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Introduction
Tumor-related mortality in human melanoma is largely due to the growth of  metastatic tumor cells in 
nonlymphoid tissues (NLTs). Several studies have shown that infiltration of  primary and metastatic 
lesions by immune cells, particularly T cells and myeloid cells, affects outcome (1). Paradigmatically, 
it is thought that uptake of  antigens from dying tumor cells by antigen-presenting cells leads to acti-
vation of  antitumor T cells in the lymph nodes, and resultant effector memory T cells traffic back to 
the tumor to mediate antitumor effects, creating a tumor-immunity cycle (2). Activation of  inhibitory 
immune checkpoints (ICPs) in the tumor microenvironment has emerged as a major barrier to effec-
tive tumor immunity, and antibody-mediated blockade of  these pathways can lead to durable clinical 
regressions (3). Interestingly, the expression of  these ICPs in most tumors, including melanoma, is 
restricted to only a minor subset of  infiltrating immune cells (3). Therefore, there is an unmet need to 
precisely define both the phenotype and function of  the subsets of  immune cells involved in ICP-me-
diated regulation and understand their distinct biologic properties.

Initial models of  T cell memory classified effector/central memory T (TEM/TCM) cells with the 
effector subset implicated in surveying NLTs (4). Recent studies have identified a third subset, termed 
tissue-resident memory T (TRM) cells, that reside for prolonged periods in NLTs and play an import-
ant role in protective immunity (5). An important aspect of  TRM-mediated immune surveillance is its 
regional nature, which manifests by the lack of  equilibration between antigenic tissues in parabiotic 
mice (5). TRM cells have also been identified in humans (6) and implicated in tissue-restricted patholo-
gy, although their contribution to tumor immunity is only beginning to be explored (7, 8). As with T 
cells, human monocytes also exhibit functional diversity, with a subset of  CD16+ monocytes implicat-
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in advanced melanoma. Tissue-resident memory T (TRM) cells have recently emerged as a distinct 
subset of memory T cells in nonlymphoid tissues. Here, we show that functional properties and 
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the same patient revealed that interlesional diversity of TCRs exceeded differences in mutation/
neoantigen load in tumor cells. These findings suggest that the TRM subset of TILs may be the major 
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ed as patrolling monocytes (9). Genomic studies of  tumor cells have demon-
strated a complex and heterogeneous landscape with a potential intratumoral 
heterogeneity effect on clinical outcome (10, 11).

In order to better understand the phenotypic and functional properties of  
immune cells within the tumor microenvironment, we combined several tools, 
such as single-cell mass cytometry, cytokine and gene expression profiling 
of  sort-purified immune cells, T cell receptor (TCR) sequencing, and exome 
sequencing of  tumor cells, to analyze tumor metastases.

Results
The initial goal of  these studies was to characterize the phenotype and functional 
diversity of  tumor-infiltrating immune cells, with a particular focus on the sub-
set of  cells expressing ICPs. To this end, we combined single-cell mass cytom-
etry with analysis of  functional profiles of  T cells within individual metastases 
in melanoma patients (patient characteristics; Table 1). Compared with paired 
circulating cells, tumor-infiltrating T cells were enriched for CD8+ T cells with 
a memory phenotype (Figure 1A). Higher proportions of  T cells within tumors 
expressed inhibitory checkpoint proteins PD-1 and TIM3 compared with T cells 
in circulation (Figure 1, B and C). Detailed analysis of  memory T cells within 
tumors revealed that nearly 60% of  CD8+ T cells and 50% of  CD4+ T cells are 
CD45RO+CD69+CCR7–, consistent with the phenotype of  TRM cells (Figure 2, A 
and B) (5, 12). CD69 is well recognized as a marker of  TRM cells in all tissues (13). 
While CD69 was initially implicated as a marker of  recent activation in the lymph 
node, the expression of  CD69 in TRM cells is not thought to be a marker of  recent 
T cell activation and is primarily implicated in tissue retention by downregulation 
of  receptor for sphingosine-1-phosphate (S1P1R) (13). Nonetheless, in order to 
evaluate this issue further in the context of  human tumor-associated TRM cells, 
we compared the gene expression profile of  tumor-associated TRM cells with cir-
culating T cells activated in vitro using anti-CD3/28 and sorted for the expression 
of  CD69 (Supplemental Figures 1 and 2; supplemental material available online 
with this article; https://doi.org/10.1172/jci.insight.88955DS1). Genes implicat-
ed in tissue egress are indeed downregulated in tumor-associated CD4 and CD8+ 
TRM cells compared with CD69+ activated CD4 and CD8T cells (Supplemental 
Figure 1). Comparison of  the gene expression profile of  murine TRM cells with 
splenic TEM cells has been utilized to derive the core signature of  murine CD8+ 
TRM cells (14, 15). Human melanoma tumor-associated TRM cells also demonstrat-
ed altered expression of  these “core CD8+ TRM” genes compared with activated 

