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Multiplexed imaging mass cytometry reveals
distinct tumor-immune microenvironments linked
to immunotherapy responses in melanoma
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Abstract

Background Single-cell technologies have enabled extensive analysis of complex immune
composition, phenotype and interactions within tumor, which is crucial in understanding the
mechanisms behind cancer progression and treatment resistance. Unfortunately, knowledge
on cell phenotypes and their spatial interactions has only had limited impact on the patho-
logical stratification of patients in the clinic so far. We explore the relationship between
different tumor environments (TMEs) and response to immunotherapy by deciphering the
composition and spatial relationships of different cell types.

Methods Here we used imaging mass cytometry to simultaneously quantify 35 proteins in a
spatially resolved manner on tumor tissues from 26 melanoma patients receiving anti-
programmed cell death-1 (anti-PD-1) therapy. Using unsupervised clustering, we profiled
662,266 single cells to identify lymphocytes, myeloid derived monocytes, stromal and tumor
cells, and characterized TME of different melanomas.

Results Combined single-cell and spatial analysis reveals highly dynamic TMEs that are
characterized with variable tumor and immune cell phenotypes and their spatial organizations
in melanomas, and many of these multicellular features are associated with response to anti-
PD-1 therapy. We further identify six distinct TME archetypes based on their multicellular
compositions, and find that patients with different TME archetypes responded differently to
anti-PD-1 therapy. Finally, we find that classifying patients based on the gene expression
signature derived from TME archetypes predicts anti-PD-1 therapy response across multiple
validation cohorts.

Conclusions Our results demonstrate the utility of multiplex proteomic imaging technologies
in studying complex molecular events in a spatially resolved manner for the development of
new strategies for patient stratification and treatment outcome prediction.

1 Lei Zhang4, Xin Ding5, Qiyuan Li2®,
12,79

Plain language summary

Immunotherapies help the immune
system to fight cancer. However, they
only benefit a subset of melanoma
patients, and currently no single
marker is sufficient to determine
which patients will respond to these
treatments. Here, we use imaging
mass cytometry, a technique to
measure the levels of multiple mar-
kers in individual cells, to analyze
tumor tissue from melanoma patients
receiving immunotherapy. By deter-
mining the different cell types pre-
sent and the spatial relationships
between them, we identify six distinct
melanoma cellular environments that
are associated with different clinical
responses to immunotherapy. Our
results demonstrate how complex
information about the spatial rela-
tionships of cell types can be inte-
grated to help to identify patients that

might benefit from immunotherapy.
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survival rate lower than 10%!. Immune checkpoint inhi-

bitors (ICIs) targeting PD-1 and CTLA-4 have shown
improved survival in advanced melanoma patients! -4, but potent
and durable response only presented in a subset of patients. To
date, no single biomarker has been sufficient for patient stratifi-
cation, presumably due to the complex immune response to
cancer driven by both inter- and intrapatient cellular hetero-
geneities in tumor microenvironments (TMEs)>®. Indeed, with
deeper knowledge of the mechanisms of immune checkpoint
blockade (ICB) based immunotherapy developed from recent
clinical and preclinical studies, it is now recognized that ICI
efficacy is driven by multifaceted interactions among a large
diversity of cell lineages at both localized and systemic levels’~15,
thus defying the concept of patient stratification based solely on
biomarkers that capture only limited dimensions of these intricate
interactions.

In this study, we used imaging mass cytometry (IMC) to
explore the composition and spatial arrangements of different
immune and stromal cells in the vicinity of cancer cells in
baseline tumor samples from 26 advanced melanoma patients
treated with anti-PD-1 monoclonal antibody at Peking University
Cancer Hospital and Institute (PUCH), Beijing, China. Using
single-cell analysis on high-dimensional mass cytometry images,
we quantified inter- and intra-tumor heterogeneities in a spatially
resolved manner and identified important cellular features to
classify melanoma into distinct archetypes linked to immu-
notherapy outcome.

Q dvanced melanoma has a poor prognosis with a 5-year

Methods

Ethics statement. The use of tumor samples in this study was
approved by the Medical Ethics Committee of the Peking Uni-
versity Cancer Hospital and Institute (2019KT92). Written
informed consent was obtained from each participant.

Patient material. A total of 55 formalin-fixed, paraffin-embedded
(FFPE) tumor tissue samples were obtained from melanoma
patients with anti-PD-1 monotherapy at Peking University
Cancer Hospital and Institute (PUCH), Beijing, China. Patients
were treated between March 2016 and March 2019, and their
tissue samples were collected from untreated patients before anti-
PD-1 monotherapy.

Twenty-nine tissue samples were excluded as they did not meet
the IMC experimental requirements, yielding the final cohort of
26 samples in the study (14 responders and 12 nonresponders)
(Supplementary Tables 1-3). Clinical data, including sex, age,
overall survival (OS), progression-free survival (PFS), and clinical
efficacy, were obtained from records of the patients with updated
follow-up in Oct 2021 (Supplementary Table 2). PFS was defined
as the time from the date of treatment to disease progression or
last contact. OS was defined as the time from treatment to death
or last contact. The clinical efficacy to anti-PD-1 monotherapy
was evaluated by Response Evaluation Criteria in Solid Tumors
(RECIST) version 1.116, including complete or partial response
(CR/PR), stable disease (SD), and progressive disease (PD). All
patients with CR/PR or SD were considered as responders and
PD patients were considered as nonresponders.

Antibody conjugation and validation. An antibody panel of 35
proteins was designed to distinguish cell types and states,
including immune, mesenchymal, proliferative, and immune
checkpoint proteins (Supplementary Table 4). Twenty-five
labeled antibodies were purchased from Fluidigm (https://www.
fluidigm.com), and the remaining ten unlabeled antibodies were
purchased from Abcam (https://www.abcam.com/). Antibodies

from Abcam were conjugated with metals using Maxpar X8
Multimetal Labeling Kit (Fluidigm, 201300) following the man-
ufacturer’s protocol. All conjugated antibody titration and spe-
cificity were tested by visual comparison of IMC images of some
tissue slides from melanoma patients. Details about antibodies,
metals, and concentration used in the study can be found in
Supplementary Table 4.

Preparation and staining. Tissue slides were stained following
IMC staining protocol (Fluidigm, PN400322) provided by Flui-
digm. FFPE tumor samples were baked at 65 °C for 2 h to remove
all visible wax. Slides were deparaffinized in fresh xylene (10 min
twice) followed by rehydration through a graded alcohol series
(100%, 95%, 80%, 70% for 5min each). Antigen retrieval was
conducted in a 96 °C water bath with Tris-EDTA buffer (pH 9.0)
for 30 min. At room temperature (RT), slides were then blocked
with 3% BSA in PBS (Maxpar) for 45 min in a hydration chamber
after cooling to 70°C. Meanwhile, the antibody cocktail was
prepared in 0.5% BSA buffer mixed with the optimal dilution for
each antibody (Supplementary Table 4). After blocking, slides
were incubated with the antibody cocktail overnight at 4°C in a
hydration chamber. The next day, each slide was washed twice
with 0.2% Triton X-100 in PBS (Maxpar), and twice with PBS
(Maxpar). For DNA staining, slides were incubated with
Intercalator-Ir (Fluidigm, 201192A) in PBS (Maxpar) at RT for
30 min. Finally, slides were washed with deionized water twice
and air-dried at least 20 min before IMC acquisition.

Imaging mass cytometry. Images were acquired using a Hyper-
ion Imaging System (Fluidigm). All operations were conducted
following the manufacturer’s procedure. Briefly, based on
hematoxylin and eosin (HE)-stained serial tissue sections by a
professional pathologist, we randomly selected regions of interest
(ROIs) at the core tumor (CT) or invasive margin (IM) region
(Supplementary Fig. 1; the number of ROIs per patient is listed in
Supplementary Table 2). Images were laser ablated at 200 Hz, and
raw data were acquired using a commercial acquisition software
(Hyperion Imaging System, Fluidigm). The state of Hyperion
Imaging System was monitored by the interspersed acquisition of
data from the tuning slide (Fluidigm). We further asked our
pathologist to determine whether these ROIs contain tertiary
lymphoid structure (TLS), and 9 ROIs were determined as having
TLS region based on its HE image and the protein (i.e., CD20,
CD4, CD8, Ki67) expression pattern (Supplementary Fig. 2).

