
Original Article
Characterization of the Immune Cell
Infiltration Landscape in Head and Neck
Squamous Cell Carcinoma to Aid Immunotherapy
Xinhai Zhang,2,4 Mengqi Shi,3,4 Tielou Chen,2 and Boxin Zhang1

1Department of Stomatology, Changzheng Hospital, Second Military Medical University, Shanghai 200003, China; 2Oral Research Center of CPLA, Changhai Hospital,

Second Military Medical University, 15 Dongjiangwan Road, Shanghai 200081, China; 3Department of Stomatology, Navy Speciality Medical Center of Peoples’

Liberation Army Navy, Shanghai 200052, China
Received 8 June 2020; accepted 25 August 2020;
https://doi.org/10.1016/j.omtn.2020.08.030.
4These authors contributed equally to this work.

Correspondence: Boxin Zhang, Department of Stomatology, Changzheng Hospi-
tal, Second Military Medical University, Shanghai 200003, China.
E-mail: s441566391@163.com; uczhang01@163.com
The tumor microenvironment (TME) chiefly consists of tumor
cells and tumor-infiltrating immune cells admixed with the stro-
mal component. A recent clinical trial has shown that the tumor
immune cell infiltration (ICI) is correlated with the sensitivity to
immunotherapy and the head and neck squamous cell carcinoma
(HNSC) prognosis. However, to date, the immune infiltrative
landscape of HNSC has not yet been elucidated. Herein, we pro-
posed two computational algorithms tounravel the ICI landscape
of 1,029HNSCpatients. Three ICI patternswere defined, and the
ICI scores were determined by using principal-component anal-
ysis. A high ICI score was characterized by an increased tumor
mutation burden (TMB) and the immune-activating signaling
pathways. Activation of transforming growth factor-b (TGF-b)
andWNTsignaling pathwayswere observed in low ICI score sub-
types, indicating T cell suppression, and may be responsible for
poorprognosis.Two immunotherapy cohorts confirmedpatients
with higher ICI scores demonstrated significant therapeutic ad-
vantages and clinical benefits. This study demonstrated that the
ICI scores serve as an effective prognostic biomarker and predic-
tive indicator for immunotherapy. Evaluating the ICI patterns of
a larger cohort of samples will extend our understanding ofTME,
and it may provide directions to the current research investiga-
tions on immunotherapeutic strategies for HNSC.

INTRODUCTION
Head and neck cancer ranks as the sixth most common malignancy
worldwide and claims around 3,50,000 lives per year.1 The squamous
cell carcinoma is the most common pathological type of HNSC.2 Local
recurrence, cervical nodemetastasis, and treatment failure causedby resis-
tance to conventional chemotherapy are the leading causes of death in pa-
tients with advanced head and neck squamous cell carcinoma (HNSC).

Immunotherapy activates the host’s natural defense system, which
identifies and eliminates the tumor cells. It has emerged as an effective
treatment with unparalleled and synergistic survival benefits in mul-
tiple cancers.3–6 However, a major limitation of this treatment is that
it benefits only a minority of patients. Thus, novel therapeutic
markers demand urgent investigation so that the ideal HNSC sub-
groups for immunotherapy could be identified.3,7
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The tumormicroenvironment (TME) in HNSC contains transformed
cells admixed with immune cells and stromal cellular elements.8

Extensive research on TME has revealed a crucial role of the tu-
mor-infiltrating immune cells in tumor dissemination, relapse,
metastasis, and therapeutic response to immunotherapy.9,10 For
instance, tumor-associated macrophages (TAMs) exert multiple
pro-tumor effects by secreting immunosuppressive cytokines, such
as interleukin-10 (IL-10) and transforming growth factor-b (TGF-
b), and enhancing the TAM density, which is associated with unfa-
vorable prognosis.11–13 In contrast, the escalated levels of tumor-infil-
trating lymphocytes (TLSs), such as CD4+ T cells and CD8+ T cells,
have been associated with improved survival rate and response to
immunotherapy.14 Because the immune checkpoint blockade acti-
vates the pre-existing TLS cells, which recognize and eliminate the
dysplastic and neoplastic cells, TLS cells play crucial roles in response
to immunotherapy.15,16 However, the identification of TLS cells is not
sufficient to characterize the complex tumor immune milieu. Besides,
resistance to immunotherapy can also be observed in patients with
higher TLSs.13,17,18 The immunosuppressive cytokines secreted by
TAMs can impair the anti-tumor effects of TLSs. Moreover, the
excessive infiltration of stromal components in tumor tissue can
decrease the TLS trafficking into tumors.16,17 It elucidates that the
intercellular relationships in TME are more critical than the single-
cell population. So far, the expansive landscape of immune cells infil-
trating the TME of HNSC has not been elucidated.

