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Abstract

Purpose: Therapeutic blockade of immune checkpoints has
revolutionized cancer treatment. Durable responses, however,
occur in less than half of those treated, and efforts to improve
treatment efficacy are confounded by a lack of understanding of the
characteristics of the cells that initiate antitumor immune response.

Patients and Methods: We performed multiparameter flow
cytometry and quantitative multiplex immunofluorescence stain-
ing on tumor specimens from immunotherapy-naive melanoma
patients and longitudinal biopsy specimen obtained from
patients undergoing anti-PD-1 therapy.

Results: Increased numbers of CD69"CD103" tumor-resident
CDS8™ T cells were associated with improved melanoma-specific

Introduction

Immune checkpoints have become a focus of intense research
due to their ability to suppress T-cell-mediated immune
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survival in immunotherapy-naive melanoma patients. Local
IL15 expression levels strongly correlated with these tumor-
resident T-cell numbers. The expression of several immune
checkpoints including PD-1 and LAG3 was highly enriched in
this subset, and these cells significantly expanded early during
anti-PD-1 immunotherapy.

Conclusions: Tumor-resident CD8" T-cell numbers are more
prognostic than total CD8" T cells in metastatic melanoma. In
addition, they are likely to initiate response to anti-PD-1 and
anti-LAG-3 treatments. We propose that the immune profile of
these cells prior to treatment could inform strategies for immune
checkpoint blockade. Clin Cancer Res; 24(13); 3036-45. ©2018 AACR.

responses (1, 2). In the context of cancer, these receptors facilitate
escape from antitumor immune responses by tumor cells. In
recent years, therapies that block these immune checkpoints,
thereby enhancing antitumoral immune responses, have revolu-
tionized the treatment of many solid malignancies. For example,
treatment with anti-programmed cell death-1 receptor (PD-1)
antibodies in patients with advanced-stage metastatic melanoma
leads to objective and durable responses in approximately 40% of
the patients (3-6). Nevertheless, it remains largely unknown why
a large proportion of patients fail to respond. Although the
mechanism of durable response is believed to be through rein-
vigoration of quiescent T cells (7), only a small subset of tumor-
infiltrating T cells (TILs) express these inhibitory receptors (8),
and only a proportion of tumor cells express the ligands (9). The
characteristics of the tumor-infiltrating CD8™ T cells that express
immune checkpoints, how important they are for tumor control,
and whether they respond to immunotherapy are unclear. Efforts
to improve the efficacy of these treatments will inevitably require a
greater understanding of this population of immune cells and the
factors that regulate their trafficking and function.

Although the critical role of CD8" T cells in tumor control,
particularly in melanoma, has long been recognized (8, 10),
mechanistically, effective responses were viewed in the context
of continuous recruitment of effector lymphocyte populations
from the circulation. Recent evidence from animal models, how-
ever, clearly shows that a subset of antigen experienced CD8* T
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Translational Relevance

It remains unknown whether all tumor-infiltrating CD8" T
cells are critical for initiating response to immunotherapy.
Using rare human tumor biopsy specimens, we demonstrate
that tumor-resident cytotoxic T cells are not only associated
with protective immunity against metastatic melanoma in
treatment-naive patients, but also likely to be critical for
response to anti-PD-1 therapy. We show that the expression
of several checkpoint receptors is enriched in these tumor-
resident CD8" T cells, and local IL15 could be a factor that
regulates their numbers. Understanding the characteristics of
antitumor CD8" T-cell subsets, the factors that regulate their
retention within human tumors, and mechanisms to reactivate
them against tumors will enable the development and utili-
zation of better systemic treatments to improve outcomes for
patients with cancer.

cells become resident within tissue environments, facilitated by
local cytokines (11, 12). These resident T cells are not only distinct
from their circulating counterparts, but have also been implicated
in protective immune responses against many pathogens in both
animal models (13-16) and humans (17-20). We therefore
hypothesized that these resident T cells could be of great impor-
tance in cancers. Indeed, there is emerging evidence from different
cancers, both in animal models and humans, that there are
resident CD8" T cells within the tumor microenvironment
(21-23). There is also some evidence that these resident cells
could have a prognostic value in some human cancers (21, 22).
However, the exact role of these resident T cells in tumor control
and whether they respond to immunotherapy are unknown.

