Open access Original research

Unveiling the tumor immune
microenvironment of organ-specific
melanoma metastatic sites

s
*°" Journal for
... ImmunoTherapy of Cancer

To cite: Conway JW, Rawson RV,
Lo S, et al. Unveiling the tumor
immune microenvironment

of organ-specific melanoma
metastatic sites. Journal for
ImmunoTherapy of Cancer
2022;10:¢004884. doi:10.1136/
jitc-2022-004884

» Additional supplemental
material is published online only.
To view, please visit the journal
online (http://dx.doi.org/10.
1136/jitc-2022-004884).

GVL, RAS and IPdS contributed
equally.

Accepted 24 August 2022

| '.) Check for updates

© Author(s) (or their
employer(s)) 2022. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published by
BMJ.

For numbered affiliations see
end of article.

Correspondence to
Dr Ines Pires da Silva;
Ines.Silva@melanoma.org.au

Jordan W Conway

.23 Robert V Rawson,'* Serigne Lo
Ismael A Vergara,'?® Tuba N Gide,"** Grace Heloise Attrill @ ,
Matteo S Carlino,"*® Robyn P M Saw,"*%" John F Thompson

.12 Tasnia Ahmed,’
1,2,3

1,2,6,7
)

Andrew J Spillane,"?® Kerwin F Shannon,"®® Brindha Shivalingam,’®

Alexander Maxwell Menzies,"*"® James S Wilmott,?® Georgina V Long @ ,
1234 Ines Pires da Silva

Richard A Scolyer

ABSTRACT

Background The liver is a known site of resistance to
immunotherapy and the presence of liver metastases

is associated with shorter progression-free and overall
survival (0S) in melanoma, while lung metastases

have been associated with a more favorable outcome.
There are limited data available regarding the immune
microenvironment at different anatomical sites of
melanoma metastases. This study sought to characterize
and compare the tumor immune microenvironment of liver,
brain, lung, subcutaneous (subcut) as well as lymph node
(LN) melanoma metastases.

Methods We analyzed 0S in 1924 systemic treatment-
naive patients with AJCC (American Joint Committee on
Cancer) stage IV melanoma with a solitary site of organ
metastasis. In an independent cohort we analyzed and
compared immune cell densities, subpopulations and
spatial distribution in tissue from liver, lung, brain, LN or
subcut sites from 130 patients with stage IV melanoma.
Results Patients with only liver, brain or bone metastases
had shorter OS compared to those with lung, LN or
subcutaneous and soft tissue metastases. Liver and brain
metastases had significantly lower T-cell infiltration than
lung (p=0.0116 and p=0.0252, respectively) and LN
metastases (p=0.0116 and p=0.0252, respectively). T
cells were further away from melanoma cells in liver than
lung metastases (p=0.0335). Liver metastases displayed
unique T-cell profiles, with a significantly lower proportion
of programmed cell death protein-1+ T cells compared

to all other anatomical sites (p<0.05), and a higher
proportion of TIM-3+ T cells compared to LN (p=0.0004),
subcut (p=0.0082) and brain (p=0.0128) metastases.
Brain metastases had a lower macrophage density than
subcut (p=0.0105), liver (p=0.0095) and lung (p<0.0001)
metastases. Lung metastases had the highest proportion
of programmed death ligand-1+ macrophages of the total
macrophage population, significantly higher than brain
(p<0.0001) and liver metastases (p=0.0392).
Conclusions Liver and brain melanoma metastases
have a significantly reduced immune infiltrate than lung,
subcut and LN metastases, which may account for poorer
prognosis and reduced immunotherapy response rates in
patients with liver or brain metastases. Increased TIM-3
expression in liver metastases suggests TIM-3 inhibitor

1,2,3,7,8
1,2,3,5

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Although immune checkpoint inhibitors (ICI) have
increased response and survival rates in metastatic
melanoma, many patients will be resistant to these
therapies. The presence or absence of specific sites
of metastasis has been associated with differenc-
es in response and survival rates to ICl. The biology
underlying these differences however is unknown.

WHAT THIS STUDY ADDS

= Different sites of melanoma metastasis harbor dis-
tinct tumor immune microenvironments character-
ized by differences in T cell and myeloid immune
cell populations and their spatial distribution. While
liver metastases were shown to have reduced
CD3+ T-cell density, reduced programmed cell
death protein-1 (PD-1) expression and increased
Tim-3 expression, lung and lymph node metastases
had an increased density of CD3+ T cells and PD-1
expression.

HOW THIS STUDY MIGHT AFFECT RESEARCH,

PRACTICE OR POLICY

= This study provides insights into the biology of mel-
anoma metastases at different sites, and highlights
potential organ-specific drug targets.

therapy as a potential therapeutic opportunity to improve
patient outcomes.

