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Abstract

Aims: Different types of tumor-infiltrating immune cells not only augment but also
dampen antitumor immunity in the microenvironment of melanoma. Therefore, it is
critical to provide an overview of tumor-infiltrating immune cells in melanoma and
explore a novel strategy for immunotherapies.

Methods: We analyzed the immune states of different stages in melanoma patients
by the immune, stromal, and estimation of stromal and immune cells in malignant
tumor tissues using expression data (ESTIMATE) scores. Immune cell types were
identified by the estimating relative subsets of RNA transcripts (CIBERSORTX) al-
gorithm in 471 melanoma and 324 healthy tissues. Moreover, we performed a gene
set variation analysis (GSVA) to determine the differentially regulated pathways in
the tumor microenvironment.

Results: In melanoma cohorts, we found that ESTIMATE and immune scores were
involved in survival or tumor clinical stage. Among the 22 immune cells, CD8* T
cells, M2 macrophages, and regulatory T cells (Tregs) showed significant differences
using the CIBERSORTX algorithm. Furthermore, GSVA identified the immune cell-
related pathways; the primary immunodeficiency pathway, intestinal immune net-
work for IgA, and TGF-p pathways were identified as participants of the crosstalk
in CD8" T cells, Tregs, and M2 macrophages in the melanoma microenvironment.
Conclusion: These results reveal the cellular and molecular characteristics of im-
mune cells in melanoma, providing a method for selecting targets of immunothera-

pies and promoting the efficacy of therapies for the treatment of melanoma.
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1 | INTRODUCTION

Melanoma is relatively common worldwide and a life-threat-
ening form of skin cancer.' The most effective therapy to
treat melanoma is surgical resection.” With the advances in
immunology, immunotherapy has shown excellent outcomes
in various diseases, especially melanoma.’ However, patient
responses to nivolumab therapy have been reported to range
from 10% to 20%.* In most melanoma patients, clinical sur-
vival is reduced due to the metastases of advanced tumors.’
Therefore, it is crucial to understand the cellular and molecu-
lar characteristics of immune cells in melanoma and explore
novel intervention targets as potential therapies, which might
improve the efficacy of immunotherapy.

The tumor microenvironment (TME) consists of tumor
cells, stromal tissues, vessels, and infiltrating cells, includ-
ing T cells, B cells, and macrophages.6‘7 Different types of
tumor-infiltrating immune cells have been reported to not
only augment but also dampen antitumor immunity in the
melanoma microenvironment.®® For example, CD8* T cells,
dendritic cells (DCs), and natural killer (NK) cells play es-
sential roles in active immunity for antitumor therapies.lo'12
Regulator T cells (Tregs) and tumor-associated macrophages
(TAMs) indicate immune suppression, which promotes tum-
origeneis.'!* The use of traditional immunohistochemistry
and flow cytometry for assessing tumor composition are lim-
ited due to their low throughput. Thus, a comprehensive eval-
uation of the tumor-infiltrating immune cells in melanoma is
crucial.

With the progress of high-throughput sequencing tech-
nologies, bioinformatics techniques have been used to as-
sess the composition of cells in different types of cancer."
The estimation of stromal and immune cells in malignant
tumor tissues using expression data (ESTIMATE) algorithm
can predict immune states by calculating the immune and
matrix scores of tumor tissues.'® Moreover, cell-type iden-
tification by estimating relative subsets of RNA transcripts
(CIBERSORT) can estimate the fraction of 22 different im-
mune cells in tumor tissues based on the immune gene ex-
pression characteristics via bulk transcriptome profiles, and
the CIBERSORTYX, its extended version, was introduced in
2019 with a more accurate assessment via single-cell experi-
ments.'” These two deconvolution al gorithms can provide an
overview of the characteristics and mechanisms of tumor-in-
filtrating immune cells in melanoma.

Immune cells exhibit different immune responses by di-
rect and indirect cell-cell contact mechanisms.'® In the B16
murine melanoma model, effector CD8" T cells and activated
NK cells cooperated and improved an immunotherapeutic re-
sponse after treatment with interleukin-2 (IL-2) and cytotoxic
T-lymphocyte-associated protein-4 (CTLA-4) blockade.
Moreover, the depletion of M2 macrophages increased the
surveillance of CD8" T cells and promoted immunotherapy
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efficacy.19 However, the molecular mechanisms of the infil-
trating immune cells and their correlations with clinical out-
comes in TME have not been reported.

Here, we investigated the clinical survival of melanoma
patients and the immune state of the melanoma tumor mi-
croenvironment using ESTIMATE algorithm analysis. We
performed comprehensive subpopulations of tumor-infil-
trating immune cells and identified altered immune cells in
two expression datasets using CIBERSORTx. Moreover, we
used gene set variation analysis (GSVA) to explore the sig-
naling pathways of immune cells in melanoma. Furthermore,
we analyzed and selected immune cells and related pathways
based on a multivariable logistic regression model, provid-
ing a novel strategy for filtering the crosstalk between cells.
These results revealed the cellular and molecular characteris-
tics of immune cells in melanoma and provide a method for
selecting targets for immunotherapies, which may be crucial
in improving the efficacies of therapies for the treatment of
melanoma.

2 | MATERIALS AND METHODS

2.1 | Transcriptional expression profiles

The transcriptional data and corresponding clinicopathologi-
cal and survival data from melanoma patients were down-
loaded from The Cancer Genome Atlas (TCGA) (https:/
cancergenome.nih.gov/). The dataset of normal skin with
exposure to sunlight was collected from the Genotype-
Tissue Expression (GTEx) V7 release version (https://gtexp
ortal.org/home/datasets) and TCGA and merged as a cohort.
Complete information on healthy donors, including ages and
genders, are described in the GTEx official annotation. The
datasets contain 471 melanoma samples from melanoma pa-
tients and 324 skin samples from healthy donors. We then
merged the data and removed the batch effect between GTEx
and TCGA data using the function “Combat” in R package
“gva”. 2021 A principal component analysis (PCA) was per-
formed and visualized before and after batch effect removal
to ensure that the analysis was successful.