Over the past decades, advances in the next-generation sequencing
(NGS) technology, specifically the NGS algorithm technology, have
unveiled massive biological information about HNSC tumorigenesis
and metastasis.19 In this study, we used two computational algo-
rithms, CIBERSORT and ESTIMATE, to analyze the gene-expression
profiles of bulk tumor sample and acquire a comprehensive outlook
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about the intra-tumoral immune landscape.20,21 Besides, we classified
the HNSC into three discrete subtypes as per the immune cell-infiltra-
tion patterns. Conclusively, in this study, we established the ICI scores
to characterize the various immune landscapes, which could precisely
predict patient outcome and response to immunotherapy.

RESULTS
The Landscape of Immuno-cell Infiltration in the TME of HNSC

First, we performed the CIBERSORT and ESTIMATE algorithms to
quantify the activity or enrichment levels of immune cells in HNSC
tumor tissues (Table S1).20,21 Based on 1,029 tumor samples with
matched immune cell infiltration (ICI) profiles from the meta-cohort
(Array express databse: GSE41613, GSE42743, E-MTAB-1328 and
GSE65858; The Cancer Genome Atlas [TCGA]-HNSC; ), unsuper-
vised clustering was performed using the ConsesusClusterPlus pack-
age of R software to classify the HNSC patients into distinct subtypes.

We identified three independent ICI subtypes with significant sur-
vival differences (log rank test, p = 0.018; Figure S1B; Figures 1A
and 1B). To further clarify the intrinsic biological differences that
led to distinct clinical phenotypes, we compared the immune cell
composition of the TME. Among the three main immune subtypes,
the ICI cluster A was associated with a favorable prognosis with a me-
dian survival of 2,064 days. It was marked by high naive B cells, M1
and M2 macrophages, plasma cells, memory CD4 T cells, CD8
T cells, and gamma delta T cells infiltration. The median survival
time of ICI cluster B was 1,762 days, and patients in ICI cluster B
were characterized by a significantly higher density of resting den-
dritic cells (DCs), activated natural killer (NK) cells, and follicular
helper T cells. The subjects in the ICI cluster C witnessed a shorter
overall survival (OS; median survival 1,281 days) and exhibited a sig-
nificant increase in the infiltration of activated DCs, activated mast
cells, neutrophils, resting NK cells, memory resting CD4+ T cells,
and T regulatory cells. Additionally, the correlation coefficient heat-
map was generated to visualize the universal landscape of immune
cell interaction in TME (Figure 1C). We also analyzed the two vital
immune checkpoints, i.e., PD1 and PD-L1 in each ICI subtype. ICI
cluster A was characterized by a significantly higher PD1/PD-L1
expression level and ICI cluster Cwith a lower PD1/PD-L1 expression
level. The Kruskal-Wallis test was used to detect the significant differ-
ences between the immune cells and the PD1/PD-L1 expression level
in three distinct ICI subtypes (Figures 1D–1F).

Identified Immune Gene Subtype

To unravel the underlying biological characteristics of distinct im-
munophenotypes, we performed differential analyses to determine
the transcriptome variations among these subtypes by limma pack-
Figure 1. The Landscape of Immuno-cell Infiltration in the TME of HNSC

(A) Unsupervised clustering of tumor-infiltrating immune cells in five independent HNS

samples. (B) Kaplan-Meier curves for overall survival (OS) of all HNSC patients with immu

of tumor-infiltrating immune cells in three ICI clusters. We also plotted the immune score

was compared through the Kruskal-Wallis test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p