IMC image processing, single-cell segmentation, and quanti-
fication. We first checked the quality of every image by inspecting
all marker staining patterns in the MCD Viewer (Fluidigm,
v1.0.560.2). After quality control, a total of 158 images resulting
in 662,266 single cells were used in the following analysis. Raw
data (.mcd files) were converted to TIFF format using the
imctools Python package (https://github.com/BodenmillerGroup/
imctools). Then we used an in-house developed segmentation
tool to perform single-cell segmentation on each image!”. The
mean expression of 35 proteins of the segmented single cells were
extracted using the measure module in scikit-image (Python
package, v0.16.2) by overlaying the generated segmentation
masks on the corresponding TIFF images. To improve the
accuracy of cell protein expression value, all images for each
channel were processed by our developed quantification
pipeline!8. Briefly, for each protein channel, a large number of
random decoy cells were generated from IMC image regions that
likely contained noise only. We then subtracted the mean
expression of the decoy cells from those of the segmented single
cells to remove the effect of the background noise on the
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quantification results. To remove the potential batch effect
between ROIs, for each protein channel, we further identified
positive cells by comparing the distribution of the expressions of
the segmented single cells to that of the decoy cells with a false
discovery rate (FDR) of 0.01, and normalized expressions of the
segmented single cells across ROIs based on the expression of
positive cells.

Cell clustering analysis. Single-cell protein expression data were
clipped at the 99th percentile, followed by min-max normal-
ization. For cell-type identification, 20 markers were used to
define cell types: CD45, CD3, CD4, CD8a, FoxP3, CD20, CD68,
CD14, CD16, CDllc, CD11b, IDO, Vimentin, a-SMA, E-cad-
herin, EpCAM, CAIX, VEGF, PDGFRb, Collagenl. Three main
cell types (Iymphoid cells, myeloid cells, and other cells) were
clustered and identified based on the protein expression pattern
of each cluster. Then a second clustering was performed sepa-
rately for each cell type on all markers except for the immune
checkpoint proteins and PD-LI, resulting in 4 main cell types
(lymphoid cells, myeloid cells, stromal cells, and tumor cells) and
20 distinguishable cell subtypes from 75 clusters. To obtain stable
and robust cell clustering results'®, we followed the clustering
pipeline from ref. 20 for our dataset (Supplementary Fig. 3a).
Specifically, all clustering analyses were performed with two
consecutive steps. First, meta-clusters were grouped with a self-
organizing map implemented in FlowSOM?! (R package,
v1.18.0), and then Phenograph?? (R package, v0.99.1) was applied
on the mean expression values of each group from FlowSOM to
obtain the final clustering results. Cell-type density was measured
by the number of a certain cell type over total cells segmented
from each image.

Spatial analysis. To investigate cell-cell interactions, a
permutation-test method?? implemented in neighbouRhood (R
package, v0.3.0) was used to determine whether the interaction/
avoidance between or within cell types occurred more frequently
than random observation. Briefly, cells were classified based on
their protein expression values by cell clustering analysis as
mentioned above, then a null distribution of cell interaction pairs
was generated with 1000 times permutation of random selection
for each image. Observed cell interaction pairs were defined with
a certain distance (20 pm between cell centroids). The P value of
interaction/avoidance between cell type A and B for each image
was calculated as:

b 1, Cahs = 0;
= C, >(=2)C . 1
AB W’ otherwise, W

perm

where Cp,,., is the number of cell pairs (A, B) in each permuta-
tion, C,ps is the actual number of cell pairs (A, B) given a defined
distance, and N, is the number of permutation. P values < 0.01
were considered as significant interaction/avoidance between cell
types. Spatial proximity between two cell types were measured
based on the distribution of the shortest distance from cells of one
cell type to those of the other cell type on IMC images.

We further performed community analysis to identify common
communities of multicellular units that existed across different
TMEs?%. Briefly, the IMC images were converted into topological
neighborhood graph in which cells were represented as nodes and
cell-cell neighboring pairs (20 um between cell centroids) were
represented as edges. Then we used the Louvain community
detection method?> to identify highly interconnected spatial
subunits in the graph. This analysis was performed on all cells to
uncover the microenvironment communities across samples.
Phenograph (R package, v0.99.1) was then used to identify

recurring similar spatial cell-type communities between samples
based on minimum to maximum normalized percentages of cell
types in each community.

Measurement of intrapatient heterogeneity. Each tumor sample
represents a mixture of cells, including lymphoid, myeloid,
stroma and tumor cells. We used Shannon entropy (H) to
characterize intrapatient heterogeneity based on annotated cell
subtypes from cell clustering results. To account for the different
number of cells per sample, we subsampled 1000 cells from each
sample i for three times and calculated its Shannon entropy of
each occurred cell-type frequency P, as:

H,=- %Pclogz(Pc). 2)

This analysis was performed on samples with different regions to
investigate the cell-type composition diversity in the CT or IM
regions of patients using the Wilcoxon rank-sum test. We then
compared the distribution of Shannon entropies of patients
between responders and nonresponders.

Identification of TME archetypes. We first selected the cell types
that were differentially enriched between responders and non-
responders (log,FC >1.2, adjusted P <0.05), and with a cell-type
density of at least 1% over total cells. The cell types that met these
criteria were B, CD41 T, CD8* T, MC4, MC2, tumor (CAIX™)
cells for ROIs in the IM, and MC2 and MC4 cells for ROIs in the
CT. Hierarchical clustering was then conducted separately for
ROIs in the IM on the basis of the Euclidean distance on the
selected cell-type abundances using hclust function with the
Complete agglomeration method implemented in stats (R pack-
age, v3.6.3). For ROIs from the IM, six distinct groups were
generated by cutree function (R package stats) with k equal to 6.
The resulting TME archetypes were further classified into two
different categories (immune hot: H1, H2, and H3; immune cold:
C1, C2, and C3) depending on their respective cell compositions.
To characterize the TME for patients, we used majority voting on
the basis of the TME archetype of their IM ROIs, and patients
with equal numbers of cold and hot TME archetypes were con-
sidered as immune hot patients.

Whole-transcriptome RNA sequencing and external public
datasets. The RNA-seq data of the PUCH cohort were obtained
from our previous experiment?®, which were generated from
unstained adjacent serial tissue slide from the same FFPE tumor
samples used in this study for generating the IMC images. Sample
RNA library construction and sequencing methods followed
those as described in ref. 26, Briefly, RNA-seq reads were mapped
by STAR?” and then quantified by RSEM?8 to get fragments per
kilobase of transcript per million mapped reads (FPKM) values at
the gene level. We further log2-transformed the read counts to
avoid extremely skewed gene expression distributions.

In this study, we collected three RNA-seq datasets of
melanoma patients treated with immunotherapy, together with
their corresponding clinical information, including the Riazl7
(n=>51)?, Gidel9 (n = 50)30, Liul9 (n = 54)3! datasets (Supple-
mentary Table 5). We used the immunotherapy outcomes
provided in the original papers following RECIST guidelines.
For the Gidel9 and Liul9 studies, only samples that received
anti-PD-1 monotherapy (nivolumab or pembrolizumab) were
used. To obtain the gene expression data, we downloaded and
processed the RNA-seq raw data by the same pipeline mentioned
above for datasets Riaz17 and Gidel9, and downloaded it from
respective references provided by the authors for dataset Liul9.
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Identification of DEGs, pathway analysis, and prognostic score
calculation. Patients were classified into different TME arche-
types based on majority voting, i.e., the archetype that had the
most number of ROIs from a particular patient was assigned to
the patient. Differential expression genes (DEGs) of each TME
archetype were then identified using GLM function in edgeR (R
package, v3.28.1) based on gene expressions of patients classified
into that archetype vs. those of patients classified into archetypes
of the opposite category. For example, DEGs of TME archetype
H1 were derived based on gene expressions of patients from H1
vs. those from C1, C2, and C3. All DEGs with log,FC >1 and P
<0.05 for each TME archetype were inputted into ClusterProfiler
(R package, v3.14.3) for gene set enrichment analysis on hallmark
gene sets in Molecular Signatures Database (MSigDB v7.4).

To derive a prognostic gene signature, we identified DEGs
between immune hot and immune cold patients. By using the
common genes between DEGs and Nanostring’s 10 360 panel
(770 curated cancer immune-related genes), we found 20
upregulated genes (PLAIA, FAM30A, BLK, TDO2, CDI9,
MS4A1, GZMA, CCL19, FBPI, CD79A, TNFRSF17, CTLA4,
CD7, CCL5, CDH1, CXCL9, CCL21, CD48, IL2RB, CD3G) and
4 downregulated genes (MAGEA4, FGF9, COL11A2, FZD9). For
each patient, the prognostic score was calculated as the ratio of
mean expression of upregulated genes to that of
downregulated genes.