CD69+ T cells (Supplemental Figure 2). Comparison of  gene expression profiles of  flow-sorted TRM cells 
with non-TRM cells within the tumor tissue revealed that the top 20 differentially expressed genes in these 
subsets were again highly enriched for genes known to have altered expression in murine TRM cells and impli-
cated in tissue retention (Figure 2C; see Supplemental Figure 3 for the sorting strategy) (13–15). Of  the TRM 
cells, nearly half  of  the CD8 TRM cells, but <5% of  CD4 TRM cells coexpress CD103 (Supplemental Figure 
4). This is consistent with prior studies showing that in humans CD103 is mostly associated with CD8+ TRM 
cells in mucosal/epithelial tissues (5, 12). Consistent with studies in murine tissue, CD103+ and CD103– sub-
sets of  CD8+ melanoma-associated TRM cells had comparable expression of  several genes in the core gene 
signatures of  murine TRM cells (Supplemental Figure 5) (14, 15).

Expression of  TRM markers emerged as the key discriminant of  the subset of  T cells expressing higher 
levels of  PD-1, TIM3, and PD-L1 in the tumor (Figure 3, A and B). In contrast, expression of  BTLA did 
not differ between TRM and non-TRM cells. The expression of  PD-1, TIM3, BTLA, and PD-L1 was similar 
in CD103– as well as CD103+ CD8+ TRM cells within the tumors (Figure 3C). The majority of  T cells coex-
pressed more than one ICP (Figure 3D). Evaluation of  ICPs (PD-L1, TIM3, and B7H3) in myeloid cell sub-
sets revealed that the expression of  these markers was also not homogenous and was particularly enriched 
in CD16+ subset of  myeloid cells (Figure 3, E and F). To understand functional properties of  T cells within 
the tumor compartment, we compared cytokine profiles of  paired blood/tumor T cells following anti-

Table 1. Patient characteristics

Patient characteristics n = 50
Sex 35 male (70%)

Median age at time of biopsy (yr) 68 (20–92)
Median lines of prior systemic therapy 0 (0–8)

Stage at diagnosis
Stage I 7 (14%)
Stage II 14 (28%)
Stage III 17 (34%)
Stage IV 9 (18%)

Not found 3 (6%)
Melanoma subtype

Sun-exposed cutaneous 37 (74%)
Acral lentiginous/mucosal 5 (10%)

Ocular (uveal + conjunctival) 4 (8%)
Primary scrotal 1 (2%)

Not found 3 (6%)
Mutational status

BRAF 17 (34%)
NRAS 8 (16 %)

WT 15 (30 %)
Testing not found 10 (20 %)

Site of biopsy
Skin/soft tissue 29 (58%)

LN/spleen 8 (16%)
Visceral organs (brain, colon, lung) 13 (26%)

Type of biopsy
Core needle/punch biopsy 6 (12%)

Surgical resection 43 (86%)
Not found 1 (2%)

LDH at time of biopsy
Elevated (>240) 8 (16%)

Normal 34 (68%)
Not found 8 (16%)