INTRODUCTION

Immunotherapy, specifically with immune
checkpoint inhibitors (ICI), has become the
standard treatment for patients with high-risk
early-stage and advanced-stage melanoma,'™
small cell and non-small cell lung cancer,”
and several other solid tumor malignancies.’
ICI have produced significant improvement
of clinical outcomes in advanced melanoma,
with 5-year overall survival (OS) of 44% and
52% for anti-programmed cell death protein- 1
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(PD-1) monotherapy and combined anti-PD-1 plus anti-
cytotoxic T-lymphocytes-associated protein 4 (CTLA-4),
respectively.'’ Use of adjuvant ICI have also resulted in an
improvement in the recurrence-free survival of patients
with high-risk resectable stage III melanoma and have
become standard of care in these patients.'

While ICI therapies have significantly improved
patient outcomes, approximately 40-55% of patients
with advanced melanoma have primary resistance to
ICI and up to 43% of patients who initially respond
develop acquired resistance during the course of their
treatment.'™" These data highlight the need for better
understanding of the biology associated with the immune
response to ICI, and how the tumor immune microenvi-
ronment (TIME) influences this response. Several studies
have identified factors associated with response and resis-
tance to ICI. While high expression of programmed
death ligand-1 (PD-L1), high tumor mutational burden,
high interferon-gamma expression and increased tumor
CD8+ T-cell density are associated with better responses
to ICL'™' elevated baseline lactate dehydrogenase
(LDH) levels have been associated with shorter OS in
patients with melanoma treated with anti-PD-1 alone or
in combination with anti-CTLA-4.""'® More recent studies
have indicated that the anatomical site of metastasis in
patients with advanced melanoma is associated with ICI
response and overall prognosis, suggesting potential site-
specific mechanisms of response or resistance to current
ICI therapies. For example, the presence of lung metas-
tases has been associated with increased response rates
and longer progression-free survival (PFS), whereas liver
metastases have poorer responses and are associated
with shorter survival rates when treated with either anti-
PD-1 monotherapy or in combination with anti-CTLA-4
therapy in patients with advanced lung cancer and mela-
noma, respectively.'? %’

Further characterization and investigation of the TIME
at different anatomical sites of metastasis is needed to
better understand possible mechanisms of response and
resistance in patients to anti-PD-1-based therapies. In this
study, we sought to characterize and compare the TIME
in untreated melanoma metastases from five different
anatomical sites.

MATERIALS AND METHODS

Patient study cohort

The Melanoma Institute Australia (MIA) research data-
base (MRD) was used to identify two cohorts of patients:
(1) cohort 1, included systemic treatment-naive patients
with AJCC (American Joint Committee on Cancer)
stage IV melanoma who developed only a solitary site of
organ metastasis and never received subsequent systemic
therapy (n=1924); and (2) cohort 2, included systemic
treatment-naive patients with stage IV melanoma who
had available formalin-fixed paraffin-embedded (FFPE)
samples between 1993 and 2017 from at least one target
site of interest (n=130). Patients from cohort 2 may have

had or developed other sites of metastases. A total of 137
biopsies (core n=11; excisional n=126) were included
(liver (n=20), brain (n=38), lung (n=24), lymph nodes
(LN; n=38) and subcutaneous (subcut; n=17)); seven
patients had two lesions from separate sites included
in the study. A subset of patients from cohort 2 (n=35)
received anti-PD-1-based systemic therapy after the
sample was obtained. We have included an additional 32
patients with stage IV melanoma treated with anti-PD-1-
based immunotherapy who had available baseline mela-
noma tissue samples in order to increase the sample size
for the comparison of the tumor microenvironment (T
cell panel) between responders versus non-responders.
Patients with mucosal, uveal or acral primary melanoma
were excluded from the study. Samples were obtained
from patients consented at Poche Centre MIA, Royal
Prince Alfred Hospital and Westmead Hospital. Informed
patient consent was obtained through the MIA Biospec-
imen bank for specimen use and for access to clinical data
from the MIA MRD.

Pathological assessment

H&E-stained sections were assessed by a pathologist to
confirm melanoma content. Specimens that did not meet
minimal tissue requirements for assessment (<10% tumor
content or <100 tumor cells) were excluded from analysis
(n=8). Tumor-infiltrating lymphocyte (TIL) density was
scored on a semi-quantitative scale (0-3), 0 being no TILs
present and 3 representing high TIL density. Percentage
of tumor involvement with TILs was also assessed. Samples
were given a non-conventional TIL score calculated as
TIL density score (0-3) x per cent of tumor involvement
with TILs (0-100%) out of a maximum score of 300 as
adapted from methods described previously.?' Other
immune inflammatory cells, intratumoral fibrosis and
necrosis was also noted.