Deconvolution and ssGSEA score of 29 gene signatures from
bulk RNA-seq data. To estimate cell composition from bulk
RNA-seq data, we used two deconvolution methods: MCP-
counter3? which uses average expression of canonical cell-type
markers for cell-type abundance estimation, and CIBERSORTx>3,
of which cell-type abundance is estimated using support vector
regression on the basis of gene expression signatures of target cell
types. We uploaded the normalized log,-transformed FPKM
expression matrix on the MCP-counter website (http://134.157.
229.105:3838/webMCP/) to get abundance scores for ten cell
types. Immune cell frequencies of bulk RNA-seq data were
inferred using CIBERSORTx (https://cibersortx.stanford.edu/)
which uses gene expression profile matrices from scRNA-seq data
for deconvolution. We uploaded PUCH RNA-seq data, selected
the absolute mode with online provided melanoma scRNA-seq
data as the signature matrix, disabled quantile normalization and
applied 100 permutations for deconvolution robustness.

Single-sample gene set enrichment analysis (ssGSEA, Python
implementation by Bagaev et al.34) was performed for 29 gene
signatures which characterize four main TME groups (ie.,
antitumor microenvironment, protumor microenvironment,
angiogenesis fibrosis, and malignant cell properties)3%. To
account for local region bias of IMC data, the density of cell
types for each sample were measured as the mean cell fraction of
all ROIs taken from the same sample. Then we computed
Spearman’s rank correlation and R-squared of linear regression
model between cell-type abundance from IMC and from RNA-
seq data either by CIBERSORTx deconvolution or ssGSEA score
of gene signature.

Response prediction and survival analysis. To validate the
prediction performance for each dataset, Receiver Operating
Characteristic (ROC) curve was drawn based on the prognostic
score using sklearn (Python package, v0.22.2). Kaplan-Meier
analysis was performed to estimate OS or PFS using survival (R
package, v3.2.3). For each dataset, we separated samples into two
groups based on their prognostic scores with thresholds deter-
mined automatically by survminer (R package, v0.4.7). The log-
rank test was used to assess the statistical comparison between the

two groups, and a P value <0.05 was considered significant.
Univariable Cox proportional-hazards models adjusted by age
were used to estimate the prognostic factors on survival, and the
hazard ratio (HR) of each factor was reported using survival (R
package, v3.2.3).

Statistics and reproducibility. No statistical method was used to
predetermine sample size, and sample selection of this study was
based on sample availability. All analyses were conducted using
software R (version 3.6.3) and Python (version 3.7). Association
between response and melanoma subtypes was tested using
Fisher’s exact tests. The Wilcoxon rank-sum test was used for
statistical analysis comparing continuous measurements, with
Benjamini-Hochberg adjustment for all statistical tests involving
multiple comparisons. An FDR-adjusted P < 0.05 was considered
significant. All boxplots depict the median (the center line),
interquartile range (IQR), and 1.5 times the IQR (whiskers), with
outliers exceeding 1.5 times the IQR. For survival analysis, the
statistical significance between Kaplan-Meier curves was tested
by the log-rank test. Correlation between cell-type abundance was
assessed by nonparametric Spearman’s rank correlation. All sta-
tistical information used for experiments are defined in the figure
legends.

Reporting summary. Further information on research design is
available in the Nature Research Reporting Summary linked to
this article.

Results

Global characteristics of cell compositions in melanoma TME.
To comprehensively characterize the microenvironment of mel-
anoma patients with various stages and subtypes, we used a
customized IMC panel of 35 antibodies on baseline tissue samples
from 26 melanoma patients treated with anti-PD-1 (Fig. la and
Supplementary Tables 1-3). In this cohort, melanoma subtypes
were analyzed for association with immunotherapy outcome, and
no factor shows a significant correlation with the clinical out-
come, possibly due to our limited sample size (Supplementary
Table 3). We then selected recognizing phenotypic markers of
immune and stromal cell, immunoregulatory proteins, and pro-
teins providing insights into cell activation and proliferation
status (Supplementary Table 4). Regions of interest (ROIs) were
randomly selected for each sample from core tumor (CT) and
invasive margin (IM) regions based on hematoxylin and eosin
(HE)-stained serial tissue section inspected by a professional
pathologist. After quality control by manual inspections, 158 IMC
images (59 from the CT: 34 responders, 25 nonresponders, 99
from the IM: 58 responders, 41 nonresponders) were further
analyzed (“Methods” and Supplementary Fig. 1).

In total, 662,266 cells were clustered into 20 different cell subtypes
using FlowSOM?! and Phenograph?? (“Methods”), which were
further grouped into four major cell types, including lymphocytes,
myeloid-derived monocytes, stromal cells, and tumor cells (Fig. 1
and Supplementary Fig. 3a, b). The lymphocytes included five
different subtypes, namely, CD4™ T cell (CD3+tCD4"), CD8* T cell
(CD3*CD8%), double-positive T cell (DPT; CD4+CDS8™),
T-regulatory cell (Treg; CD4TFOXP3%) and B cell (CD19V)
identified by their canonical cell markers. Myeloid-derived mono-
cytes (MC1-MC6) were identified by CD14 and CD16, which can be
classified into two categories based on their MHC Class II molecule
(HLA-DR) expression. The first category included three subtypes
characterized with highly elevated HLA-DR expression (MC4-
MC6), indicative of their potential role as antigen-presenting cells
(APC) within TME. Among them, subtype MC4 was further
characterized with elevated dendritic cell marker CD11c and MC6
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Fig. 1 Overview of the study of melanoma patients using imaging mass cytometry (IMC) and characteristics of cell composition in tumor
microenvironments. a Workflow of IMC images acquisition from melanoma patients and data analyses. b Heatmap of mean values of scaled protein
expression per cell type identified by unsupervised clustering (FlowSOM and Phenograph) for a total of 662,266 single cells. The boxplots on the right
depicting the cell proportion of each IMC image. Each boxplot is shown with the median (the center line), interquartile range (IQR), and 1.5 times the IQR
(whiskers), with outliers exceeding 1.5 times the IQR (n =158 images). ¢ Stack bars showing averaged cell percentage in images in the invasive margin (IM,
top) and core tumor (CT, bottom) from responders and nonresponders, colored by four main cell types (left) and 20 cell subtypes (right). d Representative
multichannel IMC images (ROI: region of interest) from one responder (left) and one nonresponder (right). Vimentin (magenta) and collagen | (white)

were used to portrait the structure of the tissue.

with elevated macrophage marker CD68. The second category was
comprised of HLA-DR™ subtypes with elevated expression of
exhaustion markers CAIX and VEGF (MC2, MC3) or indoleamine
2,3-dioxygenase 1 (IDO-1; MCI1), representing their potential
immune-suppressive roles as myeloid-derived suppressor cells
(MDSCs). Stromal cells consisted of five subtypes denoted as S1
to S5 for Collagen™, FAP+, PDGFRb ™, SMAT, and Vimentin™ cells,
respectively, and tumor cells included 4 subtypes denoted as T1 to
T4 for CAIXT, Ki67+, VEGFT, and a non-classified subtype (n.c.)
that did not show the elevated expression on any markers from the
defined panel, respectively.

All major cell types and subtypes were observed in all patients
but with variation in cell compositions among patients and
different tumor regions (Fig. 1c). Overall, the IM demonstrated
more diversified cell-type compositions as indicated by higher
Shannon entropy (“Methods”) than the CT for both responders
and nonresponders (Supplementary Fig. 3c). Furthermore,
Shannon entropy analysis indicated more diversified cell-type
compositions in responders than in nonresponders in the IM, but
not in the CT. Two IMC images to exemplify TMEs with typical
immune cells in a responder and a nonresponder are shown in
Fig. 1d.
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Fig. 2 The prognostic impact of cell phenotypes density. a Volcano plots showing differential testing of cell abundance in the invasive margin (IM, left)
and core tumor (CT, right) between responders (R) and nonresponders (NR). The color of the nodes represents significantly higher abundance (red) and
lower abundance (blue) of cell type in responders. The size of the nodes displays the percentage of cell type. b Boxplots showing the proportion of cell type
in regions of interest from R (red) and NR (blue). Each boxplot is shown with the median (the center line), interquartile range (IQR), and 1.5 times the IQR
(whiskers), with outliers exceeding 1.5 times the IQR. Points in the boxplot represent the cell percentage of each image. Comparisons were performed
using Wilcoxon rank-sum test and adjusted with Benjamini-Hochberg method. a, b n =58 for R group and n= 41 for NR group in the IM, n=34 for R
group and n= 25 for NR group in the CT. ¢, d Forest plots showing hazard ratios (nodes) and 95% confidence intervals (horizontal lines) of progression-
free survival for each cell type in the IM (n =24 patients) (¢) and CT (n =26 patients) (d) by univariate Cox models adjusted for age. The red nodes
represent the significant factor with P value <0.05. MC1: HLA-DR—CD14+CD11ct myeloid cells, MC2: HLA-DR—CD14* myeloid cells, MC3: HLA-DR

~CD11bh myeloid cells, MC4: HLA-DRMCD14hCD16+CD11ctCD11bt myeloid cells, MC5: HLA-DR*+CD14MCD16+CD11b* myeloid cells, MC6: HLA-DR

+CD14* myeloid cells.

