PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Gong Y, Suzuki T, Kozono H, Kubo M,
Nakano N (2020) Tumor-infiltrating CD62L*PD-
1°CD8 T cells retain proliferative potential via Bclé
expression and replenish effector T cells within the
tumor. PLoS ONE 15(8): 0237646. https:/doi.org/
10.1371/journal.pone.0237646

Editor: Nathalie Labrecque, Maisonneuve-
Rosemont Hospital, CANADA

Received: January 23, 2020
Accepted: July 30, 2020
Published: August 26, 2020

Copyright: © 2020 Gong et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: The authors received no specific funding
for this work.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Tumor-infiltrating CD62L"PD-1"CD8 T cells
retain proliferative potential via Bcl6
expression and replenish effector T cells
within the tumor

Yu Gong®', Toshihiro Suzuki?, Haruo Kozono®', Masato Kubo', Naoko Nakano ' *

1 Research Institute for Biomedical Sciences, Tokyo University of Science, Chiba, Japan, 2 School of
Medicine and Faculty of Medical Technology, General Medical Education and Research Center, Teikyo
University, Tokyo, Japan

* naoko @rs.noda.tus.ac.jp

Abstract

Tumor antigen—primed CD8 T cells differentiate into effector T cells that kill tumor cells rap-
idly, whereas durable responses of CD8 T cells are required to cope with long-lasting tumor
growth. However, it is not well known how persisting CD8 T cells are generated. In this
study, we analyzed CD8 T cells primed by antigens in tumor-draining lymph nodes and
found that CD8 T cells first differentiated into a CD62L-intermediate (CD62L™) stage upon
antigen stimulation. These cells gave rise to tumor-infiltrating CD62L"CD44"9" Bcl6™ effector
T cells and CD62L*CD44"9"Bcl6* memory-like T cells. Memory-like T cells within the tumor
expressed CD127, CXCR3 and had the potential to proliferate significantly when they were
transferred into tumor-bearing mice. Bcl6 expression in these T cells was critical because
Bcl6”"CD62L*CD44MI"CDST cells within the tumor were defective in expansion after sec-
ondary transfer. Taken together, our findings show that CD62L*CD44"9"Bcl6* cells are gen-
erated from highly proliferating CD62L™ T cells and retain high proliferative potential, which
contributes to replenishment of effector T cells within the tumor.

Introduction

Antigen priming of CD8 T cells is crucial to induce effector T cells that eliminate viral infec-
tions and tumor cells. Following contraction of the effector T cell population, a limited num-
ber of T cells are maintained as memory T cells. Memory T cells can be categorized as CD62L"
central memory T cells, which have self-renewal potential, CD62L" effector memory T cells,
and non-circulating tissue-resident memory T cells [1]. Antigen-primed CD8 T cells exhibit
transcriptional divergence in the progeny of their first division [2]. Factors that drive the effec-
tor versus memory CD8 T cells could be signal strength through TCR stimulation [3] and cyto-
kines such as IL-2 [4] and IL-15 [5].

In anti-tumor CD8 T cell responses, as well as in chronic viral infection, persistent antigens
promote altered T cell differentiation, resulting in generation of effector T cells with memory

PLOS ONE | https://doi.org/10.1371/journal.pone.0237646  August 26, 2020 1/12


http://orcid.org/0000-0001-9922-9670
http://orcid.org/0000-0003-3352-0638
http://orcid.org/0000-0003-4360-6507
https://doi.org/10.1371/journal.pone.0237646
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237646&domain=pdf&date_stamp=2020-08-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237646&domain=pdf&date_stamp=2020-08-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237646&domain=pdf&date_stamp=2020-08-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237646&domain=pdf&date_stamp=2020-08-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237646&domain=pdf&date_stamp=2020-08-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0237646&domain=pdf&date_stamp=2020-08-26
https://doi.org/10.1371/journal.pone.0237646
https://doi.org/10.1371/journal.pone.0237646
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Replenishment of effector T cells from CD62L+Bcl6+ CD8 T cells within the tumor

phenotypes with stem-like properties [6-9]. These stem-like CD8 T cells, which express Tcfl
and sustain immune responses, have the potential to expand in response to PD-1 blockade.
However, it is not well understood how these T cells are generated during antigen priming.