2.2 | Immune and stromal scores

Immune scores, stromal scores, and tumor purity were cal-
culated using the ESTIMATE algorithm.”> The clinico-
pathological parameters of melanoma patients, including the
American Joint Committee on Cancer (AJCC) stages in 471
patients with skin cutaneous melanoma (SKCM) from TCGA
(TCGA-SKCM), were analyzed according to the immune,
stromal, and ESTIMATE scores. The patients were divided
into two groups according to the median values of immune,


https://cancergenome.nih.gov/
https://cancergenome.nih.gov/
https://gtexportal.org/home/datasets
https://gtexportal.org/home/datasets

HUANG ET AL.

8446 .
—I—Wl EY—Cancer Medicine _

stromal, and ESTIMATE scores. Survival rates were ana-
lyzed in a high and low group of different immune, stromal,
and ESTIMATE scores.

2.3 | Tumor-infiltrating immune cells

The CIBERSORTX algorithm was used to calculate and ana-
lyze the tumor-infiltrating immune cells involved in mela-
noma and healthy donors. Twenty-two immune cell subtypes
were obtained and parsed from the annotated gene signature
matrix LM22 and 100 permutations of the CIBERSORTx
web portal (http://cibersortx.stanford.edu/). The 22 immune
cells included T cells, B cells, NK cells, macrophages, den-
dritic cells, mast cells, eosinophils, and neutrophils. All sam-
ples were counted and analyzed using the CIBERSORTx
P-value and root mean square error (RMSE). Only cases with
P < .05 were filtered and selected for the subsequent analy-
sis. Immune cell fractions from TCGA and GTEx were fil-
tered and analyzed using the CIBERSORTx algorithm. The
Wilcoxon test was used to examine the differences between
the immune cell fractions from melanoma and healthy con-
trol samples.

2.4 | Correlation of tumor-infiltrating
immune cells in melanoma tissues

Immune cell files from TCGA-SKCM were selected for clin-
ical analysis. The data on filtered immune cells were merged
with the survival rate, and a correlation curve was drawn for
the pathophysiology of melanoma. Correlations among puri-
fied immune cells were also evaluated and implied.

2.5 | Immunofluorescence analysis of
immune cells

To confirm the results of genomic analysis, we performed
immunofluorescence (IF) staining. The expression levels of
immune cells in both melanoma and healthy tissues were
recorded and analyzed. Slides with 5-mm sections were ob-
tained from samples, fixed with paraformaldehyde, and em-
bedded in paraffin. Antigen retrieval was performed using
a heated antigen unmasking solution. The primary antigens
were incubated overnight at 4°C after 1 hour serum blocking,
and secondary antibodies (Alexa Fluor 555 (Cell Signaling
Technology, USA)) were incubated for 1 hour at room tem-
perature. The antibodies used in these experiments were CDS,
CD206, CD68, and Foxp3. DNA was stained with ProLongTM
gold antifade mountant with DAPI (ThermoFisher, USA) for
5 minutes in the dark. Images were determined using a Leica
fluorescence microscope (Leica Microsystems, Germany).

2.6 | Immune-related pathway analysis of
TCGA cohorts

We performed GSVA to reveal the underlying changes in
signaling mechanisms using R package.23 The differentially
expressed KEGG pathways were identified from the data of
melanoma and healthy tissues in TCGA-SKCM and GTEx
cohorts, respectively. The gene set c2.cp.kegg.v6.2.symbols.
gmt was downloaded from Molecular Signatures Database
(MSigDB) and set as the reference gene list.>* After input-
ting the gene expression profile matrix, the GSVA algorithm
transformed the genes of the matrix into scores that repre-
sented each KEGG pathway's activity based on the reference
gene. Then, the differentially activated pathways between
TCGA-SKCM and GTEx cohorts were determined by R
package limma with log, fold change (FC)> 2 or < —2 and P-
value < .05. After comparing the GSV A scores of melanoma
and healthy donors.” The correlations of immune-related
genes and KEGG pathways were filtered and analyzed by
Spearman correlation analysis.

2.7 | Statistical analysis

All statistical analyses were performed using R software
and GraphPad Prism v.6.0. The ESTIMATE algorithm
was used to calculate the immune and stromal scores in
melanoma. Kaplan-Meier curve analysis and log-rank tests
were performed to observe the survival rate of melanoma
patients. The R package corrplot was used to display the
correlations among different immune cells. The Wilcoxon
test was used to identify the relationship between filtered
immune cells and KEGG pathways. Data points are shown
as the mean =+ standard error of the mean (SEM) of biologi-
cal replicates. Statistical significances are indicated as: *
P < .05, ** P < .01, #** P < .001 or **** P < .0001. Two-
tailed paired or unpaired Student's ¢-tests and one- or two-
way ANOVA with multiple comparisons were performed
to determine significant differences in normally distributed
data.

3 | RESULTS
3.1 | Immune and stromal scores at
different stages of melanoma

Datasets of 471 tumor samples from TCGA-SKCM and
324 skin samples from GTEx were downloaded and
merged for further analysis. Batch effects were removed,
and the plots generated using PCA before and after the
removal are shown in Figure S1. ESTIMATE, immune,
and stromal scores were calculated using the ESTIMATE
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algorithm and ranged from —2000 to 5000 (Figure 1A-C).
The lowest ESTIMATE scores were found in stage II; this
was the same in immune and stromal scores (Figure 1A—
C). ESTIMATE scores were significantly associated with
stage III but not with stage IV (Figure 1A). The same trend
was observed in the immune score of melanoma patients
(Figure 1B). Stromal scores indicated that patients in the
late stage III, stage IV, or very early stage (I) of melanoma
had higher stromal scores than those in stage II (Figure 1C).
The tumor purity of melanoma tissues presented a high as-
sociation with clinical stage II (Figure 1D); this was oppo-
site to the immune scores. These results showed that higher
tumor purity corroborated with a lower immune score in
melanomas (Figure 1B-D).