BRAF: L278M-1, V600E-9, V600K-5, unspecified-2; NRAS: 
Q61L-2, G12V-1, Q61K-3, G13R-1, Unspecified-1.
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CD3/28 stimulation. Tumor-in-
filtrating T cells expressed lower 
levels of  IL-2, IFN-γ, and TNF-α, 
but comparable levels of  IL4, 
IL10, and IL17(Figure 4, A and 
B). Interestingly, VEGF lev-
el correlated inversely with the 
percentage of  tumor-infiltrating 
CD3+ T cells (Figure 4C). Of  
the cytokines tested, IP-10 was 
associated with improved overall 
survival, while VEGF was asso-
ciated with shortened survival 
(Table 2). Together, these data 
demonstrate that ICPs are par-
ticularly enriched in the subset 
of  tumor-infiltrating lymphocytes 
(TILs) with phenotype and gene 
expression profile of  TRM cells 
and in the CD16/FcγRIII+ subset 
of  myeloid cells. They also illus-
trate that functional properties of  
T cells can affect outcome, with 
an inverse correlation between 
VEGF and both T cell infiltration 
and overall outcome.

Tissue restriction of  murine 
TRM cells without recirculation 
has been extensively studied 
in antigen-bearing parabiotic 

Figure 1. Melanoma tissue is 
enriched for memory T cells 
expressing higher levels of inhib-
itory checkpoints compared with 
T cells in peripheral blood. Paired 
blood and tumor tissue (n = 10) 
were stained and analyzed together 
using single-cell mass cytometry. 
Data were acquired using a CyTOF2 
machine and analyzed using the 
CyTOBank analysis software, 
including the viSNE analysis. (A) 
viSNE analysis of the CD3+ T cells in 
the blood and tumor of a represen-
tative patient. Expression of CD4/
CD8/CCR7 and CD45RO is shown. 
(B) viSNE analysis of CD3+ T cells in 
paired blood and tumor tissue show-
ing expression of immune checkpoint 
proteins PD-1, TIM3, BTLA, and 
PD-L1. Data are from a representa-
tive patient. (C) The expression of 
immune checkpoints on CD3, CD4, 
and CD8 T cells in paired blood and 
tumor tissue samples (n = 10). *P < 
0.01 (paired t test followed by mul-
tiple test correction using Hochberg 
sequential test).
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mice, wherein T cells do not 
migrate to other antigen-bear-
ing tissues in spite of  shared 
systemic circulation (5). The 
finding that metastatic lesions 
are enriched for TRM cells sug-
gested the possibility that each 
of  the metastatic lesions may 
contain a distinct microcosm 
of  TRM cells without equilibra-
tion in spite of  shared system-
ic circulation within the same 
host, analogous to the biolo-
gy in parabiotic mice. To test 
this directly, we compared the 
TCRβ sequences from tumor 
tissues of  4 patients who 
underwent biopsy/excision 
of  more than one metastatic 
site at the same time (clinical 

features in Table 3). The differential abundance tool of  ImmunoSEQ analyzer v3.0 (Adaptive Biotech-
nologies) was utilized to quantify the overlap in TCRs. We observed substantial variation in differentially 
abundant clones between the individual biopsies, with 20% to 60% of  TCRs being unique to individu-
al lesions (Figure 5A). Top clones within the tumor tissue are the ones most likely to be tumor reactive 
(16). Comparison of  top 25 clones within each metastatic lesion revealed that the nature or proportion 
of  dominant clones in each lesion showed clear differences (Figure 5B). Thus, even in the cases (such as 
patients 1 and 3) in which some of  the top 25 TCR clones are partially shared, their relative proportion is 
markedly different in each of  the lesions. In one patient (patient 3), TRM cells were sorted from individual 
metastases, and deep sequencing was performed on sorted cells for the TCRβ locus. Data demonstrated 
that the interlesional diversity of  TCRs was also present in the sorted TRM cells (Figure 5C). Diversity of  

