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Abstract

It is well known that CD8* tumor infiltrating lymphocytes (TIL) are correlated with positive
prognoses in cancer patients and used to determine efficacy of immune therapies. While it is
generally assumed that CD8* TIL will be tumor associated antigen (TAA)-specific, it is unknown
whether CD8" T cells with specificity for common pathogens also infiltrate tumors. If so, the
presence of these T cells could alter the interpretation of prognostic and diagnostic TIL assays. We
compared TAA-specific and virus-specific CD8" T cells in the same tumors using murine
cytomegalovirus (MCMV), a herpesvirus that causes a persistent/latent infection, and Vaccinia
virus (VacV), a poxvirus that is cleared by the host. Virus-specific CD8* TIL migrated into
cutaneous melanoma lesions during acute infection with either virus, as well as after a cleared
VacV infection, and during a persistent/latent MCMYV infection. Virus-specific TILs developed
independent of viral antigen in the tumor and interestingly, expressed low or intermediate levels of
full-length PD-1 in the tumor environment. Importantly, PD-1 expression could be markedly
induced by antigen, but did not correlate with dysfunction for virus-specific TIL, in sharp contrast
to TAA-specific TIL in the same tumors. These data suggest that CD8* TIL can reflect an
individual's immune status, rather than exclusively representing TAA-specific T cells, and that
PD-1 expression on CD8" TIL is not always associated with repeated antigen encounter or
dysfunction. Thus, functional virus-specific CD8" TIL could skew the results of prognostic or
diagnostic TIL assays.

Introduction

For cancer, there is a strong correlation between the level of tumor infiltrating lymphocytes
(TIL), especially CD8* T cells, and overall patient survival [1, 2]. As many studies have
demonstrated that tumor associated antigen (TAA)-specific CD8* T cells can limit tumor
growth [3], strategies have been designed to increase the level of TAA-specific CD8* TIL
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[4-8]. CD8* TIL are embedded in the tumor tissue and often express an array of inhibitory
receptors, such as PD-1 [9-11]. There is a strong correlation between PD-1 expression and T
cell exhaustion in TAA-specific CD8* TIL, defined by loss of cytokine production, cytolytic
capacity, and proliferative potential [9-13], which can be rescued upon PD-1/PD-L1
blockade [10]. These observations have led to extensive clinical trials and FDA approval of
antibodies that block PD-1/PD-L1 interactions [10, 14].

The recent availability of multiple anti-tumor immune therapies has led to prognostic and
diagnostic assays based upon the level of CD8", CD8*/PD-1*, or CD8*/IFNy* cells in
tumors, blood, and tumor draining lymph nodes of patients [2, 15]. It is often assumed that
all T cells present in tumors are TAA-specific. However, little is known about how acute,
cleared, or latent infections may affect TIL populations. People are frequently and
repeatedly exposed to pathogens that must be controlled by the immune system. Moreover,
everyone in the world is infected with multiple persistent viruses such as herpes viruses [16],
which require constant immune surveillance for control [17, 18]. Additionally, naive CD8*
T cells are able to migrate into tumor masses, where they can undergo activation and
differentiation [19]. Thus, it is possible that T cell responses to acute, cleared or latent
infections may result in infection-specific CD8" T cells entering tumors. The potential influx
of T cells not specific for TAAs, and the immune status of the individual, could greatly
affect the prognostic and diagnostic value of TIL assays.

To explore this, we used murine cytomegalovirus (MCMV) and Vaccinia virus (VacV)
infections in tumor-bearing mice to compare TAA-specific and virus-specific CD8" T cells
in the same tumor. MCMYV s a herpesvirus and a well-established model of human CMV
(HCMV), a virus that establishes a persistent/latent infection in most people in the world.
HCMV is also being explored as a potential vaccine vector for infectious diseases and
cancer [20]. VacV is a poxvirus that was used as a vaccine to eradicate smallpox in humans.
We found that virus-specific T cells readily became TIL independent of virus infection of
the tumor and expressed PD-1 in the tumor. PD-1 levels correlated with recent exposure to
antigen. Unexpectedly, PD-1 expression did not correlate with dysfunction of the anti-viral
CD8™* TIL population, in sharp contrast with TAA-specific CD8" TIL. These data suggest
that virus-specific CD8* TIL are part of the normal TIL population, reflecting an
individual’s immune status, behaving differently than TAA-specific TILs, and potentially
skewing prognostic or diagnostic TIL assays.

Materials and Methods

Mice

C57BL/6J, CD45.1 (B6.SJL-Ptprc@Pepct/Boyd), OT-I transgenic mice (C57BL/6-Tg(Tcra-
Tcrb)110Mjb/J), Pmel-I transgenic mice (B6.Cg- 7hy1/Cy Tg(TcraTcrb)8Rest/J) mice, and
BRafCA, Tyr::CreER and Pten!o*4-5 (B6.Cg-Tg(Tyr-cre/ERT2)13Bos/J) mice were
purchased from Jackson Laboratory and bred in-house. The Thomas Jefferson University
Institutional Animal Care and Use Committee reviewed and approved all protocols.
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Tumor cell lines and models

B16F0s (kindly provided by Dr. Vitali Alexeev, Department of Dermatology and Cutaneous
Biology, Sidney Kimmel Medical College, or purchased from ATCC) were maintained in
DMEM (CellGro) + 1% PenStrep + 10% FBS. For B16F0 tumor implantation, cells were
suspended at 1 x 10° cells per ml in HBSS (CellGro) and injected subcutaneously into the
dorsal flank in a volume of 100 pul (1 x 10° cells/mouse). Melanomas were induced in the
BRafCA, Tyr::CreER and Pten!®*4-5 triple transgenic mice with tamoxifan as described [21].
In both models, animals were sacrificed at the time point discussed in figure legends, or
when tumor size had exceeded ~100 mm? as determined by a 6-inch digital caliper (Neiko),
or when tumors had ulcerated, or animals became moribund.