Tissue resident T cells are characterized by their constitutive
surface expression of CD69 and CD103. CD69 has long been
viewed as an early T-cell activation marker; however, itis now clear
that tissue resident T cells can constitutively express this receptor
in the absence of T-cell receptor stimulation. Whether all CD69* T
cells in tissues are long-term residents remains controversial. We
recently showed in humans that CD103"CD69™" T cells were more
reminiscent of tissue-resident T cells described in mouse models
than CD103"CD69™" T cells as the former had the highest level of
downregulation of the tissue-exit signals (20). It is however
possible that CD103°CD69™" T cells are also retained in tissues
for a limited period of time as an intermediate population. The
development and persistence of tissue-resident T cells depend on
local cytokines such as IL15. We have shown that IL15 can not
only induce CD69 expression, but also downmodulate tissue-exit
signals on circulating human CD8" T cells (20).

In this study, we have examined the prognostic value of tumor-
resident CD8" T cells in metastatic melanoma patients prior to
immunotherapy and in patients undergoing anti-PD-1 immu-
notherapy. Using multiparameter flow cytometry and multiplex
immunofluorescence staining on patient samples selected from
the Cancer Genome Atlas (TCGA) study, we have accurately
quantified the numbers of tumor-resident CD8™" T cells and also
determined their phenotype. In addition, we have also examined
the local factors that regulate these tumor-resident CD8" T-cell
numbers. Here, we show that tumor-resident CD8" T cells are
stronger predictors of melanoma-specific patient survival than
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total CD8™ T cells in patients who are immunotherapy naive. Our
data also show that their numbers may be dependent on local
IL15 expression levels. Importantly, tumor-resident CD8* T cells
were enriched in many immune checkpoints, and these cells
significantly expanded early during anti-PD-1 treatment. We
therefore propose that immune profiling of these cells prior to
immunotherapy could predict outcomes and help determine
targets for treatments.

Patients and Methods

Melanoma samples

Archival formalin-fixed and paraffin-embedded tumor samples
from patients treated at Melanoma Institute Australia who were
also analyzed in TCGA project were used for immunofluorescence
analysis. These samples were obtained as described previously
(24). Briefly, patients diagnosed with either primary or metastatic
cutaneous melanoma or metastatic melanoma of unknown pri-
mary treated at Melanoma Institute Australia were recruited to the
TCGA study. These patients did not receive any prior systemic
treatments, and the site from which the biopsy specimens were
obtained had not been previously treated at any time with
radiotherapy. Biopsy specimens from resected primary and/or
metastatic melanomas were obtained from patients with appro-
priate informed consent and Institutional Review Board or ethics
board approval. Biopsy specimens used for flow cytometry anal-
ysis were obtained from patients with stage III regional lymph
node metastatic melanoma. Tumor dissociates were prepared by
digesting with liberase (Sigma) at 37° for 1 hour. Thirteen biopsy
specimens, including those from five good responders and eight
poor responders, were obtained from patients who were treated
with anti-PD-1 inhibitor alone (pembrolizumab). Patient selec-
tion was dependent on the availability of multiple tumor biop-
sies, before treatment (PRE biopsy) and within 14 days of com-
mencing treatment (early during treatment, EDT biopsy) for
10 patients. Biopsies from three patients were obtained during
treatment (Supplementary Table S1). Patients were classified
as "responders” if they had durable stable disease (SD, greater
than 6 months), partial response (PR), or complete response (CR)
to anti-PD-1 antibodies as their best response by RECIST or
immune-related response criteria (irRC) assessed at 6 to 12 weekly
intervals. The study was conducted in accordance with the Nation-
al Health and Medical Research Council of Australia's National
Statement on Ethical Conduct in Human Research. The study was
undertaken with institutional Human Ethics Review Committee
approval and patient's informed consent. Samples were acquired
from the Melanoma Biospecimen Tissue Bank, which included
patients from Royal Prince Alfred Hospital, Westmead Hospital,
and Melanoma Institute Australia (Protocol No. X15-0454 and
HREC/11/RPAH/444).