Figure 2. Melanoma tumors are 
enriched for tissue-resident 
memory T cells. Paired blood and 
tumor tissue (n = 10) were stained 
and analyzed together using 
single-cell mass cytometry. Data 
were acquired using a CyTOF2 
machine and analyzed using the 
CyTOBank analysis software, 
including the viSNE analysis. The 
top 20 genes that are differen-
tially expressed between CD8 TRM 
and CD8 non-TRM cells from tumor 
tissue are shown. (A) Phenotypic 
analysis of the T cells within the 
tumor tissue. Data shows viSNE 
analysis of CD8+ and CD4+ T cell 
populations in paired peripheral 
blood as well as tumor tissue. (B) 
CD8 and CD4 TRM cells as a per-
centage of memory T cells within 
the tumor (n = 15). (C) Freshly 
obtained tumor-infiltrating 
lymphocytes from two different 
patients were flow sorted to 
isolate CD8 TRM (CD45RO+CD69+C-
CR7–CD8+) and CD8 non-TRM cells. 
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TCR sequences in each of  the metastatic lesions could in principle result from differences in mutations or 
neoepitopes within these lesions. In order to address this, we compared the genomic analysis of  tumor cells 
from these lesions using whole-exome sequencing. The expression of  somatic protein-altering single nucle-
otide variants (SNVs) as well as predicted HLA-binding epitopes was calculated for 9-mers and the HLA-A 

Figure 3. Expression of inhibitory checkpoints on tumor-infiltrating immune cells. (A) Heatmap 
showing expression of immune checkpoint proteins PD-1, TIM3, BTLA, and PD-L1 on TRM and non-TRM 
cells within the tumor of a representative patient. (B) The expression of immune checkpoint proteins 
PD-1, TIM3, BTLA, and PD-L1 on TRM and non-TRM cells within the tumor. The graph shows data from 
10 patients. (C) The expression of PD-1, TIM3, BTLA, and PD-L1 immune checkpoint proteins on 
CD103–CD8 TRM as well as CD103+CD8 TRM cells. The graph shows data from 10 patients. (D) Single-cell 
mass cytometry was performed to simultaneously examine multiple checkpoint proteins (PD-1, 
PD-L1, and TIM3) on freshly isolated cells. A mean percentage of TRM cells that express none, one, 
two, or three checkpoint proteins on their surface is shown. Left panel: CD8+ TRM cells. Right panel: 
CD4+ TRM cells. (E) Heatmap showing expression of PD-L1, TIM3, B7H3, and BTLA on CD14+CD16– as 
well as CD14+CD16+ monocytes within tumor tissue. (F) Data for expression of PD-L1, TIM3, BTLA, and 
B7H3 on CD16+ and CD16– myeloid cells from 10 different patients. All bar graph data represent mean 
and SEM. *P < 0.05, **P < 0.005, ***P < 0.0005 (paired t test followed by multiple test correction 
using Hochberg sequential test).
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allele using published algorithms (16) and compared between different metastatic sites in the same patient 
(Figure 5D). The degree of  TCR diversity between individual lesions was significantly higher than the 
corresponding differences in expressed SNVs (P = 0.005) or predicted peptide-binding SNVs (P = 0.006) 
(Figure 5E). Therefore, the genetic variability of  TCRs between different metastatic lesions is greater than 
the variance in mutational or neoepitope load in tumor cells.

Discussion
In this study, we have analyzed tumor-infiltrating immune cells from metastatic melanoma lesions to 
make several findings of  potential relevance to the application of  immunotherapy in this setting. We 
show that T cells within metastatic lesions differ from their blood counterparts both in terms of  the 
expression of  ICPs and their functional properties. Expression of  ICPs within melanoma metastases 
is particularly enriched within two distinct subsets of  immune cells — both CD4 and CD8+ TRM cells 
and a CD16+ subset of  myeloid cells. Enrichment of  PD-1 within CD8+CD103+ T cells was previously 
described in the setting of  surgically resected lung cancer (7). However, understanding the subset of  
immune cells that express ICPs is particularly relevant in the setting of  patients with distant metastases, 
as these are the patients treated with ICP blockade. In contrast to CD8+ TRM cells within epithelial/
mucosal tissues, CD103 is less reliable as a marker for human CD4+ TRM cells and CD8+ TRM cells within 
some tissues (5, 12, 17). We show that both CD103+ and CD103– subsets of  CD8+ TRM cells within mel-
anoma metastases are enriched in core TRM gene signature and that ICPs, including PD-1, TIM3, and 
PD-L1, are enriched in both of  these TRM subsets. It is notable that PD-1–expressing T cells in melanoma 
were shown to be enriched for tumor-reactive T cells (18).