02 4 6 8101214 16 18 20 22 24 26 28 30
Time (years)

02 46 81012141618 20 22 24 26 28 30
Time (years)

To explore the potential role of the ESTIMATE, stromal,
and immune scores in overall survival (OS), we divided
and analyzed the dataset of 471 patients from TCGA-
SKCM into high and low score groups. In Figure 1E, higher
ESTIMATE scores were significantly associated with OS.
Interestingly, the survival curves showed that a higher im-
mune score indicated a better prognostic implication than
that in the low immune score group (Figure 1F). The results
were similar to the immune score at different clinical stages
(Figure 1B). While survival curves indicated no associa-
tion between different stromal score groups in melanoma
(Figure 1G), tumor purity curves indicated that high tumor
purity was significantly associated with poor survival
(Figure 1H). These results show a significant association
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between the immune microenvironment and melanoma
stage or overall survival.

3.2 | Composition of immune cells in
melanoma and normal tissues

To investigate the composition of infiltrating immune
cells, we used CIBERSORTX. An overview of the infil-
trated immune cells is shown in Figure 2. After using the
CIBERSORTX algorithm, the distribution of immune cells
was demonstrated in a heatmap, revealing different fractions
in immune cells (Figure 2A). The bar plot results indicated a
high proportion of resting mast cells, resting dendritic cells,
and M2 macrophages in healthy skin tissues (Figure S2).
Plasma cells, B cells, CD8" T cells, MO macrophages, and
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Eosinophils
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Tregs accounted for high fractions in melanoma tissues
(Figure S2). Gene clustering indicated that resting mast
cells, resting dendritic cells, B-cell memory, and M2 mac-
rophages were decreased in melanoma tissues (Figure S2).
However, in the adaptive immune system of melanoma,
increased proportions of CD8" T cells, MO macrophages,
M1 macrophages, and Tregs were observed (Figure 2A). As
shown in Figure 2B, resting memory CD4" T cells showed
no significant difference between tumors and healthy tis-
sues. The other 21 types of immune cells, including CD8"
T cells, Treg cells, MO macrophages, M1 macrophages, and
M2 macrophages were significantly enriched in melanoma
tissues than in healthy tissues. Moreover, CDS8™ T cells, MO
macrophages, and M2 macrophages accounted for the top
three types among the 22 types of tumor-infiltrating immune
cells (Figure 2B).
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We also used Kaplan-Meier survival analysis to iden-
tify the association of tumor-infiltrating immune cells with
survival outcomes (Figure 3). Results showed that patients
with a high proportion of tumor-infiltrating CD8* T cells had
better overall survival than those with a low percentage of
tumor-infiltrating CD8* T cells in the TCGA-SKCM data-
sets (Figure 3A). However, survival curves revealed that a
high proportion of M2 macrophages predicted poor over-
all survival in melanoma tissues (Figure 3B). No signif-
icant differences in the OS between melanoma tissues and
infiltrating MO macrophages (Figure 3C) were observed.
Moreover, we established the survival curves of Tregs in

01214 16 18 2022 24 26 28 30
Time (years)

T T T ‘l I. L) LI L) L) L ) I 1] I 1 1)
024 6 810121416 18 202224 26 28 30
Time (years)

melanoma, which thereby indicated that Tregs play a cru-
cial role in tumor progression (Figure 3D). Surprisingly,
Tregs presented no significant OS in patients with mela-
noma (Figure 3D). Furthermore, survival analysis was also
established for other immune cells, including resting mast
cells, resting dendritic cells, M1 macrophages, and memory
CDA4* T cells (Figure 3E-H). Resting mast cells, resting den-
dritic cells, and memory CD4" T cells showed no significant
OS in melanoma patients (Figure 3E-H). However, a high
proportion of M1 macrophages presented excellent overall
survival in melanoma tissues. M1 macrophages were oppo-
site to those of M2 macrophages. These results suggest that
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tumor-infiltrating CD8" T cells, M2 macrophages, and M1
macrophages play essential roles in tumor progression.

3.3 | CDS8" T cells and macrophages in
melanoma tissues

To confirm the CIBERSORTx algorithm analysis results,
we performed Immunofluorescence staining on MO mac-
rophages, M2 macrophages, CD8" T cells, and Tregs in mel-
anoma tissues (Figure 4). The IF staining showed that healthy
skin was characterized by low immune infiltration, whereas
tumor tissues recruited more immune cells, including CD8*
T cells, Tregs, MO macrophages, and M2 macrophages
(Figure 4). Higher CDS8-positive cells were identified in
melanoma tissues than those in healthy tissues (Figure 4A).
We used CD206 as an M2 macrophage marker to evaluate
the expression of tumor-associated macrophages in mela-
noma. Surprisingly, the healthy skin tissues were charac-
terized by a low-positive expression of the immune marker
CD206, whereas melanoma tissues exhibited a high expres-
sion of CD206 (Figure 4B). These results were in contrast
with the downregulation trend of M2 macrophages in the
CIBERSORTX algorithm analysis. Moreover, other immune
cells presented higher CD68 (MO macrophages), and Foxp3
(Tregs) expression in melanoma tissues than in healthy skin
tissues (Figure 4C-D). The IF staining analysis confirmed

A DAPI cD8

Merge

Normal Tissue

Melanoma

Normal Tissue

Melanoma

the significant increase in MO macrophages and Tregs in
melanoma (Figure 4C-D). CIBERSORTXx algorithm analy-
sis revealed that immune cells were continuously recruited
into the tumor microenvironment during the development of
melanoma.

