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Persistence of tumor-infiltrating CD8 T cells is
tumor-dependent but antigen-independent

Mobolaji O Olurinde"??, Ching-Hung Shen?, Adam Drake?, Ailin Bai® and Jianzhu Chen?**

How tumor-infiltrating lymphocytes (TILs) that are tumor-specific but functionally tolerant persist in the antigen-expressing tumor
tissue is largely unknown. We have previously developed a modified TRansgenic Adenocarcinoma of the Mouse Prostate (TRAMP)
model where prostate cancer cells express the T-cell epitope SIYRYYGL (SIY) recognized by CD8 T cells expressing the 2C T-cell
receptor (TCR) (referred to as TRP-SIY mice). In TRP-SIY mice, activated 2C T cells rapidly become tolerant following infiltration into
the prostate tumor. In this study, we show that tolerant 2C T cells persist in the prostate tumor of TRP-SIY mice by proliferating slowly in
a tumor-dependent, but antigen-, interleukin (IL)-7- and IL-15-independent manner. We also show that disappearance of 2C T cells
from the lymphoid organs of TRP-SIY mice are due to antigen-induced T-cell contraction rather than altered trafficking or generalized
T-cell depletion in the mice. Finally, we show that clonal T cells unreactive to S1Y are equally capable of persisting in the prostate tumor.
These findings suggest that while functional tolerance of TILs is induced by antigen, persistence of tolerant TILs in the tumor tissue is
mediated by a novel mechanism: slow proliferation independent of antigen and homeostatic cytokines. These results also allow CD8

T-cell survival in the tumor environment to be compared with T-cell survival in chronic infection.
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INTRODUCTION

Tumor-infiltrating lymphocytes (TILs) are frequently found in
human tumors, for example, of the skin, lung, prostate, pancreas,
ovaries and brain.'" Among the TILs, studies have focused on cyto-
lytic CD8 T cells as many of these cells have been found to react to
tumor-derived self-epitopes. For example, CD8 T cells from human
melanomas are shown to recognize peptides derived from tyrosinase,
the MAGE family of proteins and mutated B-catenin.® However, CD8
TILs from human tumors are often functionally inactivated, failing to
express interferon-y after in vitro stimulation.”® Similarly, CD8 TILs
from human prostate cancer patients did not proliferate following
stimulation through the T-cell receptor (TCR).’

The use of TCR-transgenic CD8 T cells specific for tumor antigens
in mice has unequivocally demonstrated functional tolerance of TILs.
In an autochthonous tumor model of TRansgenic Adenocarcinoma of
the Mouse Prostate (TRAMP),'® Anderson et al.!' showed that adop-
tively transferred naive CD8 T cells expressing a transgenic TCR spe-
cific for an epitope derived from the large T antigen undergo an
abortive proliferative response in the prostate-draining lymph nodes
(PDLNSs). The persisting transgenic CD8 T cells in the prostate tumor
tissue failed to degranulate and secrete interferon-y or granzyme fol-
lowing stimulation with antigenic peptide in vitro."" Even if the trans-
ferred T cells were activated by peptide-pulsed dendritic cells in the
recipient mice, those persisting in the prostate tumor gradually lost

antigen reactivity. In the same TRAMP model, we have previously
introduced a nominal T-cell epitope SIYRYYGL (SIY) that is recog-
nized by CD8 T cells expressing the 2C TCR (referred to as TRP-SIY
mice).'?> Upon adoptive transfer of CD8 2C T cells into TRP-SIY mice
and intranasal infection with influenza virus WSN-SIY that expresses
the SIY epitope,'? 2C T cells were robustly activated in the lung drain-
ing lymph nodes. Following proliferation and acquisition of effector
functions, the activated 2C cells infiltrated prostate tumor tissue but
rapidly became tolerized as indicated by their expression of pro-
grammed death-1 (PD-1) and loss of effector functions, including
expression of interferon-y or tumor necrosis factor-o, killing anti-
gen-loaded target cells and proliferation to SIY stimulation.'* We have
further demonstrated that intraprostatic injection of SIY-loaded bone
marrow-derived dendritic cells can delay tolerance induction of infilt-
rating 2C T cells and reactivate already tolerized 2C T cells in the
prostate tumor tissue.'* These data are consistent with reports that
reactivated TILs have had some success in clinical trials.'>'® Together,
this and other evidence in both human and mice indicates that tumor-
reactive CD8 TILs are functionally tolerant, but can be reactivated to
target tumor cells.

