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ABSTRACT

Background Tumor microenvironment (TME)
characteristics are potential biomarkers of response
to immune checkpoint inhibitors in metastatic
melanoma. This study developed a method to perform
unsupervised classification of TME of metastatic
melanoma.

Methods We used multiplex immunohistochemical
and quantitative pathology-derived assessment

of immune cell compositions of intratumoral and
peritumoral regions of metastatic melanoma baseline
biopsies to classify TME in relation to response

to anti-programmed cell death protein 1 (PD-1)
monotherapy or in combination with anti-cytotoxic
T-cell lymphocyte-4 (ipilimumab (IPl)+PD-1).
Results Spatial profiling of CD8+T cells,
macrophages, and melanoma cells, as well as
phenotypic PD-1 receptor ligand (PD-L1) and CD16
proportions, were used to identify and classify patients
into one of three mutually exclusive TME classes:
immune-scarce, immune-intermediate, and immune-
rich tumors. Patients with immune-rich tumors were
characterized by a lower proportion of melanoma cells
and higher proportions of immune cells, including
higher PD-L1 expression. These patients had higher
response rates and longer progression-free survival
(PFS) than those with immune-intermediate and
immune-scarce tumors. At a median follow-up of 18
months (95% CI: 6.7 to 49 months), the 1-year PFS
was 76% (95% Cl: 64% to 90%) for patients with an
immune-rich tumor, 56% (95% Cl: 44% to 72%) for
those with an immune-intermediate tumor, and 33%
(95% Cl: 23% to 47%) for patients with an immune-
scarce tumor. A higher response rate was observed
in patients with an immune-scarce or immune-
intermediate tumor when treated with IPI+PD-1
compared with those treated with PD-1 alone.
Conclusions Our study provides an automatic

TME classification method that may predict the
clinical efficacy of immunotherapy for patients with
metastatic melanoma.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= There is a significant knowledge gap regarding the in-
terplay between specific immune populations and the
effectiveness of immunotherapy in metastatic melano-
ma. In particular, the contribution of non-T-cell constit-
uents, such as tumor-associated macrophages, within
the tumor microenvironment (TME) has not been fully
explored. As a result, a comprehensive TME classifica-
tion approach incorporating both T cell and macrophage
populations is needed to improve our ability to predict
treatment responses and progression-free survival in
metastatic melanoma.

WHAT THIS STUDY ADDS

= Using multiplex immunofluorescence staining and
quantitative image analysis, we characterize the TME
into three distinct classes based on theirimmune profiles
(immune-scarce, immune-intermediate, and immune-
rich). This study incorporates the importance of not only
CD8+T cells but also peritumoral CD16+CD68— non-
macrophages and CD16+ cells in the TME, which are
associated with improved clinical outcomes following
immune checkpoint therapy. Our innovative classifi-
cation methodology integrates the analysis of multiple
markers (CD8, CD68, PD-L1, CD16, and SOX10) to opti-
mize the associations between TME classifications and
the progression-free survival of patients treated with

immune checkpoint inhibitors.

INTRODUCTION

Significant advancements in the treatment
of metastatic melanoma have been made
possible with immune checkpoint-blocking
(ICB) antibodies. Patients with metastatic
melanoma have improved outcomes when
treated with anti-programmed cell death
protein 1 (PD-1) monotherapy or in combi-
nation with anti-cytotoxic T-cell lympho-
cyte-4 (CTLA-4)."” However, despite these
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HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

= This study introduces a novel approach to classifying the TME using
multidimensional high-plex tissue imaging and tests their possible
associations with clinical outcomes. This study offers new perspec-
tives on the roles of various cell types, particularly CD8+T cells and
peritumoral CD16+CD68— non-macrophages. It suggests poten-
tial avenues for future research to delve deeper into these cellular
components and their impact on tumor progression and treatment
response. The classification model provides a framework to better
understand patient responses to programmed cell death protein 1
(PD-1) and ipilimumab+PD-1 therapies in the context of their TME
profiles.

significant improvements, approximately half of the
patients with metastatic melanoma do notinitially respond
to checkpoint-based immunotherapies or respond but
later develop resistance.” Therefore, accurate predictive
biomarkers are urgently needed to enable patient selec-
tion and identify patients who require alternative treat-
ment strategies that lead to improved outcomes.”

Several studies have identified tumor microenviron-
ment (TME) characteristics as potential biomarkers of
response to ICB treatment in metastatic melanoma.”™"!
The TME is composed of many cell types, including
tumor cells, immune cells, stromal cells, blood vessels,
and other mesenchymal cells, and plays a crucial role in
tumor progression and metastasis.”' '* Differences in
the compositions of resident cell types, such as cytotoxic
T cells, tumor-associated macrophages, and inflammatory
pathways within the TME, have been associated with the
response of patients to ICB treatment.'*"” Additionally,
the expression of the PD-1 receptor ligand, PD-L1, has
been proposed as a predictive biomarker, although its
utility is inconsistent across studies and cancer types.'® "

Traditionally, three major TME classes have been iden-
tified based on the compositions of resident cell types
and their association with clinical outcomes in meta-
static melanoma and other cancers.* ! The general
terminology includes inflamed (or “hot”), excluded (or
“altered”) and ignored (“cold” or “desert”) TME classes.”*
For example, the Tumor Profiler Consortium has defined
thresholds for CD8+T-cell densities within the intratu-
moral (IT) or surrounding peritumoral (PT) regions to
classify melanomas into inflamed, excluded, and ignored
tumors.” Inflamed tumors have overall high densities of
IT and PT lymphocytes and are associated with a favorable
response to ICB therapies.” Excluded tumors have high
PT lymphocytes at the tumor margin, but low I'T lympho-
cytes and ignored tumors are characterized by the lack
of lymphocytes and are associated with poor response to
ICB therapies.” However, such approaches are based on
CD8+T cells alone.