3.4 | Co-expression of tumor-infiltrating
immune cells

To evaluate the co-expression among 22 different types of
tumor-infiltrating immune cells, we used Spearman correla-
tion to analyze the melanoma samples’ immune profiles in
TCGA-SKCM cohorts (Figure 5A). The results indicated that
22 different cells presented weak or strong correlations in the
tumor tissues of TCGA-SKCM cohorts. B cells, mast cells,
neutrophils, and monocytes showed a weak relationship with
other immune cells in the TCGA-SKCM cohort (Figure 5A);
whereas other immune cells such as CD8" T cells and MO
presented a strong relationship. To explore the potential in-
teraction network, we identified the cells with a correlation
coefficient > 0.3 in the melanoma-infiltrating immune cells.
Using the combined above results, we selected CDS8™ T cells,
M2 macrophages, and Tregs for further investigation. The
three immune cell types with the highest positive correlations
with CD8" T cells were M1 macrophages, Tregs, and acti-
vated NK cells, whereas MO macrophages, resting memory

B DAPI

CD206 Merge

Normal Tissue

Melanoma

Normal Tissue

Melanoma

FIGURE 4 Assessment of immune cells in melanoma. Immunofluorescence analysis of CD8, CD206, CD68, and Foxp3 expression in

melanoma and normal skin tissue samples. Representative images from three patients displayed positive staining in the stromal regions. CDS8 (A),

CD206 (B), CD68 (C), and Foxp3 (D) staining. X 20X magnification
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CD4 T cells, and M2 macrophages showed a negative corre-
lation with CD8" T cells (Figure 5A). Tregs were positively
associated with CD8" T cells in the TCGA-SKCM cohorts,
whereas the correlation with M2 macrophages was negative
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(Figure 5A). Moreover, M2 macrophages showed an inverse
relationship with other immune cells with reference to CD8*
T cells in the TCGA-SKCM cohorts. The correlation curve
indicated that M2 macrophages were significantly associated
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with CD8" T cells, thereby indicating a negative interaction
in melanoma (Figure 5B; P < .001, ryeyrson = —0.43). Tregs
and CD8" T cells’ correlation revealed that these two im-
mune cells have a close interaction in melanoma datasets
(Figure 5C). M2 macrophages showed a strong negative cor-
relation with Tregs in the TCGA-SKCM samples (Figure 5D;
P < .001, rpearson = —0.31). Therefore, these data imply that
M2 macrophages, CD8" T cells, and Tregs are linked in the
melanoma tumor microenvironment.

3.5 | KEGG pathway analysis in
melanoma tissues

KEGG pathway analysis was performed to explore the poten-
tial mechanism of the tumor-infiltrating immune cells in mela-
noma using GSVA. GSVA results showed that 48 pathways
were highly enriched in the melanoma group (Figure S3). On
the other hand, 52 routes were found to be downregulated in
melanoma cohorts compared to those in healthy skin tissues
(Figure S3). Among these differential pathways, we focused on
14 KEGG pathways related to immune mechanism, including
10 upregulated pathways and four downregulated pathways in
melanoma (Figure S3). Pathways and immune cells overlapped
in GSVA for co-expression analysis (Figure SA). CD8* T cells
presented a negative correlation with five signaling pathways
and showed a positive interaction with eight pathways, includ-
ing primary immunodeficiency pathways (Figure 5A). The
routes with negative correlation with Tregs are cell cycle, ami-
noacyl tRNA biosynthesis, and TGF-p signaling. Similarly,
Tregs showed the same positive trends with 8 KEGG pathways
as CD8* T cells in the TCGA-SKCM datasets (Figure 5A).
However, the associations of Tregs with these pathways
were weak compared to those of CD8* T cells (Figure 5A).
Furthermore, M2 macrophages presented a positive correla-
tion with pathways related to the TGF-p signaling pathway,
aminoacyl tRNA biosynthesis pathway, and colorectal cancer
in melanoma cohorts (Figure SA). We identified seven routes
with a positive correlation with M2 macrophages. Therefore,
we infer that CD8™ T cells, Tregs, and M2 macrophages might
influence the crosstalk in melanoma progression.

3.6 | Correlations of KEGG pathways and
tumor-infiltrating immune cells

To comprehensively analyze the mechanism of immune cells in
the tumor immune microenvironment, we selected three path-
ways for further exploration using GSVA (Figure 5E). These
immune-associated pathways include the intestinal immune
network for IgA, primary immunodeficiency, and the TGF-f
signaling pathway (Figure 5E). The list of genes contributing
to the core enrichment of the three selected pathways is shown

in Table S1. CD8" T cells showed a high correlation with the
intestinal immune network for IgA and primary immunodefi-
ciency and a weak relationship with the TGF-p} signaling path-
way (Figure SE). Similarly, the degrees of interaction between
M2 macrophages and pathways were the same as those of
CD8" T cells. As described earlier, immune cells with a cor-
relation coefficient > 0.3 indicate a high degree of relationship
with melanoma (Figure 6). CD8* T cells, M2 macrophages,
and Tregs had an absolute value of correlation > 0.4 with the
intestinal immune network for IgA and primary immunode-
ficiency (Figure 6A—H). However, TGF-p pathways showed
weak correlations with CD8* T cells, M2 macrophages, and
Tregs in melanoma (Figure 6C-1). CD8" T cells presented a
strong connection with the intestinal immune network for IgA
and primary immunodeficiency; this was consistent with the
role of CD8" T cells in the TME (Figure 6A-B). The M2 mac-
rophage data showed a strong negative correlation, implying
that M2 macrophages have an inverse relationship in natural
kill efficacy (Figure 6D-E). These results indicate that CD8"
T cells, Tregs, and M2 macrophages participate in the crosstalk
of the intestinal immune network, especially those of IgA or
primary immunodeficiency. As TGF-p plays an essential role
in the development and progression of tumor environment, we
analyzed the regulatory role of immune cells in the TGF-f path-
way (Figure 6C-I). Consistent with previous studies, a negative
correlation between CD8™ T cells and the TGF-p pathway was
observed; this indicates that CD8" T cells play a crucial role in
cytotoxicity function (Figure 6C). However, M2 macrophages
were weakly positive for the TGF-f} pathway, promoting tumor
progression (Figure 6F). Thus, we hypothesized that M2 mac-
rophages induces tumor progression and inhibits the regulation
of CD8" T cells through the TGF-B pathway. Further studies
are needed to identify the crosstalk of the TGF-f§ pathway with
CD8" T cells and M2 macrophages. Altogether, these data re-
veal that CD8" T cells, Tregs, and M2 macrophages can in-
teract with one another in the melanoma microenvironment
through the primary immunodeficiency pathway, the intestinal
immune network for IgA, or the TGF-f pathway.