Quantitative multiplex immunofluorescence assays

All immunofluorescence staining was carried out on 4-um-
thick sections using an Autostainer Plus (Dako, Agilent Technol-
ogies) with appropriate positive and negative controls. Opal
Multiplex THC Assay kit (PerkinElmer) was used as per the
manufacturer's protocol. Briefly, paraffin-embedded tissue sec-
tions were first deparaffinized, rehydrated, and treated with anti-
gen retrieval buffer. Antigen retrieval was performed by boiling in
either basic (10 mmol/L Tris base, 1 mmol/LEDTA, 0.05% Tween
20, pH 9.0) or acidic (10 mmol/L sodium citrate, 0.05% Tween
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20, pH 6.0) antigen retrieval buffers. Sections were then incubated
with 3% hydrogen peroxide for 10 minutes at room temperature
in order to block endogenous peroxide activity. Following this,
sections were washed in 1 X TBST and then incubated with a single
primary antibody (made up in Da Vinci Green Diluent solution;
Biocare Medical) for 35 minutes. Sections were then washed and
incubated with a probe antibody (Rabbit or Mouse MACH3
Probe; Biocare Medical) specific to the species of the primary
antibody for 10 minutes, which were then washed and incubated
for a further 10 minutes with a horseradish peroxidase (HRP)-
conjugated antibody (Rabbit or Mouse MACH3 HRP; Biocare
Medical) specific to the probe. Following this, sections were
washed and then incubated with opal fluorophores at a 1:50
dilution made up in tyramide signal amplification reagent (pro-
vided in the opal kit). For every additional marker, the process was
repeated by treating the slides with an antigen retrieval step
followed directly by primary antibody staining and then down-
stream steps. Following this, sections were stained with DAPI for 3
minutes and then mounted using Vectashield. The following
primary antibodies were used to identify CD8 expression
(Ab4055 clone; Abcam), CD103 expression (Ab129202 clone;
Abcam), SOX10 expression (BC34 clone from Biocare Medical),
and PD-1 expression (NAT205 clone from Cell Marque). For
imaging, a standard fluorescent microscope fitted with an auto-
mated quantitative pathology imaging system (Vectra) was used
in conjunction with Vectra 3.3 software. Images were unmixed
and annotated in Phenochart 1.0.4 and inForm 2.2.0.

Flow cytometry analysis

Lymphocytes from freshly isolated or cryopreserved tumor
samples were stained with fluorochrome-conjugated mAbs for
20 minutes at 4°C. T-cell subsets were identified using the fol-
lowing mAbs: anti-CD3, CD8, CD69, and CD103 (all from
BioLegend) to identify CD8" T cells and resident subsets, whereas
anti-CCR7 (R&D Systems) and anti-CD45RA (BD Biosciences)
were used for characterizing naive and memory T cells. Activation
and differentiation of T cells were determined using mAbs against
CD25, CD137, HLA-DR (all from BD Biosciences), and KLRG1
(BioLegend), whereas expression of inhibitory receptors was
determined using mAbs against PD-1, LAG3, GITR, CD244,
TIM-3 (all from BioLegend), and CTLA-4 (BD Biosciences). CD8*
T cells specific for the melanoma antigen Melan-A were identified
using an HLA-A*0201-restricted MHC class 1 tetramer (ELAGI-
GILTV; from IMMUDEX). Cells were labeled with Zombie Aqua
or Zombie UV to exclude dead cells from analysis. Stained cells
were then washed and fixed with 2% paraformaldehyde before
analysis on an LSRFortessa flow cytometer (BD biosciences). The
data were then processed using Flow]Jo software (Treestar).

Detection of gramzyme B, perforin, and eomes by intracellular
staining

Following extracellular staining, cells were fixed and permea-
bilized using a Transcription Factor Buffer Set (BD Pharmingen)
and then intracellularly stained with mAbs to granzyme B and
Eomes (eBioscience), and Perforin (BioLegend) for 20 minutes at
4°C before analysis on a flow cytometer.

Statistical analysis

Graphical and statistical analyses were performed using either
Prism version 6.0f (GraphPad Software), TIBCO Spotfire v6.5.2,
or CutoffFinder version 2.0. The mean of fluorescent intensity was
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calculated using the geometric mean within FlowJo v9.7.6. P
values were performed either by a nonparametric Kruskal-Wallis
matched pairs test, nonparametric log-rank test, or Spearman rho
test, where appropriate. P values less than 0.05 were considered
significant. All variability in the data is shown as SEM. Correla-
tions between Trm/CD8 ITHC score with clinical features were
performed using the Spearman p method. Melanoma-specific
survival (MSS) was calculated from the date of surgical resection
of stage IIl melanoma specimen to date of last follow-up or death
from melanoma as performed in previous studies (24). Kaplan-
Meier curves were generated using cutoff values that where deter-
mined using ROC curve analysis that maximized the sensitivity
and specificity of the analysis (Cutoff Finder, http://molpath.
charite.de/cutoft/; ref. 25). The significance for the survival curves
was determined using the log-rank test.