B cell lymphoma 6 protein (Bcl6) was identified as a differentiation factor for follicular
helper T cells [10-12], and Bcl6 expressed in CD8 T cells is required for the generation and
maintenance of memory T cells [13]. Bcl6 promotes the expression of Tcfl in acute viral infec-
tion [14]. Bcl6 represses genes encoding molecules involved in the glycolysis pathway, which is
required for effector T cell differentiation [15], thereby supporting the memory T cell differen-
tiation pathway.

In this study, we analyzed tumor-infiltrating CD8 T cells that express intermediate levels of
CD62L. These CD62L" T cells were Bcl6™ and generated directly from CD62L™CD44""
Bcl6™ T cells in tumor-draining lymph nodes. Tumor-infiltrating CD62L" Bcl6™ T cells did not
express PD-1, and had a high potential to expand and differentiate into effector T cells. Lack of
Bcl6 in tumor-infiltrating CD62L" T cells impaired the ability to expand. Consequently,
CD62L™CD44"8" T cells that appeared upon antigen priming in tumor-draining lymph
nodes maintained their potential for expansion by expressing Bcl6 after tumor infiltration.
Targeting these CD62L™'CD44™" T cells in addition to the checkpoint blockade represents a
new strategy for inducing tumor immunity.

Materials and methods

Mice

C57BL/6] mice were purchased from Sankyo Laboratories (Shizuoka, Japan). Bcl6-floxed mice
[16] and Cd4-Cre mice [17] were described previously. OT-1 TCR transgenic mice (CD45.2)
were crossed with C57BL/6] (CD45.1) to generate OT-1(CD45.2/CD45.1) mice. Seven- to ten-
week-old male or female mice were used in the experiments. All mice were maintained under
specific pathogen—free conditions in the animal facility at Tokyo University of Science, and

experimental studies were approved by the university’s Animal Care and Use Committee.
(Permit No. S19028)

Antibodies and reagents

Antibodies against CD62L (MEL-14), CD127 (A7R34), KLRG1 (2F1), PD-1 (9F.1A12), CD69
(H1.2F3), CD44 (M7), B220 (RA3-6B2), CD11c (N418), CD11b (M1/70) CD4 (GK1.5), CD8
(53-6.7), CXCR3 (CXCR3-173), CD45.1 (A20), CD45.2 (104), and Bcl6 (7D1), conjugated to
FITC, PE, PE-Cy7, APC, Pacific blue, or biotin, were purchased from BioLegend. Alexa Fluor
647-conjugated antibody against TCF1 (clone#812145) and isotype control (clone#141945)
were purchased from R&D systems. CD16/32 (2.4G2) antibodies were used for Fc blocking.
To generate OVA-H-2K" tetramer, H-2K® molecules connected with the FLAG-tag and the
BirA recognition sequence were expressed in Sf9 cells using the Bac-to-Bac system (Invitro-
gen). Molecules purified with M2 affinity gels (Sigma) were mixed with OV A,5; 54 peptides
(SIINFEKL) to form the MHC/peptide complex and biotinylated with BirA enzyme, which
were then bound to Alexa Fluor 647-labeled streptavidin. Carboxyfluorescein succinimidyl
ester (CFSE) was purchased from DOJIN, Japan.

Tumor transplantation

Lewis lung carcinoma cells and B16 melanoma cells transduced with the ovalbumin gene
(LLC-OVA and B16-OVA) were generated as described previously [18]. Cells (1x10°) were
injected intradermally into the flanks of mice.
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Tumor volume measurement

In the experiments testing the ability to control tumor growth, 1x10° B16-OVA were trans-
planted subcutaneously. Two days later, antigen primed OT-1 T cells were transferred and
tumor sizes were measured every two days. Tumor volumes were measured using vernier cali-
pers on the indicated days. All the measurements were performed three times, and an average
of the three measurements was obtained. The tumor volume was calculated according to the
formula (0.52 x length x width?).