Cell phenotype proportions differentiate TMEs of responders
and nonresponders. Examination of abundances of individual
cell clusters from different TMEs revealed different cell compo-
sitions in TMEs from responders and nonresponders. The per-
centages of lymphocytes were significantly higher in responders
than in nonresponders in the IM but not CT (Fig. 2a, b). A
similar trend was observed in all five lymphocyte subtypes,
indicating the important role of the IM in identifying TMEs that
would respond to immunotherapy. Interestingly, despite the well-
established immunosuppressive role of Treg, significantly elevated
Treg densities were observed in the IM of responders compared
to nonresponders, which were possibly recruited to the site for
maintaining immunological unresponsiveness to self-antigens
and suppressing excessive immune responses detrimental to the
host. As a result, high abundance of Treg could indicate the
presence of highly immunogenic tumor-associated antigens that
would be able to induce a T-cell-mediated immune response after
ICB for cancer rejection. For myeloid cells, we identified that
HLA-DR* myeloid cells MC4 were significantly more abundant
in responders, while HLA-DR™ myeloid cells MC2 were

significantly enriched in nonresponders, and the difference can be
observed in both the IM and CT. We also found that tumor cells
with hypoxia signals (CAIXT) were significantly enriched in the
IM from nonresponders compared to responders, but this dif-
ference was not observed in the CT (Supplementary Fig. 4). No
significant differences in other cell-type abundances were
observed.

Cox regression analysis further revealed that the abundance of
several cell types in the IM were associated with immunotherapy
outcome. In the IM, CD4% T cells, SMAt stromal cells (S4), and
Vimentin®™ stromal cells (S5) were associated with better
outcome, whereas HLA-DR™ myeloid cells (MC2) and
PDGFRb™ stromal cells (S3) were indicative of poor outcome
after adjusted for age (Fig. 2c). None of the identified cell
phenotypes in the CT was prognostic (Fig. 2d).

Characteristics of immune checkpoint expressions in TME. We
next investigated the expressions of checkpoint molecules on
different cell subtypes within TMEs to see if the compositions of
any cell subtypes are associated with outcome to ICI treatments.
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Overall, PD-L1 was expressed on a broad class of tumor and
stromal cells within TMEs from both responders and non-
responders, with MC4 having the highest average of PD-L1+
proportion (Supplementary Fig. 5a). However, none of their
relative abundances, i.e., the percentages of PD-L1T cells among
the corresponding cell subtypes, was associated with response.
Instead, significantly higher relative densities of PD-1T CD4* T
and CD8T T cells were observed in the IM of responders than
that of nonresponders (Supplementary Fig. 5b), which is con-
sistent with previous results that the fraction of exhausted cyto-
toxic T lymphocytes expressing high levels of CTLA-4 and PD-1
strongly correlates with response to anti-PD-1 in human
melanoma?®.

In addition to PD-1, we also observed increased relative
abundances of CD27" and TIM-3" cells among a broad class of
lymphocyte and myeloid subtypes in the IM of responders
(Supplementary Fig. 5¢, d). CD27 is typically upregulated in the
memory phenotypes of T cells upon exposure to stimulation3®. In
addition to their assumed roles in local immunity control,
memory CD8T T cells can further orchestrate the generation of
systemic antitumor immunity by triggering antigen spreading
through DC?’, and the presence of resident memory T cells is
associated with durable response to immunotherapy in metastatic
melanoma38. TIM-3 is a checkpoint receptor expressed on
immune cells from TME including interferon (IFN)-y-producing
T cells and other leukocytes as well including DC and natural
killer (NK) cells?®. Although elevated expression of TIM-3 within
TME was typically associated with T-cell exhaustion, a recent
study showed that lack of TIM-3 expression of T cells may
indicate a specific dysfunction status of T cells from ICB-
refractory TMEs despite a brisk T-cell infiltrate*?. In addition, a
preclinical study using a murine model of head and neck cancer
showed that the suppressive activity of TIM-3 can be reversed by
IFN-y secreted by CD8% T cells upon PD-1 blockade*!. These
observations, together with the results described earlier, suggest
the potential clinical utilization of predicting outcome to PD-1
based ICB therapy based on signatures of activated or previously
activated antigen-experienced lymphocytes in the IM of tumor.

Spatial analysis reveals heterogeneous cell-cell interactions in
melanoma TME. We performed regional correlation analysis to
investigate the potential spatial co-occurrence patterns of differ-
ent cells across all images. To avoid the potential nuisance effect
of the absolute abundance of each cell type on the co-occurrence
analysis, we wused permutation-test-based neighborhood
analysis?> to identify statistically significant interaction or
avoidance between pairs of cell types (“Methods,” Fig. 3a, b;
examples of cell-cell interactions and avoidance are shown in
Fig. 3c-g and Supplementary Fig. 6a, respectively). Notably,
subtypes of lymphocytes (CD4+ T, CD8' T, DPT, Treg, and B
cells) tended to form dense compartments with strong cognate
interactions, and their proportions were highly correlated across
images in responders (Fig. 3a, highlighted area I and Fig. 3¢, d). In
nonresponders, although the positive correlations between dif-
ferent lymphocyte subtypes were still maintained, co-locations of
these lymphocytes, particularly between CD4* T and other T-cell
subtypes, were observed in fewer ROIs (Fig. 3b, highlighted area I
and Supplementary Fig. 6b), indicative of a more diffused dis-
tribution of lymphocytes in these TMEs. We also observed highly
different interaction patterns of HLA-DRT and HLA-DR-
myeloid cells with lymphocytes. Strong cognate interaction
between the HLA-DRTCD11ct myeloid cells (MC4) and lym-
phocytes can be observed in responders (Fig. 3a, highlighted area
IT and Fig. 3e) and, to a lesser extent, in nonresponders as well
(Fig. 3b, highlighted area II and Supplementary Fig. 6b). In

contrast, significant interaction/avoidance between HLA-DR™
myeloid cells and lymphocytes were observed in a much smaller
number of ROIs (Fig. 3a, b, highlighted area III). Interestingly, in
nonresponders, HLA-DR™ myeloid cells showed avoidance to
most lymphocytes except for MC1 and MC2, which showed
interaction with CD8T T cells (Fig. 3b, highlighted area IV).
Significant proximate interaction between SMA™ stromal cells,
which are primarily vascular smooth muscle cells that surround
lymphatic vessels or blood vessels, and a broad class of immune
cells were observed in most ROIs from both responders and
nonresponders (Fig. 3a, b, highlighted area V and Fig. 3f, g),
indicative of the important role of lymphovascular structures in
maintaining the immune cell populations in TME.

Different TME archetypes based on multicellular composi-
tions. We investigated how to translate the composition of single
cells within TMEs into better stratification of melanoma to
identify patients for immunotherapy. Using unsupervised hier-
archical clustering on all the IMC images based the abundances of
cell phenotypes that significantly differ in the IM regions of
responders and nonresponders, we obtained six TME archetypes
that demonstrated distinct cell compositions, including three
immune hot TMEs characterized by strong infiltration of CD4T T
and B cells (H1), HLA-DR*TCD11c™ myeloid-derived cells (H2),
and CD8T T cells (H3), respectively, and three immune cold
TMEs with enrichment of CAIXt tumor cells (C1), HLA-DR
~CAIXT myeloid-derived cells (C2), and an archetype with no
significant enrichment of any cell type (C3), respectively (Fig. 4a;
HE and IMC images of example ROIs from each TME archetype
are shown in Fig. 4c). Signal pathway analysis with bulk RNA-seq
data from paired samples also identified shared and distinct
pathways of different TME archetypes (Fig. 4d and Supplemen-
tary Fig. 7). As expected, all immune hot TMEs showed multiple
elevated signaling pathways that are correlated with adaptive and
innate immune activation including IFN-a/y response, allograft
rejection, and complement pathway activities. H1 and H3 further
showed an unregulated inflammatory response and KRAS
upsignaling pathways, while H2 was uniquely enriched for hall-
marks of p53 pathway, and H3 uniquely enriched for hallmarks
of apoptosis, IL2-STAT5, and IL6-JAK-STAT3 pathways.
Immune cold TMEs were predominantly enriched for signaling
pathways typically associated with cancer progression or immune
evasion, such as epithelial-mesenchymal transition and KRAS
downsignaling.