Results

CD103" tumor-resident cytotoxic T-cell numbers are strongly
associated with increased MSS

We began by analyzing TCGA melanoma database (26) to
determine whether altered expression of the core signature tissue-
resident T-cell genes provided a prognostic advantage in immu-
notherapy-naive patients with melanoma. This showed that
increased expression of one or more of the following genes CDG69,
CD103, TNFRSF18, CD8a, or 2B4 (Fig. 1A; Supplementary Fig.
S1) indeed was associated with improved survival for patients. In
order to separate the role of tumor-resident CD8" T cells from
nonresident CD8" T cells, we then performed multiplex quanti-
tative immunofluorescence staining on a subset (n = 44) of stage
I1I metastatic melanoma samples used for the same TCGA anal-
ysis. This showed a high degree of heterogeneity for the number of
CD103™" tumor-resident CD8" T-cell numbers between patients,
with some having no resident cells and others having significant
numbers of them (Fig. 1B). Although it is known that CD8* TILs
are important for survival in melanoma, we reasoned that it is the
CD103" CD8™ T cells that are of primary importance and there-
fore determined the effect of these cell numbers on patient
survival. Although the number of infiltrating CD8™ T cells was
not significantly correlated with survival in this cohort of patients
[HR = 0.7 (0.3-1.63); P = 0.41], there was a trend toward better
survival in patients who had a ratio of tumor-resident T cells to
overall CD8" T cells of >0.25 [HR = 0.36 (0.1-1.21); P = 0.085].
The enumeration of CD103" tumor-resident T cells yielded
the strongest association with survival [HR = 0.39 (0.16-0.95);
P = 0.032; Fig. 1C and D), with a 5-year MSS of 50% in those
with higher counts compared with MSS of 20% in those with
lower counts.

Expression of immune checkpoints is highly enriched in
CD103" tumor-resident cytotoxic T cells

Having established the importance of tumor-resident CD8* T
cells, we next determined the phenotypic characteristics of these
cells in order to gain insights into their potential role in tumor
control. We isolated TILs from freshly resected metastatic mela-
noma specimens (n = 10) and determined the phenotype of
CD8™" T cells by multiparameter flow cytometry. As previously
reported (27), this showed that most of the CD8" TILs were
effector memory T cells (TEM, CCR7 CD45RA™ or TEMRA
CCR7"CD45RA™*; Supplementary Fig. S2a). Interestingly, on aver-
age 30% of the CD8™ T cells were CD69"CD103 ™" tumor-resident
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Figure 1.

Description of the protective effect of tumor-resident CD8" T cells. A, Kaplan-Meier survival curves of melanoma patients from the TCGA database. Patients with
improved MSS show altered expression of one or more of the following genes, which are known to be expressed on tumor-resident T cells: CD69, CD103,
TNFRSF18, CD8A, or 2B4. The confidence intervals (shaded area) and the P value for the log-rank test are shown on the plot. The cutoff used was mRNA expression
z-scores (RNA Seq V2 RSEM) + 1.5. B, Using multiplex tissue immunofluorescent staining on formalin-fixed paraffin-embedded sections of tumors from a subset
of the matched metastatic melanoma specimens utilized in the TCGA analysis, CD1037CD8™" T-cell numbers were enumerated. Figure shows the examples of a patient
with a few CD1037CD8™ T cells (left plot) and a patient with high CD103"CD8™ T-cell numbers (right). Tissues were stained with antibodies for CD8" T cells
(green), CD103 (magenta), the melanoma marker SOX10 (orange), and DAPI (blue). Colocalization of CD8 and CD103 appears as a light pink/white staining. C, Kaplan-
Meier MSS curves for patients with high (red) counts of CD8" T cells against those with low (black) counts (cutoff 110; left plot) and patients with high (red) ratios of
CD1037CD8™ T cells to CD8™ T cells against those with low (black) ratios (cutoff 0.25; right plot). Statistical differences were calculated using a nonparametric
log-rank test and displayed as * for P < 0.05. D, Kaplan-Meier MSS curves for patients with high (red) counts of CD103*CD8™" T cells and those with low (black) counts
(cutoff 4.5). A tissue microarray slide (TMA) that contained 44 individual regional lymph node melanoma metastases from high TIL areas of the tumor were
analyzed. The number of CD103"CD8" and CD8™" T cells in each tumor core was counted and analyzed in order to determine the prognostic effect of each.
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T cells (Supplementary Fig. S2b). In line with what has been
reported in mice for tissue-resident memory T cells (12), these
tumor-resident CD8" T cells were KLRG1'°" TEM-like pheno-
type (Fig. 2A; Supplementary Fig. S2c), suggesting that they
were not recently activated effector populations. Also, consis-
tent with this, we found a moderate increase in the expression
of some activation markers (CD137 and HLA-DR; Fig. 2A), but
not others (CD25; Supplementary Fig. S2d), and a moderate
increase in the expression of the lytic granules granzyme B in
the absence of perforin or granzyme K (Supplementary Fig.
S2d), all of which are highly expressed on recently activated
effector CD8" T-cell populations.