Adoptive T cell transfer

Naive OT-1 T cells were obtained from spleen and lymph nodes of OT-1 mice. Cells prepared
after hemolysis were incubated with biotin-labeled antibodies (anti-CD4, CD44, B220, CDl11c,
CD11b, TCRy3), and biotin-labeled cells were eliminated with Streptavidin Particle Plus-DM
(BD IMag, BD Biosciences). These T cells were intravenously transferred into 7-9-week-old
sex-matched tumor-transplanted mice. Transferred OT-1 T cells in the tumor and tumor-
draining lymph nodes were analyzed 1-3 weeks after transfer. In some experiments, OT-1 T
cell populations within the tumor and tumor-draining lymph nodes were sorted, and these T
cells were further transferred into tumor-transplanted mice.

Flow cytometry and cell analysis

Tumor-infiltrating lymphocytes were obtained by incubating excised tumor tissues for 30 min
at 37°C with 1 ug/ml Liberase TL, research grade (Roche) and 50 pg/ml DNase I, type I
(Sigma). Cells were subjected to flow cytometry on a BD FACSCanto II or BD FACSCalibur II,
and the resultant data were analyzed with the FlowJo software.

Statistics

Statistical analyses were performed using Student’s ¢ test, two-tailed, unpaired, using Graph-
Pad prism version 7.0. A p value < 0.05 was considered statistically significant.

Results
Tumor-infiltrating CD8 T cells expressing Bcl6 persist within the tumor

Tumor-infiltrating CD8 T cells are heterogeneous due to various signals received from anti-
gen-presenting cells and tumor microenvironment [19, 20]. We first analyzed tumor-infiltrat-
ing CD8 T cells and found that CD44™€" cells could be divided into CD62L" and CD62L°
populations. CD62L*CD44"8" CD8 T cells expressed Bcl6 and had a central memory-like phe-
notype, expressing CD127 but not KLRG1 (Fig 1A, 1B and 1C). Bcl6™ cells were part of Tcfl™
cells in tumor-infiltrating CD8 T cells (S1 Fig). Between 5% and 15% of tumor-infiltrating
CD8 T cells were CD62L" 1-3 weeks after tumor transplantation (Fig 1D). To determine
whether these T cells were generated in an antigen-specific manner, native OT-1 T cells were
transferred into C57BL/6 mice that had been intradermally transplanted with LLC-OVA 1
week previously. Tumor-infiltrating cells contained 5-10% OV A-specific CD8 T cells, which
were stained with OVA-H-2K® tetramer (K°/OVA) (Fig 1E). These CD62L" cells preferentially
expressed CXCR3 (Fig 1F), which allowed them to infiltrate into tumor tissues. Importantly,
these CD62L" OT-1 T cells remained PD-1 at low levels, whereas a large proportion of
CD62L" OT-1T cells became PD-1" at 3 weeks (Fig 1G). Expression of CXCR3 and lack of
PD-1 in CD62L" cells were commonly observed in tumor infiltrating polyclonal T cells (S2A
and S2B Fig). These results suggested that CD62L" T cells were not exhausted within the
tumor.
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Fig 1. Memory phenotype CD8 T cells expressing Bcl6 persist within the tumor. (A-C) C57BL/6 mice were
intradermally transplanted with LLC-OVA. Representative flow cytometry plots and histograms of tumor-infiltrating
CD3"CD8'T cells on day 7 of three independent experiments are shown. (A) Bcl6 expression in sorted CD62L" and
CD62L’ cells. (D) Frequencies of CD62L" cells within the CD3*CD8" tumor-infiltrating cells. Representative data of
three independent experiments are shown. (Mean + SEM, n = 3) (E) Experimental design. OT-1 naive T cells were
adoptively transferred into C57BL/6 mice that had been transplanted with LLC-OVA 7 days previously. K’’OVA
tetramer” cells were analyzed on day 7. (F) Flow cytometric analysis of K’OVA* cells and frequencies of CXCR3*
cells. Representative data of three independent experiments are shown. (Mean + SEM, P ** <0.01, n = 3) (G) PD-1
levels of CD62L" and CD62L" tumor-infiltrating OT-1 T cells 3 weeks after the transfer. A representative analysis of
three independent experiments is shown (top). Frequencies of PD-1" cells in CD62L"* and CD62L" populations 1-3
weeks after OT-1 T cell transfer (bottom). Data are shown as mean + SEM (n = 3). Representative data of three
independent experiments.