Opal multiplex immunofluorescence

The 3 pm FFPE sections were mounted on positively-
charged Superfrost Plus slides (Thermo Fisher Scientific)
and dried before being placed in an oven at 65°C for
30-60 min. Sections were then deparaffinized in xylene
followed by decreasing graded concentrations of ethanol
and rinsed in TBST (Tris-buffered saline + Tween?20).
Antigen retrieval was performed using pH9 or pH6
buffer (Akoya Biosciences) as required in a decloaking
chamber (Biocare Medical) heated to 110°C for 10 min.
Subsequent staining was performed on an automated
slide staining system (Intellipath FLX, Biocare Medical).
Slides were blocked with 3% H,O, (Sigma-Aldrich) for 10
min to block endogenous horseradish peroxidase (HRP)
activity. Two multiplex panels (online supplemental
tables 1,2) were then stained targeting (1) PD-1 (Abcam,
1:400), CD103 (Abcam, 1:1500), FoxP3 (Abcam, 1:2000),
TIM-3 (Cell Signaling Technology, 1:500), CD3 (Cell
Marque, 1:2000), and SOX10 (Biocare Medical, 1:200),
or (2) CD14 (Cell Marque, 1:100), PD-L1 (Cell Signaling
Technology, 1:1000), CD68 (Cell Marque, 1:500), CD16a
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(Cell Marque, 1:400), and SOX10 (Biocare Medical,
1:200) incubating for 30 min or 45 mins (TIM-3). Detec-
tion of primary antibody was achieved using MACH3
HRP-polymer detection kit (CD14) for 10 min, or Opal
HRP conjugated polymer (anti-mouse/anti-rabbit, Perki-
nElmer) for 30 min. Visualization was achieved through
Opal tyramide signal amplification (Akoya Biosciences)
for 10 min. Between each subsequent staining run slides
were stripped via heat treating in appropriate pH buffer
for 10 min at 110°C. Following the final staining run,
samples were stained with spectral DAPI (Akoya Biosci-
ences), coverslipped using ProLong Diamond Antifade
Mountant (Thermo Fisher) and left to dry overnight at
room temperature away from light exposure. Positive and
negative control slides were also included in each staining
batch.

Fluorescent image analysis

The Vectra V.3.0 automated quantitative pathology
imaging platform along with Vectra V.3.3 and Pheno-
chart V.1.0.12 software (Akoya Biosciences) was used
to scan whole tissue slides and obtain multispectral
images of each sample. Spectral unmixing of images
was achieved through inForm V.2.4.8 software (Akoya
Biosciences) using a spectral library created from each
of the individual fluorophores used. Quantitative image
analysis was performed using the using HALO software
V.3.0.1 (Indica Labs). The algorithm was trained to clas-
sify regions of tissue into tumor versus stroma based on
the expression of DAPI and SOXI10. Therefore, when
analyzing intratumoral immune cell densities, stromal
tissue regions were excluded from analysis. Cell segmen-
tation was performed by watershed to identify cellular
expression of protein markers. The threshold of protein
expression of each marker was determined for each batch
with positive and negative control slides used to compen-
sate for any batch variation. Data was exported as single
cell data for secondary analysis. TIBCO Spotfire V.7.11.1
software was used for quantitative analysis and cell pheno-
typing. Phenotyped cell densities were calculated as the
number of cells positive for a particular marker divided
by tumor area for the sample (cells per mm?). Spatial
analysis was performed using HALO V.3.0.1 (Indica
Labs). Spatial plots were generated for select phenotypes.
Average distances between melanoma cells and immune
cells were analyzed using the software’s proximity analysis
settings and the densities of immune cells within 20 pm of
melanoma cells were calculated.

Statistical analysis

The Mann-Whitney U test and the Kruskal-Wallis test
were used for testing the median difference between two
groups and more than two groups, respectively. For data
comparing more than two groups, false discovery rate
was controlled for and p values adjusted using the Benja-
mini and Hochberg procedure. Survival outcomes were
described using the Kaplan-Meier method. The logrank
test was used to test the difference between survival

curves. Associations of each factor with OS and PFS were
assessed from univariable Cox proportional hazards (Cox
PH) models. Factors for which the HRs were statistically
significant at the 0.05 significance level were included in
a multivariable Cox PH model. A p value of less than 0.05
was considered statistically significant. All graphical data
included the median with 95% CI. Statistical analysis and
graphs were generated using GraphPad Prism V.8.2, SAS
V.9.4 (SAS Institute, Cary, North Carolina, USA) and R
V.3.6.3 (R Foundation for Statistical Computing, Vienna,
Austria).

RESULTS

Patients with liver, brain and bone metastases as the only site
of disease had shorter survival compared with other sites of
disease

From the MIA research database, we identified 1924
patients with stage IV melanoma with no exposure to
systemic treatment (24% had radiotherapy and 28%
had surgery) and with only one site of distant metas-
tasis distributed as follows: brain (n=479; 25%), lung
(n=562; 29%), liver (n=272; 14%), gastrointestinal (any
organ from the gastrointestinal tract; n=63; 3%), bone
(n=151; 8%), subcutaneous and soft tissue (S&S) (n=233;
12%) and LN (n=164; 9%). Median age was 62 years
(range 18-96) and 65% of patients (n=1245) were men.
Patients with only liver (median overall survival (mOS)
3.9 months), brain (mOS 4.0 months) or bone (mOS 4.8
months) metastases had shorter OS compared with those
with lung (mOS 9.6 months), LN (mOS 13.6 months) or
S&S metastases (mOS 14 months) (p<0.0001; figure 1;
online supplemental table 3). Multivariable analysis
including age, gender, sites of disease, number of metas-
tases and LDH, found that brain, liver and bone metas-
tases were still independent poor prognostic features
(online supplemental tables 4,5).