During T-cell development, autoreactive T cells are either deleted by
negative selection in the thymus or become tolerant in the peripheral
lymphoid organs where they encounter self-antigen. These tolerant T
cells are eventually deleted by exhaustion due to constant stimulation
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by self-antigen. Similar to tolerant T cells in the lymphoid organs, the
tolerant tumor-reactive TILs are also constantly exposed to antigen in
the tumor tissue. However, despite their tolerant state and exposure to
antigen, tumor-reactive CD8 T1ILs persist in tumor tissues. In humans,
CD8 TILs are found in both early- and late-stage tumors,!” although
it is unknown whether the same TILs persist throughout the different
stages of tumor development. In mice, adoptive transfer of clonal CD8
T cells that can be uniquely identified has unequivocally demonstrated
the persistence of tumor-specific CD8 TILs.'*'®!® In the TRP-SIY
model, 2C T cells can persist in the prostate tumor tissue in a tolerant
state for at least 4 months following initial transfer and activation.'?
Similarly, transferred TCR-transgenic T cells also persist in the tumor
tissues of other mouse tumor models.'®!? Thus, it is puzzling how the
tolerant TILs persist in the tumors.

Many studies have investigated the mechanisms of naive and mem-
ory T-cell survival. Survival of naive CD8 T cells requires TCR inter-
action with self-peptide-MHC complexes and interleukin (IL)-7.2"**
Because naive T cells do not proliferate under physiological condi-
tions, their stable maintenance (homeostasis) is largely through
replenishment by the newly generated T cells from the thymus. In
contrast, survival of memory CD8 T cells does not require TCR—
self-peptide-MHC interaction. To maintain their homeostasis, mem-
ory CD8 T cells undergo slow proliferation in response to IL-7 and
IL-15.2>2%72% Of greater relevance to the persistence of tolerant TILs is
the persistence of antigen-specific CD8 T cells following chronic infec-
tions by viruses such as lymphocytic choriomeningitis virus (LCMV),
hepatitis B and C viruses.?’ Survival in these situations where chronic
exposure to antigen leads to T-cell exhaustion (rather than lack of
costimulation leading to tolerance) is generally driven by rapid anti-
gen-induced proliferation.’® To our knowledge, there has been no
study of how TILs survive in the tumor environment.

In this study, we have assessed the role of antigen, IL-7, IL-15, tumor-
associated factors and cell trafficking in the persistence of CD8 T cells in
the prostate tumors of TRAMP and TRP-SIY mice. Our results show
that like antigen-specific CD8 T cells in chronic infection, tolerant
tumor-reactive CD8 T cells do not respond to IL-7 and IL-15.
However, unlike antigen-specific CD8 T cells in chronic infection, per-
sistence of tolerant tumor-reactive CD8 T cells in the prostate tumor is
antigen-independent and likely mediated by slow proliferation of res-
ident T cells in response to tumor-associated factors.

MATERIALS AND METHODS

Mice and viruses

2C TCR, congenic Thyl.1" 2C TCR and OT-I TCR-transgenic mice on
RAG1 ™/~ and B6 backgrounds were maintained at the Massachusetts
Institute of Technology (MIT) Animal Care Facility. TRAMP, TRP-SIY,
B6 and B6-SIY mice were also maintained in the MIT facility and used
as recipients at 3-5 months of age. The B6-SIY strain is the same as the
PB-SIY strain previously published.'” Recombinant WSN (HINI)
influenza virus with either SIYRYYGL (SIY) or SIINFEKL (SIIN) pep-
tide engineered into the neuraminidase stalk’™*? was grown on
Madine-Darby canine kidney cells. For infection, mice were anesthe-
tized with 2.5% avertin and intranasally infected with 100 plaque form-
ing units of WSN-SIY or WSN-SIIN influenza virus in 50 pl of
phosphate-buffered saline (PBS). All research with mice was performed
in compliance with the institutional guidelines.

Antibodies and reagents
Anti-mouse monoclonal antibodies, CD16/32 (Fc blocker), streptavi-
din-APC, vB5-FITC, vo2-PE, CD127 (IL-7Ra)-FITC clone A7R34,
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CD122 (IL-2/15RP)-FITC clone TM-B1, PD-1-PE clone J43, CD62L-
PE, CCR7-PE, CD8a clone 53-6.7-PerCP-Cy5.5/APC/PE/FITC and
CD90.1 (Thyl.1)-APC/FITC were purchased from BioLegend (San
Diego, CA, USA), BD Biosciences (San Jose, CA, USA) and eBio-
science (San Diego, CA, USA). 1B2 monoclonal antibody, specific for
the 2C TCR, was purified from hybridoma and biotinylated in our lab.
Pierce Chemical 4',6-diamidino-2-phenylindole hydrochloride and
propidium iodide were purchased from VWR (West Chester, PA,
USA) and Sigma-Aldrich (St Louis, MO, USA), respectively.