The methodology for profiling the TME has expanded
with the use of multiplex tissue imaging technologies
to profile the immune cell population more compre-
hensively in patients’ biopsies. The use of multiplex

immunofluorescence staining and quantitative pathology
has enabled the assessment of multiple cell types and
phenotypic markers (PD-L1) to generate a broader over-
view of the TME beyond T-cells alone.”” ** Quantifying
each immune cell population within the TME for its asso-
ciation with response to ICB is at the core of developing
more accurate TME-based biomarkers. Other populations
are known to be important in relation to response to ICB
therapies.?” * Therefore, a novel approach is required to
identify combinations of cell populations that result in
clinically significant TME classes.

There is growing interest in the macrophage phenotype
and composition of the TME because of their prominent
roles in cancer progression and responses to therapy.'” *
Macrophages, particularly tumor-associated macrophages
(TAMs), have been shown to contribute to the establish-
ment and maintenance of an immunosuppressive TME,
promote angiogenesis, and support tumor cell invasion
and metastasis.”’ *' Furthermore, emerging evidence
suggests that macrophages can directly influence the
efficacy of immunotherapies including checkpoint inhib-
itors.” * Our recent study by Lee et al* showed that
intratumoral CD16+ macrophages are associated with
clinical outcomes in patients with metastatic melanoma
treated with a combination of anti-PD-1 and anti-CTLA-4
therapies. TME classification, which includes TAM
beyond T-cells alone, along with phenotypic markers
CD16/PD-L1, may improve the clinical utility of TME
classification.

Here, we used multiplex tissue image-based immune
profiling of baseline biopsies from 188 patients with meta-
static melanoma, divided into a discovery cohort of 155
patients and a validation cohort of 33 patients, to deter-
mine TME classes that were associated with response to
anti-PD-1 alone (PD-1) or combined with ipilimumab
(IPI+PD-1). We developed a methodology that combined
cytotoxic T-cell, macrophage and melanoma cell types, as
well as phenotypic markers, PD-L1 and CD16 (FcyRIII)
cell proportions to classify tumors. The study developed
a novel algorithm that optimized the combination of
these immune cell phenotypes and locations to maximize
associations of TME classes with treatment response and
progression-free survival.

METHODS

Patient cohorts

A retrospective cohort of patients with unresectable stage
IIT or IV melanoma treated with anti-PD-1 alone (PD-1)
or in combination with IPI (IPI+PD-1) ICB therapy.
Patients were required to have a baseline formalin-fixed,
paraffin-embedded (FFPE) melanoma tissue biopsy taken
prior to treatment with immune checkpoint inhibitors.
Samples were collected as part of the Personalized Immu-
notherapy Program (Protocol Number: MIA2020/283).
This study was conducted in accordance with the Decla-
ration of Helsinki. Samples were acquired with written
informed consent from all patients. Patient responses
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were determined using standard Response Evaluation
Criteria in Solid Tumors (RECIST) v.1.1 criteria.”® In
line with the previous studies,'® *® * patient responses
were determined using standard RECIST v.1.1 criteria.
Tumor response to immunotherapy was assessed with
regular scans as per the standard of care and according
to each institution’s protocols (in general, 3-monthly CT
or CT/positron emission tomography imaging). Patients
who achieved a complete response, partial response (PR),
or stable disease (SD) of greater than 6 months were clas-
sified as responders, while non-responders were classified
as those with progressive disease, PR, or SD of less than
or equal to 6 months PFS. PFS was defined as the interval
between the start of treatment and disease progression.

Multiplex immunofluorescence staining

Multiplex immunofluorescence staining was performed
on a single 4pm FFPE melanoma section as previously
described." '#°%7 Briefly, slides were heated in the oven at
65°C for 20 min, deparaffinized in xylene and rehydrated
in graded ethanols. Antigen retrieval was performed in
pH9 HIER buffer in the Decloaking Chamber (Biocare
Medical) at 110°C for 10min. Staining was performed
using an Autostainer plus (Dako). Tissue sections were
blocked with 3% hydrogen peroxide in Tris-buffered
saline (TBST) for 5min and then incubated with the
antibody for CD68 (Cell Marque, clone KP-1, mouse,
dilution 1:500) for 30min. The antibody was detected
using the Opal Polymer HRP Ms+Rb (Onestep) (Akoya
Biosciences) detection system and visualized using
Opal520 TSA (1:100) for 5min. Antigen retrieval was
then conducted again to prepare the slides for the next
antibody. Using this method, all samples were stained
sequentially with CD16a (Abcam, clone EPR16784,
rabbit, dilution 1:400) visualized with Opal620 TSA
(1:100), SOX10 (Biocare Medical, clone BD34, mouse,
dilution 1:200) visualized with Opal690 TSA (1:100),
PD-L1 (Cell Signaling Technology, clone E1L3N, rabbit,
dilution 1:1000) visualized with Opal650 TSA (1:100),
and CD8 (Dako, clone C8/144B, mouse, dilution 1:1500)
visualized with Opal570 TSA (1:100). Slides were coun-
terstained with DAPI (1:2000) for nuclei visualization,
and coverslipped using the ProLong Diamond Antifade
Mountant (Invitrogen).