Viruses, infections, and intratumoral peptide administration

MCMV-gp100527P (MCMV-gp100), MCMV-SL8, WT-MCMYV, and MCMV-K 181 have all
been previously described and were produced and grown as previously described ([22-24]).
VacV expressing ovalbumin (VacV-OVA) was kindly provided by Dr. Laurence C. Eisenlohr
(The Children’s Hospital of Philadelphia Research Institute and The Perelman School of
Medicine at The University of Pennsylvania). The timing of infection and strains of MCMV
and VacV used are described in each figure legend. In most cases, mice were infected with 2
x 10° pfu of MCMV or 1 x 109 pfu of VacV in 100 ul of PBS delivered via the
intrapertoneal (IP) route in a single injection. However, in Fig LA-Dmice were infected with
5 x 10° pfu of MCMV by IP and intradermal (1D, 25 pl volume) routes simultaneously.
Direct comparisons between infection via the IP route alone or IP/ID routes combined
revealed no differences in T cell numbers or function within tumors (not shown). In Figure
1E, mice were infected with 6 x 10° pfu of MCMV-gp100 via the IP route. For the
intratumoral (IT) peptide injections performed in Fig. 6, B16F0s were implanted into mice
30 days after infection with WT-MCMV. When tumors were 20mm?, ~7—10 days post
implantation, 1 pug of M38 peptide (Genemed Synthesis Inc) suspended in 1 pL of DMSO, or
1 pL of DMSO alone was delivered IT in 30 L PBS.

Lymphocyte isolation

Analyses of blood and splenocytes were performed as previously described [25, 26]. For
recovery of lymphocytes from tumors, tumor masses were placed in digestion media (1x
HBSS [Cellgro], 0.1 mg/ml Collagenase A [Worthington], 60 U/ml DNase | [Roche]) [19]
and minced using the gentleMACS™ Octo Dissociator using C Tubes (Miltenyi Biotec).
Minced tumors were incubated at 37°C for 30 minutes with continuous rotation, minced
again as above, washed twice with T cell media (RPMI 1640 [Cellgro] with L-glutamine
+10% FBS + 1% PenStrep and 5 x 107> M B-mercaptoethanol [Omnipur, Calbiochem),
and filtered through a 70 um nylon filter. In most experiments, lymphocytes were then either
directly assessed by flow cytometry or tested for their ability to produce cytokines upon
stimulation. In some experiments (Fig. 6 A-C, and Supplemental Fig 3A), lymphocytes
were enriched from tumor homogenates by spinning through a 40%/80% Percoll (GE
Lifesciences) gradient for 25 minutes at 600 x g and collecting cells at the interface. For
Supplemental Fig. 3ACDS8* T cells were further enriched with a biotin selection kit and
magnetic beads (EasySep, StemCell Technologies) and biotinylated antibodies specific for
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NKZ1.1 (clone PK136), TER-119 (clone TER-119), CD4 (clone GK1.5), and CD19 (clone
6D5), all from Biolegend. Enriched cells were ~80% CD8*.

Flow Cytometry

Intravenous (1V) labeling of T cells to distinguish tissue and vascular-localized cells was
performed as previously described [26]. MHC tetramers were provided by the National
Institutes of Health Tetramer Core Facility (http://tetramer.yerkes.emory.edu) and used as
previously described [25]. Antibodies used for analyses included: CD8a (clone 53.6.7),
CD8p (clone YTS156.7.7), PD-1 (clone 29F.1A12), IFN-y (clone XMG1.2), TNF-a (clone
MP6-XT22), CD107a (clone 1D4B), Thyl.1 (clone OX-7), CD45.1 (clone A20), CD45.2
(clone 104), and Va2 (clone B20.1). All antibodies were purchased from Biolegend. For
analysis of PD-L1/PD-L2 binding to T cells (Fig. 6C), lymphocytes were isolated from
tumors with Percoll as described above and treated with TruStain FcX (Biolegend) at 1
1g/106 cells followed by 1 pg of recombinant PD-L1-Fc or PD-L2-Fc (not shown) chimera
proteins at 1 pg/106 cells for one hour at room temperature. Cells were washed and stained
with a secondary antibody against human 1gG Fc (clone HP6017). Cells were analyzed on
an LSR |1 or Fortessa flow cytometer (BD Bioscience) and using FlowJo software (TreeStar,
Ashland, OR, USA).

Ex vivo stimulation to assess T cell function

Cytokine production by T cells was assessed after ex vivo stimulation with M45
(HGIRNASFI), M38 (SSPPMFRYV), B8R (TSYKFESV), SL8 (SIINFEKL) or gp100
(EGSRNQDWL) peptides (all synthesized by Genemed Synthesis, San Antonio, TX). To
this end, 1 — 2 x 108 cells were incubated in T-cell media in a round bottom 96-well plate for
5 hours at 37° C in 5% CO,. The final incubation volume was 100 pl and contained 1 pg/ml
of the indicated peptide and 1 ug/ml brefeldin A (GolgiPlug, BD Biosciences), as well as
fluorescently labeled antibody specific for CD107a. For stimulation of enriched CD8* T
cells (Supplemental Fig. 3A), IFN-y-treated M2-10B4s were used as antigen-presenting
cells. M2-10B4s were plated at 100,000 cells/well in 12 well plates. After 4 hours, 2 ml of
media with IFN-y (Biolegend) at 100ng/ml was added. Treated M2-10B4s were used for
CD8™ T cell stimulation after 48 hours, a time point at which they expressed high levels of
class | MHC and PD-L1 (not shown). Approximately 50,000 enriched CD8* T cells were
added to each well and stimulated with peptides as above. In all cases, at the end of the
stimulation period, cells were washed twice with ice-cold FACS buffer (PBS, 0.05% Sodium
Azide, 1% FBS) and stained with antibodies specific for surface proteins followed by
analyses of intracellular IFN-y and TNF-a using the BD Cytofix/Cytoperm kit (BD
Biosciences) and following the manufacturers instructions. Cells were analyzed by flow
cytometry as above.