Lymphocyte isolation and transfer

Lymph nodes and spleens were gently mashed between rough surfaces
of two microscope slides immersed in RPMI 1640 media containing
5% fetal bovine serum and 10 mM HEPES buffer solution (RPMI
complete) to release lymphocytes. Cell suspensions were filtered
through an 80 pm nylon mesh (Sefar). Red blood cells in splenocytes
suspension were lysed with 144 mM ammonium chloride and 17 mM
Tris-HCI, pH7.4 solution. To extract cells from the lung, tissues were
ground through a cell strainer and digested with 2 mg/ml collagenase
A solution at 37 °C for 1 h, vortexing at 15-20 min intervals. Tissue
debris was removed by Percoll centrifugation, followed by red blood
cell lysis. Prostate lobes were harvested by microdissection®® and
digested with 1 mg/ml collagenase A at 37 °C, for about 45 min,
vortexing at 15-20 min intervals. Digested tissues were diluted with
RPMI complete, gently mashed and filtered. The viable cells for each
tissue specimen was counted using a hemacytometer and trypan
blue exclusion. For adoptive transfer, cells from lymph nodes and
spleen of 2C RAG1 ™'~ mice were injected retroorbitally (1X10°-
2X10° 2C cells in 100 pl HBSS) into infected mice that were still
under anesthesia. A relatively large number of 2C T cells were
adoptively transferred into recipient mice for two reasons. First,
the large number of activated 2C T cells generated following influ-
enza virus infection facilitates quantification of persisting 2C cells
in the prostate tumor tissue over a long period of time. Second,
compared to transferring 500 or 10 000 2C cells, 2C cell activation
and development into memory T cells are not significantly affected
by transferring 1X10°-2X10° 2C T cells.”*

For memory 2C cell transfer, B6 mice were transferred with Thy1.1"
2C T cells and infected intranasally with WSN-STY virus. Thirty dpi,
2C cells were purified from spleen using the magnetic CD8a™ T cell
isolation kit (Miltenyi Biotec, Inc., Auburg, CA). A portion of the
enriched cell suspension was analyzed by flow cytometry to determine
the frequency of Thyl.1* CD8™ 2C T cells. The cells were injected into
TRAMP or TRP-SIY mice as above (5X10° Thyl.1 " CD8™ 2C cells per
recipient).

Flow cytometry

Cells were stained in FACS buffer (PBS with 1% bovine serum albu-
min) and 0.1% sodium azide) on ice. Anti-mouse CD16/32 (Fc
blocker) was added to the cell suspension for 10 min on ice prior to
adding the primary biotinylated antibody. Following washing, the cell
suspension was incubated with the secondary and fluorophore-con-
jugated antibodies. The cells were washed and resuspended in 50-
200 pl of 4',6-diamidino-2-phenylindole hydrochloride or propidium
iodide (1 pg/ml) solution except where indicated. For CCR7-PE
(eBioscience) staining, cells were incubated in a 37 °C water bath
following the manufacturer’s instructions. Samples were analyzed
using a LSRII or FACSCalibur flow cytometer (BD Biosciences).
Further data analysis was carried out using FlowJo software (Tree
Star, Inc., Ashland, OR, USA).



5’-bromo-2’-deoxyuridine (BrdU) proliferation assays

Thirty days after infection and retroorbital 2C T-cell transfer, recipient
mice were fed with 0.8 mg/ml BrdU in their drinking water kept in
opaque bottles. The BrdU water was changed daily for up to 16 days.
For short-term (2 days) BrdU labeling, mice were injected intraper-
itoneally (i.p.) with 2 mg BrdU in 200 ul (BD Biosciences). 2C T cells
that incorporated BrdU were determined by flow cytometry using a
BrdU Flow Kit (BD Biosciences). Antibody volumes suggested by the
manufacturer were adjusted to 100 pl for each sample (1:100 dilu-
tion). Data analysis was carried out using FlowJo software and
Microsoft Excel spreadsheet functions. The percentage of 2C T cells
that incorporated BrdU in each tissue was calculated as follows:
(BrdU*Thy1.1"CD8" cell/Total Thyl.17CD8™ cells) X 100%.

Phosphorylated Stat5 (pStat5) intracellular staining

Freshly isolated cell suspensions of prostates were stained with anti-
mouse CD16/32, Thyl.1-APC (or biotinylated 1B2 followed by strep-
tavidin-APC) and CD8a.-FITC antibodies. Then cells were stimulated
with IL-7 (20 ng/ml) or IL-15 (40 ng/ml) prepared in prewarmed
RPMI complete by incubating them in a 37 °C water bath for
30 min. Controls did not receive any cytokine. After stimulation,
the cells were fixed with 1 ml of 0.37% of paraformaldehyde at 37 °C
for 10 min, washed with 1X PBS and then permeabilized with cold
90% methanol on ice for 30 min. Cells were washed with wash buffer
(PBS containing 5 g/L bovine serum albumin) and then stained with
pStat5 antibody (Cell Signaling Technology, Beverly, MA, USA) fol-
lowing the manufacturer’s instruction. After incubation at room tem-
perature for 30 min, cells were washed and stained with either the
secondary goat anti-rabbit IgG-PE or the isotype control antibody
for 30 min at room temperature. The cells were washed before flow
cytometry analysis.