4 | DISCUSSION

Tumor-infiltrating immune cells not only augment but also
dampen antitumor immunity through immune response or cy-
tokine release in the tumor microenvironment.®’ Thus, it is
critical to provide an overview of tumor-infiltrating immune
cells in melanoma and explore a novel strategy for immuno-
therapy. In this study, we investigated the clinical survival
of patients and the immune state of the melanoma tumor
microenvironment using ESTIMATE algorithm analysis. A
higher ESTIMATE and immune scores were associated with
a clinical stage in melanoma patients. We performed com-
prehensive subpopulations of tumor-infiltrating immune cells



HUANG . i 8453
ETAL Cancer Medicine —WILEY
[Opon Acces:)
A p=<0.001r,  =0.62 B p=<0.001r, =066 C p=<0.001r  =-017
1.24
i >
1.0 é >
c 9
g s 2 0.8 £ 03
2 B 3 g
. o
E 308 g 2
® 2 £ 0.41 =
£ < £ € 0.0
s o = 2
£ 500 = L] ;
£ 800 £ 0.0 &
o ¥ = o
® o S e
g H 1) o 03]
17 O]
2 2 -0.41 o
-0.5 Y 5
: -0.64
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
T cells CD8 T cells CD8 T cells CD8
D p=<0.001r, . =-042 E p=<0001r,,,,, =-0.49 F p=0001r,  =0.16
0.8 ‘ S : .
o
c s g
i ©
: : :
= 2 5 2
T 2 E s
£ g, . £ e 0.0
2 200 IS 2
£ & g @
o % £ &
@ a -0.3
8 Zos 2 2
c 8 O]
x ¢
: | -0.6 :
0.2 0.3 0.2 0.3 0.2 0.3
Macrophages M2 Macrophages M2 Macrophages M2
G H
p=<0.001r_ =040  eon = 0.45 p=0011r,,  =-012

pearson

KEGG intestinal immune
network for IgA production
(=}
e
KEGG primary immunodeficiency

-0.54

p=<0.001r

KEGG TGF-B signaling pathway

.
o
)

0.00 003  0.06 0.09 0.12

T cells regulator (Tregs)

0.00 0.03
T cells regulator (Tregs)

003  0.06 0.09 0.12

T cells regulator (Tregs)

0.06 0.09 0.12 0.00

FIGURE 6 Correlation between immune cells and pathways in melanoma. CD8* T cells (A—C) and Tregs (G-I) showed a positive correlation
with the intestinal immune network for IgA, primary immunodeficiency pathways, and a negative correlation with the TGF-f signaling pathway.
M2 macrophages (D-F) showed a negative correlation with CD8" T cells and Tregs

and identified altered immune cells in two datasets using
CIBERSORTx. TCGA-SKCM datasets and IF staining con-
firmed that CD8™ T cells, MO macrophages, M2 macrophages,
and Tregs differently infiltrated into melanoma tissues. We
analyzed and selected immune cells and related pathways
based on a multivariable logistic regression model, thereby
providing a novel strategy for filtering the crosstalk between
cells. The results of GSVA demonstrated that CD8" T cells,
Tregs, and M2 macrophages could interact with one another
in the TME through the primary immunodeficiency pathway,
the intestinal immune network for IgA, or the TGF-f path-
way. These results revealed the cellular and molecular char-
acteristics of immune cells in melanoma, providing a method

for selecting targets of immunotherapies and promoting the
efficacy of therapies for the treatment of melanoma.

The ESTIMATE score is a method for evaluating the dif-
ferent types of cells in the tumor microenvironment, which is
significantly associated with the biological characteristics of
tumors.”> The ESTIMATE algorithm analysis has been used
to estimate stromal cells and tumor-infiltrating immune cells
in different cancers using gene expression data with calculated
stromal and immune scores.”® In this study, we combined the
ESTIMATE, stromal, and immune scores at varying stages of
melanoma in patients. Our results indicate that stromal and im-
mune scores are associated with clinical features in the tumor
microenvironment. Interestingly, we also found that stage II
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patients received the lowest scores in the ESTIMATE, stro-
mal, and immune scores analysis. In the tumor microenviron-
ment, tumor-infiltrating cells interact with tumor cells, which
promote tumor progression and metastasis by regulating the
balance between tumor cells and immune cells."* Primary
stage I and II melanoma patients are associated with chronic
inflammatory cells, including numerous tumor-infiltrating
lymphocytes.27 Moreover, several studies have reported that
lymphocytes must be infiltrated and disrupted in the vertical
growth phase as tumor cells grow.28 While patients with stage
I melanoma may experience tumor recurrence after treatment,
tumor cells grow faster than tumor-infiltrating immune cells.”’
For stage III or IV cutaneous melanoma with lymph node me-
tastases, tumor-infiltrating immune cells are particularly com-
plex.30 Lymph nodes are rich in CD3 and CD20 lymphocytes,
making the definition of immune score much more difficult.!
Indeed, the scoring for the lymph node metastases in patients
requires a new algorithm for normalization against different
clinical stages. Different proportions and types of tumor-infil-
trating cells were largely altered in various melanoma stages,
resulting in stromal and immune scores. Furthermore, we also
found that higher ESTIMATE and immune scores corrobo-
rated with longer OS in melanoma patients. These results in-
dicate that the TME has different immune states at different
disease stages, and that these different immune states correlate
with survival rate. Therefore, a comprehensive evaluation and
classification of immune cells in the TME in melanoma tissue
might be crucial for guiding immunotherapy.