Adoptive transfers, in vitro T cell activation, and intravenous antibody injections

Adoptive transfers were performed as described previously [25]. The number of transferred
cells and the timing of transfer and infection are stated in each figure legend. For the
experiments in Fig. 6 and Suppl. Fig. 3A, OT-Is and Pmel-Is were co-transferred into mice
one day before implantation of B16F0s. Recipients were co-infected with MCMV-SL8 and
MCMV-gp100 5 days after tumor implantation to expand both OT-1s and Pmel-Is. For in
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vitro activation, OT-Is were either taken from fresh or frozen naive splenocytes (frozen in T
cell media plus 10% DMSO) and enriched via magnetic negative CD8 selection as described
above. Enriched cells were activated with anti-CD3/CD28 coated Dynabeads (ThermoFisher
Scientific) following the manufacturer's protocol in T cell media containing 30 U/ml rlL-2
(Biolegend). Upon transfer, OT-Is were 90-100% alive (determined by Zombie Aqua™
Fixable Viability Kit [Biolegend]), 95-100% CD44M (determined by anti-CD44 [clone
IM7]), and had expanded 20-30 times.

Fluorescence Microscopy

Isolated tumors were frozen in OCT and sectioned using a cryostat. Sections were stained as
previously described [26] with anti-CD31 (clone 390), anti-CD45.2 (clone 104) and DAPI
(Prolong Gold antifade — Life Technologies), along with the anti-CD8a antibody injected IV
prior to sacrifice to distinguish intra-vascular T cells. Images were generated with the LSM
510 Meta confocal laser scanning microscope (Carl Zeiss), the LSM image browser software
(Carl Zeiss), and ImageJ (Fiji).

PCR for expression of full-length PD-1

Results

Mice that had received both OT-Is and Pmel-Is (as described above) were used. When
tumors were >100 mm2, OT-Is and Pmel-Is were sorted from tumors with a FACS Aria (BD
Bioscience) using the markers CD45.1 and Thy1.1 respectively (Supplemental Fig. 1E).
RNA was extracted from sorted cells with the Arcturus PicoPure RNA isolation kit (Applied
Biosystems) according to the manufacturer’s instructions. cDNA was made using the High
Capacity Reverse transcription kit from Applied Biosystems. PD-1 was amplified by nested
PCR with primers designed to span from Exon 1 to Exon 5 as follows: outside primers
(Forward: 5 GCA GGT ACC CTG GTC ATT CAC TTG G 3’, Reverse: 5’ACA CAG GCG
GTA GGG AGC TCT GGT 3) followed by amplification with inside primers (Forward: 5’
AGC TGG CAA TCA GGG TGG CTT CTA G 3’, Reverse: 5 ACA CTA GGG ACA GGT
GCT GCT GAA GG 3’). The dominant PCR fragment corresponding to the size expected
for full-length PD-1 was gel purified and sequenced to confirm the PCR fidelity. Sequenced
products contained all 5 PD-1 exons.

MCMV-gp100 infection induces TAA and virus-specific CD8" TIL

To study TAA-specific and virus-specific CD8* T cells in the same tumor, we used a
recombinant MCMV expressing an altered gp100 epitope (MCMV-gp100) that drives
expansion of gp100-specific T cells [24]. C57BL/6J mice (Thy1.2*) received congenic
(Thy1.1%) Pmel-I transgenic T cells (specific for gp100) one day before B16F0s were
implanted subcutaneously. Five days after tumor implantation, mice were infected with
MCMV-gp100, which induced the expansion of gp100-specific Pmel-1 T cells in the
periphery and tumor, in contrast to wild-type MCMV (WT-MCMV, Fig. 1A). However, after
either infection, MCMV-specific CD8* T cells were readily detected in tumors (Fig 1B and
C) and at least 20% of the CD8* T cells in tumors were MCMV-specific (Fig. 1D and data
not shown). Representative gating for this and subsequent experiments are shown in
Supplementary Fig. 1. This phenomenon was not restricted to the transplanted B16F0
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model, as MCMV-gp100 infection also drove MCMV-specific CD8* T cells into
autochthonous tumors that arose in the Cre-inducible, BRAFV600E transgenic mouse model
(Fig. 1E21)).

CD8™" TIL are defined as being embedded in the tumor tissue. Using intravenous (1V) CD8a
labeling to distinguish CD8" T cells that had migrated out of the vasculature [25, 27] we
found that the vast majority of TAA and MCMV-specific CD8* T cells recovered with
tumors were unlabeled and thus, within the tumor tissue (Fig. 1F). These data were
confirmed histologically using congenically marked OT-I transgenic T cells that were driven
by infection with MCMV expressing the SIINFEKL peptide from OVA (MCMV-SL8), a
model in which OT-Is respond comparably to T cells driven by WT-MCMV infection [23].
In this model, B16F0s do not express OVA and therefore OT-Is can be considered virus-
specific. Notably, GFP expression from the virus is undetectable /n7 vivo by histological
analysis (data not shown). However, most OT-1 T cells were readily detected within the
tumor tissue, with some OT-Is still associated with the tumor vasculature (CD8a IV*, white
arrow) (Fig. 1G), thus confirming the flow cytometry results. Together, these data show that
virus-specific CD8* T cells can become TIL alongside TAA-specific TIL.

Activated CD8* T cells become TIL in the absence of viral replication or antigen

CMV protein has been found in multiple human tumors [28-31], can infect leukemia and
melanoma in vitro [24, 32, 33] and we have seen MCMV DNA in B16F0 tumors from
acutely and latently infected animals (data not shown). Thus, it is possible that MCMV-
specific T cells entered tumors because the tumors were infected. To rule this out, we
infected mice with a recombinant MCMV expressing the thymidine kinase gene from
Herpes Simplex Virus (MCMV-TK), which enables inhibition of viral replication by the
drug famcyclovir [34]. Tumor-bearing mice were infected in the foot-pad to localize the
primary infection and treated or not with famcyclovir. This protocol prevents detection of
viral DNA in the salivary gland of mice (not shown), normally a major target of MCMV
infection, illustrating the ability of famcyclovir to limit viral spread. Regardless of
famcyclovir treatment, MCMV-specific CD8* T cells became TIL in similar percentages
(Fig. 2A and B). MCMV infects migratory monocytes and it is therefore possible that viral
antigen was brought to the tumor in MCMV-infected monocytes in the absence of viral
replication. To remove antigen from the system entirely, OT-I T cells were activated /n vitro
with antibodies targeting CD3 and CD28. Upon transfer into tumor-bearing mice, activated
OT-Is also became TIL (Fig. 2C and D). Together, these data suggest that activation of CD8*
T cells can promote entry into tumor tissue regardless of the presence of viral antigen.