Difference in PD-L1 (E) and PD1 (F) expression among distinct ICI clusters (Kruskal-Wa
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ages of R software. In the subsequent analysis, primary emphasis
was laid on the TCGA-HNSC cohort, which had the most exhaus-
tive clinical information. We performed the unsupervised clustering
of 1,089 differentially expressed genes (DEGs) (Table S2), obtained
by previous differential analyses, which classified the TCGA cohort
into three genomic clusters, namely, gene clusters A–C (Figures S2A
and S2B). The 588 gene signatures that were positively correlated
with the gene cluster were termed as the ICI gene signature A,
and the rest of the DEGs were named as the ICI gene signature B
(Table S3). Concurrently, in order to reduce the noise or redundant
genes, we used the Boruta algorithm to perform dimension reduc-
tion in the ICI gene signatures A and B.22 The heatmap delineated
the transcriptomic profile of the 276 most abundant DEGs identi-
fied across the genomic clusters (Figure 2A), which were annotated
by the “clusterProfiler” R package.23 The significantly enriched bio-
logical processes are summarized in Figures 2C and 2D, and a
detailed description is provided in Table S4. The correlation coeffi-
cient between the ICI signature gene and PD1/PDL1 was deter-
mined through correlation analysis, and we observed that a majority
of ICI signatures genes were significantly correlated to the PD1/PD-
L1 expression level (Table S5).

Furthermore, we explored the prognostic implications of the ICI gene
clusters by integrating them with survival information. The analysis
was performed by using the Kaplan-Meier plotter, and we found
that patients in gene cluster A had a better prognosis, whereas patients
in gene clusters B and C had the unfavorable outcomes (log rank test,
p = 0.0065; Figure 2B). Interestingly, we found that gene clusters A
and C were associated with significantly high immune scores. Multi-
ple studies have shown that the immune system may have favorable
and adverse outcomes, which could be exhibited in the form of
pro-tumor or anti-tumor activity, as observed in our analysis.13,16

As depicted in Figure 2E, gene cluster C showed an escalated stromal
component infiltration and immunosuppression-associated M2mac-
rophages and decreased DC infiltration, which was characterized as
the “immune exhausted phenotype” by the previous studies.13,24

The gene cluster A exhibited the highest CD8+ T cell infiltration.
The active immune phenotypes were characterized by the presence
of plasma cells and memory activated CD4+ T cells. Additionally,
the three genomic clusters showed significant differences in PD1/
PD-L1 expression levels (Kruskal-Wallis, p < 0.0001; Figures 2F
and 2G). The ICI gene clusters A and Cwere associated with relatively
higher PD1/PD-L1 expression levels, whereas ICI gene cluster B with
the lowest PD1/PD-L1 expression level. Taken together, the consis-
tency between the immune profile and prognostic profile in different
gene clusters implied that our classification method is scientific and
reasonable.
C cohorts. Rows represent tumor-infiltrating immune cells, and columns represent

ne cell-infiltrating classes. Log rank test showed an overall p = 0.018. (C) The fraction

and stromal score of three ICI clusters. The statistical difference of three ICI clusters

< 0.0001. (D) Cellular interaction of the tumor-infiltrating immune cell types. (E and F)

llis test, p < 0.0001).
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Construction of the ICI Score

To obtain quantitative indicators of ICI landscape in HNSC patients,
we used principal-component analysis (PCA) to compute two aggre-
gate scores: (1) the ICI score A from ICI signature gene A, and (2) the
ICI score B from ICI signature gene B. The ISA and ISB of each pa-
tient in this investigation were computed as the sum of individual
relevant individual scores. Finally, we acquired the prognostic signa-
ture score that was defined as the ICI score. The patients in the TCGA
cohort were stratified into two groups as the high or low ICI scores by
using the optimal cutoff value acquired by the X-tile software. The
distribution of patients in three gene clusters is represented in Fig-
ure 3A. We analyzed the immune activity and tolerance condition
of each group in the TCGA cohort before determining the prognostic
value of the ICI score in the TCGA cohort and other independent da-
tasets. To evaluate this, first, we selected CD274, CTLA4, HAVCR2,
IDO1, LAG3, and PDCD1 as immune-checkpoint-relevant signa-
tures, and CD8A, CXCL10, CXCL9, GZMA, GZMB, IFNG, PRF1,
TBX2, and TNF as immune-activity-related signatures.18,25 We
observed that most of the immune-checkpoint-relevant and im-
mune-activity-relevant genes except CD274, TBX2, HAVCR2, and
TNF were significantly overexpressed in the high ICI group as
demonstrated by the Wilcoxon test (Figures 3B and 3C). Besides,
the gene set enrichment analysis (GSEA) revealed that the WNT
and TGF-b signaling pathways were significantly enriched in the
low ICI score group, whereas NK cell-mediated cytotoxicity, B cell re-
ceptor, and T cell receptor signaling pathways were enriched in the
high ICI group (Figures 3D and 3E; Table S6).