To identify why there was a significant difference in OS
for patients with different sites of metastasis and, more
specifically, why patients with only liver or brain metas-
tases have shorter survival compared with patients with
only lung, LN or S&S metastases, we studied 137 mela-
noma biopsies collected from 130 patients and from five
anatomical sites: liver (n=20), brain (n=38), LN (n=38),
lung (n=24) and subcut (n=17) (online supplemental
table 6). Only 35 patients (26%) had received anti-PD-1-
based therapy after the tumor sample had been procured
(online supplemental table 7), and the presence of brain
and liver metastases was associated with numerically
shorter PFS and OS, supporting previous data published
by us and others'? ** (online supplemental figures 1-4,
tables 8,9).

Liver metastases had the lowest TIL score and brain
metastases had the lowest levels of fibrosis compared with
other anatomical sites

TIL score was compared across anatomical sites of metas-
tases based on H&E-stained sections (figure 2A,B; online
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supplemental table 10). Lung and LN metastases had
the highest TIL scores (medians=80 and 60, respectively)
while liver, brain and subcut metastases had lower scores
(medians=30, 30, and 20, respectively). While there was a
significant difference when comparing TIL scores across
all anatomical sites (p=0.0203), these results did not reach
significance on pairwise comparisons. Brain metastases
had the highest level of necrosis (median=10%) however
there was no significant difference in the percentage of
necrosis across the five anatomical sites (figure 2A,C). On
the contrary, brain and lung metastases had lower levels
of fibrosis compared with liver (p=<0.0001 and p=0.0466,
respectively) and to subcut (p=<0.0001 and p=0.0055,
respectively) metastases (figure 2A,D).

Liver and brain metastases had reduced CD3+ T-cell
infiltration but brain metastases expressed the highest
proportion of PD-1+ T cells across the five anatomical sites
We next sought to further characterize the TIME at each
anatomical site of metastasis using multiplex immunoflu-
orescence (figure 3A,B). First, we examined the density
of CD3+ T cells within each tumor and compared across
the five sites of metastasis (figure 3C, online supple-
mental figure 5). CD3+ T-cell density was significantly
lower in liver (median=154 cells/mmg) and brain metas-
tases (median=181 cells/mm?) compared with lung (436
cells/mm?; p=0.0116 and p=0.0252, respectively) and LN
metastases (median=467 cells/me; p values, p=0.0116
and p=0.0252, respectively). Subcut metastases also had a
significantly lower CD3+ T cell density (median=221 cells/

mm?) compared with lung and LN metastases (p=0.0389
and p=0.0389, respectively), although to a lesser extent
than brain and liver metastases.

We then examined T cell subsets expressing CD103,
TIM-3, PD-1 and FoxP3 and their proportion of the
total CD3+ T-cell population (figure 3A,D-G). Liver
metastases had the lowest proportion of PD-1+ T cells
(median=0.7%) compared with brain (median=8.9%),
subcut (median=7.2%), lung (median=3.2%) and LN
(median=4.8%) metastases (p<0.05) (figure 3D). Notably,
brain metastases had the highest overall proportion of
CD3+ T cells expressing PD-1 and was significantly higher
than liver and LN metastases (p=0.0342). In contrast,
the proportion of CD3+ T cells expressing TIM-3 was
significantly higher in liver (median=10.7%) and lung
metastases (median=12.9%) compared with brain
(median=3.3%), subcut (median=2.9%) and LN metas-
tases (median=0.9%) (p<0.01) (figure 3E). CD103, a
tissue-residency marker, was also compared across the five
anatomical sites (figure 3F). Notably, brain metastases had
the lowest proportion of CD103+ T cells (median=2.6%)
compared with all other metastatic sites (p<0.05), while
subcut and lung metastases had the highest proportion
of CD103+ T cells (medians=14.1% and 12.6%, respec-
tively). Finally, subcut (median=3.7%) and LN metastases
(median=3.4%) had the highest proportion of FoxP3+
T cells among the five anatomical sites of metastasis
(p<0.001) (figure 3G). Of note, 38% of brain metastases
(15/40) lacked FoxP3+CD3+ T cells.
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Figure 2 Comparison of routine histological characteristics across different anatomical sites of melanoma metastasis.