RNA extraction and quantitative real-time PCR

The RNeasy Plus Mini and the RNeasy Fibrous Tissue Mini Kits
(QIAGEN, Valencia, CA, USA) were used for RNA extraction from
bone marrows and prostates respectively according to the manufac-
turer’s instruction. Extracted RNA was quantified using a Nanodrop
spectrophotometer and reverse transcribed into cDNA (RT product)
using the Tagman Reverse Transcription Reagents Kit (Applied
Biosystems, Foster City, CA, USA). Samples were stored at —20 °C
until quantitative real-time PCR analysis. Quantitative real-time PCR
was performed in duplicates of 20 pl per well. Each well contained
100 ng (based on original RNA concentration) RT product and a
cocktail of 1 pl of primer (IL-7 or IL-15 or GAPDH), DNase-
RNase-free water and 2X Taqman Universal PCR Master Mix. An
ABI 7500 real-time PCR system (Applied Biosystems) was used with
the following conditions: 2 min at 50 °C, 10 min at 95 °C followed by
40 cycles of 15 s at 95 °C, and 1 min at 60 °C. Relative expression levels
were calculated using Microsoft Excel.

Statistical analyses
All Pvalues were calculated using the unpaired two-tailed equal vari-
ance Student’s t-tests.

RESULTS

Tumor-specific CD8 T cells persist in the prostate but disappear
from the spleen of TRP-SIY mice

To determine the persistence of SIY-specific 2C T cells in different
tissues over time, C57BL/6 (B6), B6 mice expressing the SIY transgene
(B6-SIY), TRAMP and TRP-SIY mice were adoptively transferred
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with 2C cells and infected with WSN-SIY virus intranasally.
Different days post-infection (dpi), the numbers of 2C cells in
the prostate, spleen, PDLN and the lung were quantified by cell
counting and flow cytometry analysis (Figure la—d). Overall, a
larger number of 2C cells were recovered from the prostates of
TRP-SIY mice than the prostates of B6 mice (Figure 1la).
However, the prostates of tumor-bearing TRAMP and TRP-SIY
mice were three times the size of those from age-matched B6 and
B6-SIY mice (Figure le), we therefore normalized the number of
2C cells by the weight of the prostate to account for the differing
masses of tissue samples (Figure 1f). At 9 dpi, the number of 2C
cells per gram of prostate was increased by the presence of antigen,
likely due to further proliferation of effector 2C cells following
encounter with SIY in the prostate.’® By 31 dpi tumor-specific
effects begin to play a role and the number of 2C cells per gram
of prostate was similar between TRAMP and TRP-SIY mice. This
similarity persisted at 60 and 150 dpi. However, at 31 and 60 dpi,
the number of 2C cells per gram of prostate in B6-SIY mice
resembled that in tumor mice, not that in B6 controls. Therefore,
while 2C cells persisted independent of antigen in TRAMP mice, 2C
cell persistence in TRP-SIY mice could be either antigen-dependent
(as in the B6-SIY mice) or independent as in the TRAMP mice.

In the spleen, the number of 2C cells at 9 dpi was similar among B6,
B6-SIY, TRAMP and TRP-SIY mice (Figure 1b). By day 31, a more
pronounced contraction of 2C cells can be seen in the spleens of mice
expressing SIY (B6 vs. B6-SIY and TRAMP vs. TRP-SIY) and this
difference persists to 60 and 150 dpi between TRAMP and TRP-SIY
mice. Fewer 2C cells were also detected in the PDLN of TRP-SIY mice
than TRAMP mice at 60 and 150 dpi (Figure 1¢). In the lung, the
number of persisting 2C cells decreased continuously from 9 to
150 dpi in all four types of mice, consistent with a previous report.'
Together, these results show an enhanced antigen-dependent 2C cell
contraction in lymphoid organs, especially in the spleen, following an
influenza virus-induced response in TRP-SIY mice, but not in the
prostate, the site of ongoing antigen expression.

T-cell persistence in the prostate is tumor-dependent, but
contraction of 2C cells from the spleen is antigen-specific in
TRP-SIY