To understand the immune state and classify the types
and functions of immune cells in the TME, we used the
CIBERSORTXx algorithm to explore the immune cells in
melanoma. Our results identified that CD8% T cells, MO
macrophages, M2 macrophages, and Tregs are differentially
expressed in melanoma among the 22 types of tumor-infil-
trating immune cells. The IF staining of melanoma samples
confirmed the differences among CD8" T cells, MO macro-
phages, M2 macrophages, and Tregs between tumor tissues
and healthy tissues. Tumor-infiltrating immune cells are as-
sociated with tumor suppression, immunosuppression, and
tumor-associated proliferation and metastasis in therapy.lo'12
At the early stage of the disease, CD8" T cells differentiate
into cytotoxic T lymphocytes (CTLs) and combine with NK
cells to exert an efficient antitumor response by directly tar-
geting tumor cells.*? However, activated NK cells are pres-
ent in higher proportions in healthy tissues than in melanoma
tissues. NK cells are innate lymphocytes that are activated
in the early immune response of various diseases.”> Recent
studies have identified that NK cells are activated and ex-
panded in skins during infections.* Moreover, metabolism
can reprogram the function and phenotypes of NK cells in
the TME.*® Therefore, mechanisms in the early response of
NK cells in the human skin or melanoma should be explored.
Tumor-infiltrating Tregs prevented antitumor immunity and

promoted tumor progression via various mechanisms of im-
munosuppression in TME.*® High levels of tumor-associated
M2 macrophages are significantly associated with reduced
survival rates.”” Our results indicate that CD8* T cells, MO
macrophages, and Tregs are significantly expressed in the
tumor tissue and might play essential roles in melanoma pro-
gression. Surprisingly, tumor-associated M2 macrophages
presented higher CD206 expression in melanoma tissues than
in healthy tissues. Moreover, the CIBERSORTx algorithm
analysis indicated a decrease in the proportion of M2 macro-
phages in melanoma. Similar to melanoma cells, M2 macro-
phages and Tregs cooperate to form an immunosuppressive
microenvironment in melanoma.*® A study has suggested
that M2 macrophages could be divided into regulatory and
wound-healing macrophages in different tissues.* M2 sub-
types were described as M2a, M2b, and M2c subtypes which
can be activated by classical or alternative macrophage acti-
vation.*’ The results of the genomic datasets did not reflect all
the subtypes of M2 macrophages. Hence, how these immune
cells work and interact with one another remains unknown.
Tumor-infiltrating immune cells exert different im-
munosuppression by direct and indirect cell-cell contact
mechanisms.'*!* Correlations among the 22 different tumor-in-
filtrating cells indicated that Tregs had a positive association
with CD8™ T cells in the TCGA-SKCM cohorts."° Tregs can
suppress nonessential immune responses such as those seen
during transplantation.“ Tregs prevent an effective immune
response and thus present an immunosuppressive effect.* We
determined that Tregs had a strong positive correlation with
CD8" T cells; this occurrence might be consistent with tumor
states. Moreover, Tregs have been reported to suppress in the
interferon-y secretion of CDS8™ T cells; this reduces the effi-
cacy of antitumor immunotherapy.42 Thus, it is vital to explore
the mechanism between CD8* T cells and Tregs to promote
immunotherapy efficacy in treating melanoma. Studies have
shown that a reduction in macrophages improved CD8" T cell
surveillance and increased sensitivity to anti-PD-1 treatment. '’
Our correlation analysis of the TCGA-SKCM showed that M2
macrophages have a strong negative correlation with CD8* T
cells in melanoma. These findings were similar to those of pre-
vious studies, in which the interaction of M2 macrophages and
CDS8* T cells was implied in the melanoma tumor microenvi-
ronment during tumor progression. KEGG pathway analysis
showed that M2 macrophages and CD8" T cells had a strong
correlation with some pathways, such as the TGF-§ pathway.
The activation of the interferon pathway may activate CD8"
T cells and reduce TAMs in the TME, which would thereby
increase the efficacy of immunothelrapy.43 Thus, understand-
ing the crosstalk between CD8" T cells and M2 macrophages
is essential for guiding immunotherapy. Our results identified
three pathways among CD8" T cells, M2 macrophages, and
Tregs in the melanoma microenvironment. IL-6 is one of the
core enrichment genes of the intestinal immune network for
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the IgA pathway. IL-6 and TGF-f have been identified as the
primary activators of MAF on CD8" T cells, contributing to
the suppression of melanoma microenvironment.* Moreover,
IL-6 induced CD4*Foxp3* Treg migration into tumor sites by
upregulating CXCR1 explression.45 Studies have also shown
that tumor-derived IL-6 promotes the polarization of M2 mac-
rophages in melanoma.*® However, the mechanism of IL-6-
mediated the interaction among CD8" T cells, Tregs, and M2
macrophages needs further studies. Similarly, the stimulatory
molecule CD40 was identified in the primary immunodefi-
ciency pathway to induce the exhaustion of CD8* T cells,”’
abrogate the expansion of Treg cells,”® and activate M2 mac-
rophage pr()liferation.49 Furthermore, TGF-f1 mediates M2
macrophage polarization as a core gene in the TGF-f signal-
ing pathway.50 Treg cells can produce the immunosuppressive
cytokine TGF-B1, promote self-proliferation, and attenuate
the effector function of human CD8" T cells in the TME.'*!
These strategies provide effective channels in which the poten-
tial mechanisms of tumor-infiltrating immune cells in the pro-
gression of melanoma can be explored. Furthermore, GSVA
analysis between tumor-infiltrating immune cells and KEGGs
indicated potential targets for immunotherapies, thereby pro-
moting the efficacy of therapies in treating melanoma. Further
work is needed to explore and confirm the regulation of altered
pathways in different immune cells in melanoma. Above all,
this study reveals the cellular and molecular characteristics of
immune cells in melanoma, providing a more specific method
for selecting targets of immunotherapies.

ACKNOWLEDGMENTS

This work was supported by the Shanghai Sailing Program
(NO:19YF1438300); Pujiang Fostering Program of Shanghai
Tenth Peoples’ Hospital (NO:040118024); Industry-
university-research-medicine Project of Shanghai Science
and Technology Commission (NO:18DZ1910102); China
Scholarship council (201906260229); and National Natural
Science Foundation of China (NO:81902896 and 81803090).