Multispectral image analysis

Slides were imaged using the Vectra 3.0 microscope.
Multispectral fluorescentimages were visualized in Pheno-
chart V.1.0.8 (Akoya Biosciences), and the tumor and
surrounding peritumoral regions were selected for high-
power whole slide imaging (20x). A spectral library for
each fluorophore was generated in inForm V.2.4.1 (Akoya
Biosciences), and multiplex images were subsequently
spectrally unmixed. The individual 20x images were then
stitched into a single multispectral image for each tumor
specimen for analysis in HALO V.2.2 (Indica Labs). The
Random Forest tissue classifier algorithm was trained to
recognize IT and PT based on the presence or absence of

SOX10. The positivity for each marker was determined by
optimized thresholds based on the staining intensity, and
the analysis settings were run across all samples.

Statistical analysis

Patients’ baseline clinical and blood count characteris-
tics were summarized through frequencies and propor-
tions for categorical variables and median and range for
continuous variables. The baseline characteristics were
compared between responders and non-responders using
the Wilcoxon rank-sum test for continuous variables and
Pearson’s ¥ test for categorical variables, with Yates’s
continuity correction when appropriate. The immune
cell proportions were uniformly scaled to the interval (0,
1) by fitting the empirical distribution functions of the
cells.” We employed unsupervised hierarchical clustering
to group immune cells within I'T and PT regions into rele-
vant TME classes. The optimal number of TME classes
was obtained across the entire cohort using the NbClust
R package.™ We assessed immune cell compositions
to identify the most represented cells within each TME
class using a v-test based on the hypergeometric distribu-
tion. 0!

PFS was calculated from the date of commencement of
treatment to the date of progression or death from any
cause. PFS differences between TME classes were evalu-
ated using the Kaplan-Meier method and tested with the
log-rank statistics. The association between TME classes
and PFS was assessed using multivariable Cox regression
adjusted with baseline characteristics. All statistical anal-
yses were performed in R.** P values<0.05 were consid-
ered statistically significant for all analyses.

RESULTS
Patient characteristics
This discovery cohort included pretreatment biopsies
from 155 patients with metastatic melanoma treated with
either PD-1 monotherapy (n=80; table 1) or IPI+PD-1
combination therapy (n=75; table 2). The median age of
the PD-1 therapy cohortwas 68 years (table 1). Responding
patients tended to be older (p value=0.007) and with a
lower neutrophil-to-lymphocyte ratio (p value=0.03).
There was also a higher rate of brain metastases in the
non-responding patients (p value=0.03). However, no
associations were observed between response and sex,
primary site, line of ICB, primary melanoma subtype
(cutaneous vs non-cutaneous acral or mucosal), previous
treatment with targeted kinase therapy, baseline lactate
dehydrogenase (LDH), American Joint Committee on
Cancer (AJCC) v8 stage, Eastern Cooperative Oncology
Group (ECOG) status, biopsy site, hemoglobin and pres-
ence of lung or liver metastases. Median PFS for the PD-1
therapy cohort was 6.24 months (95% CI: 3.42 to 21.6
months), and 1-year PFS was 44% (95% CI: 34% to 56%).
The median age of patients treated with IPI+PD-1
therapy was 57 years (table 2). A higher proportion
of responding patients had a normal baseline LDH
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Table 1 Patients clinical and blood characteristics of the PD-1 therapy cohort

Characteristics Responders (n=39) Non-responders (n=41) Total (n=80) P value
Age (years)
Median (range) 74 (37-93) 65 (37-95) 68 (37-95) 0.007*
Gender, n (%)
Female 12 (30.8%) 13 (31.7%) 25 (31.2%) 0.928t
Male 27 (69.2%) 28 (68.3%) 55 (68.8%)
Primary site, n (%)
Scalp, face, neck 8 (20.5%) 10 (24.4%) 18 (22.5%) 0.6884%
Occult 5(12.8%) 3 (7.3%) 8 (10.0%)
Other 26 (66.7%) 28 (68.3%) 54 (67.5%)
Line of ICB, n (%)
1st line 32 (82.1%) 30 (73.2%) 62 (77.5%) 0.4946t
>1st line 7 (17.9%) 11 (26.8%) 18 (22.5%)
Cutaneous primary, n (%)
Yes 37 (94.9%) 38 (92.7%) 75 (93.8%) 1.000t
No 2 (5.1%) 3 (7.3%) 5 (6.2%)
Previous MAPKi, n (%)
Yes 2 (5.1%) 9 (22.0%) 11 (13.8%) 0.062991
No 37 (94.9%) 32 (78.0%) 69 (86.2%)
Baseline LDH, n (%)
Elevated 11 (28.2%) 18 (43.9%) 29 (36.2%) 0.2197t
Normal 28 (71.8%) 23 (56.1%) 51 (63.7%)
AJCC staging v8, n (%)
n/M1A/M1B 18 (46.2%) 11 (26.8%) 29 (36.2%) 0.1177%
M1C/M1D 21 (53.8%) 30 (73.2%) 51 (63.7%)
ECOG, n (%)
0 23 (59.0%) 15 (36.6%) 38 (47.5%) 0.07289%
>1 16 (41.0%) 24 (58.5%) 40 (50.0%)
Unknown 0 (0.0%) 2 (4.9%) 2 (2.5%)
Biopsy region, n (%)
Brain 4 (10.3%) 5(12.2%) 9 (11.2%) 0.5267%
Lung 0 (0.0%) 2 (4.9%) 2 (2.5%)
Lymph node 4 (10.3%) 7 (17.1%) 11 (13.8%)
Others 3 (7.7%) 3 (7.3%) 6 (7.5%)
Subcutaneous 28 (71.8%) 24 (58.5%) 52 (65.0%)
Hemoglobin
Median (range) 140 (109-161) 140.5 (72-159) 140 (72-161) 0.5039*
Nine missing details were
removed
Neutro lympho ratio
Median (range) 2.6 (0.6-19.5) 3.35 (1.2-22.5) 2.9 (0.6-22.5) 0.02954*
Nine missing details were
removed
Brain metastasis, n (%)
Yes 5 (12.8%) 15 (36.6%) 20 (25.0%) 0.02814+1
No 34 (87.2%) 26 (63.4%) 60 (75.0%)
Lung metastasis, n (%)
Yes 19 (48.7%) 22 (53.7%) 41 (51.2%) 0.8273t
No 20 (51.3%) 19 (46.3%) 39 (48.8%)
Liver metastasis, n (%)
Continued
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Table 1 Continued