To further examine antigen-independent 2C cell persistence in the
prostate and distinguish the effect of antigen (SIY) and tumor, we
measured the distribution of another clonotypic CD8 T cell, OT-I,
which is specific for SIINFEKL (SIIN), an antigen absent from all the
mice. B6, B6-SIY, TRAMP and TRP-SIY mice were adoptively trans-
ferred with naive OT-IT cells and infected with the WSN virus expres-
sing SIIN (WSN-SIIN). Sixty dpi, OT-I cells were quantified in the
prostate, spleen, PDLN and the lung (Figure 2a—d). Significantly more
OT-I cells were recovered from the prostate of TRP-SIY than B6-SIY
mice and TRAMP than B6 mice (Figure 2a) even after normalization
to the weight of the prostate (Figure 2e). More OT-I cells were also
detected in the PDLN of TRP-SIY than B6-SIY mice and TRAMP than
B6 mice (Figure 2¢). However, there was no difference in the number
of OT-I cells in the prostate between TRAMP and TRP-SIY mice or
between B6 and B6-SIY mice with or without normalization.
Similarly, there was no difference in the number of OT-I cells in the
spleen or the lung among the four types of mice (Figure 2b and c).
These results confirm that the accumulation of OT-I (and 2C) cells in
the prostate tumor tissue of TRAMP and TRP-SIY mice is tumor-
dependent but antigen-independent, whereas depletion of 2C cells
from the spleen of TRP-SIY mice is antigen-specific.
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Figure 1 Spatial and temporal distribution of 2C T cells. Naive 2C cells were transferred into B6, B6-SIY, TRAMP and TRP-SIY mice and infected with WSN-SIY virus.
At the indicated dpi, single-cell suspensions were prepared from prostate, spleen, PDLN and lung. Cells were counted and assayed for the presence of 2C cells by
staining with antibodies specific for 2C TCR and CD8 followed by flow cytometry. The 2C cell number in each tissue was calculated by multiplying the total cell numbers
by the frequency of 2C (CD8" and 2C TCR™) cells in the tissue. (a—d) The total 2C cell numbers in different tissues at the indicated dpi pooled from at least three
separate experiments for each time point. (e) Comparison of average prostate weights of B6, B6-SIY, TRAMP and TRP-SIY mice between 5 and 7 months of age. The
prostate lobes were dissected from the urogenital system and weighed. The error bars are standard deviations (n=5-7 per group). (f) The number of 2C cells per gram
of prostate. The number was calculated by normalizing the number of total 2C cells (from (a)) to the weight of the prostate for each type of mouse. Each symbol
represents one mouse. The lines indicate the average 2C cell numbers (n=4-9 per group). *P<0.01, ** P<0.05 are indicated. B6, C57BL/6; dpi, days post-infection;
PDLN, prostate draining lymph node; SIY, SIYRYYGL; TCR, T-cell receptor; TRAMP, TRansgenic Adenocarcinoma of the Mouse Prostate; TRP-SIY, TRAMP mice
expressing SIY antigen in prostate tumor tissue; WSN-SIY, influenza A/WSN virus expressing the SIY epitope.

Memory 2C cells from spleen of B6 mice do not preferentially traffic
to the prostate of TRP-SIY mice

Persistence of CD8 T cells in a given organ, such as the prostate of
TRP-SIY mice, is determined by cell trafficking into and out of that
organ, as well as the proliferation and death of resident CD8 T cells in
the organ. As there are approximately fivefold more 2C cells in the
spleen than in the prostate of TRP-SIY mice at 31 and 60 dpi, pref-
erential homing of 2C cells to the prostate from other tissues such as
the spleen could account for the observed persistence of 2C cells in the
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prostate tumor tissue. To investigate this possibility, we transferred
Thyl.1" memory 2C cells purified from spleens of WSN-SIY-infected
B6 mice into TRP-SIY and TRAMP mice, which were on the Thyl.2+
background. Thyl.1" 2C cells were quantified in the prostate, spleen
and PDLN 1.5 days after transfer. Majority of the transferred memory
2C cells were detected in the spleen with much smaller numbers
(>100-fold fewer) in the prostate and PDLN (Figure 3). Critically,
there was no difference in the corresponding organs between TRP-SIY
and TRAMP recipients, suggesting that antigen does not cause
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Figure 2 Tumor-dependent versus antigen-dependent distribution of T cells in
the prostate and spleen of TRP-SIY mice. Naive OT-I cells were transferred into
B6, B6-SIY, TRAMP and TRP-SIY mice followed by WSN-SIIN infection. Sixty
dpi, OT-I cells were quantified in the prostate, spleen, PDLN and lung as in
Figure 1, except that cells were stained for va2, vB5 and CD8. (a-d) The total
OT-I cell numbers in different tissues pooled from at least three separate experi-
ments. (e) The number of OT-I cells per gram of prostate. Each symbol repre-
sents one mouse. The lines indicate the average OT-I cell numbers (n=5-6 per
group). *P<0.01, **P<0.05. B6, C57BL/6; dpi, days post-infection; PDLN,
prostate draining lymph nodes; SIY, SIYRYYGL; TRAMP, TRansgenic
Adenocarcinoma of the Mouse Prostate; TRP-SIY, TRAMP mice expressing
SIY antigen in prostate tumor tissue; WSN-SIIN, influenza A/WSN virus expres-
sing the SIINFEKL epitope.

preferential trafficking to the prostate and therefore cannot explain the
persistence of tolerant 2C cells in the TRP-SIY prostate.