CONFLICTS OF INTEREST
The authors declare no competing interests.

AUTHOR’S CONTRIBUTION

ZL and QX designed the study. LH and HC developed the
methodology. LH, YX, and JC collected data. LH and HC
analyzed the data. LH wrote the paper and all other authors
reviewed the paper.

DATA AVAILABILITY STATEMENT
The data support findings of this study are available from the
corresponding author upon request.

ORCID

Zhugqing Liu "= https://orcid.org/0000-0003-3852-8807

REFERENCES

1. Corrie P, Hategan M, Fife K, et al. Management of melanoma. Br
Med Bull. 2014;111:149-162.

2. Blankenstein SA, van Akkooi ACJ. Adjuvant systemic therapy in
high-risk melanoma. Melanoma Res. 2019;29:358-364.

3. Lanier CM, Hughes R, Ahmed T, et al. Immunotherapy is associ-
ated with improved survival and decreased neurologic death after
SRS for brain metastases from lung and melanoma primaries.
Neurooncol Pract. 2019;6:402-409.

4. Robert C, Long GV, Brady B, et al. Nivolumab in previously
untreated melanoma without BRAF mutation. N Engl J Med.
2015;372:320-330.

5. Lee CS, Thomas CM, Ng KE. An overview of the changing land-
scape of treatment for advanced melanoma. Pharmacotherapy.
2017;37:319-333.

6. Gullo I, Oliveira P, Athelogou M, et al. New insights into the in-
flamed tumor immune microenvironment of gastric cancer with
lymphoid stroma: from morphology and digital analysis to gene
expression. Gastric Cancer. 2019;22:77-90.

7. Ojalvo LS, Thompson ED, Wang T-L, et al. Tumor-associated mac-
rophages and the tumor immune microenvironment of primary and
recurrent epithelial ovarian cancer. Hum Pathol. 2018;74:135-147.

8. Liu R, Hu R, Zeng Y, et al. Tumour immune cell infiltration and
survival after platinum-based chemotherapy in high-grade serous
ovarian cancer subtypes: A gene expression-based computational
study. EBioMedicine. 2020;51:102602.

9. Zou Q, Wu B, Xue J, et al. CD8+ Treg cells suppress CD8+ T
cell-responses by IL-10-dependent mechanism during HSNT1 influ-
enza virus infection. Eur J Immunol. 2014;44:103-114.

10. LeignadierJ, Favre S, Luther SA, et al. CD8 engineered cytotoxic T
cells reprogram melanoma tumor environment. Oncoimmunology.
2016;5:1086861.

11. Chung J-S, Tamura K, Cruz PD, et al. DC-HIL-expressing my-
elomonocytic cells are critical promoters of melanoma growth. J
Invest Dermatol. 2014;134:2784-2794.

12. Ballas ZK, Buchta CM, Rosean TR, et al. Role of NK cell sub-
sets in organ-specific murine melanoma metastasis. PLoS One.
2013;8:e65599.

13. Tham M, Tan KW, Keeble J, et al. Melanoma-initiating cells ex-
ploit M2 macrophage TGFbeta and arginase pathway for survival
and proliferation. Oncotarget. 2014;5:12027-12042.

14. Kohlhapp FJ, Broucek JR, Hughes T, et al. NK cells and CD8+
T cells cooperate to improve therapeutic responses in mela-
noma treated with interleukin-2 (IL-2) and CTLA-4 blockade. J
Immunother Cancer. 2015;3:18.

15. Shen-Orr SS, Gaujoux R. Computational deconvolution: extracting
cell type-specific information from heterogeneous samples. Curr
Opin Immunol. 2013;25:571-578.

16. Newman AM, Liu CL, Green MR, et al. Robust enumeration
of cell subsets from tissue expression profiles. Nat Methods.
2015;12:453-457.

17. Newman AM, Steen CB, Liu CL, et al. Determining cell type abun-
dance and expression from bulk tissues with digital cytometry. Nat
Biotechnol. 2019;37:773-782.

18. Yin W, Gorvel L, Zurawski S, et al. Functional Specialty of CD40 and
Dendritic Cell Surface Lectins for Exogenous Antigen Presentation
to CD8(+) and CD4(+) T Cells. EBioMedicine. 2016;5:46-58.

19. Peranzoni E, Lemoine J, Vimeux L, et al. Macrophages im-
pede CD8 T cells from reaching tumor cells and limit the


https://orcid.org/0000-0003-3852-8807
https://orcid.org/0000-0003-3852-8807

8456 .
—I—WI EY—Cancer Medicine _

20.

21.
22.

23.
24.

25.

26.
217.
28.

29.
30.
31.
32.
33.
34.
35.
36.

37.

38.

HUANG ET AL.

efficacy of anti-PD-1 treatment. Proc Natl Acad Sci USA.
2018;115:E4041-E4050.

Lg S, Josse J, Husson F. FactoMineR: an R package for multivari-
ate analysis. J Stat Softw. 2008;025.

Leek JT, Johnson WE, Parker HS, et al. The sva package for remov-
ing batch effects and other unwanted variation in high-throughput
experiments. Bioinformatics (Oxford, England). 2012;28:882-883.
Yoshihara K, Shahmoradgoli M, Martinez E, et al. Inferring tu-
mour purity and stromal and immune cell admixture from expres-
sion data. Nat Commun. 2013;4:2612.

Hanzelmann S, Castelo R, Guinney J. GSVA: gene set variation analy-
sis for microarray and RNA-seq data. BMC Bioinformatics. 2013;14:7.
Liberzon A, Subramanian A, Pinchback R, et al. Molecular signa-
tures database (MSigDB) 3.0. Bioinformatics. 2011;27:1739-1740.
Ritchie ME, Phipson B, Wu DI, et al. limma powers differential
expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 2015;43:e47.