MCMV-specific CD8* TIL are more functional than TAA-specific CD8* TIL, despite PD-1

expression

To explore the function of TAA-specific TIL, Pmel-I T cells (gp100-specific) were
recovered from B16F0 tumors after infection with MCMV-gp100 and stimulated ex vivoto
assess cytokine production and degranulation, as in Figure 1. As expected, TAA-specific
Pmel-Is in the tumor were severely dysfunctional for cytokine production compared to
Pmel-Is in the spleen, seven days after infection (Supplementary Fig. 2A), and when mice
were sacrificed with tumors measuring >100 mm? (Fig. 3A). To measure the function of
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MCMV-specific TIL in these same tumors, we quantified T cells by tetramer staining and
compared these values to the number of cells that produced IFN-y and TNF-a after
stimulation with the same viral peptides (Supplementary Fig. 2B). By assessing the ratio of
tetramer-staining to cytokine producing T cells, we can determine the proportion of
functional, virus-specific T cells. In these analyses, a ratio of 1 indicates that the same
number of T cells was identified by both tetramer staining and cytokine production after ex
vivo stimulation. Strikingly, MCMV-specific T cells in the spleen and tumor were equally
functional by this measure (Fig. 3B), indicating that T cell dysfunction within the tumor
environment was restricted to TAA-specific TIL.

The preceding functional assays were performed with unsorted tumor homogenates. To test
whether the tumor-milieu or the presence of tumor cells in the assay were skewing the
results, OT-1 T cells (virus-specific, CD45.1%) and Pmel-1 T cells (TAA-specific, Thy1.1%)
were co-transferred into B6 mice (CD45.2%, Thy1.2%), and both driven into B16F0 tumors
by a mixed MCMV-SL8 and MCMV-gp100 infection (Supplementary Fig. 1E). CD8* T
cells were isolated from the tumor with magnetic beads and stimulated with peptide using
IFN-vy treated M2-10B4s as antigen presented cells. Although isolation from the tumor
milieu improved the cytokine production by TAA-specific Pmel-I T cells as expected
(Supplemental Figure 3A compared to Figure 3A), they were still less functional than Pmel-
I T cells isolated from the spleens of the same animals. In contrast, virus-specific OT-1s from
the tumor were equally functional to OT-Is isolated in the spleen, and substantially more
functional than Pmel-Is isolated from the same tumors (Supplementary Fig. 3A). Thus,
virus-specific tumor-infiltrating T cells remain functional within the tumor environment, in
contrast to TAA-specific T cells from the same tumor.

The differences in function between TAA-specific and MCMV-specific T cells suggested
that there may be differences in expression of immune inhibitory molecules such as PD-1
between the two TIL populations. Indeed, previous work has shown that MCMV-specific T
cells in the spleens of non-tumor-bearing mice do not express PD-1 after the initial phases of
MCMYV infection [35]. Surprisingly, MCMV-specific T cells in the tumor expressed PD-1 at
frequencies that were indistinguishable from Pmel-Is in the tumor (Fig. 3C), despite their
markedly different functionality. To explore this more completely, OT-I T cells were driven
into B16F0 tumors by MCMV-SL8 infection (Supplementary Fig. 3B). Seven days after
infection, OT-Is in the tumor and blood expressed PD-1 (Fig 3D and E), as an expected
result of recent clonal expansion. Interestingly, the mean fluorescence intensity of PD-1
expression was higher in the tumor than in the blood at this day 7 time point (Fig. 3E, p =
0.038). Even more strikingly, OT-Is in the tumor still expressed PD-1 14-16 days after
infection with undiminished mean fluorescence intensity (Fig. 3D and 3E), in contrast to
OT-I T cells in the blood, which had lost PD-1 expression by this time after infection.
Notably, PD-1 expression was markedly higher on OT-Is embedded in the tumor tissue
compared to cells in the tumor vasculature of the same tumor (Supplemental Fig. 3C).
Despite this elevated and sustained PD-1 expression, these OT-1 TIL remained fully
functional for cytokine production both one and two weeks after infection (Fig. 3F), albeit
with a slight reduction in degranulation (Supplementary Fig. 3D). Together, these data
suggest that MCMV-specific CD8* TIL remain functional in the tumor environment, despite
PD-1 expression, and that PD-1 expression induced during clonal expansion is maintained
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on virus-specific CD8* TIL in contrast to cells found within the blood and the tumor
vasculature.

Vaccinia-specific CD8* T cells become TIL and retain function, despite PD-1 expression

To determine whether these results were unique to MCMV infection, we used Vaccinia virus
expressing OVA (VacV-OVA). As above, OT-Is were transferred one day before B16F0s
were implanted, and mice were infected with VacV-OVA 5 days after tumor implantation.
Both B8R-specific endogenous CD8* T cells (specific for VacV) and OT-Is expanded and
migrated into tumor tissue (Fig. 4A and B) where they remained functional for cytokine
production and degranulation (Fig. 4C, D and Supplementary Fig. 3D), despite expressing
PD-1 within the tumor environment, as assessed by CD8a. 1V-staining (Fig. 4E, F). These
data show that, like MCMV-specific T cells, VacV-specific CD8" T cells become TIL during
acute viral infection and remain functional despite PD-1 expression.