Studies in mice and our recent work in humans have also
shown that tissue-resident memory T cells are enriched for
the expression of several inhibitory receptors, including PD-1,
CTLA-4, and 2B4 (12, 20). We therefore hypothesized that
tumor-resident CD8" T cells could be a critical population that
expresses immune checkpoints. Indeed, the expression of PD-1
was highest on CD69"CD103" CD8" T cells, followed by
CDG69"CD103°CD8" T cells (Fig. 2B). The proportion of PD-
17CD1037CD69" cells was significantly higher than PD-
1*CD1037CD69" or PD-1"CD103°CD69~ CD8" T cells. Simi-
larly, the expression levels of other inhibitory checkpoints LAG-3,
2B4, and TIM-3 were highest in CD69"CD103"CD8™" T cells (Fig.
2B; Supplementary Fig. S2e), with LAG-3" population signifi-
cantly higher in CD103"CD69* subset when compared with the
rest. There was, however, no difference in the expression of GITR
between the three populations (Fig. 2B), and the surface expres-
sion of CTLA-4 was minimal (Supplementary Fig. S2e). When
we examined for the expression of two T-box transcription
factors that regulate T-cell responses, we found a trend toward
a higher expression of Eomesodermin (Eomes) and Tbet in the
CD103*CD69" subset (Supplementary Fig. S2f) when com-
pared with the other two subsets. In order to verify that these
phenotypes were indeed represented in tumor-specific CD8' T
cells, we stained TILs with soluble peptide-MHC complex to
identify Melan A-specific CD8" T cells. This showed that tumor-
specific resident CD8™ T cells were also enriched for PD-1 and
2B4 (Fig. 2C).

CD103" tumor-resident T cells significantly expand early
during anti-PD-1 treatment

Previous studies examining the T-cell populations responding
to anti-PD-1 treatment found an expansion of CD8" TEM cells
(28) or PD-1"CD8™ T cells (7) early during treatment. Based on
our data, we predicted that the target population for such immu-
notherapy could be the tumor-resident CD8* T-cell population.
To test this hypothesis, we analyzed tumor biopsy specimens from
advanced stage metastatic melanoma patients being treated with
anti-PD-1 monotherapy (nivolumab, pembrolizumab), pro-
cured before and early during treatment. We grouped patients
who had CR, PR, and SD for greater than 6 months as determined
by RECIST response criteria as "responders" and patients who had
progressive disease and SD for less than 6 months as "non-
responders" (Supplementary Table S1). As described before, total
CD8™ T-cell numbers expanded significantly during anti-PD-1
treatment (Fig. 3A and B), and there was a significant difference in
their numbers at EDT (P = 0.039) between those who responded
to the treatment against those who did not respond. Quantifica-
tion of the tumor-resident CD8" T-cell numbers showed that,
when compared with the baseline, there was significant expansion

3040 Clin Cancer Res; 24(13) July 1, 2018

of CD103" tumor-resident CD8* T cells early during treatment in
the majority of the patients (Fig. 3A and C). We then examined
whether there were differences in the number of tumor-resident
CD8™ T cells between responders to anti-PD-1 therapy compared
with nonresponders. Despite the small number of responders
(n=5) analyzed with early-during treatment biopsies, there was a
trend toward a greater magnitude of expansion of these cells in
responding patients (P = 0.07) compared with nonresponders
(n = 8). This suggests that a threshold of tumor-resident CD8* T-
cell numbers might be necessary for the effectiveness of anti-PD-1
treatment.