Resident tolerant 2C cells undergo slow proliferation in prostate
tumor tissue of both TRAMP and TRP-SIY mice

Next, we measured proliferation of resident 2C cells in the prostate,
PDLN and spleen of TRAMP and TRP-SIY mice by 5'-bromo-2'-
deoxyruridine (BrdU) labeling (Figure 4a). Thirty days post-transfer
of 2C cells and WSN-SIY infection, TRAMP and TRP-SIY mice were
given BrdU. When BrdU was given for 1.5 and 16 days (i.e., 32 and 46
dpi, respectively), similar percentages of 2C cells (about 20% and 60%,
respectively) incorporated BrdU in the prostates of TRAMP and TRP-
SIY mice (Figure 4b and c). When BrdU was given for 16 days followed
by 14 days’ chase (i.e., 60 dpi) without BrdU, a lower percentage of
BrdU™ 2C cells was detected in the prostate of TRP-SIY than TRAMP
mice. This difference may correspond to death of BrdU™ 2C cells in
TRP-SIY prostate. Consistently, a higher percentage of 2C cells was
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Figure 3 Memory 2C cells from spleen of B6 mice do not preferentially traffic to
the prostate of TRP-SIY mice. Memory 2C (Thyl.1¥CD8™) cells were purified
from spleen of WSN-SIY-infected B6 (Thy1.2) mice (30 dpi) and ~5x10° cells
were transferred into TRAMP and TRP-SIY (Thy1.2) recipient mice. One and half
days later, transferred 2C cells (Thy1.17CD8™) were quantified by cell counting
and flow cytometry in the prostate, spleen and PDLN. The total 2C cell numbers
are shown in each organ. Each symbol represents one mouse (n=4-6 per group,
pooled from two separate experiments). Solid lines indicate the averages. B6,
C57BL/6; dpi, days post-infection; PDLN, prostate draining lymph nodes; SIY,
SIYRYYGL; TRAMP, TRansgenic Adenocarcinoma of the Mouse Prostate; TRP-
SIY, TRAMP mice expressing SIY antigen in prostate tumor tissue; WSN-SIY,
influenza A/WSN virus expressing the SIY epitope.

stained positive for caspase-3 in the prostate of TRP-SIY than TRAMP
mice (Figure 4e), indicating a higher rate of apoptosis. Considering
that division of one in two cells (50% division) gives rise to three cells,
two of which are BrdU™ (66%), ~60% BrdU labeling of 2C cells in 16
days would suggest that approximately 50% of 2C cells have divided in
the prostate during this period. This once per month rate of division is
similar to the slow homeostatic proliferation of memory CD8 T cells in
mice.””> Furthermore, the same rate of BrdU incorporation in the
prostate of TRAMP and TRP-SIY mice would suggest that the slow
proliferation is independent of SIY antigen. Supporting this notion,
endogenous presumably polyclonal CD8 T cells show similar rates of
proliferation in the prostate of TRAMP and TRP-SIY mice (Figure 4b
and d).

Compared to the prostate, lower percentages of 2C cells incorpo-
rated BrdU in the PDLN following 1.5 and 16 days of labeling
(Figure 4b and c). However, the percentage of BrdU™ 2C cells was
significantly higher in TRP-SIY than TRAMP mice (9.8% vs. 5.2% at
1.5 days and 52% vs. 30% at 16 days of labeling). In the spleen, no
significant difference in BrdU incorporation was detected in 2C cells
or endogenous CD8 T cells between TRAMP and TRP-SIY mice.
Together, these results suggest that tolerant 2C cells undergo slow
proliferation in the prostate of TRP-SIY mice independent of SIY
antigen.

Slow proliferation of tolerant T cells in the prostate tumor tissue is
not driven by IL-7 and IL-15

Next, we investigated whether the slow proliferation of tolerant 2C
cells in the prostate tumor tissue is driven by IL-7 and IL-15. We
measured the expression of IL-7Ra and IL-15R receptor subunits
on persisting 2C cells in B6, B6-SIY, TRAMP and TRP-SIY mice
(60 dpi). Compared to naive 2C cells, 2C cells from prostates of all
four types of mice expressed a lower level of IL-7Ra (Figure 5a). The
level of IL-7Ra was even lower on 2C cells from the lung, consistent
with a previous report."* However, there was no apparent difference
among the four types of mice. In the spleen, while the level of IL-7Rat
was significantly higher on 2C cells from B6 and TRAMP mice, and
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Figure 4 Tolerant 2C cells undergo slow proliferation in the prostate tumor tissue independent of presence of SIY. (a) TRAMP and TRP-SIY mice were transferred with
Thyl.1" 2C cells and infected with WSN-SIY as described in Figure 1. At 30 dpi, mice were either injected with 2 mg BrdU i.p. for analysis 1.5 days later, i.e., the 32 dpi
data point, or given water containing 0.8 mg/ml BrdU for 16 days (the 46 and 60 dpi data points). (b) Cells from prostates of recipient mice were analyzed 46 dpi for
Thyl.1, CD8 and BrdU by flow cytometry. Representative Thy1.1 versus BrdU staining profiles are shown for CD8™ cells from prostate, spleen and PDLN of TRAMP
and TRP-SIY mice. The numbers indicate percentages of BrdU™ and BrdU™ 2C (Thy1.17CD8™) cells or endogenous CD8 T cells. (¢, d) The percentages of BrdU™ 2C
(c) and endogenous CD8 (d) T cells at the indicated time points pooled from at least two separate experiments. Each symbol represents one mouse. Solid lines indicate
the average percentage (n=4-6 per group). P<0.05. (e) Staining of cleaved caspase-3in 2C cells in the prostate of TRAMP and TRP-SIY mice. Single-cell suspensions
from prostates of TRAMP and TRP-SIY mice (85 dpi) were stained for Thy1.1, CD8 and caspase-3. Representative Thy1.1 versus caspase-3 staining profiles are shown
for Thy1.17CD8" 2C cells. The numbers (average +standard deviation) indicate the percentage of Thy1.1 " caspase-3* cells in the gated region (n>4 per group). The
Pvalue comparing five TRP-SIY and four TRAMP mice pooled from two separate experiments is 0.05. BrdU, 5’-bromo-2’-deoxyruridine; dpi, days post-infection; i.p.,
intraperitoneally; PDLN, prostate draining lymph nodes; SIY, SIYRYYGL; TRAMP, TRansgenic Adenocarcinoma of the Mouse Prostate; TRP-SIY, TRAMP mice
expressing SIY antigen in prostate tumor tissue; WSN-SIY, influenza A/WSN virus expressing the SIY epitope.