(A) Representative images showing H&E-stained sections of a liver, brain, subcutaneous (subcut), lung and lymph node (LN)
metastasis with black arrows noting lymphocytes. (B) Comparison of tumor-infiltrating lymphocyte (TIL) score (TIL density

x percentage of tumor infiltrated by lymphocytes) out of a maximum score of 300 between these five anatomical sites

of metastases. (C) Comparison of percentage of tumor tissue exhibiting necrosis between these five anatomical sites of
metastases. (D) Comparison of percentage of tumor tissue exhibiting fibrosis between these five anatomical sites of metastases.
Pairwise comparison liver versus brain and lung (p<0.0001 and p=0.0466, respectively). Subcut versus brain and lung (p<0.0001
and p=0.0055, respectively). Error bars represent median with 95% CI. Figure p values of the comparison across all anatomical
sites were presented (Kruskal-Wallis p value).
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CD3+ T cells were closest to melanoma cells in lung metastases
compared with other sites, and liver metastases had the highest
proportion of TIM-3+ T cells in close proximity to melanoma cells
With research highlighting the importance of spatial
proximity between tumor cells and immune cells,” we
analyzed the average distance between SOXI10+ mela-
noma cells and CD3+ T cells within the tumor microenvi-
ronment (figure 4A). As expected, this distance negatively
correlated with CD3+ T cell density (online supplemental
figure 6). CD3+ T cells were closer to melanoma cells
within the lung (median=57 pm) compared with liver
(median=83 pm), brain (median=98 pm) and subcut
(median=134 pm) metastases (p<0.05) (figure 4B).
Further, we assessed the density of CD3+ T cells in close
proximity (<20 pm) to a melanoma cell (figure 4C).
Lung metastases had the highest density of CD3+ T cells
within 20 pm of a melanoma cell (median=282 cells/
mm?), particularly compared with liver (median=123
cells/mm?), subcut (median=102 cells/mm?) and brain
(median=78 cells/mm?) metastases (p<0.05).

We then analyzed the proportion of T cells expressing
PD-1, TIM-3, CD103 and FoxP3 within 20 pm of a mela-
noma cell at each metastatic site (figure 4D). In agree-
ment with the result obtained above when assessing
the total tumor microenvironment, brain metastases
had the highest percentage of PD-1+ T cells within 20
pm of a melanoma cell (median=11.2%) particularly
compared with liver metastases (median=2%; p=0.0179)
and to a lesser extent to LN metastases (median=5.0%;
p=0.0227) (online supplemental figure 7). In addition,
the proportion of TIM-3+ T cells within 20 pm of a mela-
noma cell was higher in liver (median=18.6%) and lung
(median=14.5%) metastases versus brain, subcut and LN
metastases (p<0.001). Within the liver metastases, unlike
within lung metastases, there was a significantly higher
proportion of TIM-3+ T cells versus PD-1+ T cells (18.6%
vs 2%) within 20 pm of a melanoma cell (p=0.0124). In
contrast, brain metastases showed a significantly lower
proportion of TIM-3+ T cells compared with PD-1+ T
cells (3.1% vs 11.2%; p=0.0013). Similar to the above
findings in the overall tumor environment, the propor-
tion of CD103+ T cells within 20 pm of a melanoma
cell was higher in subcut (median=14.6%) and lung
(median=14.7%) metastases compared with the other
metastatic sites, in particular compared with brain metas-
tases (median=3.1%; p=0.0019 and p=0.0002, respec-
tively). The proportion of FoxP3+ T cells within 20 pm
of a melanoma cell was low at all metastatic sites, with no
differences observed across them.

CD68+ macrophage densities were highest in lung and liver
metastases compared with other sites, and had the highest
PD-L1 expression in lung metastases

We next sought to evaluate myeloid-derived cells, specif-
ically CD68+ macrophages, and compared these cells
across the five anatomical metastatic sites (figure bA,B,
online supplemental figure 8). The density of CD68+
macrophages in brain metastases (median=33 cells/

mm?) was significantly lower than liver (median=290
cells/me; p=0.0095), subcut (median=154 cells/me;
p=0.0105) and lung metastases (median=372 cells/mm?;
p<0.0001); lung metastases displayed the highest CD68+
macrophage density across all sites (figure 5C). We also
sought to determine whether CD68+ density correlated
with CD3+ T cell density across the sites of disease. We
observed significant positive correlations within the liver
(Spearman’s r=0.53, p=0.0252), subcut (Spearman’s
r=0.68, p=0.0012) and LN (Spearman’s r=0.50, p=0.0034)
metastases, but not in lung or brain metastases (online
supplemental figure 9).