Local IL15 expression levels are associated with CD103 " tumor-
resident T-cell numbers

Finally, we examined the local factors that could influence the
number of resident T cells within metastatic tumors. In mouse
models, cytokines such as IL15, TGFf, IL7, and IL33 have been
implicated in the development of tissue-resident memory T cells.
We recently showed in humans that IL15 could induce the
expression of CD69 and downmodulate the exit signals to poten-
tiate the retention of T cells within tissues (20). Consistent with
this, we found a strong correlation between the expression of IL15
and CD8 mRNA in the TCGA database (P = 8.3 x 10 ’; Fig. 4A)
and more importantly that enhanced IL15 expression was also
associated with better patient survival (P = 0.0012; Fig. 4B). We
therefore determined whether local IL15 levels influenced the
CD103" tumor-resident CD8" T-cell numbers within the tumors.
Quantitative analysis of samples that either had high or low
expression of IL15 RNA in the TCGA study suggests that local
IL15 levels may influence CD103" tumor-resident CD8" T-cell
numbers within metastatic melanoma (Fig. 4C and D). This
suggests that the heterogeneity in these cell numbers between
patients could be largely due to local factors that are important for
T-cell retention.

Discussion

Although therapeutic blockade of immune checkpoints
remains a promising treatment strategy for many types of
cancers, there is an urgent need to improve its efficacy, reduce
the associated toxicity, and develop accurate biomarkers to
predict response. Critical to this is a greater understanding
of the immune cells that initiate the response and the factors
that regulate their numbers. Our collective data demonstrate
that CD103" tumor-resident CD8" T cells are not only asso-
ciated with tumor control in untreated metastatic melanoma
patients, but may also be important for determining responses
to anti-PD-1 immunotherapy. Here, we show that the expres-
sion of PD-1 and LAG-3 is highly enriched to this subset of
CD8™" T cells in vast majority of patients, suggesting that these
cells are likely to be the initial target of anti-PD-1 treatment.
In addition, we also found these cells significantly expanded
early during anti-PD-1 treatment in melanoma specimens
taken from patients with metastatic melanoma, further sup-
porting the fact that these tumor-resident CD8™ T cells could
be initiating the response. In an attempt to identify the factors
that regulate these cells, we found local IL15 expression
levels to strongly correlate with tumor-resident CD8" T-cell
numbers.

We have found that tumor-resident CD8 " T-cell numbers were
more prognostic than the total CD8* T-cell counts in untreated
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Figure 2.

Phenotype of tumor-resident CD8™ T cells. Freshly isolated tumor-infiltrating lymphocytes from melanoma patients were stained with antibodies and analyzed by
flow cytometry. Antibodies to CD3, CD8, CD103, and CD69 were used to identify tumor-resident CD8™" T cells. A, The expression levels of KLRG1, CD137, and HLA-DR
were compared between CD1037CD69" (green), CD103°CD69™ (blue), and CD103°CD69™ (red) CD8™ T-cell populations. Top plot shows the representative
histogram plots with FMO controls (gray), and the bottom plot shows the plots representing a minimum of 9 different patient samples with 4+ SEM. B, Similarly, the
expression levels of PD-1, LAG3, 2B4, and GITR were compared between CD103"CD69" (green), CD103°CD69™" (blue), and CD103°CD69™ (red) CD8™ T-cell
populations. Top plot shows the representative histogram overlay plots with FMO controls (gray), and the bottom plot shows the plots representing a minimum
of 10 different patient metastatic melanoma specimens with 4= SEM. Statistical differences were calculated using a nonparametric Kruskal-Wallis test and
displayedas* for < 0.05, ** for P < 0.01, *** for P < 0.001,and **** for P < 0.0001. C, Soluble peptide-MHC complexes (tetramers) were used to identify CD8™ T cells
specific for Melanin-A antigen. Plots show the tetramer stain, the expression of CD69 and CD103 on tetramer-positive cells, and representative histogram
overlay plots of tetramer*CD1037CD69" (green) and tetramer™CD103"CD69™ (blue) CD8™ T cells for indicated receptors. Tumor-specific T-cell plots are
representative of two different patient samples.
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melanoma patients. Further studies are required to evaluate the
predictive value of these cells. Although total CD8" T-cell counts
have previously been associated with patient survival, in the
absence of information on subsets, it is difficult to determine
whether the protective response was associated with any partic-
ular subset. Recruitment of tumor-specific effector CD8 " T cells to
the site of tumors is essential for tumor rejection. It has recently
become evident that some of these CD8" T cells that infiltrate
tissues become resident (29, 30). Here, we show that human
tumors also contain populations of tumor-resident CD8* T cells,
and their numbers are highly variable between patients. Impor-
tantly, our data clearly demonstrate that the increased presence of
tumor-resident CD8 " T cells is strongly associated with better MSS
in untreated patients. This suggests that tumor-resident CD8" T
cells could be critical for immune control of metastatic
tumors. Tissue-resident CD8" T cells are characterized by the
constitutive expression of CD69 and CD103 (31). In humans,
early reports described two populations of resident T cells,
CD69"CD1037CD8" and CD69*CD103°CD8" T cells (32,
33). CD6Y expression, however, can also be induced on T cells
upon T-cell receptor activation, therefore relying on CD69 expres-
sion alone to identify resident memory T cells and differentiate
them from recently activated effector cells may not be accurate. We
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recently showed that CD697CD1037CD8" T cells in human
tissues were more characteristic of the tissue-resident memory T
cells described in mouse models than CD69"CD103°CD8" T
cells (20). Among the other features that characterize resident cells
are a set of core signature genes that are either enhanced (RGS1,
TNFRSF18, CD244, ICOS) or suppressed (KLF2, SIPR1, KLRGI)
in resident cells when compared with their circulating counter-
parts (12).