Characteristics Responders (n=39) Non-responders (n=41) Total (n=80) P value
Yes 6 (15.4%) 10 (24.4%) 16 (20.0%) 0.4673t
No 33 (84.6%) 31 (75.6%) 64 (80.0%)

Median PFS (months) Not yet reached 2.27 6.24 (95% CI: 3.42 to 21.6)

1-year PFS (%) 89 0 44 (95% Cl: 34 to 56)

Bold p-values indicate statistical significance at p < 0.05 level.
*Wilcoxon test.

tPearson’s y? test with Yate’s correction was used for categorical variables.

tPearson’s y? test.

AJCC, American Joint Committee on Cancer; ECOG, Eastern Cooperative Oncology Group; ICB, immune checkpoint-blocking; LDH, lactate
dehydrogenase; MAPKI, mitogen-activated protein kinases inhibitors; PD-1, anti-programmed cell death protein 1; PFS, progression-free

survival.

compared with non-responders (p value=0.0155).
However, no association was observed between response
and age, sex, primary melanoma subtype, line of ICB,
primary site, previous treatment with targeted kinase
therapy, M stage at entry, ECOG, biopsy region, hemo-
globin, neutrophil to lymphocyte ratio, presence of lung,
brain or liver metastasis. Median PFS and 1-year PFS were
48.7 months (95% CI: 23 months to not yet achieved) and
61% (95% CI: 51% to 73%), respectively. The clinical and
blood characteristics of all 155 patients are provided in
online supplemental table 2.

An initial TME classification based on all 16cell
phenotypes showed associations with response and PFS
in patients treated with PD-1 monotherapy but not with
IPI+PD-1

An initial TME classification was obtained using
16 cell phenotypes (online supplemental table 1). These
included proportions of cytotoxic T-cells, macrophages
and melanoma cells, as well as their PD-L1 and CD16
expressions within IT and PT regions. The optimal
number of classes to classify the TME was determined to
be three based on NbClust analysis (figure 1A). Unsuper-
vised clustering revealed distinct content of these three
TME classes (figure 1B).

While these TME classes were associated with response
and PFS across the entire cohort (n=155, p value=0.0021
for response and log-rank test, p value=0.0029 for PFS;
figure 1C,D) and within patients that received PD-1
monotherapy (p value=0.02 for response and log-rank
test, p value=0.039 for PFS; figure 1EJF), no associa-
tion was observed with either response (p value=0.15;
figure 1G) or PFS (log-rank test, p value=0.14; figure 1H)
for patients treated with IPI+PD-1.

TME classifications based on CD8+ and CD16+ cells improve
association with PFS

As there was no association between the TME classes
obtained across all phenotypes and PFS or response in
the group of patients treated with IPI+PD-1, we reasoned
that the presence of highly correlated cell phenotypes
could result in suboptimal clustering. Hence, we sought
to identify homogeneous‘ﬁ%_47 (ie, highly correlated) cell

phenotypes that, when grouped, would result in TMEs
that maximized the association with PFS and response (see
online supplemental material and figure 2). We identified
eight cell groups: melanoma cells (group 1), CD8+T cells
(group 2), IT CD16 macrophages (group 3), IT CDI16+
cells (group 4), IT PD-L1 cells (group 5), PT CDI16
macrophages (group 6), PT CD16+ non-macrophages
(CD68-) cells (group 7), and PT PD-L1 cells (group 8)
with distinct cell contents (figure 2A). Each cell group
was then used separately to develop a TME classification
(online supplemental figure 1). Next, we assessed the
relationship between TME classes from each group with
treatment response and PFS (online supplemental table 3
and online supplemental figures 2A,B). Our data showed
that the TME classes from groups 2 and 7 were best asso-
ciated with PFS and response. Group 2 was characterized
by IT and PT cytotoxic (CD8+) T-cells, and group 7 was
characterized by PT CD16+ non-macrophages (CD68-)
and PT CD16+ cells.

Optimal combinations of CD8+ and CD16+ cells with other cell
groups resulted in TME classes that better stratify PFS than
CD8+ and CD16+ cells

To further identify TME classes that improve the TME
classes from groups 2 and 7 and associations with
response and PFS, we reasoned that the combinations
of the eight uncorrelated cell groups could result in
TME classes that better stratify patients, as these groups
capture unique information. To achieve this, we sought
to further improve the TME classifications based on
groups 2 and 7 by identifying optimal combinations of
each of these groups with others via an exhaustive search
algorithm (online supplemental table 4). Two classifiers
were built based on groups 2 and 7 with the addition of
linear combinations of cells in other groups to maximize
the association with PFS. The subsequent classifiers were
termed the improved CD8+ group (figure 3A) and the
improved PT CDI16+ non-macrophages (CD68-) group
(figure 3B), respectively. These improved group combi-
nations resulted in three TME classes labeled: immune-
scarce, immune-intermediate and immune-rich.
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Table 2 Patients clinical and blood characteristics of the IPI+PD-1 therapy cohort