The subsequent analysis involved the evaluation of the prognostic im-
plications of the ICI scores. ICI score subgroups analysis done using
the Kaplan-Meier plotter showed that the patients in the high ICI score
group (median survival time 1,972 days) had significantly betterOS rate
than the low ICI score group (median survival time 1,972 days; log rank
test, p < 0.0001; Figure 3F). Moreover, the prognostic efficiency of the
ICI score was validated in GenBank: GSE41613 (n = 97), GenBank:
GSE65858 (n = 270), and the total HNSC cohort (n = 940; log rank
test; Figures S3A–S3D). However, because of inadequate clinical data,
we were not able to establish a statistically significant correlation in
GenBank: GSE42743 (n = 79). We also evaluated the effect of adjuvant
therapy on the prognosis of each ICI subgroup. We found that the sur-
vival advantage in the low ICI score group was evident in the patients
who received adjuvant radiotherapy (log rank test; Figures 3G and 3H).

The Correlation between the ICI Scores and Somatic Variants

A myriad of evidence has demonstrated that tumors harboring high
mutation burden (non-synonymous variants) were associated with
increased CD8+ T cell infiltration in tumor tissue, which recognizes
Figure 2. Identification of Immunogenic Gene Subtypes

(A) Unsupervised clustering of common DEGs among three ICI cluster groups to classify

groups of patients. The log rank test showed an overall p = 0.0065. (C and D) Gene Ont

genes A (C) and B (D). The x axis indicates the number of genes within each GO term. (E)

the immune and stromal scores of three ICI clusters. The statistical difference of three IC

0.001; ****p < 0.0001. (F and G) Difference in PD-L1 (F) and PD1 (G) expression amon
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and eliminates these tumors. It implies that tumor burden mutation
(TMB) might determine the individual’s response to cancer immuno-
therapy.26,27 An increased TMB has been correlated to an improved
response to PD-1 blockades and prolonged progressive free survival
in the KEYNOTE 012 clinical trial.3,28 Considering the significant clin-
ical implications of TMB, we sought to explore the intrinsic correlation
between the TMB and ICI scores to elucidate the genetic imprints of
each ICI subgroup. To execute this, we first compared the TMB of pa-
tients with high ICI and low ICI score groups. As shown in Figure 4A,
patients in the high ICI score subgroup showed a significantly higher
TMB than patients in the low ICI score subgroup (Wilcoxon test p <
0.001). Further correlation analyses confirmed that the ICI score was
significantly and positively correlated with the TMB (Spearman coeffi-
cient: R = 0.1227, p = 0.0065; Figure 4B). Next, we categorized the pa-
tients into discrete subgroups based on the immune set point of TMB,
as described previously.28 As demonstrated in Figure 4A, we found that
patients with low TMB showed better OS than the high TMB (log rank
test, p = 0.0667). Taking into account the contraindicatory prognostic
value of TMB and ICI scores, we next evaluated the synergistic effect of
these scores in prognostic stratification of HNSC. Stratified survival
analysis revealed that the TMB status did not interfere with ICI
scores-based predictions. ICI score subtypes showed significant sur-
vival differences in both high and low TMB subgroups (log rank test,
High TMB & High ICI score (HH) versus High TMB & Low ICI score
(HL), p < 0.0001; Low TMB & Low ICI score (LH) versus Low TMB &
Low ICI score (LL), p = 0.0203; Figure 4D). Collectively, these findings
indicate that the ICI score might serve as an underlying predictive in-
dicator that is independent of TMB and effectively measures the
response to immunotherapy.