We further performed community analysis?* to investigate if
single cells were organized differently in different TMEs. Using
Louvain community detection?® to identify communities of
multicellular units that were physically contacted with each
other, followed by unsupervised clustering based on their cellular
compositions using Phenograph, we obtained 19 common
communities across all images (“Methods” and Supplementary
Fig. 8a). Close examination on the community composition of
different TME archetypes showed that each archetype had its own
predominant multicellular communities (Supplementary Fig. 8b).
For the immune hot TMEs, H1 was dominated by Community 3
that constituted large networks of CD4T T cells, B cells, and
CD8* T cells (Supplementary Fig. 9a); while in H2, the dominant
community was Community 18 (Supplementary Fig. 9b) enriched
for myeloid cells, primarily the HLA-DRTCD11c* subtype MC4;
and the majority community in H3 is Community 11
(Supplementary Fig. 9c) comprised of CD8' T cells that
interacted with HLA-DRT myeloid cells MC5. These multi-
cellular communities were seldom found in immune cold TMEs.
Instead, cold TME Cl1 contained the highest percentage of
Community 6 (Supplementary Fig. 9d) that was characterized by
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Fig. 3 Spatial analysis among cell phenotypes. a, b Circles indicating patterns of cell-cell interactions (green) or avoidances (red) for responders (n =99
ROIs) (@) and nonresponders (n =59 ROIs) (b). The circle size showing the percentage of images with significant interaction or avoidance determined by
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—CD14+ myeloid cells, MC3: HLA-DR=CD11b" myeloid cells, MC4: HLA-DRPMCD14hCD16+CD11ctCD11b+ myeloid cells, MC5: HLA-DR
+CD14MCD16+CD11b+ myeloid cells, MC6: HLA-DRTCD14+ myeloid cells. ROls: regions of interest.

CAIX™T tumor cells in close contact with MC2 and Collagen™
stromal cells; and C2 was mostly dominated by Community 4
(Supplementary Fig. 9e) enriched for networks of Vimentin™
stromal cells and HLA-DR~VEGFT myeloid cells MC2. Finally,
cold TME C3 showed a highly diffused cell distribution without
any dominant communities.

We asked if the above classification of TMEs was associated
with clinical outcome to anti-PD-1. Overall, by dividing the
clustering results into hot and cold categories, this clustering
achieved a classification accuracy of 79.3% (46 out of 58
responder ROIs classified as immune hot) for responders and
95.1% (39 out of 41 nonresponder ROIs classified as immune
cold) for nonresponders on the ROI level (Fig. 4b). Analysis

further revealed that ROIs from a same patient were in most cases
highly homogeneous: most patients had ROIs from only one or
two archetypes of the same immune hot or cold category
(Fig. 4b). The exceptions included only two responders (79F and
63F) and one nonresponder (41F) who had ROIs from both
immune hot and cold clusters. If we used majority voting to
determine the TME archetype for each patient, all the 11 patients
that were classified as immune hot were responders, representing
an objective response rate (ORR) of 100%; and only 3 responders
were from the immune cold patients, representing an ORR of
23.07%. Kaplan-Meier analysis revealed better overall survival
(OS, P= 0.0093) and progression-free survival (PFS, P = 0.06) in
patients defined as immune hot (Fig. 4e).
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Interestingly, despite the recognized important role of CD8" T
infiltration to immunotherapy efficacy, only ROIs from H3 were
characterized with high CD8™ T infiltration, representing only 6
out of 14 responders from this cohort. Close examination on
different TMEs revealed highly different cell composition in the
vicinity of CD8% T cells (Fig. 4f and Supplementary Fig. 10). In

Distance to CD8 T cells (um)

COMMUNICATIONS MEDICINE | (2022)2:131] https://doi.org/10.1038/s43856-022-00197-2 | www.nature.com/commsmed

immune hot TMEs, the dominant cells surrounding CD8* T are
either CD4™1 T and B cells in H1 or HLA-DR™ myeloid cells MC4
in both H2 and H3, which is consistent with the recognized
immune-enhancing actions governed by these cells. On the
contrary, we observed elevated accumulation of the HLA-DR™
subtypes of myeloid cells MC2 in close contact with CD8 T cells
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Fig. 4 Identification of six distinct tumor microenvironment (TME) archetypes. a Heatmap showing scaled cell-type abundance from the invasive margin
regions of interest (ROIs). Six TME archetypes are clustered by the level of selected cell types (MC2, Tumor CAIXT, B, CD4T T, CD8* T, and MC4 cells).
b TME archetype patterns of each patient. If all ROIs from one patient are classified as having the same TME archetype, the patient is marked as the
corresponding color of TME archetype. Patients who have ROIs that contain heterogeneous TME archetypes are indicated with magenta. ¢ An example ROl
from each TME archetype with hematoxylin and eosin (HE)-stained image (top) and its corresponding imaging mass cytometry image (bottom) with cell
phenotyping (B, CD4* T, CD8% T, MC2, and MC4 cells). d Gene set enrichment analysis (GSEA) of genes upregulated expressed in patients with each
TME archetype (the number of patients with C1, C2, C3, H1, H2, and H3 TME archetype are 6, 2, 5, 3, 6, and 2, respectively). Significantly enriched gene
sets (adjusted P < 0.05, Benjamini-Hochberg method) from MSigDB HALLMARK collection are shown. There is no significant pathway enriched in samples
with C2 TME archetype based on the 0.05 threshold for adjusted P value. e Kaplan-Meier curves of overall survival (left) and progression-free survival
(right) for melanoma patients based on their TME archetypes (n =13 patients with immune cold TME, n =11 patients with immune hot TME). P values
calculated using log-rank test. f Histograms showing the nearest distance in pm between CD8 T cells and other immune cells. MC1: HLA-DR
—CD14+CD711ct myeloid cells, MC2: HLA-DR=CD14+ myeloid cells, MC3: HLA-DR~CD11bf" myeloid cells, MC4: HLA-DRMCD14hCD16+CD11ctCD11b+

myeloid cells, MC5: HLA-DR+CD14MCD16+CD11b* myeloid cells, MC6: HLA-DRTCD14+ myeloid cells.

in all three immune cold TME archetypes (Fig. 4f and
Supplementary Fig. 10), indicative of the potential role of these
cells in creating an IClI-resistant TME through suppressing
effector T-cells functionality.

Recently, the tertiary lymphoid structure (TLS) formed in
numerous tumor types is associated with improved clinical
outcome!3144243 T study if any of the above TME archetypes
were associated with TLS, we asked a professional pathologist to
identify TLS from the selected ROIs (“Methods”). In total, nine
ROIs were determined as containing TLS (Supplementary Fig. 2).
Among them, seven ROIs are from H1 TME (0.78, 95% CI:
0.40-0.97), two ROIs are from the H3 TME (0.22, 95% CI:
0.03-0.60), while none of these TLS was from immune cold ROIs
(Fig. 4a). In addition, 46.7% of ROIs from H1 TME contain TLS.
These results suggested that the immune hot TME archetypes
identified in this study, in particular H1, were strongly associated
with TLS.

Gene signature derived from distinct TME archetypes predicts
anti-PD-1 therapy response. Recently, numerous gene expres-
sion signatures3334444> have been developed to study the cellular
composition of TMEs based on bulk RNA-seq data when single-
cell information is not available. Here, we investigated the con-
sistency between our single-cell analysis results from IMC data
and the results from these signatures using RNA-seq data gen-
erated from adjacent serial sections from the same samples in the
PUCH cohort?0. We performed correlation analysis between 29
curated functional gene expression signatures (Fges)3* and the
cell-type abundances estimated by averaging over all IMC ROIs
for each sample (Supplementary Fig. 11a). Interestingly, we found
an over-representation of CD8% T-cells abundance in existing
signatures despite that many of them have a putative target other
than CD8' T cells. Among the 29 Fges, the Macrophage Fges
shows the highest correlation with CD8T T-cells abundance in
the paired sample, followed by Effector cell and T-cell Fges. Other
than CD8* T cells, DPT abundance showed the strongest asso-
ciation with the Effector cell Fges, while Treg abundance showed
the strongest association with the macrophage-associated Fges.
Unfortunately, other than these three cell types, we did not find a
strong association between the abundance of other cells and Fges.
For example, no surrogate Fges for the abundances of myeloid
subtypes were identified, while some myeloid cells (e.g., MC4),
are strongly associated with clinical outcome to ICI in this study.
Similar observations can be made when we compared the cell-
type proportions estimated from IMC and those estimated by
deconvolution methods from bulk RNA-seq data including MCP-
counter2, which derives cell-type abundance based on mean
expression of canonical cell-type markers, and CIBERSORTx3,
of which cell-type abundance is estimated using support vector
regression on the basis of gene expression signatures of target cell

types (Supplementary Figs. 11b, c). These findings suggested that
existing RNA signature- and deconvolution-based methods for
analyzing cellular compositions of TME could, at best, only
capture the average cellular compositions of the whole tissue slide
rather than their localized accumulations within TMEs due to the
spatial heterogeneity of tummor tissues, while the latter are
generally more essential for immunotherapy response prediction.