T cells within lesions also had altered functional properties compared with their blood counterparts. 
While some of  these differences could be related to differences in methods for isolation of  blood versus 
tissue T cells, it is unlikely to be the case as the expression of  only a limited number of  cytokines (IFN-γ, 
TNF-α, and IL2) was significantly altered. Reduction in cytokine production within TILs is consistent 
with their exhausted phenotype (19). Of  the cytokines tested, only IP-10 and VEGF levels correlated with 
survival. Interestingly, VEGF levels also correlated inversely with T cell content of  tumors, reminiscent of  

Table 2. Correlation between cytokines and survival (n = 41)

Parameter P value Hazard ratio 95% CI Lower 95% CI upper
FGF-2 0.7882 1 1 1
MCP-1 0.2952 1 1 1
IL-10 0.4387 0.999 0.998 1.001
IL-17a 0.2798 0.996 0.987 1.004
IL-9 0.3955 0.992 0.974 1.011
G-CSF 0.1936 1 1 1
IL-4 0.1662 0.968 0.925 1.013
GRO 0.5740 1 1 1
TNFb 0.3135 0.964 0.898 1.035
VEGF 0.0482 1.41 1.003 1.993
sCD40L 0.4496 0.998 0.994 1.002
GM-CSF 0.3423 0.999 0.996 1.001
IFNy 0.2323 1 0.999 1
IL-2 0.247 0.998 0.994 1.001
IL-6 0.8088 1 1 1
IFN-a2 0.1894 0.986 0.965 1.007
IP-10 0.0293 0.831 0.704 0.982
IL-1R 0.4204 0.997 0.990 1.004
MIP-1a 0.3964 1 1 1
MIP-1b 0.2424 1 0.999 1
TNFa 0.2351 0.998 0.993 1.002
Fractalkine 0.3485 0.998 0.993 1.002

VEGF and IP-10 are bold because they significantly correlate with survival (P < 0.05).
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Figure 4. Functional characteristics of tumor T cells. Cytokine secretion by tumor-infiltrating lymphocytes (n = 41) and peripheral blood mononuclear cells 
(n = 15) was analyzed using multiplex ELISA assay. All values were capped at a maximum of 10,000, and Student t test was used for analysis. (A) Th1, Th2, 
and Th17 cytokines secreted with or without CD3/28 bead stimulation. *P < 0.05. (B) Tumor T cells and paired peripheral blood mononuclear cells were 
stimulated overnight with CD3/28 beads (STIM) or left unstimulated (UNSTIM). An intracellular cytokine secretion assay using flow cytometry for IL-2, 
IFN-γ, and TNF-α in CD4 and CD8 T cells from a representative patient is shown. (C) Correlation between VEGF levels obtained by ELISA and CD3+ T cells 
within the tumor, as assessed by CyTOF (n = 13).
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similar findings in ovarian cancer (20). The relationship between VEGF and immune cells is complex and 
involves both T cells and myeloid cells (21). However, the effect of  VEGF on the biology of  tumor-asso-
ciated TRM cells should be explored, and inhibition of  VEGF axis may synergize with ICP blockade (22).

The concept that ICPs are particularly enriched within TRM cells suggests that this subset may be a 
major target of  ICP blockade. The ability of  TRM cells to persist long term in tissues (23) may underlie the 
durability of  clinical responses observed following ICP blockade. This long-term tissue/tumor persistence 
may also explain why TRM cells are enriched for the expression of  ICPs. As cells with the TRM phenotype 
are known to remain in tissues without equilibration in parabiotic mice, it may help explain why the TCR 
sequences at individual metastases can differ significantly. Differences in TCRβ usages in individual mela-
noma metastases were also previously noted before the biology of  TRM cells was known (24, 25).

As with T cells, only a subset of  myeloid cells within tumors express ICPs such as PD-L1, and the 
expression of  PD-L1 on myeloid cells has been correlated with responses to ICP blockade in some settings 
(26). While the expression of  PD-L1 on circulating monocytes is well documented, our data show that the 
expression of  PD-L1 within the myeloid compartment is particularly enriched within the CD16+ subset of  
nonclassical monocytes, implying that this subset may be an important target of  ICP blockade. Interesting-
ly, this subset was recently implicated in the context of  depletion of  regulatory T cells following ipilimumab 
(27). Myeloid cells may play an important role in terms of  retention of  TRM cells within tissues (28), and the 
effect of  such TRM-macrophage networks in the context of  tumors needs to be evaluated.