Virus-specific CD8" T cells enter the tumor tissue during latent and cleared infections,
retaining function

To this point, our data show that T cells activated in culture or responding to an acute viral
infection, infiltrate tumor tissue. At these times, most virus-specific T cells are short-lived
effector cells that have recently undergone clonal expansion [36, 37]. However, circulating T
cell populations will also include resting memory T cells from previously encountered and
cleared infections, as well as T cells participating in the control of persistent infections.
VacV is cleared from B6 mice, allowing VacV-specific T cells to become resting memory T
cells [38, 39]. To determine whether these resting memory T cells would infiltrate tumors,
B16F0s were implanted into mice that had been infected with VacV 42-49 days previously,
a time point at which all B8R-specific T cells in the blood were PD-1 negative and >50%
had lost expression of the effector marker KLRG-1 (data not shown). Resting B8R-specific
CDS8™ T cells still became TIL (Fig. 5A and B) and many of these TIL expressed low or
intermediate levels of PD-1 within the tumor environment (Fig. 5C). Thus, resting memory
virus-specific T cells that enter the tumor can also express PD-1. Interestingly, PD-1
expression on resting VacV-specific T cells that entered the tumor was low or intermediate
and a substantial proportion of these cells lacked detectible PD-1 expression in the tumor
environment. Thus, although PD-1 expression in the tumor may not depend on recent acute
infection and clonal expansion, the PD-1 expression levels may correlate with recent antigen
exposure.

Like all herpesviruses, MCMYV induces a persistent/latent infection that requires continuous
immune surveillance for life-long control [17, 18]. Everyone in the world is infected with
multiple herpesviruses, making life-long immune surveillance common [16]. Most MCMV-
specific T cells are driven into a state of terminal differentiation by this ongoing immune
surveillance, although PD-1 is not expressed on these T cells at this stage of infection in
mice or in HCMV-infected humans [35, 36, 40]. To determine whether MCMV-specific
CD8* T cells would become TIL during persistent/latent MCMYV infection, we implanted
B16FO0 tumors into mice infected with MCMV 8 to 12 weeks previously. Again, MCMV-
specific CD8* T cells were present in tumors (Fig. 5D) and embedded in the tumor tissue
(Fig. 5E) where they were fully functional for cytokine production (Fig. 5F). In this setting,
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PD-1 could be detected on some MCMV-specific TIL that infiltrated tumors during the
persistent phase of infection, although a large percentage of these cells lacked PD-1 (Fig.
6G). Similar data were seen with M45-specific T cells (data not shown), which represent a
resting memory MCMV-specific population during the persistent/latent phase of infection
[36, 41]. Together these data show that virus-specific CD8" T cells in circulation become
TIL and remain functional regardless of whether an infection has been cleared or remains
persistent. Moreover, these data suggest that PD-1 expression can be detected on virus-
specific T cells that enter the tumor at any stage after activation, even when PD-1 expression
has been lost on T cells in circulation. However, T cells that enter the tumor after acute
infection and clonal expansion were more uniformly PD-1M9" compared to T cells that
became TIL long after the acute infection had been resolved.

Virus-specific CD8" T cells express lower amounts of full length PD-1

Our data to this point showed that virus-specific TIL expressed PD-1 in the tumor
environment, but remained functional. To directly compare PD-1 expression by virus-
specific and TAA-specific T cells, we co-transferred ova-specific OT-1 T cells and gp100-
specific Pmel-I T cells, implanted tumors one day later, and infected the recipients with both
MCMV-SL8 and MCMV-gp100 five days after that. TAA-specific Pmel-1 T cells in the
tumor uniformly expressed high levels of PD-1, while OT-1 T cells recovered from the same
tumors expressed significantly less PD-1 per cell (Fig. 6A and B). This result that was also
evident with a second PD-1-binding antibody, clone 29F.1A12 (Fig. 6B), which blocks PD-
L1 and PD-L2 binding to PD-1 ([42] and not shown). This reduced expression of PD-1 by
virus-specific T cells correlated with an undetectable binding of recombinant, dimerized
versions of the ligands PD-L1 (Fig. 6C) and PD-L2 (not shown), in contrast to Pmel-I T
cells in the same tumors. Because splice variants of PD-1 have been described [43], the
transcripts expressed by OT-Is and Pmel-Is isolated from tumors were amplified by RT-PCR.
Primers were designed to span from the 1st to the 5th exon, mirroring the published strategy
[43]. The major PCR product corresponded to the expected size for transcripts containing all
5 exons (Fig. 6D), a conclusion that was confirmed by sequence analysis (not shown).
Together, these data suggest that both virus-specific and TAA-specific TILs expressed full-
length and properly folded PD-1, but that reduced expression of PD-1 on virus-specific TIL
reduced the interaction between PD-1 and its ligands PD-L1 and PD-L2.

PD-1 expression on virus-specific CD8* TIL is a marker of recent antigen stimulation, not a
correlate of dysfunction

PD-1 expression is linked to recent or repeated antigen stimulation [9-13]. One major
difference between TAA-specific TIL and virus-specific TIL is the availability of antigen in
the tumor environment. To show that antigen in the tumor environment promotes high levels
of PD-1 expression on TILs, we transferred congenic Pmel-Is into mice without tumors and
expanded them with MCMV-gp100 infection (Supplementary Fig. 4A). Although PD-1 was
expressed on Pmel-Is 7 days after infection as expected due to recent stimulation, these cells
lost PD-1 expression by day 28 (Fig. 7A). On day 30 or 31, B16F0s were implanted. When
tumors were 20-30 mm?214-35 days after implantation, Pmel-Is had migrated into the
tumors (Supplementary Fig. 4B) and uniformly expressed high levels of PD-1 (Fig. 7B).
These data show that TAA-specific T cells lacking PD-1 robustly upregulated PD-1 upon
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entry into tumors, unlike virus-specific T cells lacking PD-1 at the time of tumor entry (Fig.
5C and G). To test whether anti-viral TILs would also express high levels of PD-1 upon
antigen encounter in tumors, B16F0s were implanted in mice infected for 30 days with wild-
type MCMV, a time point at which MCMV-specific T cells in circulation lacked PD-1 (Fig.
7C). When tumors were 20 mm?, they were directly injected with the MCMV-derived M38
peptide or DMSO as a negative control. One week later, M38-specific TIL uniformly
expressed high levels of PD-1, in mice that received the M38 peptide. In contrast, M38-
specific T cells in mice injected with DMSO only expressed low or intermediate levels of
PD-1 and many cells were PD-1-negative (Fig. 7D), consistent with previous results
(compare to Fig 5G). Irrespective of PD-1 expression, M38-specific T cells did not lose
function as assessed by IFN-y production after ex vivo stimulation (Fig. 7E), which is
expected given the transient nature of antigen stimulation in this experiment. Collectively,
these data show that the CD8* TIL population can reflect the specificity of the circulating T
cell populations in an individual. Moreover, while antigen stimulation induces uniformly
high levels of PD-1 expression, tumor infiltration promotes or sustains low or intermediate
levels of PD-1 that do not correlate with cellular dysfunction.