We further asked if it is possible to derive a global RNA-seq
signature that could directly differentiate patients of different
TMEs for immunotherapy outcome prediction without using
cellular compositions as surrogates. To this end, we divided
PUCH patients into immune hot and cold groups based on
majority voting on their respective TMEs, and identified
20 significantly upregulated immune-related genes and 4 signifi-
cantly downregulated immune-related genes in the immune hot
group (Fig. 5a, b), where immune-related genes were defined as
genes from the 770 curated cancer immune-related genes by
Nanostring’s 10 360 panel (“Methods”). We then calculated a
response score as the ratio of mean expressions of 20 upregulated
genes and 4 downregulated genes to measure the antitumor
immunity level for predicting anti-PD-1 outcome.

To validate the performance of this signature, we analyzed
RNA-seq data from the PUCH cohort?¢ and three independent
external datasets from melanoma patients treated with anti-PD-1
(Riaz17?%%, Gidel939, Liul93!, Supplementary Table 5). The
receiver operating characteristic (ROC) curve generated with
clinical response data showed that the response score achieved an
AUC of 0.83 (95% CI: 0.67-0.96) on PUCH, 0.75 (95% CI:
0.54-0.91) on Riazl7, 0.74 (95% CI: 0.59-0.89) on Gidel9, and
0.65 (95% CI: 0.49-0.8) on Liul9, respectively (Fig. 5c). In
addition, higher response scores were also associated with
improved OS in the four datasets (Fig. 5d). Collectively, the
above data demonstrated the potential value of using the response
score derived from differentially expressed immune-related genes
from patients of distinct TMEs as a biomarker for anti-PD-1 ICI
treatments.

Discussion

Our multidimensional interrogation of baseline melanoma tissue
samples before anti-PD-1 treatment provided a systematic land-
scape of immune microenvironments of melanoma patients with
different response to immunotherapy. Importantly, our results
revealed highly heterogeneous TMEs from responders to immu-
notherapy, and only a subset of these TMEs have high CD8%
T-cells infiltration prior to immunotherapy, suggesting that anti-
PD-1 therapy may have a much broader spectrum of mechanisms
of action than only rejuvenating cytotoxic T cells that already
reside in the TME. Indeed, rather than focusing on the specific
state of a single-cell type, a comprehensive recognition on the
contributions from all cell types relevant to effective anti-PD-1
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Fig. 5 Prognostic impact of gene signature derived from tumor microenvironment (TME) archetypes. a VVolcano plot showing the upregulated genes
(red) and downregulated genes (blue) in patients with immune hot TME. b Heatmap depicting the expression of 24 differential expression genes (DEGs,
20 upregulated genes, 4 downregulated genes) from PUCH patients classified as immune cold and immune hot groups. For panels (a) and (b), n =13 for
the immune cold group and n =11 for the immune hot group. ¢ The receiver operating characteristic (ROC) curve of sensitivity versus 1—specificity of the
prediction performance of prognostic score calculated by the 24 DEGs for PUCH dataset (discovery cohort, nonresponsders NR = 35, responders R = 14)26
and other three public datasets (i.e., Riaz172° (NR = 25, R = 10), Gide1930 (NR = 20, R = 23), Liu193" (NR = 20, R = 28)). Patients with stable disease (SD)
were not included. AUC area under curve. d Kaplan-Meier curves of overall survival in melanoma patients with high versus low prognostic score calculated
by the 24 DEGs for PUCH dataset (n = 55)26 and other three public datasets (i.e., Riaz172° (n = 51), Gide193° (n=50), Liu193! (n = 54)). P values
calculated using the log-rank test. PUCH Peking University Cancer Hospital and Institute.

activity would be required for developing successful biomarkers
in immunotherapy. For example, it is now well recognized that
helper CD4™" T cells play a pivotal role in generating effective
immune responses*®*’ and CD4t T-cell responses are required
for optimal priming of antigen-restricted CD8% T cells and their
maturation®d. Although PD-1 is thought to predominantly
restrain CD87T effector T cells, recent studies show that its’
downstream effects further include activation of CD4™ T cells
through targeting its costimulatory receptor CD28 by PD-1-
recruited SHP2 phosphatase®>0. Moreover, recent studies
demonstrate that pre-existing T cells in TME have limited rein-
vigoration capacity®!, and T-cell responses to ICB are mainly

derived from newly primed T-cell clones from extrinsic reposi-
tories such as tumor-draining lymph nodes (TDLN)>2, for which
T-cell priming through APCs that acquire tumor antigen and
migrate to the TDLN would be required>>>4. For these reasons, as
observed in the present study, enrichment of CD41 T-cell and/or
myeloid-derived APCs within TME could be a strong indicator to
potential positive outcome to ICI in parallel to CD81 T-cells
infiltration.

Tumors have been previously classified into immune hot with
strong immune cell infiltrates or cold with sparse infiltration, and
these pre-existing immune states are related to their potential
responses to immunotherapy®®. Our results supported this
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notion. Furthermore, empowered by multiplex single-cell image
analysis, we were able to identify multiple immune archetypes
from both immune hot and cold TMEs. Each archetype is made
up with a unique cellular community composition and char-
acterized by distinct dominant immune pathways, indicating that
the previous TMEs delineations are incomplete to reveal the
nuance of TMEs shaped by different tumor progression and
immune evasion mechanisms. It is thus conceivable that such
subdivision would enable us to further investigate the mechan-
isms behind different TME archetypes, from which better indi-
vidualized therapeutic strategies based on archetypal assignments
may be derived.

Although myeloid-derived cells are considered to associate
with immune suppression within TME, it is now recognized that
distinct myeloid cell subpopulations in the TME play different
roles”®°7. Consistent with this notion, our results revealed two
highly distinct archetypes of TMEs enriched for different myeloid
cells. The first archetype (H2), of which the TMEs were all from
responders, showed enrichment of HLA-DR' myeloid cells,
primarily the CDl1lct subtype MC4, but low pre-treatment
lymphocytes infiltration, suggesting a potential seminal role
played by this group of myeloid cells in mediating an inflam-
matory microenvironment towards positive outcome from anti-
PD-1 treatment. The second archetype (C2), which was asso-
ciated with poor clinical outcome to ICI, showed elevated accu-
mulation of subtypes of highly exhausted myeloid cells with low
HLA-DR expression and elevated VEGF and CAIX expressions
(MC2), confirming their roles in immune suppression. Hence, in
developing combination therapy that targets both T-cell rejuve-
nation and macrophage depletion8, e.g., through CSFIR
inhibitors®® combining with ICB therapy, it may be necessary to
identify the right target patients based on the composition of their
myeloid infiltration as these inhibitors may lack the specificity to
differentiate between protumor and antitumor myeloid cell sub-
sets. In addition, repolarizing myeloid cells within TME to sustain
or restore their tumoricidal activities through engaging pathogen
recognition receptors (PRRs)® or agonistic anti-CD40 antibody®!
could be a promising combination therapeutic strategy to
improve clinical response to ICI treatments for patients with this
archetype of cold TME.

Other than TMEs enriched with exhausted myeloid cells, our
results indicated the existence of another distinct immune cold
TME archetype derived primarily from nonresponders (Cl).
TMEs of this archetype did not show strong infiltration of
myeloid cells but were characterized with enrichment of tumor
cells with high expression of hypoxia signaling molecule CAIX.
The hypoxic condition of tumor regions is typically arisen from
increased oxygen consumption by rapidly proliferating tumor
cells in combination with inadequate oxygen supply due to
abnormal tumor angiogenesis®2. Hypoxia-driven mechanisms
allow tumor cells to continue to survive and proliferate in the
hypoxic TME, while creating an inhospitable environment for
immune cells through promoting apoptosis of T lymphocytes®3
and DCs®, preventing effector T-cells activation® and their
homing to the TME®3, and promoting immune-suppressive
stromal cells differentiation®, leading to tumor resistance to
immunotherapy. Therefore, hypoxia may be exploited as a
potential biomarker to identify this type of nonresponders, for
whom strategies that combine methods to overcome hypoxia in
cancer, including hypxia-activated prodrugs (HAPs)®”, inhibition
of HIF signaling or its downstream pathways®8, or supplemental
oxygenation®®%? with immunotherapy may be explored.