We then examined macrophage subsets expressing
CD16, CD14 and PD-LI and their proportion of the total
CD68+ macrophage population (figure 5A,D-G). The
majority (>60%) of CD68+ macrophages co-expressed
CD16 across the five anatomical sites of metastases and
on pairwise comparison there was no significant differ-
ence between sites (figure 5D). The lowest proportion
of CD14+ macrophages was observed in the brain metas-
tases (median=7.15%) and was significantly lower than
at all other sites in this study (p<0.01) (figure 5E). The
proportion of CD68+ macrophages expressing PD-L1
was highest in lung metastases (median=18.73%); signifi-
cantly higher than in brain (median=0.65%; p<0.0001)
and liver (median=5.2%; p=0.0392) metastases. Brain
metastases had the lowest proportion of PD-L1+ macro-
phages compared with all other anatomical sites (p<0.01)
(figure 5F). As PD-L1 expression on tumor cells is
strongly associated with response to anti-PD-1 therapy
across many cancers, and is used to select therapy in non-
small cell lung cancer (NSCLC), we also analyzed the
proportion of SOX10+ melanoma cells expressing PD-L1
(figure 5G). Similar to the level of expression on CD68+
macrophages, brain had the lowest expression of PD-L1
on SOX10+ melanoma cells (median=0.03%) while
the lung had the highest proportion (median=4.3%)
compared with the brain (p=<0.0001) and the LN metas-
tases (median=0.25%; p=0.005).

CD68+ macrophages were furthest away from melanoma
cells in brain metastases, but closer in lung and liver
metastases

We analyzed the spatial distribution of the CD68+ macro-
phages and the relative proximities of CD68+ macro-
phages to melanoma cells. CD68+ macrophages were
on average furthest away from melanoma cells in brain
metastases (median=464 pm) and, as a result, had the
lowest density of CD68+ macrophages within 20 pm of a
melanoma cell (median=16 cells/ mm2) compared with
all other sites (p<0.05) (figure 6A,B). On the other hand,
in lung and liver metastases CD68+ macrophages were
closer to melanoma cells (median=47 pm and median
53 pm, respectively), and subsequently had the highest
density of CD68+ macrophages within 20 pm of a mela-
noma cell (median=395 cells/me and 210 cells/me,
respectively) (figure 6A,B).
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Figure 4 Spatial proximity analysis of T cell populations comparing different metastatic sites. (A) Representative images of
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As we did for the T-cell analysis, we then examined  majority of CD68+ macrophages (>60%) also expressed
the proportions of the CD68+ macrophage subpopu-  CDI16+, and no significant differences were observed in
lations within 20 pm of a melanoma cell to compare the proportions of CD16+ macrophages between sites
between sites (figure 6C). As described previously, the (figure 6D). Brain metastases had the lowest proportion
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*p<0.05, *p<0.01, **p<0.001, ***p<0.0001, ns, non-significant.

of CD14+ macrophages within 20 pm of a melanoma cell
(median=4.7%), which was significantly lower compared
withall otheranatomicalsites (p<0.0001). Brain metastases
also had the lowest proportion of PD-L1+ macrophages

(median=1.3%), which was significantly lower than all
other metastatic sites in this study (p<0.05), while lung
had the highest proportion of PD-L1+ macrophages
within 20 pm of a melanoma cell (median=17.2%). When
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comparing the relative proportion of each macrophage
subpopulation within 20 pm of a melanoma cell, all
anatomical sites displayed the same pattern, with CD16+
macrophages being the dominant population in all sites
(online supplemental figure 10).

With 35 patients included in cohort 2 having received
subsequent anti-PD-1-based immunotherapy, we sought
to assess if any trends were observed when comparing
immune cell infiltrates between ‘responders’ versus ‘non-
responders’ for each site.

In order to increase the sample size, we have included
32 additional patients also treated with anti-PD-1-based
immunotherapy. From these, we have compared brain
metastases (brain ‘non-responders’ vs brain responders)
and lung metastases (lung ‘non-responders’ vs lung
‘responders’) in the analysis, as there was an insufficient
number of liver, subcut or LN samples from treated
patients to assess. Limited by small numbers, we observed
non-significant trends towards a lower proportion of
CD3+ T cells, but higher proportion of exhausted (PD1+
and TIM-3+) resident (CD103+ T cell) T cells, in the
lung non-responders versus responders. This trend was
not observed in the brain. Moreover, while there was no
significant site-specific differences in the proportion of
CD16+ CD68+ macrophages between sites alone, the lung
responders had a higher proportion of this population
(median=93%) compared with both brain responders
(median=79.28%; p=0.0196) and brain non-responders

(median=63.3%; p=0.0173) (online supplemental figure
11A-H).

The main findings regarding density and spatial distri-
bution of T cells and macrophages in the five different
anatomical sites of melanoma metastases, are summa-
rized in table 1.