Discussion

As tumor immunotherapy burgeons, prognostic and diagnostic TIL assays will become more
common to assess treatment options and outcomes. Our data show that acute, cleared, and
latent viral infections induce virus-specific CD8* TIL in melanoma tumors independent of
viral replication or antigen, and that PD-1 expression was induced or sustained on virus-
specific TILs in the absence of a deliberate introduction of antigen. Thus, these data suggest
that the TIL status of an individual, at least in some tumors, will reflect their immune status,
and that previously and recently activated T cells may “muddy” prognostic and diagnostic
TIL analysis.

We considered the possibility that virus-specific CD8" T cells became TIL because the
infection had spread to the B16F0 tumors. We have detected MCMV DNA within B16F0
tumors after acute infection as well as in latently infected mice (not shown). However,
blocking MCMYV replication at a distal site of infection (the footpad) had no impact on
MCMV-specific TIL formation (Fig. 2A and B). In addition, /7 vitro activated CD8" T cells
were able to enter tumors in the complete absence of virus (Fig. 2C and D). Therefore, viral
infection of the tumor was not a requirement for T cell entry.

We also considered the possibility that T cell differentiation status would impact the
formation or function of TIL. In the current study, we explored this functionally, by
comparing virus-specific TIL formation after acute, persistent or cleared infections. Acute
infections with MCMYV and VacV produce large populations of short-lived effector T cells
[36, 37], while MCMV persistence sustains large numbers of effector-differentiated cells
and very few memory-phenotype T cells [36, 41, 44]. In contrast, clearance of VacV allows
cells to develop into resting memory cells [37]. In all cases, virus-specific TIL developed,
suggesting that T cell differentiation was not the major determinant of TIL formation.
Notably, naive CD8* T cells have been shown to enter B16 tumors and become TIL as well
([19] and our own unpublished data), suggesting that even T cell activation is not a pre-
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requisite for entry into tumors. Collectively, these data suggest that naive, activated, or
resting memory CD8* T cells have access to tumors and become part of the normal TIL
population in an antigen independent manner (summarized in Fig. 8A and B).

The presence of low and intermediate levels of PD-1 on virus-specific TIL was surprising. In
many chronic infections and in tumor-bearing individuals, antigen-specific CD8" T cells
become highly dysfunctional, correlating with PD-1 expression and repeated antigen
exposure [9-12, 45, 46]. However, virus-specific T cells retained the ability to secrete
cytokines in the tumor despite expression of the full-length PD-1 transcript (Fig. 6). Tumor-
localized T cells retained PD-1 expression even while cells in the circulation lost PD-1 (Fig.
3D and E and summarized in Fig. 8 A and B). Moreover, increased PD-1 expression could
be detected on virus-specific T cells that migrated into tumors long after the primary
infection and, in the case of VacV infection, clearance of the virus. Interestingly, cells that
had recently undergone clonal expansion retained relatively higher levels of PD-1 compared
to cells that migrated into the tumor long after the primary infection (Fig. 3 to 6).
Importantly, antigen encounter within the tumor environment induced robust and uniform
PD-1 expression on both TAA-specific T cells as well as virus-specific T cells, as expected
(Fig. 7). These data suggest that virus-specific TIL were not encountering antigen in the
tumor environment unless it was deliberately injected, and that our results cannot be
explained by viral infection of the tumor or T cells that are cross-reactive to both viral and
tumor antigens. As summarized in Fig. 8, we interpret these data to suggest that virus-
specific T cells in the tumor rarely interact with antigen (or PD-1 ligands) and that PD-1
expression on TILs is supported by the tumor environment independently of antigen
exposure. Notably, certain cytokines are capable of inducing PD-1 expression in stimulated
T cells [47]. Thus, our data suggest that the critical difference between virus-specific and
TAA-specific TIL is the absence of constitutive antigen presentation by cells in the tumor,
rather than PD-1 expression per se (Fig. 8B and C).

Although our data show that virus-specific TIL expressed cytokines normally, future work
will be needed to determine whether the intermediate expression of PD-1 has any impact on
proximal signaling events through the TCR or overall T cell function. Notably, virus-specific
TIL displayed reduced CD107a exposure, a marker of degranulation, after peptide
stimulation ex vivo (Supplemental Fig. 3D). This decreased degranulation fits with recent
studies of PD-1* CD8* T cells in various tissues during chronic infections, which were all
deficient in their ability to degranulate and Kill despite differences in ability to produce
cytokines [48]. Thus, although virus-specific TIL are clearly not exhausted, they may not be
fully functional in the tumor environment and future studies will be required to explore this
possibility.

If circulating naive and activated T cells become TIL regularly, this could skew prognostic
and diagnostic TIL assays, as some of the TIL would be irrelevant for the prognosis or the
success of immunotherapy. Large numbers of PD-1* CD8* TIL that are specific for a virus,
but not the tumor, might explain the failure of PD-1/PD-L1 blocking therapies in some
patients [14, 49]. For these reasons, it is crucial to know how common this phenomenon is in
other cancer models, and in a variety of human cancers, and perhaps develop tools that can
exclude virus-specific TIL from diagnostic or prognostic assays. Our data suggest that PD-1
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levels on CD8* TIL may be a better correlate of both TIL function and recent antigen
exposure, even without knowing the specificity of the TIL populations. Thus, diagnostic
assays designed to define the levels of PD-1 expression on TILs may provide valuable
insights.