The concept of TCR diversity within individual metastatic lesions has several implications for both immune 
therapy and cancer biology (Figure 6). Several mechanisms may underlie the generation of this diversity, includ-
ing the recruitment of T cells directed against different tumor antigens or against different epitopes from the same 
antigen at different sites. Irrespective of the underlying mechanism, interlesional diversity of TCRs may contrib-
ute to mixed responses of individual lesions occasionally observed following immune therapies. Lesion-specific 
differences in TCRs may also affect monitoring of immune responses in clinical studies (29–31), wherein the 
nature of the specific lesion biopsied before/after therapy should be considered. Adoptive transfer of tumor-in-
filtrating T cells typically isolated from a single lesion has shown promise in melanoma (32), but isolation of T 
cells from multiple lesions may provide a more diverse repertoire and should be explored. The ability to activate 
and retain TRM cells may be an important determinant of the T cell content of the tumor microenvironment and 
should be a goal for future vaccines (33, 34). One limitation of the data relating to TCR sequencing is the small 
numbers of patients studied. However, to our knowledge these are the first studies to compare TCR sequencing 
of multiple lesions in the same patient in the context of concurrent exome sequencing of melanoma tumors. 
If  the interlesional heterogeneity is confirmed in larger studies, it should have major implications for ongoing 
efforts at monitoring tissue-based immunity in current clinical trials.

Advances in genetics have helped unravel the genetic complexity of  melanoma as well as intratumoral 
heterogeneity (11, 35). Our data show that differences in TCRs resident within these lesions are greater than 
the genetic differences between individual metastases, and therefore, these TCR differences are likely not 
explained simply by differences in candidate neoepitopes in these lesions. As the TCR analysis in this study 
was limited to TCRβ, differences in TCR diversity that we observed may be even greater if  TCRα/β pairs are 
considered. A single antigen/epitope may be recognized by several genetically distinct TCRs with potential 
differences in avidity or other functional properties. TCR diversity could also result from T cells against shared 
antigens. Notably, however, consistent with TRM biology, TCRs do not seem to equilibrate between individual 
metastatic lesions in spite of  highly overlapping mutation load. While the pathways leading to recruitment 
and retention of  TRM cells in tissues remain an area of  active investigation, a recent study suggested that both 
TRM and TCM cells share a common precursor in the setting of  skin immunization (34). While trafficking 

Table 3. Tumor tissue used for TCR sequencing

PT Site 1 Site 2 Site 3
PT1 Right forearm Right axilla
PT2 Left shoulder Colon
PT3 Left arm Abdominal wall Chest wall
PT 4 Left calf Left groin LN

PT, patient; LN, lymph node. 
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Figure 5. Heterogeneity of T cell receptors in melanoma metastases and its comparison with expressed SNV and neoantigen load. Genomic DNA obtained 
from tumor tissue was utilized to perform deep sequencing of the TCRβ loci. TCR sequencing data were analyzed using the ImmunoSEQ v3.0 analyzer. 
Tumors were also analyzed by exome sequencing. (A) The differential abundance tool (ImmunoSEQ analyzer) was utilized to compare overlap of TCR 
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to peripheral tissue may be driven by inflammatory signals, the retention and accumulation of  TRM with-
in peripheral tissues may depend on continued presence of  antigen within the tissue site (36). In addition, 
the capacity of  T cells to infiltrate or remain within individual tissues may also depend on the expression 
of  specific chemokines or retention integrins, which in turn may affect immune control of  tumors (37–39). 
Cross-talk between tumors and the immune system may in principle affect the evolution of  either system (10). 
Future studies will explore whether the observed differences in genetics of  TCRs resident at individual sites 
may contribute to differential evolution of  tumors within individual metastases.