https://doi.org/10.1371/journal.pone.0237646.9001

Antigen-primed CD8 T cells with intermediate levels of CD62L give rise to
tumor-infiltrating CD62L" effector and CD62L"Bcl6™ T cells
To determine how CD62L" effector-type and CD62L"Bcl6” memory-like T cells are generated,

we analyzed activation and differentiation of antigen-primed OT-1 T cells in tumor-draining
lymph nodes. Naive OT-1 T cells (CD62L"$"CD44"¥) purified from OT-1 in CD45.1/CD45.2
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background mice were labeled with CFSE and transferred into LLC-OV A-transplanted
CD45.2 mice (Fig 2A). OT-1 T cell responses in tumor-draining lymph nodes, gated with

CD8 and CD45.1 expression, were analyzed 24, 48, and 72 h after OT-1 T cell transfer (Fig
2B). At 24 h, OT-1T cells in tumor-draining lymph nodes were found in three fractions

(I: CD62L"8"CD44"", I: CD62L™CD44'*™, IIl: CD62L"™CD44"¢"), and cells in all three frac-
tions maintained CFSE at high levels (Fig 2C). Another two fractions, CD62L'°"CD44™¢" (1V)
and CD62L"8"CD44"8" (V), appeared 48 h after the transfer. A larger proportion of cells in
these two fractions had divided two or three times already. Elevated numbers of OT-1 T cells
in fraction III contained both divided and non-divided cells, and continuous division was
observed in fractions III, IV, and V at 72 h. CD69 expression in T cells is induced upon activa-
tion, which promotes the internalization of S1P1 receptor, leading to the inhibition of egress of
activated T cells [21]. Twenty-four hours after OT-1 T cell transfer, OT-1 T cells in fractions II
and III expressed CD69, whose levels started to decline at 48 h in fraction III (Fig 2D). The
newly appeared fractions IV and V expressed lower levels of CD69 than fraction III, suggesting
that cells in fractions IV and V were more differentiated. At 72 h, CD69 expression in fractions
IIL, IV, and V went down, and these cells became ready to leave the lymph nodes. In fact, all
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Fig 2. Antigen-primed CD62L™CD44" 8" T cells in tumor-draining lymph nodes give rise to CD62L" and CD62L"
tumor-infiltrating T cells. (A) Experimental design. CSFE-labeled OT-1 naive T cells (CD45.2/CD45.1) were
adoptively transferred into C57BL/6 (CD45.2) mice that had been transplanted with LLC-OVA 7 days previously. (B)
Representative flow cytometry plots of three independent experiments. CD8*CD45.1* tumor-draining lymph node
cells were divided into five populations (I-V) based on the expression levels of CD62L and CD44. (C) Cell division of
transferred OT-1 T cells in the fractions shown in (B) was measured by CFSE dilution. (D) CD69 expression in cells in
the fractions was analyzed. (E) Experimental design. Draining lymph node cells in CD62L™CD44™¢" (fr.I1I) from
LLC-OVA transplanted OT-1 mice (CD45.2) on day 7 were sorted. Cells were adoptively transferred into wild-type
mice (CD45.1) that had been transplanted with LLC-OVA 7 days previously. Tumor-infiltrating cells were analyzed on
day 7. (F) Representative flow cytometry plots of tumor-infiltrating cells of three independent experiments are shown.