Furthermore, we assessed the distribution of somatic variants in
HNSC driver genes between the low and high ICI subgroups. The
HNSC driver genes were accessed by using the maftools.29 The top
25 driver genes with the highest alteration frequency were further
analyzed (Figure 4E). Analysis of the mutation annotation files of
the TCGA cohort revealed that the alteration frequency of TP53,
NSD1, CSMD3, SYNE1, PKHD1L1, USH2A, PIK3CA, CASP8,
FLG, PCLO, AHNAK, COL11A1, and RYR2 was significantly
different between the low and high ICI score groups (chi-square
test; Table 1). These outcomes might provide novel ideas for investi-
gating the mechanism of tumor ICI composition and gene mutation
in immune checkpoint blockade therapy.

The Role of ICI Scores in the Prediction of Immunotherapeutic

Benefits

Emerging immune checkpoint blocking therapy, which is used in can-
cer treatment to block the T cell inhibitory molecules in cancer
patients into three groups: gene clusters A–C. (B) Kaplan-Meier curves for the three

ology (GO) enrichment analysis of the two ICI-relevant signature genes: ICI signature

The fraction of tumor-infiltrating immune cells in three gene clusters. We also plotted

I clusters was compared through the Kruskal-Wallis test. *p < 0.05; **p < 0.01; ***p <

g distinct ICI gene clusters (Kruskal-Wallis test, p < 0.0001).
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Figure 3. Construction of the ICI Scores

(A) Alluvial diagram of ICI gene cluster distribution in groups with different ICI clusters, ICI scores, and survival outcomes. (B) Immune-checkpoint-relevant genes (IDO1,

CD274, HAVCR2, PDCD1, CTLA4, and LAG3) and immune-activation-relevant genes (CD8A, CXCL10, CXCL9, GZMA, GZMB, PRF1, IFNG, TBX2, and TNF) expressed in

high and low ICI score subgroups. (C) Enrichment plots showing ECM receptor interaction, focal adhesion, TGF-b, tight junction, and Wnt signaling pathways in the low ICI

score subgroup. (D) Enrichment plots showing T cell receptor signaling pathway, B cell receptor signaling pathway, natural killer cell-mediated cytotoxicity, drug metabolism

other enzymes, and arachidonic acid metabolism in the high ICI score subgroup. (E) Kaplan-Meier curves for high and low ICI score groups in the TCGA-HNSC cohort. Log

rank test, p < 0.001. (F) Kaplan-Meier curves for patients in the TCGA-HNSC cohort stratified by both receipt of adjuvant chemotherapy (Ct) and ICI score. Log rank test, p =

0.7521, high ICI score no Ct versus Ct; log rank test, p = 0.7384, low ICI score no Ct versus Ct. (G) Kaplan-Meier curves for patients in the TCGA-HNSC cohort stratified by

both receipt of adjuvant radiotherapy (Rt) and ICI scores. Log rank test, p = 0.2545, high ICI score no Rt versus Rt; log rank test, p = 0.0307, low ICI score no Rt versus Rt.
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treatment, has shown astounding outcomes with the potential in
improving diseased conditions in advanced cancers, but it is not effec-
tive in all patients.3,4 In the subsequent analysis, we examined the util-
ity of the ICI score in speculating the therapeutic benefit in patients. To
conduct this, the patients who received anti-PD-L1 immunotherapy in
the IMvigor210 cohort were assigned high or low ICI scores. Notably,
patients with high ICI scores significantly outlived patients with low
ICI scores in the IMvigor210 cohort (log rank test, p = 0.0017;
Figure 5A). The objective response rate of anti-PD-L1 therapy was
higher in the high ICI score group than in the low ICI group in the
IMvigor210 cohort (chi-square test, p = 0.0143; Figure 5B). We also
found that higher ICI scores are correlated with objective response
to anti-PD-L1 therapy in the IMvigor210 cohort (Wilcoxon test,
p < 0.0001; Figure 5C). A similar outcome was observed in the
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 303
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Figure 4. The Correlation between the ICI Score and Somatic Variants

(A) TMB difference in the high and low ICI score subgroups.Wilcoxon test, p < 0.0001. (B) Scatterplots depicting the positive correlation between ICI scores andmutation load

in the TCGA-HNSC cohort. The Spearman correlation between ICI scores and mutation load is shown (p = 0.0058). (C) Kaplan-Meier curves for high and low TMB groups of

the TCGA-HNSC cohort. Log rank test, p = 0.0067. (D) Kaplan-Meier curves for patients in the TCGA-HNSC cohort stratified by both TMB and ICI scores. Log rank test, p <