Methods
Isolation of  blood mononuclear cells and tumor-infiltrating cells. Tissue and blood samples were collected from mel-
anoma patients (clinical characteristics in Table 1) by the Tissue Resource Core of the Yale SPORE in Skin 
Cancer, with informed written consent obtained from participants according to Health Insurance Portability 
and Accountability Act (HIPAA) regulations. TILs were isolated following manual dissociation of the tissue, as 
described previously (40). Briefly, tumor tissue was dissected manually using surgical blade, washed, and filtered 
through a 70-micron filter. In some cases, the tumor tissue was incubated with medium containing collagenase 
and DNAse1 for 30 minutes at 37°C. The TILs obtained were counted and used for various assays, described 
below. Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll density gradient centrifugation. 
Freshly obtained TILs and PBMCs were used for phenotypic analysis by single-cell mass cytometry as well as 
for cytokine secretion assay. Inclusion of the specific lesion for individual assays was based on the number of  
TILs isolated, as noted under individual assay. For some experiments, TRM and non-TRM cells were flow sorted 
prior to analysis. The number of sorted TRM and non-TRM cells was >105 cells in all experiments.

Single-cell mass cytometry. TILs (n = 20) and PBMCs (n = 10) were suspended at 1 × 106 to 3 × 106 per ml in 1× 
PBS for viability staining by Cell-ID Cisplatin (Fluidigm Sciences). The staining was quenched with MaxPar Cell 
staining buffer and washed twice before surface and intracellular staining, as per manufacturer’s protocol (Flui-
digm Sciences). Cells were stained with the following surface markers: CD45-89Y, B7H3-141Pr, CD19-142Nd, 
C-kit-143Nd, CD27-144Nd, CD4-145Nd, CD8-146Nd, CD11c-147Sm, CD14-148Nd, CD25-149Sm, CD103-
151Eu, TIM3-153Eu, CD3-154Sm, CXCR5-155Gd, CD16-156Gd, CD33-158Gd, CCR7-159Tb, 41BB-161Dy, 
BTLA-163Dy, CD95-164Dy, CD45RO-165Ho, HLADR-166Er, CD69-169Tm, CTLA4-170Er, CD38-172Yb, 
ICOS-173Yb, PDL1-174Yb, PD1-175Lu, and CD56-176Yb (Supplemental Table 1). After staining, cells were 
washed, fixed, permeabilized, and stained with the following markers: PLZF-152Sm, GATA3-167Er, Ki67-
168Er, TBET-160Gd, Foxp3-162Dy, and Granzyme-171Yb. Cells were stained with MaxPar Intercalator-Ir 
prior to acquisition on CyTOF 2 instrument (DVS; Fluidigm Sciences). All data were analyzed and plots were 
generated using the DVS Cytobank software (Cytobank), including viSNE analysis as previously described (41). 
viSNE is an unsupervised cluster analysis tool, which allows visualization of high-parameter data obtained 
with single-cell mass cytometry in two dimensions based on the t-Distributed Stochastic Neighbor Embedding 
(tSNE) algorithm (41). Each event on the scatter plot represents a single cell, and the distance between cells is a 
representation of the pairwise distance between the cells in high dimension. tSNE1 and tSNE2 are the axes used 
to depict the data, and the color represents the expression of the marker visualized.

Functional profiling. The capacity of  T cells from TILs (n = 41) or PBMCs (n = 15) to secrete a panel 
of  cytokines following TCR-based stimulation was utilized as a measure of  their functional properties (42, 
43). Freshly isolated TILs, as described earlier, were cultured in medium alone or with anti-CD3/28 beads 
in 200 μl of  5% PHS (0.2 million/well in 5% pooled human serum). The cell supernatant was collected 48 
hours later and analyzed using a multiplex cytokine ELISA assay following the manufacturer’s instructions 
(38-plex human panel, Millipore). The samples were collected on a LuminexR 100 instrument (Luminex 
Corporation) and analyzed using the xPONENT software (Luminex Corporation). Ratios of  Th1/Th2/
Th17 cytokines for each sample were computed separately.