DISCUSSION

In this study, we showed that patients with melanoma
with isolated metastasis to the liver, brain or bone had
worse survival compared with those with lung, LN and
S&S metastasis. In addition, we investigated the TIME of
five different anatomical sites of melanoma metastasis in
patients with untreated stage IV melanoma. We observed
that liver and brain metastases were less immunogenic,
that is, had fewer T cells, which were further away from
melanoma cells, and reduced PD-L1 expression, particu-
larly compared to lung and LN metastases. Liver metas-
tases displayed significantly reduced expression of PD-1
while expressing higher levels of the immune check-
point TIM-3 on T cells in closest proximity to melanoma
cells. Both liver and lung metastases were observed to
have the highest number of CD68+ macrophages, while
these cells were rare in brain metastases. These find-
ings provide insight into the differences in the TIME at
different sites of metastasis and their potential impact on
patient outcomes. They highlight the need for the site(s)

Table 1
(liver, brain, lung, subcutaneous (subcut) and lymph node

Summary table of density and spatial distribution of T cells and macrophages in each site of melanoma metastasis

Myeloid
T cell (IHC) T cell spatial distribution (IHC) Myeloid spatial distribution
Liver vCD3(154/mm?)
vPD-1 (0.7%)
Brain vCD3 (181 /mm?) » Lowest density of CD3+ T cells vCD68 » Furthest average distance between
within 20 pm of a melanoma cell vCD14 CD3+ T cells and melanoma cells
vFoxP3 (<0.5%) (78 cells/ mm2) vPD-L1 (464 pm)
vCD103 (2.6%) » Lowest density of CD68+
macrophages within 20 pm of a
melanoma cell (16 cells/mm?)
Subcut » Furthest average distance between
CD3+ T cells and melanoma cells
(134 pm)
Lung » Shortest average distance between » Shortest average distance
CD3+ T cells and Melanoma cells between CD68+ macrophages and
(57 pm) melanoma cells (47 pm)
» Highest density of CD3+ T cells Highest density of CD68+
within 20 pm of a melanoma cell macrophages within 20 pm of a
(282 cells/mm?) melanoma cell (395 cells/mm?)
Lymph
node

vTim-3 (0.9%)

v=lowest expression,

included.

IHC, immunohistochemistry.

. Where two organ sites had similarly higher or lower expression of a particular marker both were
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of melanoma metastasis to be considered when deciding
potential treatment options, particularly in patients resis-
tant to current anti-PD-1-based therapies.

Our study showed that patients with a solitary mela-
noma metastasis in the gastrointestinal tract have long OS
in systemic therapy-naive patients, followed by patients
with melanoma metastasis in the LN and S&S. While
this is an interesting finding, independent validation is
needed and the underlying biology is yet to be clarified.

It has been observed previously that liver and brain
melanoma metastases are associated with a poor prog-
nosis,”? ** ® and our data confirmed that patients with
treatment-naive melanoma with brain or liver metastases
as the only site of disease had shorter OS compared with
those with metastases in other sites such as the lung and
LNs. In our study, we observed that metastases in the
liver and brain had the lowest TIL density compared
with other anatomical sites. This was consistent with data
from patients with metastatic colorectal cancer, where
liver metastases had reduced numbers of intratumoral
TILs in comparison to distant LN metastases and to a
lesser extent lung metastases.”® The infiltration of TILs
and other immune cells has previously been reported
to be associated with patient prognosis in primary and
metastatic melanoma, NSCLC and advanced colorectal
cancer.”*! Our data supports the concept that the abun-
dance of TILs in specific anatomical sites of metastasis may
play a role in prognosis of patients with advanced-stage
melanoma. Besides density of immune cells in the tumor
microenvironment, the spatial distribution of immune
cells among the tumor cells has also been reported to
correlate with treatment response.% There is, however, a
lack of research and understanding of the spatial distri-
bution of different immune cell types compared between
sites of metastasis, and whether it is associated with prog-
nosis. Our data shows that at sites associated with a poor
prognosis, such as the liver and brain, T cells were further
away from melanoma cells, compared with lung and LN
metastases, which are known to associate with a better
prognosis. Consistent with that, lung and LNs had the
highest density of CD3+ T cells within 20 pm of mela-
noma cells, which could suggest a higher chance of T cell-
to-melanoma cell interaction.

We have described significant phenotypic differences in
the T cells and macrophages present in these five anatom-
ical sites of melanoma metastasis. Liver metastases had
the lowest proportion of CD3+ T cells expressing PD-1,
the primary target for anti-PD-1 therapy, while brain
metastases had the highest expression of PD-1 on CD3+
T cells. This could explain why patients with liver metas-
tases have the poorest response rates to anti-PD-1-based
therapies, while patients with metastases in sites such as
the brain, lung and LNs achieve higher response rates
to anti-PD-1 therapy."’ # * Notably, we observed higher
expression of TIM-3 in liver and lung metastases, partic-
ularly on CD3+ T cells in close proximity to melanoma
cells in the liver. TIM-3 functions as an immune check-
point on T cells, which on binding with its ligand can act

as a negative regulator leading to T-cell apoptosis.” **

Many studies suggest that an increased level of TIM-3
expression on both T cells and tumor cells is linked to
poor prognosis in NSCLC, gastric cancer, colorectal and
cervical cancers.” ™ Preclinical lung cancer studies have
also shown that TIM-3 can be upregulated on T cells in
response to anti-PD-1-based therapies as a potential mech-
anism or consequence of acquired resistance. It has since
been shown in murine models of colorectal and head and
neck cancer that subsequent blocking of TIM-3 or combi-
nation anti-PD-L1 plus anti-TIM-3 therapy can increase
response and survival.”* *** These findings suggest that
liver metastases’ poor prognosis and/or lack of response
to immunotherapy might not only be a consequence of
low TIL density but also a consequence of the presence of
other mechanisms of tolerance. These findings indicate
that anti-PD-1 therapy alone may not be sufficient to treat
liver metastases, and the addition of a TIM-3 inhibitor
may potentially be a suitable therapy option for patients
with liver metastases to increase response rates. Early
phase clinical trials for targeting TIM-3 in various settings
including as a single agent and in combination with anti-
PD-L1 are currently ongoing.33 2