https://doi.org/10.1371/journal.pone.0237646.9002
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three fractions of cells were detected in the spleen at 72 h (S3 Fig), suggesting that antigen-
primed T cells with different levels of CD62L had started to circulate within the body. Because
fraction III, which had intermediate levels of CD62L, appeared first and contained fewer
divided cells even after 72 h, we speculated that the cells in fractions IV and V were derived
from those in fraction III. We then asked whether CD62L™CD44"8" (111) cells could give rise
to both CD62L" and CD62L" populations within the tumor. To test this idea, we sorted
CD62L™CD44"" (I11) cells in draining lymph nodes from OT-1 mice that had been trans-
planted with LLC-OVA 1 week previously (Fig 2E). These cells were still cycling, as reflected
by expression of Ki67 (54 Fig). The sorted CD62L™CD44" " (I11) cells were transferred into
tumor-transplanted wild-type (CD45.1) mice (Fig 2E). Tumor-infiltrating OT-1 T cells were
detected by staining with anti-CD8 and CD45.2. The transferred OT-1 T cells were identified
as CD62L" and CD62L cells within the tumor (Fig 2F), indicating that CD62L™'CD44™¢" cells
differentiated into both effector and memory-like T cells.

CD62L"BCL6" T cells have a high potential to proliferate

Although antigen-primed CD62L™'CD44™" (III) cells gave rise to tumor infiltrating CD62L"
and CD62L" cells, CD62L'™ CD44™¢" (1V) cells in tumor-draining lymph nodes could be a
major source of highly activated CD8 T cells, which kill tumor cells. To determine which frac-
tion of cells in tumor-draining lymph nodes makes the greatest contribution, we sorted cells in
fractions III and IV from tumor-draining lymph nodes in LLC-OVA-transplanted OT-1
(CD45.1/CD45.2) and OT-1 (CD45.2) mice, respectively. Sorted cells were mixed at 1:1 ratio
and transferred i.v. into LLC-OVA transplanted wild-type (CD45.1) mice. Cells in tumor-
draining lymph nodes and tumors were analyzed 7 days after the transfer (Fig 3A). Among the
transferred T cells detected as CD45.2", cells originating from fraction III that expressed
CD45.1, were 2-3 times more abundant than those originating from fraction IV (CD45.1),
within both the tumor and lymph nodes (Fig 3B). These results indicated that antigen-primed
CD8 T cells that express intermediate levels of CD62L had a greater potential to proliferate
and gave rise to both CD62L"* and CD62L" T cells. To determine whether CD62L" T cells
within the tumor also have a high proliferation potential, we sorted CD62L" and CD62L"
tumor-infiltrating K°/OVA*CD8" T cells from LLC-OV A-transplanted OT-1 mice. These
cells were transferred into LLC-OVA-transplanted wild-type (CD45.1) mice, and tumor-infil-
trating OT-1 T cells were analyzed on day 7 (Fig 3C). In mice that received 5 x 10° tumor-infil-
trating CD62L" OT-1 T cells, more than 1 x 10* cells were found within the tumor, whereas
few OT-1 T cells were detected in the mice that received 5 x 10> CD62L OT-1 T cells (Fig 3D).
These results indicated that tumor-infiltrating CD62L" T cells also had a high potential to
expand.

Bcl6 expression in CD62L" tumor-infiltrating T cells is critical for their
ability to expand