Characteristics Responders (n=48) Non-responders (n=27) Total (n=75) P value
Age (years)
Median (range) 61 (19-79) 57 (27-75) 57 (19-79) 0.2060*
Gender, n (%)
Female 18 (37.5%) 9 (33.3%) 27 (36.0%) 0.9122t
Male 30 (62.5%) 18 (66.7%) 48 (64.0%)
Primary site, n (%)
Scalp, face, neck 8 (16.7%) 3(11.1%) 11 (14.7%) 0.7869F
Occult 9 (18.8%) 6 (22.2%) 15 (20.0%)
Other 31 (64.6%) 18 (66.7%) 49 (65.3%)
Line of ICB, n (%)
1st line 48 (100.0%) 24 (88.9%) 72 (96.0%) 0.0813t
>1st line 0 (0.0%) 3 (11.1%) 3 (4.0%)
Cutaneous primary, n (%)
Yes 47 (97.9%) 24 (88.9%) 71 (94.7%) 0.25641
No 1(2.1%) 3 (11.1%) 4 (5.3%)
Previous MAPKi, n (%)
Yes 3 (6.2%) 5(18.5%) 8 (10.7%) 0.2068t
No 45 (93.8%) 22 (81.5%) 67 (89.3%)
Baseline LDH, n (%)
Elevated 9 (18.8%) 13 (48.1%) 22 (29.3%) 0.0155¢
Normal 39 (81.2%) 14 (51.9%) 53 (70.7%)
AJCC staging v8, n (%)
n/M1A/M1B 18 (37.5%) 8 (29.6%) 26 (34.7%) 0.6638%t
M1C/M1D 30 (62.5%) 19 (70.4%) 49 (65.3%)
ECOG, n (%)
0 40 (83.3%) 18 (66.7%) 58 (77.3%) 0.1715%
>1 8 (16.7%) 9 (33.3%) 17 (22.7%)
Biopsy region, n (%)
Brain 5(10.4%) 2 (7.4%) 7 (9.3%) 0.7920%
Lung 3 (6.2%) 2 (7.4%) 5 (6.7%)
Lymph node 13 (27.1%) 11 (40.7%) 24 (32.0%)
Others 4 (8.3%) 2 (7.4%) 6 (8.0%)
Subcutaneous 23 (47.9%) 10 (37.0%) 33 (44.0%)
Hemoglobin
Median (range) 139.5 (87-183) 140 (79-163) 140 (79-183) 0.5754*
Nine missing details were
removedS®
Neutro lympho ratio
Median (range) 2.45(0.8-11.7) 3.78 (0.87-26.90) 2.7 (0.8-26.9) 0.05197*
Nine missing details were
removedS®
Brain metastasis, n (%)
Yes 8 (16.7%) 8 (29.6%) 16 (21.3%) 0.3069t
No 40 (83.3%) 19 (70.4%) 59 (78.7%)
Lung metastasis, n (%)
Yes 31 (64.6%) 19 (29.6%) 50 (66.7 %) 0.798671
No 17 (35.6%) 8 (70.4%) 25 (33.3%)
Liver metastasis, n (%)
Continued
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Table 2 Continued

Characteristics Responders (n=48) Non-responders (n=27) Total (n=75) P value
Yes 9 (18.8%) 8 (29.6%) 17 (22.7%) 0.4278%
No 39 (81.2%) 19 (70.4%) 58 (77.3%)

Median PFS (months) Not yet reached 2.37 48.7 (95% Cl: 23to NA) -

1-year PFS (%) 96 0 61 (95% ClI: 51 to 73) -

Bold p-values indicate statistical significance at p < 0.05 level.
*Wilcoxon test.

tPearson’s y? test with Yate’s correction was used for categorical variables.

tPearson’s y? test.

§Nine missing hemoglobin and neutro lympho ratio samples were removed.
AJCC, American Joint Committee on Cancer; ECOG, Eastern Cooperative Oncology Group; ICB, immune checkpoint-blocking; IPI+PD1,
anti-cytotoxic T lymphocyte antigen-4; MAPKI, mitogen-activated protein kinases inhibitors; PD-1, programmed cell death protein 1; PFS,

progression-free survival.

TME classification based on the improved CD16+ cell group
maximised the associations with outcomes compared with
the improved CD8+ cell group

Next, we assessed the association between the improved
TME classes (immune-scarce, immune-intermediate and
immune-rich) and response for the improved CD8+
group (figure 3C) and the improved PT CDI16+ non-
macrophages (CD68-) group (figure 3D). A higher
proportion of responders had immune-rich tumors
(improved CD8+ group: 70% vs 30%; improved PT CD16+
non-macrophages (CD68-) group: 78% vs 22%) and
immune-intermediate tumors (improved CD8+ group:
61% vs 39%; improved PT CDI16+ non-macrophages
(CD68-) group: 60% vs 40%) compared with non-
responders. Conversely, there was a lower incidence of
responders than non-responders in the immune-scarce
tumors (improved CD8+ group: 33% vs 67%; improved
PT CD16+ non-macrophages (CD68-) group: 38% vs
62%).

Comparison of the PFS stratified by the TME classes
from these two improved cell groups showed that the
improved PT CD16+ non-macrophages (CD68-) group
led to longer 1-year and median PFS (immune-rich: 76%
and not reached, respectively, immune-intermediate:
56% and 23.0 months, respectively, and immune-scarce:
33% and 4.1 months, respectively; log-rank test p
values<0.00001; figure 3E) compared with the improved
CD8+ group (immune-rich: 68% and not reached, respec-
tively, immune-intermediate: 53% and 12.7 months,
respectively, and immune-scarce: 29% and 3.8 months,
respectively; log-rank test p values<0.00001; figure 3F).
Hence the improved PT CDI16+ non-macrophages
(CD68-) group-based TME classes (figure 3G) were
chosen as the final (optimal) classification.