sequences between individual lesions from the same patient. (B) Comparison of top clonotypes between two different metastatic sites in patients 1, 2, and 
4 and three different metastatic sites in patient 3. (C) Deep sequencing was performed for the TCRβ locus on sorted TRM cells from three different metastatic 
lesions (S1, S2, S3) in patient 3. The unique TCRs (black bar) and TCRs shared (gray bar) with other sites for sorted TRM cells as well as unsorted bulk tumor T 
cells from the same metastatic sites are shown. (D) Comparison of expressed and predicted peptide-binding SNVs from multiple metastases in patients 1, 
2, and 3. (E) Compiled data for the differential abundance of TCR sequences and overlap of these sequences with all expressed SNVs (left) and overlap with 
those SNVs predicted to lead to MHC-binding peptides for the 3 patients shown in D. Data for an individual patient. P values obtained using paired t test are 
shown for comparison between unique TCR sequences in a lesion and SNVs with predicted HLA-binding peptides for the same lesion.
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TILs obtained from tumor tissue were flow 
sorted to obtain purified CD4 and CD8 TRM cells 
(CD45RO+CD69+CCR7–CD4+, CD45RO+C-
D69+CCR7–CD8+). In one patient, we also sorted 
CD103+ and CD103– CD8 TRM cells. Peripheral 
blood T cells were activated with CD3/28 beads 
and activated CD69+CD4+ and CD8+ T cells 
were isolated using flow sort. RNA from these T 

cell subsets was utilized to analyze gene expression profiles using U133Plus2.0 Affymetrix chips. Gene 
expression data were analyzed using GeneSpring.

TCR sequencing. Genomic DNA was isolated from metastatic lesions and utilized for high-throughput 
deep sequencing of  rearranged TCRβ loci by Adaptive Biotechnologies with a mean sequencing depth of  
62X coverage and productive fraction of  0.75 as previously described (43–45). Genomic DNA used for 
the TCR sequencing was obtained from fresh tumor tissue or tumor that was snap frozen. In addition, for 
patient 3, >105 TRM cells were obtained from each of  3 different metastatic lesions prior to performing TCRβ 
sequencing. The TCRβ loci sequencing analysis does not differentiate between CD4 and CD8 T cells. Data 
were analyzed with the help of  the ImmunoSEQ analyzer v3.0 platform (Adaptive Biotechnologies). The 
differential abundance tool was utilized to evaluate TCR diversity between metastatic sites from the same 
patient. Productive TCR sequences between samples were compared using Fisher’s exact test. P value of  
<0.0001 with Benjamini Hochberg used to correct for false discovery rate, as described previously (46).

Whole-exome sequencing analysis. Whole-exome sequencing was performed on the tumor samples from 3 
patients with multiple biopsies. Exome sequencing and somatic variant calling was performed as described 
earlier (35). In particular, we used bwa and SAMtools for read alignment and SNV calling, employing 
fully validated filtering criteria for identifying high-quality DNA variants. Only somatic, expressed, and 
protein-altering SNVs were used for further analysis. We used a sliding window approach for construct-
ing 9-mer peptides containing the mutated amino acids corresponding to all somatic missense mutations. 
We established protein expression using previously described melanoma gene expression data (47). We 
assigned peptide HLA affinity using netMHCpan 2.8 (48, 49). High-binding affinity peptides were identi-
fied by using an affinity threshold of  <50nM for HLA-A.

Statistics. Cox regression analysis was utilized for correlation of  immunologic data with survival. Two-
tailed paired t test was used to compare groups. Pearson correlation was used to correlate phenotypic and 
functional data. Significance was set at P < 0.05. All bar graphs show mean and SEM.

Study approval. Tissue and blood samples were collected by the Tissue Resource Core of  the Yale 
SPORE in Skin Cancer using protocols approved by the IRD of  Yale University (New Haven, Connecticut, 
USA). Patients signed Yale University IRB-approved informed consent prior to giving blood and tissue 
samples for these studies.
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Figure 6. Intralesional and interlesional diversity of 
immune checkpoint proteins and TCRs in melanoma 
metastases. Proposed model illustrating diversity 
of T cell receptors and subsets of cells expressing 
checkpoint proteins in the immune microenvironment 
of melanoma metastases. Immune checkpoints are 
particularly expressed in TRM cells and CD16+ myeloid 
cells. Each lesion includes distinct TCRs that do not 
equilibrate between metastases, in spite of highly 
overlapping antigenic load, analogous to the biology of 
TRM cells in parabiotic mice.
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