The limitations of this study include the small size of the
cohort and retrospective design. Nevertheless, our analysis has
revealed highly heterogeneous multicellular features and their
spatial interaction within a histological context of tumor TME,

and confirmed that many of these features are associated with the
clinical benefit of immunotherapy. Our results thus provide the
basis for future studies on multicellular structures based on
spatially resolved single-cell data for an in-depth characterization
of the tumor microenvironment, from which better methods to
identify the right patients for different immunotherapy strategies
can be derived. Moreover, our results further indicate that such
knowledge is highly translatable, and can be exploited in multiple
applications ranging from guiding the design of traditional bulk
molecular tests for better patient segregation results despite their
limitations in both spatial and single-cell resolutions, or identi-
fication of targets for the development of novel therapies.

Data availability

Raw IMC images and processed data, including source data for the figures, are deposited
in Zenodo with the identifier https://doi.org/10.5281/zenodo.68381697°. Previously
published melanoma RNA-seq datasets reanalyzed here are referenced to and available
accordingly (PUCH (n = 55)26, Riaz17 (n = 51)?°, Gidel9 (n = 50)3, Liul9 (n = 54)31).
All other data are available from the corresponding author on reasonable request.

Code availability
Analysis codes required to reproduce the results are available in Zenodo with the
identifier https://doi.org/10.5281/zenodo.683816970.

Received: 14 February 2022; Accepted: 30 September 2022;
Published online: 21 October 2022

References

1. Hodi, F. S. et al. Improved survival with ipilimumab in patients with
metastatic melanoma. New Engl. J. Med. 363, 711-723 (2010).

2. Schachter, J. et al. Pembrolizumab versus ipilimumab for advanced melanoma:
final overall survival results of a multicentre, randomised, open-label phase
3 study (KEYNOTE-006). Lancet 390, 1853-1862 (2017).

3. Robert, C. et al. Pembrolizumab versus ipilimumab in advanced melanoma.
New Engl. ]. Med. 372, 2521-2532 (2015).

4. Robert, C. et al. Pembrolizumab versus ipilimumab in advanced melanoma
(KEYNOTE-006): post-hoc 5-year results from an open-label, multicentre,
randomised, controlled, phase 3 study. Lancet Oncol. 20, 1239-1251 (2019).

5. Havel, J. J., Chowell, D. & Chan, T. A. The evolving landscape of biomarkers
for checkpoint inhibitor immunotherapy. Nat. Rev. Cancer 19, 133-150
(2019).

6. Twitty, C. G., Huppert, L. A. & Daud, A. I. Prognostic biomarkers for
melanoma immunotherapy. Curr. Oncol. Rep. 22, 1-9 (2020).

7. Farhood, B., Najafi, M. & Mortezaee, K. CD8+ cytotoxic T lymphocytes in
cancer immunotherapy: a review. J. Cell. Physiol. 234, 8509-8521 (2019).

8. Raskov, H., Orhan, A, Christensen, J. P. & Gogenur, I. Cytotoxic CD8+
T cells in cancer and cancer immunotherapy. Br. . Cancer 124, 359-367
(2021).

9. Borst, J., Ahrends, T., Babala, N., Melief, C. J. & Kastenmiiller, W. CD4+ T
cell help in cancer immunology and immunotherapy. Nat. Rev. Immunol. 18,
635-647 (2018).

10. Richardson, J. R., Schollhorn, A., Gouttefangeas, C. & Schuhmacher, J. CD4+
T cells: multitasking cells in the duty of cancer immunotherapy. Cancers 13,
596 (2021).

11. Sabado, R. L., Balan, S. & Bhardwaj, N. Dendritic cell-based immunotherapy.
Cell Res. 27, 74-95 (2017).

12. Liu, L. et al. Rejuvenation of tumour-specific T cells through bispecific
antibodies targeting pd-11 on dendritic cells. Nat. Biomed. Eng. 5, 1261-1273
(2021).

13. Helmink, B. A. et al. B cells and tertiary lymphoid structures promote
immunotherapy response. Nature 577, 549-555 (2020).

14. Petitprez, F. et al. B cells are associated with survival and immunotherapy
response in sarcoma. Nature 577, 556-560 (2020).

15. Sun, X. et al. Tumour ddrl promotes collagen fibre alignment to instigate
immune exclusion. Nature 599, 673-678 (2021).

16. Schwartz, L. H. et al. RECIST 1.1—update and clarification: from the RECIST
committee. Eur. J. Cancer 62, 132-137 (2016).

17. Xiao, X. et al. Dice-XMBD: deep learning-based cell segmentation for imaging
mass cytometry. Front. Genet. 12, 1532 (2021).

12 COMMUNICATIONS MEDICINE | (2022)2:131] https://doi.org/10.1038/s43856-022-00197-2 | www.nature.com/commsmed


https://doi.org/10.5281/zenodo.6838169
https://doi.org/10.5281/zenodo.6838169
www.nature.com/commsmed

COMMUNICATIONS MEDICINE | https://doi.org/10.1038/s43856-022-00197-2

ARTICLE

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Xiao, X. et al. IMCellXMED: 3 statistical approach for robust cell identification
and quantification from imaging mass cytometry images. Preprint at https://
www.biorxiv.org/content/10.1101/2021.09.27.461899v1.full (2021).

Liu, X. et al. A comparison framework and guideline of clustering methods for
mass cytometry data. Genome Biol. 20, 1-18 (2019).

Ali, H. R. et al. Imaging mass cytometry and multiplatform genomics define
the phenogenomic landscape of breast cancer. Nat. Cancer 1, 163-175
(2020).

Gassen, S. V., Callebaut, B., Helden, M., Lambrecht, B. N. & Saeys, Y.
FlowSOM: using self-organizing maps for visualization and interpretation of
cytometry data. Cytometry Part A 87, 636-645 (2015).

Levine, J. H. et al. Data-driven phenotypic dissection of AML reveals
progenitor-like cells that correlate with prognosis. Cell 162, 184-197 (2015).
Schapiro, D. et al. histoCAT: analysis of cell phenotypes and interactions in
multiplex image cytometry data. Nat. Methods 14, 873 (2017).

Jackson, H. W. et al. The single-cell pathology landscape of breast cancer.
Nature 578, 615-620 (2020).

Blondel, V. D., Guillaume, J.-L., Lambiotte, R. & Lefebvre, E. Fast unfolding of
communities in large networks. J. Stat. Mechan. Theory Exp. 2008, P10008
(2008).

Cui, C. et al. Ratio of the interferon-y signature to the immunosuppression
signature predicts anti-PD-1 therapy response in melanoma. npj Genomic
Med. 6, 1-12 (2021).

Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29,
15-21 (2013).

Li, B. & Dewey, C. N. Rsem: accurate transcript quantification from RNA-
seq data with or without a reference genome. BMC Bioinfor. 12, 1-16
(2011).

Riaz, N. et al. Tumor and microenvironment evolution during
immunotherapy with nivolumab. Cell 171, 934-949 (2017).

Gide, T. N. et al. Distinct immune cell populations define response to anti-PD-
1 monotherapy and anti-PD-1/anti-CTLA-4 combined therapy. Cancer Cell
35, 238-255 (2019).

Liu, D. et al. Integrative molecular and clinical modeling of clinical outcomes
to PD1 blockade in patients with metastatic melanoma. Nat. Med. 25,
1916-1927 (2019).

Becht, E. et al. Estimating the population abundance of tissue-infiltrating
immune and stromal cell populations using gene expression. Genome Biol. 17,
218 (2016).

Newman, A. M. et al. Determining cell type abundance and expression from
bulk tissues with digital cytometry. Nat. Biotechnol. 37, 773-782 (2019).
Bagaev, A. et al. Conserved pan-cancer microenvironment subtypes predict
response to immunotherapy. Cancer Cell 39, 845-865 (2021).

Daud, A. I et al. Tumor immune profiling predicts response to anti-PD-1
therapy in human melanoma. J. Clin. Investig. 126, 3447-3452 (2016).
Hendriks, J. et al. CD27 is required for generation and long-term maintenance
of T cell immunity. Nat. Immunol. 1, 433-440 (2000).

Menares, E. et al. Tissue-resident memory CD8+ T cells amplify anti-tumor
immunity by triggering antigen spreading through dendritic cells. Nat.
Commun. 10, 1-12 (2019).

Han, J. et al. Resident and circulating memory T cells persist for years in
melanoma patients with durable responses to immunotherapy. Nat. Cancer 2,
300-311 (2021).

Wolf, Y., Anderson, A. C. & Kuchroo, V. K. TIM3 comes of age as an
inhibitory receptor. Nat. Rev. Immunol. 20, 173-185 (2020).

Horton, B. L. et al. Lack of CD8+ T cell effector differentiation during
priming mediates checkpoint blockade resistance in non-small cell lung
cancer. Sci. Immunol. 6, eabi8800 (2021).