Immune microenvironment characterization of the improved
CD16+-based TME classes

Immune cell content was assessed to understand the
compositions of immune-scarce, immune-intermediate
and immune-rich tumors (figure 4A-E). The immune-
scarce tumor was characterized or defined by the contri-
bution of all cell phenotypes, with PT cytotoxic T-cell

(CD8+), IT CD16+, IT cytotoxic T-cell (CD8+), PT T-cell
(CD8+), and IT CD16+ non-macrophages (CD68-) posi-
tive cells being the strongest contributing cells in labeling
this class (figure 4B). This class had lower proportions of
cytotoxic T-cells, macrophages, PD-L1 and CD16 expres-
sion within IT and PT regions compared with the other
two TME classes (figure 4E). The immune-intermediate
tumor class was mainly characterized by IT PD-L1 non-
malignant cells, which were lower than the immune-rich
tumor (figure 4C,E). The immune-rich tumor also had
contributions from all cell phenotypes besides the IT
macrophage (CD68+) positive cells (figure 4D). The class
had the lowest proportions of melanoma (SOX10+) cells
and the highest proportions of other cells compared with
the immune-intermediate and immune-scarce pheno-
types (figure 4E). Differences in CD8+ cell proportions in
the IT and PT regions were also observed across all TME
classes (figure 4F).

CD16+ cell-based TME classification associated with
treatment-specific PFS
Next, we assessed the association between the optimal
TME classes (ie, immune-scarce, immune-intermediate
and immune-rich tumors) and response and PFS
after stratifying by treatment class: PD-1 monotherapy
(figure 5A) or IPI+PD-1 combination therapy (figure 5D).
For patients treated with PD-1, higher proportions of
responders were found in immune-intermediate and
immune-rich classes compared with non-responders
(immune-rich: 79% vs 21%, immune-intermediate: 52%
vs 48%, and immune-scarce: 31% vs 69%; p value=0.00273;
figure 5B). The TME classes were significantly associated
with PFS (logrank test, p value=0.0077; figure 5C). Simi-
larly, higher proportions of responders were observed in
both the immune-intermediate and immune-rich classes
in patients treated with IPI+PD-1 (immune-rich: 77% vs
23%, immune-intermediate: 68% vs 32%, and immune-
scarce: 48% vs 52%; figure HE), though this association
did not reach statistical significance (p value=0.10). The
TME classes were significantly associated with PFS (log-
rank test, p value=0.017; figure 5F).

Adegoke NA, et al. J Immunother Cancer 2023;11:€007144. doi:10.1136/jitc-2023-007144 7
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macrophages (CD68-) (B) groups. (C,D) Proportions of responders and non-responders in different TME classes; a significant
association was found between treatment response and TME classes from the improved CD8 (p value=0.000434; (C) and the
improved PT CD16+ non-macrophages (CD68-) (p value=0.000225; (D) groups, (E,F). Kaplan-Meier curves for PFS showing
an association between TME class and PFS TME classes for the improved CD8 (log-rank test, p value<0.0001; (E) and the
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immunofluorescence staining images of immune cell phenotypes at the IT and PT regions of each TME class (CD16+: red,
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atrisk at 0, 6, 12, 18, 24, 30, 36, 42,48, 54, 60, 66, and 72 months mark. IT, intratumoral; PD-L1, PD-1 receptor ligand; PT,
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Patients treated with IPI+PD-1 had a longer l-year
and median PFS compared with those treated with
PD-1 (log-rank p value=0.00037; figure 5G) for each
TME class. The 1l-year PFS rate and median PFS in the
IPI+PD-1versus PD-1 were: 77% versus 74% and no
median was achieved in both treatment groups in the
immune-rich class, 64% versus 48% and 45.5 months
versus 6.67 months in the immune-intermediate class,
and 44% versus 25% and 6.67 versus 3.35 months in the
immune-scarce class.

CD16+ cell-based TME classification associated with baseline
clinical features

The associations between clinical outcomes and the TME
classes combined with baseline clinical characteristics
were investigated (online supplemental table 5). The
immune-rich and immune-intermediate classes were asso-
ciated with higher proportions of patients with an ECOG
status of 0 (p value=0.0005). There was no association
between the TME classes and gender, age at the start of
treatment, primary site, lines of ICB, primary cutaneous
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Figure 5 Associations between the final improved TME classifier and patient outcomes. (A) Heatmap showing proportions of
immune cells in TME classes for the PD-1. (B) Proportions of responders and non-responders in different TME classes for the
PD-1 (p value=0.00273). (C) Kaplan-Meier curves for PFS showing an association between TME class in PD-1-treated patients
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Meier curves for PFS showing an association with TME class for IPI+PD-1-treated patients (log-rank test, p value=0.017).

(G) Kaplan-Meier curves for PFS showing the association with TME class stratified by treatment types (combined cohorts: log-
rank test, p value=0.00037). The table below each Kaplan-Meier plot shows patients at risk at 0, 6, 12, 18, 24, 30, 36, 42,48,

54, 60, 66, and 72 months mark. (H-I) Comparison of treatment response rates across TME classes within the validation cohort.
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microenvironment.
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status, previous targeted therapies, baseline LDH, M
stage at entry, hemoglobin, neutrophil-to-lymphocyte
ratio, or the presence of brain, lung, or liver metastases.
Also, there were no associations between response and
site of biopsy for any of the TME classes (p values: = 0.53
(immune-scarce), 0.63 (immune-intermediate), and 0.42
(immune-rich) (online supplemental figure 3A).