The innate immune system also plays a critical role in
immune responses to tumors.** The liver, lung and brain
are three organs which are known to harbor unique resident
macrophage populations. Kupffer cells, liverresident macro-
phages, play a role in maintaining liver homeostasis and are a
firstline of defense in the liver, protecting against gut bacteria,
microbes and toxins that enter via the gastrointestinal tract.*
However, in the context of liver metastases, Kupffer cells have
been shown to play dual roles. During early metastatic spread
Kupffer cells have been shown to play an antitumor role,
increasing tumor cell death and recruitment of other inflam-
matory cells (eg, natural killer cells). However, they have
also been shown to produce VEGF (Vascular Endothelial
Growth Factor) and other growth factors promoting angio-
genesis and tumor growth in later disease stages.*® Similar to
Kupffer cells in the liver, alveolar macrophages act as a first
line of immune defense in the lungs while having roles in
maintenance of tissue homeostasis through the removal of
surfactant.”” In the context of primary lung cancer, alveolar
macrophages have also been shown to play a dual role; they
have been implicated in the release of antitumoral cytokines
including interleukin (IL)-1 and tumor necrosis factor-o
while also producing protumoral cytokines such as IL-10, and
VEGF, which promote tumor progression.*® Our data shows
that liver and lung metastases have the highest infiltration of
CD68+ macrophages and being a pan-macrophage marker,
this likely represents both innate resident macrophage popu-
lations and peripheral monocyte-derived macrophages that
can be recruited to the site. Moreover, in this study, we did
not differentiate between M1 (antitumoral) and M2 (protu-
moral) macrophages,*® but did find a higher expression of
PD-L1 on macrophages in the lung, which may contribute to
the difference in response to therapy.

For along time the brain has been considered an ‘immune
privileged’ organ, primarily due to the function of the
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blood-brain barrier (BBB) which protects brain tissue
from inflammation.” However, the presence of metastases
in the brain in and of itself represents impairment of the
BBB, and thus may increase the ability of immune cells to
traffic into metastatic lesions.” *® In this study, brain metas-
tases were observed to have the lowest tumor infiltration of
CD68+ macrophages. This could potentially be a result of
either the restrictive BBB or perhaps under identifying the
tissue-resident microglia populations. In contrast, melanoma
mouse models have demonstrated that in the presence of
both intracranial and extracranial disease, treatment with
combination anti-PD-1 and anti-CTLA-4 saw a significant
increase in microglia infiltration into the tumor which
further correlated with treatment response.”* Studies inves-
tigating the brain microenvironment have been particularly
challenging due to the unique nature of the immune micro-
environment at this site, as well as the fact it is often difficult
to distinguish between, and properly characterize, microglia
and monocyte-derived macrophages.” Further analysis of
the specific macrophage populations present in the brain
and other sites including liver and lung, and the role these
macrophages play in the response to immunotherapy may
help to improve understanding of the immune responses at
specific sites of metastasis.

Alimitation of this studyis that we did not compare different
sites of melanoma metastasis from the same patients. Multiple
sites of metastasis from individual patients were not available
in sufficient numbers for such a study, and we acknowledge
that there is intertumoral and interpatient heterogeneity.
However, to our knowledge, this is the largest study of meta-
static melanoma samples across different sites of disease.
Furthermore, all samples in this study were treatment-naive
and therefore our results not impacted by response/resis-
tance to immunotherapy which may lead to changes in the
immune microenvironment.”*” Further validation would be
warranted in either an independent cohort or with the inclu-
sion of samples obtained from multiple sites at the time of
autopsy from patients with advanced melanoma.

In conclusion, this study shows that there are significant
differences in the immune infiltrate within the microenvi-
ronment between sites of melanoma metastasis, not only in
terms of density of immune cell types and subtypes, but also
in terms of spatial distribution of these immune cells in rela-
tion to melanoma cells. While further functional testing is
needed to correlate expression of these markers with clinical
response to immunotherapy treatment and the underlying
mechanisms and factors influencing immune cell trafficking,
these findings may provide insight into site-specific response
patterns to anti-PD-1-based immunotherapies. Importantly,
these findings highlight organ-specific markers that could
potentially be used as therapeutic targets in a personalized
approach to patient treatment.
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