0.001. (E) The oncoPrint was constructed using high ICI scores on the left (red) and low ICI scores on the right (blue). Individual patients are represented in each column.
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TCGA-SKCM cohort, which received distinct immunotherapies, such
as cytokines, vaccines, and checkpoint blockers (log rank test, p =
0.0470; Figure 5D; chi-square test, p = 0.0143, Figure 5E; chi-square
test, p = 0.1520, Figure 5F). Collectively, these data indicate that ICI
scores could be correlated to response to immunotherapy.

DISCUSSION
The early clinical trials of immunotherapy have demonstrated its high
efficacy in tumorigenic growth eradication and improvement in the
quality of life in patients with advanced HNSC. Due to these factors,
the US Food Drug Administration and the European Medicines
Agency have approved pembrolizumab as the front-line treatment
in subjects with unresectable recurrent/metastatic HNSC.3 A signifi-
304 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
cant limitation of immunotherapy is that only a minority of patients
have benefitted from it. Even the Society for Immunotherapy of Can-
cer, who issued the first guidelines on immunotherapy for the treat-
ment of HNSC, has emphasized that appropriate patients for immu-
notherapy should be identified.30 In this study, we established a
methodology to quantify the comprehensive tumor immune milieu
in HNSC. The outcome of our study revealed that the ICI score is
an efficient prognostic biomarker and predictive indicator in assess-
ing the response to immunotherapy.

Mounting evidence has identified that the immune cell dysfunction
within the HNSC-TME promotes immunosuppression and thus the
associated tumor survival and progression. It later necessitates the