Multivariable regression analysis using response as an
endpoint combining baseline clinical features with the
TME classes revealed the immune-rich class (adjusted OR
(AOR)=5.817; 95% CI: 1.932 to 17.518, p value=0.0017)
was associated with a higher likelihood of responders
compared with the scarce TME class (online supple-
mental table 6). Even though the association between
the immune-intermediate TME class and the odds of
response was not significant, the odds of responders
were still higher in this group compared with the
scarce TME class (AOR=2.127; 95% CI: 0.828 to 5.466,
p value=0.1169). Also, the association between odds of
response and gender, ECOG, baseline LDH, M stage at
entry, site of biopsy, previously targeted therapies, lines of
ICB, neutrophil-to-lymphocyte ratio, the presence of lung
or liver metastasis was not significant.

Also, multivariable Cox regression analysis using
PFS as an endpoint (online supplemental figure 3B)
revealed that the immune-rich group had a lower risk of
progression (adjusted HR=0.29; 95% CI: 0.14 to 0.60, p
value<0.001) compared with patients with immune-scarce
groups. However, immune-intermediate versus immune-
scarce tumors, age at the start of treatment, sex, ECOG,
biopsy regions, previous BRAF or MEK inhibitors, line of
ICB and M stage at entry were not associated with PFS.

Immunotherapy response patterns in the validation cohort

This cohort comprised 23 patients treated with IPI+PD-1
immunotherapies and 10 with PD-1 monotherapy. While
a small cohort, similar patterns to those observed in the
larger discovery cohort were identified for the associ-
ation between TME classes and treatment response in
patients treated with PD-1 (p value=0.33; figure 5H) and
IPI+PD-1 (p value=0.40; figure 5I), though these associ-
ations did not reach statistical significance. For patients
treated with PD-1 monotherapy, the immune-rich and
immune-intermediate classes had higher proportions of
responders than the immune-scarce group. Specifically,
the immune-rich class exhibited a complete response
rate of 100%, with no non-responders. Similarly, the
immune-intermediate class had a larger proportion of
responders (67%) than of non-responders (33%). In
contrast, the immune-scarce class had fewer responders
(40%) than non-responders (60%). Likewise, IPI+PD-1-
treated patients presented similar trends, with both the
immune-rich and immune-intermediate classes having
more responders than the non-responders. The response
rate was 67% in the immune-rich group and 60% in the
immune-intermediate group. In contrast, fewer patients
(33%) in the immune-scarce group responded to treat-
ment. This consistency across both cohorts underscores

the potential relevance of TME classes in influencing
response to immunotherapy.

DISCUSSION

In this study, we quantitatively classified the TME of
patients with metastatic melanoma treated with PD-1
therapy or IPI+PD-1 immunotherapy in relation to the
clinical outcomes. Spatial profiling of cytotoxic T-cells,
macrophages and melanoma cells, along with pheno-
typic PD-L1 and CD16 proportions within the IT and
surrounding PT regions, were used to identify three
TME classes: immune-scarce, immune-intermediate, and
immune-rich.

Associations between TME classes and clinical
outcomes have been investigated in many different tumor
types.” ' 2 ¥4 Iy concordance with previous studies,
our data revealed that the TME classes were associated
with response and PFS in patients with metastatic mela-
noma treated with PD-1 monotherapy and IPI+PD-1. The
immune-scare tumor was associated with poor response
and shorter PFS. The immune-intermediate tumor had
a better response rate and longer PFS than the immune-
scarce tumor. The immune-rich tumor was associated
with the best response and longest PFS. Our findings
were consistent with previous studies' *°*" *' demon-
strating that patients treated with IPI+PD-1 had a better
response and PFS than those treated with PD-1. The
response rates were about 1.5 times higher in patients
with immune-scarce and immune-intermediate tumors
treated with IPI+PD-1 immunotherapy compared with
PD-1 monotherapy. PD-1+IPI has been shown to increase
T-cell recognition of tumor antigens, with increased
T-cell receptor diversity following IPI treatment, while
PD-1 is suggested to predominantly expand existing
clones.”? % Therefore, patients with immune-scarce
tumors may require IPI+PD-1to induce tumor recogni-
tion and are the subgroup most likely to benefit from
combination therapies.

Cytotoxic CD8+ tumor-infiltrating T-cells have been
identified as one of the most relevant predictive tumor
biomarkersin TME of metastaticmelanoma.*****Elevated
cytotoxic CD8+T cells in the TME have been linked with
positive anti-tumor effects in breast,”” colorectal, glioblas-
toma,” and cervical cancers.” Our findings confirmed
that CD8+T cells within IT and PT regions are essential
biomarkers of ICB response. Our data further revealed
PT CDI6+CD68- non-macrophages and PT CDI16+
cells as important combinations of biomarkers in TME,
the presence of which are associated with improved
outcomes. We observed a comparable PFS from the CD8+
and PT CD16+CD68- non-macrophages cell-based TME
classes. High CD8+T cell and PT CD16+ non-macrophage
(CD68-) levels within the TME were associated with
improved immunotherapeutic response and prolonged
PFS. High densities of CD16+ tumor-infiltrating cells have
been associated with enhanced responsiveness to chemo-
therapy and improved survival in ovarian cancer” ' and
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colorectal carcinoma.” CD16 is expressed in a range of
immune cells, such as natural killer (NK) cell monocytes,
macrophages and gamma delta T-cells.”® The CD16
receptor is known to bind to the ipilimumab antibody
(IgG1%%), which can induce antibody-dependent cellular
cytotoxicity (ADCC) and depletion of regulatory T-cells
(T]reg).64 %7 Therefore, the inclusion of CD16 within the
TME classification of ipilimumab-treated patients is in
line with functional assays, which suggests a direct inter-
action between the theory and the CDI6-expressing
cells.””