Hao D, Liu J, Chen M, et al. Imnmunogenomic analyses of advanced
serous ovarian cancer reveal immune score is a strong prognos-
tic factor and an indicator of chemosensitivity. Clin Cancer Res.
2018;24:3560-3571.

Busam KJ, Antonescu CR, Marghoob AA, et al. Histologic clas-
sification of tumor-infiltrating lymphocytes in primary cutaneous
malignant melanoma. A study of interobserver agreement. Am J
Clin Pathol. 2001;115:856-860.

Piras F, Colombari R, Minerba L, et al. The predictive value of
CD8, CD4, CD68, and human leukocyte antigen-D-related cells
in the prognosis of cutaneous malignant melanoma with vertical
growth phase. Cancer. 2005;104:1246-1254.

Lee AY, Droppelmann N, Panageas KS, et al. Patterns and tim-
ing of initial relapse in pathologic stage II melanoma patients. Ann
Surg Oncol. 2017;24:939-946.

Klapperich ME, Bowen GM, Grossman D. Current controversies
in early-stage melanoma: Questions on management and surveil-
lance. J Am Acad Dermatol. 2019;80:15-25.

Mozzillo N, Caraco C, Marone U, et al. Superficial and deep lymph
node dissection for stage III cutaneous melanoma: clinical outcome
and prognostic factors. World J Surg Oncol. 2013;11:36.

Greppi M, Tabellini G, Patrizi O, et al. Strengthening the
AntiTumor nk cell function for the treatment of ovarian cancer. Int
J Mol Sci. 2019;20.

Cooper MA, Fehniger TA, Caligiuri MA. The biology of human
natural killer-cell subsets. Trends Immunol. 2001;22:633-640.
Marquardt N, Ivarsson MA, Blom K, et al. The human NK cell
response to yellow fever virus 17D Is primarily governed by NK
cell differentiation independently of NK cell education. J Immunol.
2015;195:3262-3272.

Vivier E, Tomasello E, Baratin M, et al. Functions of natural killer
cells. Nat Immunol. 2008;9:503-510.

Muller L, Mitsuhashi M, Simms P, et al. Tumor-derived exosomes
regulate expression of immune function-related genes in human T
cell subsets. Sci Rep. 2016;6:20254.

Salmi S, Siiskonen H, Sironen R, et al. The number and localiza-
tion of CD68+ and CD163+ macrophages in different stages of
cutaneous melanoma. Melanoma Res. 2019;29:237-247.

Hino R, Kabashima K, Kato YU, et al. Tumor cell expression of
programmed cell death-1 ligand 1 is a prognostic factor for malig-
nant melanoma. Cancer. 2010;116:1757-1766.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

Gautier EL, Shay T, Miller J, et al. Gene-expression profiles
and transcriptional regulatory pathways that underlie the iden-
tity and diversity of mouse tissue macrophages. Nat Immunol.
2012;13:1118-1128.

Roszer T. Understanding the mysterious M2 macrophage through
activation markers and effector mechanisms. Mediators Inflamm.
2015;2015:816460.

Berod L, Puttur F, Huehn J, et al. Tregs in infection and vaccinol-
ogy: heroes or traitors? Microb Biotechnol. 2012;5:260-269.

Liu C, Chikina M, Deshpande R, et al. Treg Cells Promote the
SREBP1-Dependent Metabolic Fitness of Tumor-Promoting
Macrophages via Repression of CD8(+) T Cell-Derived Interferon-
gamma. Immunity. 2019;51(381-97):e6.

Kato YU, Tabata K, Kimura T, et al. Lenvatinib plus anti-PD-1
antibody combination treatment activates CD8% T cells through
reduction of tumor-associated macrophage and activation of the
interferon pathway. PLoS One. 2019;14:¢0212513.

Giordano M, Henin C, Maurizio J, et al. Molecular profiling of
CDS8 T cells in autochthonous melanoma identifies Maf as driver
of exhaustion. EMBO J. 2015;34:2042-2058.

Eikawa S, Ohue Y, Kitaoka K, et al. Enrichment of Foxp3+ CD4
regulatory T cells in migrated T cells to IL-6- and IL-8-expressing
tumors through predominant induction of CXCRI1 by IL-6. J
Immunol. 2010;185:6734-6740.

Dominguez-Soto A, Sierra-Filardi E, Puig-Kroger A, et al.
Dendritic cell-specific ICAM-3-grabbing nonintegrin expression
on M2-polarized and tumor-associated macrophages is macro-
phage-CSF dependent and enhanced by tumor-derived IL-6 and
IL-10. J Immunol. 2011;186:2192-2200.

Singh M, Vianden C, Cantwell MJ, et al. Intratumoral CD40 acti-
vation and checkpoint blockade induces T cell-mediated eradica-
tion of melanoma in the brain. Nat Commun. 2017;8:1447.
Barthels C, Ogrinc A, Steyer V, et al. CD40-signalling abrogates
induction of RORgammat(+) Treg cells by intestinal CD103(+)
DCs and causes fatal colitis. Nat Commun. 2017;8:14715.

Vogel DYS, Glim JE, Stavenuiter AWD, et al. Human macrophage
polarization in vitro: maturation and activation methods compared.
Immunobiology. 2014;219:695-703.

Mrad M, Imbert C, Garcia V, et al. Downregulation of sphingosine
kinase-1 induces protective tumor immunity by promoting M1 mac-
rophage response in melanoma. Oncotarget. 2016;7:71873-71886.
Ahmadzadeh M, Rosenberg SA. TGF-beta 1 attenuates the acquisi-
tion and expression of effector function by tumor antigen-specific
human memory CD8 T cells. J Immunol. 2005;174:5215-5223.

SUPPORTING INFORMATION
Additional supporting information may be found online in
the Supporting Information section.

How to cite this article: Huang L, Chen H, Xu Y,
Chen J, Liu Z, Xu Q. Correlation of tumor-infiltrating
immune cells of melanoma with overall survival by
immunogenomic analysis. Cancer Med. 2020;9:8444—
8456. https://doi.org/10.1002/cam4.3466



https://doi.org/10.1002/cam4.3466