some of the 2C cells from B6-SIY and TRP-SIY mice had a much
reduced level of IL-7Ra, suggesting an antigen-dependent downregula-
tion. The levels of IL-15R on persisting 2C cells from prostate, spleen
and PDLN of all four types of mice were similar to those on naive 2C
cells, except that it was significantly lower on 2C cells from the lung
(Figure 5b). We also investigated whether persisting 2C cells in the
prostate of TRP-SIY mice respond to IL-7 and IL-15 by measuring
phosphorylation of Stat5. Following either IL-7 or IL-15 treatment,
naive 2C cells upregulated pStat5, whereas 2C cells from TRP-SIY pro-
state did not (Figure 5¢). In addition, no IL-15 and IL-7 transcripts were
detected in TRP-SIY and TRAMP prostates (Figure 5d), consistent with
arecent report of a loss of IL-7 in neoplastic glands from prostate cancer
patients.’® These results suggest that the slow proliferation of tolerant
2C cells in the prostate tumor tissue of TRP-SIY mice is unlikely to be
driven by homeostatic cytokines IL-7 and IL-15.

DISCUSSION

In this study, we investigated factors that contribute to the persistence
of tolerant tumor-reactive CD8 T cells in the tumor tissue using a
mouse model of prostate cancer. Persistence of CD8 T cells in a given
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organ is determined by cell trafficking into and out of that organ, as
well as the proliferation and death of resident CD8 T cells in the organ.
We found that tolerant tumor-reactive 2C T cells persisted in the
prostate tumor tissue of TRP-SIY mice, but they were depleted from
the spleens of the same mice in an antigen-dependent manner. Because
the prostate is a relatively minor reservoir of 2C cells compared to the
spleen, antigen-dependent trafficking may explain the consistent
levels of tolerant 2C cells in the TRP-SIY prostates. However, memory
2C cells from spleen of B6 mice did not preferentially migrate into the
prostate tumor of TRP-SIY mice following adoptive transfer. In addi-
tion, 2C T cells also persist in the prostate tumor of TRAMP mice
where they are not depleted from the spleen. Finally, non-antigen-
specific OT-1 T cells also persist in the prostate tumor of TRP-SIY
mice and they are not depleted from the spleen. Although we could not
fully exclude the possibility of cell migration as a mechanism contrib-
uting to the persistence of tolerant 2C T cells in the prostate tumor of
TRP-SIY mice, this mechanism is unlikely to be a major factor.
Egress of tolerant 2C T cells from the prostate tumor could also
affect their persistence. Although we did not specifically examine this
issue, circumstantial evidence suggest that tolerant 2C cells do not
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Figure 5 Tolerant 2C cells do not respond to IL-15 or IL-7. (a, b) Comparison of IL-7Raand IL-15R B in 2C T cells from prostate, spleen, PDLN and lung of B6, B6-SIY,
TRAMP and TRP-SIY mice. Sixty dpi, cells from the indicated tissues of B6, B6-SIY, TRAMP and TRP-SIY mice were stained for 2C TCR, CD8 and IL-15Rf or IL-7Ra
followed by flow cytometry analysis. Histograms show representative IL-7Ro.or IL-15R B expression of CD8* 2C T cells from at least two separate experiments. Naive 2C
T cells from spleen were analyzed at the same time for comparison. (c) Tolerant 2C T cells do not respond to IL-15 and IL-7. Cells from TRP-SIY prostates (~47 dpi)
were analyzed for phosphorylated Stat5 (pStat5) as described in the section on ‘Materials and methods’. Histograms show pStat5 level of Thy1.17CD8* 2C cells. Naive
2C T-cellresponse to IL-7 and IL-15 are shown as control. (d) IL-15and IL-7 transcripts are not detected in prostate tumor tissue. RNA was extracted from prostates of
TRP-SIY and TRAMP mice and the transcript levels of IL-7, IL-15 and GAPDH were determined using quantitative real-time PCR. RNA from the bone marrow of B6
mice was used as control. The [L-7 and IL-15 levels were normalized to GAPDH levels of the same tissue. The relative expression levels of IL-7 and IL-15 in different
tissues are shown. Error bars represent the standard deviation from duplicate (B6) or triplicate (TRAMP and TRP-SIY) samples. B6, C57BL/6; dpi, days post-infection;
PDLN, prostate draining lymph nodes; SIY, SIYRYYGL; TRAMP, TRansgenic Adenocarcinoma of the Mouse Prostate; TRP-SIY, TRAMP mice expressing SIY antigen in

prostate tumor tissue.