Further insight into the critical role of these tumor-resident
CD8™ T cells became evident when we examined their phenotype.
Similar to what has been reported for tissue-resident memory T
cells, the tumor-resident CD8" T cells were also enriched for
several immune inhibitory receptors. It was recently reported that
CDG69"CD8" T cells in metastatic melanoma were highly
enriched for immune checkpoint receptors (34). However, our
data suggest that mainly the CD103*CD69" subset expressed the
highest levels of PD-1 and LAG-3. Together with the fact that these
CD103" T cells expanded significantly during anti-PD-1 treat-
ment, it could be inferred that these cells initiate the response to
anti-PD-1. Although it has been shown that preexisting CD8" T
cells at the tumor-invasive margin was predictive of response
to anti-PD-1 treatment (7), our data strongly suggest that tumor-
resident subset of CD8"' T cells is critical. Further supporting
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Figure 4.

The impact of IL15 expression levels on tumor-resident CD8" T cells. The expression of IL15 in the tumors of patients with metastatic melanoma was analyzed
with respect to CD8 expression levels and patient survival. A, Correlation of IL15 and CD8A mRNA expression levels in the tumors of melanoma patients as
found in TCGA melanoma data (P = 8.3 x 107/, Spearman rank correlation coefficient, r = 0.65). B, Kaplan-Meier MSS curve for patients with high (red) IL15
expression levels and low (black) IL15 expression levels from TCGA melanoma cohort. The two groups were compared by analyzing the proportion of patients
who survived as a function of time (years). Data were binarized using a threshold of 1.082 for IL15 expression. Statistical differences were calculated using a
nonparametric log-rank test and displayed as ** for P < 0.01. C, Representative images of patients with either high (left) or low (right) mRNA levels of IL15 in tumors.
Topimages are low objective views, and bottom images are regions from highlighted (red) area of interest at high-power magnification. Paraffin-embedded sections
from high IL15 mRNA expression (n = 14) and low (n = 11) mRNA-expressing metastatic melanoma tissues from the TCGA analysis were stained for CD8" T cells
(green), CD103 (magenta), SOX10 (orange), and DAPI (blue) and CD103"CD8" T-cell numbers enumerated. Colocalization of CD8 and CD103 is represented
by light pink/white staining. D, Quantitative analysis of CD8" and CD103"CD8" T-cell numbers in high (red) or low (blue) IL15 mRNA-expressing groups

per 10 mm squared area of tumor. Each point represents an individual patient. Statistical significance was calculated using nonparametric Kruskal-Wallis test
and displayed as * for P < 0.05 and ** for P < 0.01.

our work is another very recent study that showed the pheno-
type of expanding T-cell clones during immunotherapy. Wei
and colleagues showed that T-cell clones that expanded during
anti-PD-1 treatment expressed high levels of CD69, PD-1, LAG-
3, and CD45RO (35), an identical phenotype to the tumor-
resident CD8" T-cell population we have described. There is
also growing evidence from mouse models that tumor-resident

www.aacrjournals.org

T cells may play a critical role in checkpoint inhibitor efficacy.
For example, recently it was shown that the effectiveness of
checkpoint blockade and the expansion of effector populations
during treatment may be independent of circulating T cells (36,
37), suggesting that the preexisting tumor-resident T cells were
sufficient to mediate response. In addition, the failure of
circulating T-cell numbers to predict response to checkpoint
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blockade could also be attributed to the fact that the critical
population is noncirculating and is resident within the tumor
environment.