Our data revealed that the optimal TME classes
(immune-scarce, immune-intermediate, and immune-
rich) based on the integration of PT CDI6+ non-
macrophages (CD68-) cells with the linear combinations
of other cells led to prolonged PFS compared with the
classification based on PT CD16+ non-macrophages
(CD68-) cells or CD8+ cells. The immune-scarce tumor
had the highest proportions of melanoma cells and the
lowest proportions of cytotoxic T-cells and macrophages,
along with reduced PD-L1 and CDI16 expression. The
immune-intermediate tumor showed lower proportions
of melanoma cells and higher proportions of other IT
and PT immune cells than the immune-scarce class; it was
mainly characterized by IT PD-L1 non-melanoma cells.
The immune-rich tumor had the lowest proportions of
melanoma cells and the highest proportions of other
IT and PT immune cells compared with both immune-
intermediate and immune-rich tumors. PT CD16+, PT
cytotoxic T-cell (CD8+), IT PD-L1 non-melanoma, IT
CD16+, and IT cytotoxic T-cell (CD8+) positive cells were
the most represented cells of the immune-rich tumor.

Emerging evidence suggests that macrophages can
directly influence the efficacy of immunotherapies
including checkpoint inhibitors.”** A recent study by Lee
et aP* showed that intratumoral CD16+ macrophages are
associated with clinical outcomes in patients with meta-
static melanoma treated with a combination of anti-PD-1
and anti-CTLA-4 therapies. Moreover, CD16 is expressed
on NK cells and some subsets of macrophages and medi-
ates ADCC.”® ® Numerous studies have underscored
the potential of using ADCC in cancer immunotherapy,
including in melanoma, highlighting the significance of
this immune mechanism.” "' CD16 has also been shown
to play a role in Treg clearance, which can significantly
affect the immunotherapy efficacy.” ™ However, further
investigation is required to comprehensively understand
the therapeutic implications of CD16 in antibody-based
immunotherapy.

In our study, multiplex immunofluorescence staining
was performed using digital image analysis to identify
immune cell phenotypes. Consequently, computed cell
phenotypes may resultin a certain degree of misclassifica-
tion. Improvements in automated cell phenotyping, which
can accommodate for batch effect and staining intensity
changes, are required and may improve these classifica-
tions of the TME. Additionally, the findings presented in
this study were obtained from a TME classification method

that combined cell clustering and selection using optimal
PES stratification. While the proposed classification algo-
rithm showed an encouraging degree of efficacy, it still
has room for further refinements to optimize its perfor-
mance. The cell selection component of the proposed
method was specific to optimizing PFS; however, it could
be optimized for other clinical outcomes, such as overall
survival. Furthermore, as not all patients with immune-
rich tumors will benefit from treatment with standard-of-
care immunotherapies, clinical (as in74) or multiomics
models should be incorporated into prediction models
for improved patient outcomes. However, the findings
here provide essential insights into the predictive signifi-
cance of the tumor-immune profiles.

Moreover, when we analyzed the combined data set
(online supplemental table 2), we found significant asso-
ciations between the response to checkpoint inhibitor
immunotherapy and age at the start of treatment, line
of ICB, previous Mitogen-activated protein kinases inhib-
itor (MAPKi) treatment, baseline LDH, ECOG status,
neutro-lympho ratio, and the presence of brain metas-
tasis. However, after stratifying the data by treatment type
(PD-1 alone or IPI+PD-1), most of these associations were
no longer apparent (tables 1 and 2). This outcome could
be largely attributed to the reduced sample size in the
stratified analysis, which potentially affected the statis-
tical power to detect the significant associations. While
we acknowledge that our sample size might have limited
our ability to detect associations between the clinical
variables and response to checkpoint inhibitor immu-
notherapy when separated by treatment type, our study
provides valuable insight towards developing a more
comprehensive and accurate model for response and PFS
using the identified TME classes. This would undoubt-
edly contribute to personalized treatment strategies
and improve the outcomes of patients with melanoma.
Other limitations include the focus on cytotoxic T-cells
and CD68+ macrophages. Future studies that consider
other influential cell types alone and in combination”
such as polymorphonuclear myeloid-derived suppressor
cells (PMN-MDSCs) and neutrophils, will shed light on
their role in TME-based classification and their influence
on immunotherapy response.” " As high-dimensional
imaging technologies become more assessable, broader
cell and marker panels expand the classification of the
TME.

In conclusion, the comprehensive evaluation of the
cells within IT and PT tissue regions associated with TME
infiltration patterns yielded several insights that shed
light on how tumors respond to PD-1 monotherapy or
IPI+PD-1 combination immunotherapy. Quantitative
spatial profiling of immune markers via multiplex immu-
nofluorescence could be a valuable tool for classifying
TME into relevant classes based on the levels of different
immune populations. Our study has accurately assigned
tumors from patients with metastatic melanoma into
three TME classes with distinct IT and PT cell patterns
and clinical features. The TME classes were associated
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with patient response to PD-1 monotherapy or IPI+PD-1
immunotherapy and PFS. Critically, this TME classifica-
tion, which is performed prior to the commencement of
therapy and is correlated to outcomes, will be invaluable
in stratifying patients to receive standard-of-care ther-
apies (predicted good outcome) versus novel strategies
and clinical trials (predicted poor outcome). Our study
provides an additional diagnostic or immune-oncology
tool for immunotherapy biomarkers in precision medi-
cine by categorizing quantitative pathology data into a
functional and clinically relevant immune phenotype.
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