To our knowledge, this study is the first to preform comparative analyses of TAA-specific
and virus-specific TIL in melanoma. Our data show that the TIL population in a tumor may
be far more complex than previously believed and that an individual's immune status may
shape their TIL populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MCMV-gp100 infection resultsin migration of virusand TAA-specific CD8* T cells
into melanoma tumors

A-D) Animals received 5 x 104 Pmel-Is on day -1 (D-1), 1 x 10° B16F0s on DO, and were
infected with WT-MCMV (n=10) or MCMV-gp100 IP/ID (n=10) on D5. Mice were
sacrificed for analyses when tumors were > 100mm?, 11-33 days post infection. Shown is
(A) the percentage of Pmel-I CD8* T cells (Thy1.1+) in the tumor, (B) representative FACS
plots of MCMV-specific (M45 and M38) CD8* T cells in tumors, (C) the percentage of
MCMV-specific CD8" T cells in individual mice, and (D) the average size of antigen-
specific T cell populations in tumors from MCMV-gp100 infected mice. The data is
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combined from 3 independent experiments, and A and C depict the mean +/- standard
deviation (SD). The B8R-loaded tetramer shown in B was used as a negative control to
establish the gates. E) Representative (n=5, 2 experiments) FACS plots of MCMV-specific
CD8™* T cells in autochthonous tumors from BRAFV600E transgenic mice at sacrifice. Mice
were infected with MCMV-gp100 IP once a tumor was palpable. F) Mice received
intravenous (1V) anti-CD8a to distinguish vascular and tissue-localized T cells. Shown is
the percentage of 1V-labeled or unlabeled Pmel-I, M45- and M38-specific CD8s in tumors
from 4 mice from Fig. 1A-D. G) Mice received 103 OT-Is on D-1, B16F0s on DO, and
MCMV-GFP-SL8 [23] on D5. The representative (n=4) immunoflouresence image shows
OT-Is labeled with anti-CD45.2 (green) +/- the I1V-delivered anti-CD8a antibody (purple)
on D12. The white arrow points to a double-labeled OT-I. Endothelial cells were identified
by CD31 staining (red).
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Figure 2. Activated CD8" TIL form in the absence of viral replication and antigen

A-B) Mice treated with famcyclovir (+Fam, n=8) or not (~Fam, n=7) as previously
described [34] were implanted with B16F0s on DO, infected with MCMV-TK [34] on D5 via
the footpad, and sacrificed on D19 for analyses. Shown is (A) the frequency of M45-specific
CD8™ T cells in the tumor and spleen and (B) the percentage of tetramer-binding cells in the
tumor that were IV labeled or unlabeled. Significance in A was assessed by an unpaired t-
test. C-D) /n vitro activated OT-Is (3 x 10°) were transferred into uninfected mice on D7
after B16F0 implantation. Shown is (C) a representative FACS plot of OT-Is (CD45.1%,

J Immunol. Author manuscript; available in PMC 2018 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Erkes et al.

Page 18

Va2*) recovered from the tumor and (D) the percent of OT-Is that were labeled or not by 1V
CD8a. staining, two days post transfer (n=4, 2 experiments). All data is represented as mean
+/- SD.
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Figure 3. MCM V-specific CD8* T cellsretain function in tumors despite high PD-1 expression
A-C) Animals were setup as in Fig. 1A, with MCMV-gp100 IP infection. Shown is (A) the

percent of Pmel-Is that produced cytokines after ex vivo stimulation with gp100 peptide, (B)
the functionality of MCMV-specific T cells in the tumor and spleen as assessed by the ratio
of tetramer staining to cytokine production after ex vivo stimulation with peptide, and (C)
the percent of Pmel-1s or MCMV-specific CD8s that were PD-1* at sacrifice. D—F) Animals
received 103 OT-Is on D-1 and B16F0s on DO. Tumor-bearing mice were infected with
MCMV-GFP-SL8 IP on D5, and sacrificed on D7 (n=5) or D14-16 (n=6) post-infection
(P.1.). Shown is (D) the percent of OT-Is that were PD-1" 7 or 14 days P.1., (E) the PD-1
mean fluorescence intensity (MFI) on OT-Is in the tumors and blood of animals D7 or D14
after MCMV-SL8 infection, and (F) the percent of OT-Is recovered from the tumor or blood
that produced cytokines after ex vivo stimulation. All data is represented as the mean +/-
SD. Significance was assessed by paired (A, B, D) or unpaired (E) t-tests, p<0.05=*,p <
0.01 =** p <0.0001 = ****,
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Figure 4. Vaccinia-specific CD8* T cellsbecome TIL after acuteinfection and retain function
despite PD-1 expression
Animals received 102 OT-Is on D-1, B16F0s on DO, were infected with VacV-OVA on D5,
and sacrificed on D19 (n=7, 2 independent experiments) for tumor and spleen analysis.
Shown is (A) the percent of Vaccinia-driven (OT-Is and B8R-specific) CD8* T cells in the
tumor, (B) the percentage of CD8a IV positive and negative Vaccinia-driven CD8" T cells
(n=4), (C) the percent of OT-Is that produced cytokine after ex vivo stimulation with peptide,
(D) the functionality of VacV-driven T cells assessed as in Fig. 3B. E-F) Shown is the
percent of cells that were PD-1* (E), and the MFI of PD-1 expression (F) on total and
Vaccinia-specific CD8* T cells that were in the spleen (including CD8a IV positive and
negative), and in the tumor tissue (only CD8a IV negative, n=7). All data is represented as
the mean +/- SD. Significance in C and D was assessed by paired t-tests, p < 0.05 = *.

J Immunol. Author manuscript; available in PMC 2018 April 01.




1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Erkes et al. Page 21

A BsR Specific-CD8s B

100
15+
;\? 80+
- 7]
[7]
3 10 °l® & 60-
%) m
M
"é O 404
2 5 =
8 20+
°
- 0-
Tumor B8R
C Vasculature
Il Tissue

D Mm38-specific CD8s @ Sac

LA\

- cp8| =
Tumor| &
(=]

.