Liu, Z. et al. Novel effector phenotype of Tim-3+ regulatory T cells leads to
enhanced suppressive function in head and neck cancer patients. Clin. Cancer
Res. 24, 4529-4538 (2018).

Schumacher, T. N. & Thommen, D. S. Tertiary lymphoid structures in cancer.
Science 375, eabf9419 (2022).

Cabrita, R. et al. Tertiary lymphoid structures improve immunotherapy and
survival in melanoma. Nature 577, 561-565 (2020).

Lin, Y. et al. DAISM-DNNXMED: highly accurate cell type proportion
estimation with in silico data augmentation and deep neural networks.
Patterns 3, 100440 (2022).

Aran, D., Hu, Z. & Butte, A. J. xCell: digitally portraying the tissue cellular
heterogeneity landscape. Genome Biol. 18, 220 (2017).

Zhu, Z. et al. CD4+ T cell help selectively enhances high-avidity tumor
antigen-specific CD8+ T cells. J. Immunol. 195, 3482-3489 (2015).

Bevan, M. J. Helping the CD8+ T-cell response. Nat. Rev. Immunol. 4,
595-602 (2004).

Alspach, E. et al. MHC-II neoantigens shape tumour immunity and response
to immunotherapy. Nature 574, 696-701 (2019).

Hui, E. et al. T cell costimulatory receptor CD28 is a primary target for PD-1-
mediated inhibition. Science 355, 1428-1433 (2017).

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Patsoukis, N., Wang, Q., Strauss, L. & Boussiotis, V. A. Revisiting the PD-1
pathway. Sci. Adv. 6, eabd2712 (2020).

Yost, K. E. et al. Clonal replacement of tumor-specific T cells following PD-1
blockade. Nat. Med. 25, 1251-1259 (2019).

Dammeijer, F. et al. The PD-1/PD-L1-checkpoint restrains T cell immunity in
tumor-draining lymph nodes. Cancer Cell 38, 685-700 (2020).

Topalian, S. L., Taube, J. M. & Pardoll, D. M. Neoadjuvant checkpoint
blockade for cancer immunotherapy. Science 367, eaax0182 (2020).

Oh, S. A. et al. PD-L1 expression by dendritic cells is a key regulator of T-cell
immunity in cancer. Nat. Cancer 1, 681-691 (2020).

Morad, G., Helmink, B. A., Sharma, P. & Wargo, J. A. Hallmarks of response,
resistance, and toxicity to immune checkpoint blockade. Cell 184, 5309-5337
(2021).

DeNardo, D. G. & Ruffell, B. Macrophages as regulators of tumour immunity
and immunotherapy. Nat. Rev. Immunol. 19, 369-382 (2019).

Neophytou, C. M. et al. The role of tumor-associated myeloid cells in
modulating cancer therapy. Front. Oncol. 10, 899 (2020).

Mantovani, A., Marchesi, F., Malesci, A., Laghi, L. & Allavena, P. Tumour-
associated macrophages as treatment targets in oncology. Nat. Rev. Clin.
Oncol. 14, 399 (2017).

Cannarile, M. A. et al. Colony-stimulating factor 1 receptor (CSFIR)
inhibitors in cancer therapy. J. Immunother. Cancer 5, 1-13 (2017).

Rodell, C. B. et al. TLR7/8-agonist-loaded nanoparticles promote the
polarization of tumour-associated macrophages to enhance cancer
immunotherapy. Nat. Biomed. Eng. 2, 578-588 (2018).

Schetters, S. T. et al. Monocyte-derived APCs are central to the response of
PD1 checkpoint blockade and provide a therapeutic target for combination
therapy. J. Immunother. Cancer 8, e000588 (2020).

Noman, M. Z. et al. Improving cancer immunotherapy by targeting the
hypoxic tumor microenvironment: new opportunities and challenges. Cells 8,
1083 (2019).

Mpekris, F. et al. Combining microenvironment normalization strategies to
improve cancer immunotherapy. Proc. Natl Acad. Sci. USA 117, 3728-3737
(2020).

Daniel, S., Sullivan, K., Labadie, K. & Pillarisetty, V. Hypoxia as a barrier to
immunotherapy in pancreatic adenocarcinoma. Clin. Transl. Med. 8, 1-17
(2019).

Damgaci, S. et al. Hypoxia and acidosis: immune suppressors and therapeutic
targets. Immunology 154, 354-362 (2018).

Abou Khouzam, R. et al. Integrating tumor hypoxic stress in novel and more
adaptable strategies for cancer immunotherapy. Semin. Cancer Biol. 65,
140-154 (2020).

Hunter, F. W., Wouters, B. G. & Wilson, W. R. Hypoxia-activated prodrugs:
paths forward in the era of personalised medicine. Br. J. Cancer 114,
1071-1077 (2016).

Bhattarai, D., Xu, X. & Lee, K. Hypoxia-inducible factor-1 (HIF-1) inhibitors
from the last decade (2007 to 2016): a "structure-activity relationship”
perspective. Med. Res. Rev. 38, 1404-1442 (2018).

Hatfield, S. M. et al. Immunological mechanisms of the antitumor effects of
supplemental oxygenation. Sci. Transl. Med. 7, 277ra30 (2015).

Xu, X. et al. Data and code to accompany with the article "Multiplexed
imaging mass cytometry reveals distinct tumor-immune microenvironments
linked to immunotherapy responses in melanoma". Zenodo https://doi.org/10.
5281/zenodo.6838169 (2022).

Acknowledgements

This work was supported by the Natural Science Foundation of China (81972557),
National Key R&D Program of China (2019YFA0904400), Beijing Natural Science
Foundation (7202022), Beijing Municipal Science and Technology Commission
(Z2191100006619006), and the Fundamental Research Funds for the Chinese Central
Universities (20720190101 to Q. Li).

Author contributions

W.Y,, Y.K, and R.Y. supervised the research and designed the methodology. X.X., Q.G.,
C.C, Y.L, and M.W. performed image quantification, analyzed data and generated fig-
ures. L.Z and X.X. performed all IMC experiments. X.D. provided confirmatory
pathology analyses. Y.K., Q.G., and C.C. provided patient samples and clinical input of
the study. The manuscript draft was done by X.X. and revised by W.Y,, RY.,, Y.K,, and
Q.L. All authors have further assisted in reviewing the manuscript.

Competing interests
W.Y. and R.Y. are shareholders of Aginome Scientific. The remaining authors declare no
competing interests.

COMMUNICATIONS MEDICINE | (2022)2:131] https://doi.org/10.1038/s43856-022-00197-2 | www.nature.com/commsmed 13


https://www.biorxiv.org/content/10.1101/2021.09.27.461899v1.full
https://www.biorxiv.org/content/10.1101/2021.09.27.461899v1.full
https://doi.org/10.5281/zenodo.6838169
https://doi.org/10.5281/zenodo.6838169
www.nature.com/commsmed
www.nature.com/commsmed

ARTICLE

COMMUNICATIONS MEDICINE | https://doi.org/10.1038/s43856-022-00197-2

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s43856-022-00197-2.

Correspondence and requests for materials should be addressed to Wenxian Yang, Yan
Kong or Rongshan Yu.

Peer review information Communications Medicine thanks the anonymous reviewers
for their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
32

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

14 COMMUNICATIONS MEDICINE| (2022)2:131| https://doi.org/10.1038/s43856-022-00197-2 | www.nature.com/commsmed


https://doi.org/10.1038/s43856-022-00197-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsmed

	Multiplexed imaging mass cytometry reveals distinct tumor-immune microenvironments linked to immunotherapy responses in melanoma
	Methods
	Ethics statement
	Patient material
	Antibody conjugation and validation
	Preparation and staining
	Imaging mass cytometry
	IMC image processing, single-cell segmentation, and quantification
	Cell clustering analysis
	Spatial analysis
	Measurement of intrapatient heterogeneity
	Identification of TME archetypes
	Whole-transcriptome RNA sequencing and external public datasets
	Identification of DEGs, pathway analysis, and prognostic score calculation
	Deconvolution and ssGSEA score of 29 gene signatures from bulk RNA-seq data
	Response prediction and survival analysis
	Statistics and reproducibility
	Reporting summary

	Results
	Global characteristics of cell compositions in melanoma TME
	Cell phenotype proportions differentiate TMEs of responders and nonresponders
	Characteristics of immune checkpoint expressions in TME
	Spatial analysis reveals heterogeneous cell&#x02013;nobreakcell interactions in melanoma TME
	Different TME archetypes based on multicellular compositions
	Gene signature derived from distinct TME archetypes predicts anti-PD-1 therapy response

	Discussion
	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