Because tumor-infiltrating CD62L" cells expressed Bcl6, we assessed the role of Bcl6 using
Cd4-Cre/Bcl6-floxed mice. To this end, we transplanted LLC-OVA tumor cells into Bcl6-defi-
cient OT-1 or wild-type OT-1 (CD45.2) mice, and then 7 days later sorted tumor-infiltrating
CD62L" OT-1 T cells (Fig 4A and 4B). Although Bcl6-floxed OT-1 mice had fewer tumor infil-
trating cells, CD62L" cells were found in both mice with similar frequencies (Fig 4B). Sorted
CD62L" OT-1 T cells from Bcl6™* and Bcl6™" mice (Fig 4C) were transferred into LLC-OVA-
transplanted CD45.1 wild-type mice, and tumor-infiltrating cells were analyzed 7 days later. In
mice that received wild-type OT-1 T cells, around 3% of tumor-infiltrating CD8 T cells were
transferred cells, whereas Bcl6-deficient OT-1 T cells could reconstitute around 1% of tumor
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tumor-draining lymph nodes in LLC-OVA-transplanted OT-1(CD45.1/45.2) and OT-1(CD45.2), respectively, were
sorted. Cells were mixed at a 1:1 ratio and transferred i.v. into LLC-OVA-transplanted wild-type (CD45.1) mice.
Transferred OT-1 T cells in the tumor and tumor-draining lymph nodes were analyzed on day 7. (B) Representative
flow cytometry plots of two independent experiments. Frequencies of CD45.1" cells (from fr.III) and CD45.1 cells
(from fr.IV) among TCRB*CD8" CD45.2" cells were analyzed. Mean + SEM; **** P<0.001, ** P<0.01;n = 3. (C)
Experimental design. K>’OVA*CD62L" and CD62L" tumor-infiltrating cells were sorted from LLC-OVA-
transplanted OV A mice. Cells (5 x 10°) were transferred into LLC-OVA-transplanted wild-type (CD45.1) mice.
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representative of two independent experiments. Mean + SEM; * P<0.05; n = 3.

https://doi.org/10.1371/journal.pone.0237646.9003

infiltrating CD8 T cells (Fig 4D). Transferring CD62L" tumor-infiltrating cells with Bcl6 defi-
ciency resulted in a significant reduction in both frequencies and cell numbers in the recipient
mice (Fig 4D and 4E). These results demonstrated that Bcl6 expression in CD62L" tumor-infil-
trating cells is relevant to their ability to expand.

CD62L"BCL6" CD8 T cells become effector T cells to control tumor growth

To assess the role of CD62L"Bcl6" tumor infiltrating CD8 T cells, effector functions to control
tumor growth were analyzed. First, we tested whether CD62L"Bcl6* CD8 T cells become cyto-
toxic. Tumor infiltrating CD62L* and CD62L" CD8 T cells were sorted from OT-1 (CD45.2)
mice and transferred into wild-type (CD45.1) mice, which had been transplanted with
B16-OVA. Six days later, transferred OT-1 T cells (CD45.2") that had been infiltrated in the
tumor were analyzed. OT-1 T cells sorted as CD62L" T cells were found to be cytotoxic within
the recipient tumors. Around 12% of those T cells expressed CD107a, the frequency was simi-
lar to that in host CD8 T cells (Fig 5A). In contrast, those sorted as CD62L" T cells were hardly

PLOS ONE | https://doi.org/10.1371/journal.pone.0237646  August 26, 2020 7/12


https://doi.org/10.1371/journal.pone.0237646.g003
https://doi.org/10.1371/journal.pone.0237646

PLOS ONE

Replenishment of effector T cells from CD62L+Bcl6+ CD8 T cells within the tumor

A LLc-ovA LLc-ovA . B soreacens
CD4CrelOT-1/Bcl6’ CD4Crel OT-1/Bcl6**  CD4Cre/OT-1/Bci6™
CD45.1 CDACrelOT-1/Bcl6™ ok |
Co4s.2 7 171% | ol 0.8%
2 | S
l'!deys l”avs Qe i E o T I'
o— Sorted tumor nflrating CDG2L* OT-1 T cels - | A
cD45.1 15 1030, R i A S
e
7 days CD3°CD8" gated
4o )
Tumor infiltrating cells e |
@ coeé2L* cobe2L*
8w @
c 8
e @ @
1] Boer — . .
sof (Il Boem — L
[ .
%  lso. cont
“
2
0102 10° 10* 10°
R p—
D Tumor infiltrating cells E
CD4Crel OT-1/Bcl6**  CD4CrelOT-1/Bcl6™ (x10%)
Tvaﬂ 8.62% | 8.02% ! ©