BSR| &
Tumor &
=

LA
PD-1——p o Tumor

E F Ratio of Cytokine to M38s
100- . ns
0 159 — -~ Tumor
80~ 2 ns & Spleen
5 =
g 60+ § 1.0
e (3]
O 404 +
ES £ 0.5
204 =
s
0- © ¢0dl—m—
IFNy IFNy
Vasculature TNFa
Il Tissue
G

M38
Tumor

PD-1 — >

Figure5. Virus-specific CD8s enter tumors, retain function, but expressless PD-1 after cleared
infectionsor during latent infections
A-C) Mice received B16F0s 42—49 days after VacV-OVA infection (n=5, 2 experiments) and

were sacrificed 14 days later for tumor and spleen analysis. Shown is (A) the percent of
B8R-specific CD8* T cells, (B) the percent of B8R-specific T cells in the tumor that were
labeled by IV CD8a staining (n=4), and (C) the representative MFI of PD-1 on total and
Vaccinia-specific CD8* T cells that were in the spleen (including both CD8a IV positive
and negative), and in the tumor tissue (only CD8a IV negative, n=4). D-G) Mice received
B16F0s >12 weeks after infection with MCMV strain K181 (n=11, 3 experiments) and were
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sacrificed 21 days later, or for one mouse on day 17 when the tumor reached 100 mm?2.
Shown is (D) the percent of MCMV-specific CD8s, (E) the proportion of MCMV-specific T
cells in the tumor that were labeled by 1V CD8a staining, (F) the functionality of MCMV-
specific T cells, assessed as in Fig. 3B (n=4, representative of the whole), and (G) the MFI
of PD-1 on total and MCMV-specific CD8* T cells that were in the spleen (including both
CD8a IV positive and negative), and in the tumor tissue (only CD8a IV negative, n=7) All
data is represented as the mean +/— SD and the significance (F) was assessed by paired t-
tests, p <0.05 =*,
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Figure 6. Virus-specific CD8" TIL expresslower amounts of full length PD-1 than tumor-specific

CD8* TIL, altering PD-L 1 binding

500 OT-Is and 5000 Pmel-Is were co-transferred on D-1 and 1 x 10° B16F0s were given on
DO. Tumor bearing animals were infected with 2 x 10° pfu of each MCMV-GFP-SL8 and
MCMV-GP100 IP on D5. Mice were sacrificed when the tumor reached 100mmZ. Shown is
(A) representative staining of PD-1 using clone RMP1-30 and (B) average MFI of PD-1
staining using clone RMP1-30 or clone 29F.1A12 for the indicated CD8* populations
recovered from the same tumors (n=3). FACS plots of CD8* T cells in the spleen include
both CD8a IV positive and negative cells while T cells in the tumor tissue include only the
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CD8a IV negative subset. Significance in (B) was assessed by paired t-tests, p < 0.01 = **,
C) Representative binding of recombinant PD-L1 to PD-1* virus-specific (OT-Is) and TAA-
specific (Pmel-1s) recovered from the same tumor (n=4). D) PCR products of PD-1 (Exon 1
through 5) from cDNA derived from sorted virus-specific (OT-1s) and TAA-specific (Pmel-
Is) CD8" TIL (n=3).
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Figure 7. PD-1isamarker of recent antigen stimulation on TAA-specific and virus-specific
CD8" TIL
A-B) Animals received 104 Pmel-Is on D-1, were infected with MCMV-gp100 on DO, given

B16F0s on D30 or 31, and sacrificed when tumors were ~40mm? (D14-39, n=6, 2
experiments). Shown is (A) the percent PD-1* Pmel-Is in the blood D7 and D28 post
infection (before tumor implantation), and (B) the MFI of PD-1 expression on total and
TAA-specific CD8" T cells (Pmel-Is) in the tumor and spleen at sacrifice. FACS plots of
CDS8™ T cells in the spleen include both CD8a IV positive and negative cells while T cells in
the tumor tissue include only the CD8a. IV negative subset. C-F) Mice infected for 30 days
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with WT-MCMV were given B16F0s. When tumors were ~20 mm? they were
intratumorally (IT) injected with M38 peptide in PBS (n=5) or DMSO in PBS (n=4), and
sacrificed 7 days later (3 experiments). Shown is (C) the percent of PD-1* M38-specific
CD8* T cells in the blood before tumor implantation, (D) the MFI of PD-1 expression on
total and M38-specific CD8" T cells D7 after IT injections, and (E) the functionality of
M38-specific T cells in the tumor and spleen assessed as in Fig. 3B on D7 after IT
injections. FACS plots of PD-1 expression in the spleen include both CD8a. 1V positive and
negative cells while T cells in the tumor tissue include only the CD8a IV negative subset.
All data is represented as the mean +/— SD and the significance (E) was assessed by paired t-
tests, p <0.05 =*,
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Figure 8. Model of CD8" T cell infiltration, PD-1 expression, and functionality in melanoma
tumors

A) In the lymphoid tissue (and blood), virus-specific CD8* T cells that are stimulated
express PD-1 during clonal expansion but remained functional (Figs 3 and 7). After the
acute phase of infection, activated T cells lost PD-1 expression as expected (Figs 3 and 7).
B) Some virus-specific CD8* T cells infiltrated melanoma lesions. If they were PD-1* upon
entry (for example, shortly after clonal expansion), they maintained PD-1 expression at
intermediate levels in the tumor environment, but remained functional (Figs 3 and 4).
Nevertheless, PD-1 expression on these virus-specific T cells was lower than TAA-specific T
cells in the same tumor (Fig 6). If CD8* T cells had lost PD-1 expression before entering
tumors, they remained PD-1"¢9 or became PD-1!%W in the tumor environment, still remaining
functional (Fig 5). Thus, in all cases explored in this study, PD-1 expression on virus-
specific T cells was lower than TAA-specific T cells in the same tumor. When virus-specific
CD8™ T cells were transiently exposed to antigen in the tumor environment, they
upregulated PD-1, but remained functional (Fig 7). C) Chronic antigen stimulation of TAA-
specific T cells drove high levels of PD-1 expression and dysfunction.
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