white pulp of the spleen where 
infected cells are rarely present, whereas terminally differentiated 
CD8 T cells were mainly present in the red pulp of the spleen at 
the site of viral infection (SI Appendix, Fig. S3) (10). These data 
strongly suggest that stem-like CD8 T cells in both tumors and 
chronic viral infection preferentially reside in the area in specific 
niches surrounded by lymphoid and myeloid cells where direct 
interaction between TCF1+ stem-like CD8 T cells and virally 
infected cells or tumors is limited. In contrast, terminally differen­
tiated CD8 T cells are more dispersed throughout the tumor paren­
chyma and stromal areas where they can more readily engage with 
target cells. Our finding suggest that TLSs provide a supportive 
niche for TCF1+ stem-like cells for controlled antigen encounter. 
Consistent with this, Asrir et al. presented that maturation and 
increased proportion of endothelial cells that form tumor-associated 
high endothelial venules support infiltration of TCF1+ stem-like 
cells into the tumor microenvironment (47). To further highlight 
the importance of TLSs for tumor control, recent reports have 
shown a positive association between TLSs and clinical response 
and survival (48–50). In addition, B cell-rich samples contained 
more TCF1-expressing CD8 T cells compared to B cell-poor sam­
ples (48). More importantly, many of these studies have shown that 
clinical reponse to immunotherapy is associated with more TCF1+ 
stem-like CD8 T cells (19–22, 47) and TLSs (48–50). Taken 
together, considering the exclusive proliferation of stem-like CD8 
T cells upon PD-1 blockade in chronic viral infection and tumor, 
it is plausible that the abundance of TLS could be a marker for 
predicting immune checkpoint blockade because they preferentially 
possess the stem-like CD8 T cells.

In addition to avoiding the antigenic exposure, TLSs might pro­
vide a niche for the maintenance of stem-like CD8 TILs. In kidney, 
bladder, and prostate cancer patients, TCF1+PD-1+ CD8 TILs were 
found in close proximity to MHC-II-expressing cells, which might 
be antigen-presenting cell niches (51). We made an interesting 
observation that further supports the interactions between DCs and 
stem-like CD8 T cells in lymphoid-like compartments such as 
TLSs. In our preclinical and clinical samples in addition to HNSCC 
patients (18), we observed high Xcl1 expression in the stem-like 
subset compared to the terminally exhausted subset. XCR1 is the 
sole known receptor of XCL1 and is selectively expressed on the 
surface of CD8α+ lymphoid DCs, also referred to as type 1 conven­
tional dendritic cells (cDC1) (52). Recently, in the model of chronic 
LCMV infection, Dahling et al. presented that cDC1 play a pivotal 
role for sustaining stem-like CD8 T cells through MHC-I-dependent 
interaction (53). In tumor models, several reports have also demon­
strated the essential role of CD103+ DCs, which are considered in 
the same lineage with CD8α+ lymphoid DCs, for the induction of 
antitumor activity and responsiveness to PD-1 pathway blockade 
(54–56). In human cancer patients with breast cancer, HNSCC, 
or lung adenocarcinoma, the abundance of transcripts related to 
CD103+ DCs has been associated with favorable clinical outcomes 

(56). Based on these results, we propose that XCR1+ lymphoid DCs 
play a significant role in sustaining stem-like CD8 T cells and induc­
ing the proliferative burst upon PD-1/PD-L1 inhibition. 
Consistently, cDC1s in tumor-draining lymph nodes play a role in 
maintaining TCF1+ CD8 T cell subset in an autochthonous model 
of lung adenocarcinoma (57).

In conclusion, we found that TCF1+ CD8 T cells share similar 
phenotype, transcriptional profiles, and biological functions in 
cancer and chronic viral infection. Importantly, the TCF1+PD-1+ 
stem-like CD8 T cells are primarily present in TLSs in human 
lung cancer samples highlighting the importance of TLSs in pro­
viding a niche for the maintenance of this stem-like CD8 T cell 
population and more broadly for cancer immunotherapy.

Materials and Methods

A detailed description of materials and methods is provided in SI  Appendix, 
Materials and Methods. Mouse skin melanoma B16F10-GP (5 × 105), lung car-
cinoma LLC1-GP (5 × 105), prostate adenocarcinoma TRAMP-C2 (5 × 105), and 
colon carcinoma CT26 (5 × 105) cells were used. For chronic LCMV infection, mice 
were infected with 2 × 106 pfu LCMV Cl-13 intravenously after transient CD4 T 
cell depletion. All animal experiments were performed in accordance with Emory 
University Institutional Animal Care and Use Committee.

Primary and metastatic tumors in lung tissues were obtained from 19 patients 
with stage I–IV disease who underwent surgical resection as standard care. None 
of the patients received checkpoint inhibitors prior to surgery. Patients were 
consented for tissue and blood collection under an Emory University Winship 
Cancer Institute tissue collection protocol, in accordance with the Emory University 
Institutional Review Board.

Data, Materials, and Software Availability. Transcriptional data have been 
deposited in Gene Expression Omnibus (GEO) database (GSE227399 and 
GSE228419) (58, 59).
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