— TCR
No. of CD8 T cells

e A T V+H
L2 : L I

3
s
| GE
o] 2 o
P oW @ W 36 Bol

o w4

TCRB'CDS" gated

—— CD452 —p

v W W g oW W W Bci6* Bels Bci6* Beis

Fig 4. Bcl6 expression in CD62L" tumor-infiltrating CD8 T cells is required for their high proliferative potential.
(A) Experimental design. CD4Cre/OT-1 mice with either wild-type or floxed Bcl6 alleles (CD45.2) were transplanted
with LLC-OVA, and tumor-infiltrating CD62L" OT-1 T cells were sorted on day 7. Cells were transferred i.v. into
LLC-OVA-transplanted C57BL/6 mice (CD45.1), and tumor-infiltrating cells were analyzed on day 7. (B)
Representative flow cytometric profiles of sorted CD62L"OT-1 T cells of three independent experiments are shown.
(C) Bcl6 expression of sorted CD62L" tumor-infiltrating cells in Bcl6 wild-type (Bcl6™*) and Bcl6-floxed (Bcl6™™) OT-
1 T cells in a representative experiment of two independent experiments is shown. (D) (E) Representative flow
cytometric profiles of tumor-infiltrating cells 7 days after CD62L"OT-1 T cell transfer. Three independent experiments
were performed by using two recipient mice per group in each experiment. Frequencies and cell numbers of tumor-
infiltrating TCRB'CDS8 T cells (top) and CD45.2" (transferred) cells among TCRB'CD8 T cells (bottom) from the
pooled data are shown. Mean + SEM; n = 6; **P<0.01.

https://doi.org/10.1371/journal.pone.0237646.g004

detected within the tumor as shown in Fig 3D. These results suggested that CD62L"Bcl6"
tumor-infiltrating CD8 T cells had more potential to kill tumor cells than CD62LBcl6" cells
when they were transferred. To see whether CD62L" T cells contribute to control tumor
growth, C57BL/6 mice were transplanted with B16-OVA. OT-1 T cells from Bcl6*'* and
Bcl6” mice were activated in vitro by using the OVA peptide and transferred into tumor-
transplanted mice. In mice that received Bcl6™*OT-1 T cells, tumor growth was well con-
trolled, whereas larger tumors were detected in those received Bcl6” OT-1 T cells (Fig 5B and
5C). Since Bcl6 was an essential factor for CD62L" T cell expansion, it was suggested that
CD62L"Bcl6" T cells within the tumor played a relevant role to control tumor growth.

Discussion

Cytotoxic CD8 T cells targeting tumor cells play essential roles in tumor immunity. In chronic
viral infection and tumor immunity, Tcfl” memory-like CD8 T cells or CD62L" CD8 T cells
act as self-renewing stem-like cells that respond to anti-PD-1 checkpoint blockade [8, 9]. Pre-
viously, however, it was not known how these memory-like cells were generated. In this study,
we demonstrated that CD62L™CD44™" cells, which appeared 24 h after antigen priming,
gave rise to both tumor-infiltrating CD62L" effector and CD62L" memory-like cells. Because
these CD62L"™'CD44"¢" cells, as well as CD62L'°VCD44"#" and CD62L"'8"CD44"#" cells,
were already circulating 72 h after priming, it is very likely that CD62L™CD44"8" cells directly
infiltrated into the tumor. CD62L™CD44™" cells in tumor-draining lymph nodes expressed
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Fig 5. CD62L"Bcl6* tumor-infiltrating cells exhibit cytotoxicity. (A) Tumor-infiltrating CD62L" and CD62L" CD8
T cells were sorted from OT-1 mice (CD45.2) that had been transplanted with B16-OV A one week in advance. Sorted
cells were then transferred into B16-OVA-transplanted wild-type mice (CD45.1). CD107a expression in tumor-
infiltrating CD8 T cells derived from transferred CD62L" cells (CD45.2") and host T cells (CD45.2") were analyzed.
One representative analysis of two independent experiments is shown. (B) C57BL/6 mice (6 week-old-female) were
subcutaneously transplanted with 1x10° B16-OVA cells. One day later, 1 x10° OT-1 T cells either from Bcl6™* or
Bcl6”" mice that had been activated with 100 pM OVA peptides for 48 h were transferred i.v. and tumor volumes were
analyzed on the day indicated after the tumor transplantation. Representative analysis of two independent experiments
is shown. PBS was injected as a control. Mean + SEM; n = 6 (C) Tumor volumes on day 14 in the individual mice are
shown. Error bars are Mean + SEM; n = 6; *P<0.05; **P<0.01.