There was significant expansion of tumor-resident CD8" T
cells in the vast majority of melanoma patients early during
treatment with anti-PD-1 drug therapy compared with baseline
tissue samples. The magnitude of expansion, however, was
higher in responders than nonresponders. It is worth noting
that there are some limitations to the interpretation of the data:
(1) the tumor biopsies were obtained from different sites
between pre and EDT samples, (2) time to EDT samples varied
among patients, (3) the responding clones could have changed
phenotype and therefore we underestimated their numbers, (4)
we were unable to stain for CD69, and (5) there were limited
number of biopsies available from patients undergoing immu-
notherapy. Nevertheless, our data strongly suggest that the
numbers of tumor-resident CD8" T cells could be critical in
determining the effectiveness of checkpoint blockade. In addi-
tion, it has become evident that combination immunotherapies
that target multiple immune checkpoints can improve the
success rate when compared with monotherapies. In line with
this, we have found that tumor-resident CD8" T cells express
multiple immune checkpoints and therefore are likely to be
regulated by more than one inhibitory receptor. These data
need to be confirmed in larger patient cohorts; however, the
immune profile of tumor-resident CD8" T cells may provide a
rational approach to the selection of therapies for patients who
fail monotherapies and provide a basis for the design of clinical
trials in this patient population.

Boosting tumor-resident CD8" T-cell numbers may be a strat-
egy to improve antitumoral immune responses. Understanding
the factors that regulate the retention of tumor-resident CD8* T
cells is therefore critical. We have recently shown that IL15 not
only downmodulates tissue-exit signals on human T cells, but also
induces the expression of CD69 and hence may facilitate their
retention. IL15 has also been implicated in the development of
tissue-resident memory T cells in mouse models (12). Our current
study shows that the expression levels of local IL15 was highly
variable between patients, and importantly, the levels correlated
strongly with tumor-resident T-cell numbers. In the absence of
antibodies that can stain CD69 on formalin-fixed tissues, we were
unable to determine the proportion of CD69"CD8™" T cells. This
also corroborates with the recent finding that majority of CD8* T
cells in TILs express CD69 (34). Therefore, it could be inferred that
the local IL15 could be a critical factor in retaining T cells within
the tumor environment. Further studies are, however, required to
determine the exact role of this cytokine. IL15 could have multiple
effects on tumor-infiltrating T cells. It can also enhance the
survival of memory T cells through the upregulation of prosurvi-
val genes, and it can induce proliferation of T cells in the absence
of T-cell receptor-mediated signals. Although the role of IL15 in
antitumoral T-cell responses has long been recognized, its ability
to retain cells within the tumor environment has not been
appreciated. Interestingly, a recent study in human colorectal
cancers suggests that IL15 gene deletion by tumor cells could be
an immune escape mechanism (38). Another factor that could
contribute to tissue-retention of T cells is TGF}, which not only
synergizes with IL15 to downmodulate tissue-exit signals, but is
also necessary for the expression of CD103 (20). How these
cytokines are regulated within the tumor environment is unclear;
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however, tumor-infiltrating dendritic cells (DCs) and/or stromal
cells can be a source of IL15.

Persistence of tumor-resident CD8 " T cells could also be critical
for long-term tumor control. One possibility is that they are better
suited to survive in metabolically challenging tumor environ-
ments. A recent study has shown that tissue-resident T cells are
uniquely dependent on the uptake of free fatty acids and their
metabolisms for long-term survival (39). The restricted access to
glucose within the tumor environment (40) could favor the
survival of these resident T cells. Nevertheless, our findings will
support the notion that the effectiveness of T-cell-mediated
control of metastatic cancers relies not only on the recruitment
of effector T cells, but also on retaining them within the tumor
environment.

In conclusion, our work demonstrates that tumor-resident
CD8" T cells could be critical for tumor control and are likely
to be the population that initiates response to checkpoint block-
ade. A greater understanding of the characteristics of this popu-
lation and the crucial factors that regulate their numbers will open
new opportunities for novel therapies.
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