migrate out of the prostate tumor tissue significantly. T cells migrate
out of tissues to draining lymph node through lymphatics. The tol-
erant 2C cells expressed only a modest level of CCR7 and virtually no
CD62L (Supplementary Figure 1), suggesting that they are unlikely to
migrate®”*® from the prostate tumor tissue to draining lymph nodes.
The lack of egress of tolerant 2C cells could also contribute to the
persistence of 2C cells in the prostate tumor.

Our results suggest that the slow in situ proliferation of tolerant
tumor-reactive 2C T cells is likely to be the main mechanism of their
persistence in the prostate tumor tissue. BrdU labeling showed that
resident tolerant 2C cells proliferated slowly in the prostate tumor, on
the order of once per month as memory CD8 T cells. The proliferation
is the fastest in the prostate tumor tissue when compared to that in the
spleen and PDLN of the same mice. The slow proliferation of tolerant
2C cells in the prostate tumor tissue is not driven by IL-7 and IL-15,
two major cytokines known to support maintenance of memory CD8
T cells,>*>2%3%0 a5 they did not respond to these cytokines in vitro
and there is no local source of these cytokines in the prostate tumor
tissue (Figure 5d).?® Furthermore, the slow proliferation also occurs in
the prostate tumor tissue of TRAMP mice in the absence of SIY,
suggesting that it is not driven by antigen in TRP-SIY prostate.

Together with the observations that 2C T cells also persist in the
prostate tumor tissue of TRAMP mice and that OT-1 T cells persist
in the prostate tumor tissue of TRP-SIY mice, these results suggest that
the persistence of tolerant tumor-reactive 2C cells in the prostate
tumor tissue of TRP-SIY mice is largely a tumor-dependent phenom-
enon. Identification of the tumor-associated factors that drive the slow
proliferation of tolerant tumor-reactive T cells would help to elucidate
the molecular basis underlying the persistence of TILs.

The tumor-dependent, but antigen- and IL-7/IL-15-independent,
slow proliferation of tolerant CD8 T cells in the prostate tumor tissue
is a novel mechanism for mediating the persistence of antigen-specific
tolerant T cells. This mechanism is distinct from peripheral T-cell tol-
erance where newly differentiated T cells from thymus become tolerant
when they encounter self-antigen in the periphery and are eventually
deleted from the repertoire.* Many studies have documented the grad-
ual disappearance of antigen-specific T cells in antigen-transgenic mice.
For example, in InsHA-transgenic mice, antigen-specific CD8 T cells
proliferated locally and were eventually deleted from the draining
lymph nodes.*> Our findings also distinguish the persistence of TILs
from persistence of CD8 T cells in chronic infection. In chronic LCMV
infection, antigen-specific CD8 T cells also gradually disappear from
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spleen,” while some tolerant or exhausted antigen-specific T cells
persist.** Recently, Shin et al.*® reported that antigen-specific CD8 T
cells in mice with chronic LCMV infection persist as a result of extensive
proliferation in response to the antigen. These persisting CD8 T cells are
non-functional* and do not respond to IL-7 or IL-15.>° While our
results also show that tolerized 2C TILs persist independent of IL-15
and IL-7 in TRP-SIY mice, the persistence is also antigen-independent
and lacks the rapid proliferation that drives exhausted CD8 T-cell sur-
vival in chronic LCMV infection. Taken together, our results indicate
that persistence of tolerant TILs in the tolerizing tumor environment is
mediated by a new mechanism driven by yet-to-be-defined tumor-
associated factors.

Finally, the results reported here also shed light on the nature of
TILs. The persistence of non-tumor-specific T cells in the tumor, such
as 2C cells in the prostate of TRAMP mice or OT-I cells in the prostate
of TRAMP and TRP-SIY mice, suggests that not all TILs are tumor-
reactive. As only activated T cells are capable of trafficking into peri-
pheral tissues, we propose that the repertoire of TILs reflects the anti-
genic stimulation history of the tumor-bearing animal, a large fraction
of which is likely not tumor-specific. This helps to explain the wide
variation of frequencies of tumor-responsive cells reported in the
literature, as well as the variation in the success of studies to reactivate
TILs for immunotherapy.

Supplementary information accompanies the manuscript on Cellular
& Molecular Immunology’s website (http://www.nature.com/cmi/)
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