https://doi.org/10.1371/journal.pone.0237646.9005

Ki67 and kept proliferating for at least 7 days after antigen priming. These cells could serve as
a source of tumor-infiltrating CD62L"Bcl6™ cells for a long period of time, even after the effec-
tor cells became exhausted. It has been shown that during chronic viral infection, antigen-pre-
senting cells preferentially induce less activated Tcfl™ CD8 T cells [7]. It remains to be
determined whether additional signals are required to progress from CD62L™CD44"" to
CD62L'°"CD44"8" effector cells.

In tumor-draining lymph nodes, proliferation of antigen-primed CD8 T cells was initiated
in cells in fraction III, which express intermediate levels of CD62L. Our results were in agree-
ment with cell-cycle tracking of antigen-primed CD8 T cells, which proliferate rapidly in the
CDe62L™e™mediate gtate, and then split into CD62L effector and CD62L™¢" central memory T
cells [22]. Differentiation toward effector and memory T cells can be driven by asymmetric
partition of fate-determining proteins in the first division of antigen-primed CD8 T cells,
resulting in differential activation of mTOR and leading ultimately to effector versus memory
T cell differentiation [23]. Heterogeneity of gene expression after the first division has been
also reported [2].

Bcl6 expression in naive CD8 T cells is reported to be downregulated after antigen stimula-
tion [4]. It is possible that tumor-infiltrating Bcl6"CD62L" cells re-expressed Bcl6 while the
expression of Bcl6 in CD62L" effector cells remained repressed by continuous stimulation.
Tumor-infiltrating CD62L"Bcl6" cells possessed a high potential to proliferate. The lack of
Bcl6 in CD62L" cells decreased their proliferative potential, which could be due to the reduced
function of Tcfl. Bcl6 promotes the expression of Tcfl [14], which is required for memory T
cell generation and expansion [24]. Because terminally differentiated effector cells lose the
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proliferative potential, CD62L*Bcl6™ cells within the tumor must play a pivotal role in replen-
ishing anti-tumor CD8 T cells. Thus, promotion of continuous proliferation and self-renewal
of CD62L™™CD44™8" cells in secondary lymphoid tissues could help supply CD62L*Bcl6* cells
within the tumor, augmenting anti-tumor immunity.
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C57/BL6 mice were transplanted with LLC-OVA and tumor infiltrating TCRB"CD8 T cells
were analyzed. (A) One representative flow cytometry plot of three independent experiments
is shown. (B) PD-1 expression in CD62L" and CD62L" tumor-infiltrating TCRB*CDS8 T cells
was analyzed three weeks after tumor transplantation. Representative data of three indepen-

dent experiments are shown.
(TIFF)

S3 Fig. Detection of antigen-primed OT-1 T cells in the spleen. Spleen cells in LLC-OVA
transplanted C57BL/6 (CD45.2) mice, shown in Fig 2A, were analyzed 24h, 48h and 72h after
naive OT-1 T cell transfer. CD8"CD45.1" cells were gated as in Fig 2B based on the expression
of CD44 and CD62L (Fr. IIL, IV and V).
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$4 Fig. Expression levels of Ki67 in CD44™8" fractions on day 7. OT-1 mice were trans-
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into three fractions; CD62L™'CD44"#" (111), CD62L!°"CD44" " (IV) and CD62L"8"CD44Mieh
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independent experiments is shown.
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