Table 1. Association of ICI Scores with Somatic Variants

Gene Symbol High ICI Score (%) Low ICI Score (%) p Value

TP53 132 (55) 191 (76) <0.0001

NSD1 36 (15) 18 (7) 0.0040

CSMD3 50 (21) 30 (12) 0.0051

SYNE1 48 (20) 28 (11) 0.0058

PKHD1L1 29 (12) 15 (6) 0.0171

USH2A 34 (14) 20 (8) 0.0216

PIK3CA 48 (20) 33 (13) 0.0293

CASP8 31 (13) 18 (7) 0.0342

FLG 31 (13) 18 (7) 0.0342

PCLO 36 (15) 23 (9) 0.0378

AHNAK 24 (10) 13 (5) 0.0400

COL11A1 24 (10) 13 (5) 0.0400

RYR2 26 (11) 15 (6) 0.0498

MUC16 48 (20) 35 (14) 0.0550

DNAH5 34 (14) 23 (9) 0.0683

DMD 24 (10) 15 (6) 0.0953

TTN 91 (38) 83 (33) 0.1833

XIRP2 22 (9) 18 (7) 0.4110

PAPPA2 22 (9) 18 (7) 0.4110

NOTCH1 34 (14) 43 (17) 0.4601

LRP1B 36 (15) 33 (13) 0.5171

CDKN2A 46 (19) 55 (23) 0.5791

KMT2D 34 (14) 33 (14) 0.6941

FAT1 48 (20) 55 (22) 0.7413

FAM135B 19 (8) 20 (8) >0.9999

p value was obtained from the chi-square test between different ICI score subtypes.
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therapeutic intervention.31,32 In this study, we analyzed the ICI in a
meta-cohort of 1,029 HNSC samples and categorized the HNSC
into three distinct immune subtypes. Our analysis indicated that
densities of CD4+ T cells, CD8+ T cells, plasma cells, and M1 macro-
phages and a high immune score were correlated to the patient’s prog-
nosis, which is in line with the previous studies.33,34 This emphasizes
the fact that the pre-existing immune response has an anti-tumor ef-
fect and positively affects the response to immunotherapy. A few pio-
neering clinical and genomic studies17,20,35 reported that HNSC is one
of the tumors that is highly infiltrated with immune cells. However,
less than 20% of HNSC patients responded to immunotherapy as
compared with patients with other tumor types with lower immune
infiltration.3,36 This insinuates that even the immune phenotypes in
the tumor cannot absolutely predict the response to immunotherapy.
The molecular analysis of HNSC has identified a series of cytokines,
chemokines, and other TME components that determine the host’s
ability to exercise anti-tumor immune response. These molecular
alterations during tumorigenesis may disturb the intercellular
communication between the infiltrating immune cells, and thus tip
the balance between immunity tolerance and activity.16
In the current study, we hypothesized that the comprehensive charac-
terization of the ICI profiles and immune-related gene expression
pattern would be a novel approach in strategizing the patient-specific
tailored therapy. Our primary concern was the molecular character-
ization of HNSC-TME that modulates the immune system, and so
we first fetched the immune-related genes based on previous and pre-
sent novel ICI gene clusters. Within these gene clusters, we found that
ICI gene cluster B had the lowest immune score, stromal score, and
other immune-response-related cells, which suggests an immune-
cold phenotype. Conversely, the ICI gene clusters A and C exhibited
relatively high immune scores and inflammatory cell density. Also, we
observed that a high stromal score was associated with increased infil-
tration of TAMs and resting DCs in ICI gene cluster C, implying a hu-
moral immune response in this cluster.24,37 Additionally, the ICI gene
cluster A had a more favorable immune-activated phenotype with the
highest density of CD8+ T cells, activated CD4+ T cells, and plasma
cells.38,39 On the other hand, the impact of the TME on patients’
OS was well documented by the previous studies.13,40 In line with
these findings, our results revealed that the humoral immune
response in the ICI gene cluster C and immune-cold phenotype in
ICI gene cluster B were associated with a poor prognosis that could
trigger tumor cell evasion from the immune system and impart resis-
tance to immunotherapy. The anti-tumor immune response in the
ICI gene cluster A was associated with a favorable prognosis, and
we speculated that the patients in ICI gene cluster A might benefit
from immunotherapy. The outcome of our analysis is in line with
the previous studies, which indicate that the gene clusters in the cur-
rent study might lead to the development of more precise
immunotherapy.

Considering the individual heterogeneity of immune milieu, it was ur-
gently demanded to quantify the ICI patterns of individual tumors. The
individual-based model derived from tumor subtype-specific bio-
markers has been well established in breast and colorectal cancers to
improve outcome prediction.41,42 In the current study, with the help
of the Boruta algorithm, we obtained potential “subtypes biomarkers”
and established an ICI score to quantify the ICI pattern. Through
GSEA, we found genes that were involved in the immunosuppressive
pathways, such as TGF-b and WNT signaling pathways, and these
genes were enriched explicitly in the low ICI score groups. Recently,
the preclinical reports have identified an association between the
gene mutations and response or tolerance to immunotherapy.43,44

An integrated ICI score at the genome level revealed the significant
variant frequency differences in multiple genes between the high and
low ICI scores, and few of these genes were explicitly associated with
sensitivity or resistance. Besides, we also detected that the TMB, which
is more sensitive to immunotherapy, was significantly reduced in pa-
tients with low ICI scores. The correlation between the ICI score and
TMB was found to be 0.1227. The stratified analysis revealed that the
prognosis value of ICI scores was independent of TMB in HNSC.
The lack of correlation, coupled with the observed individual predictive
values and GSEA outcome, implies that the ICI score and TMB repre-
sent distinct aspects of tumor immunobiology and can predict patient
response to immunotherapy independently of TMB.
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 305
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Figure 5. The Role of ICI Scores in the Prediction of

Immunotherapeutic Benefits

(A) ICI scores in groups with a different anti-PD-1 clinical

response status. Wilcoxon test, p < 0.0001. (B) Kaplan-

Meier curves for patients with high and low ICI scores in the

IMvigor210 cohort. Log rank test, p = 0.0017. (C) Rate of

clinical response (complete response [CR]/partial response

[PR] and stable disease [SD]/progressive disease [PD]) to

anti-PD-L1 immunotherapy in high or low ICI score groups

in the IMvigor210 cohort. (D) Distribution of ICI score in

different response status to immunotherapy in the TCGA-

SKCM cohort. Wilcoxon test, p = 0.041. (E) Kaplan-Meier

curves for patients with high and low ICI scores in the

TCGA-SKCM cohort. Log rank test, p = 0.047. (F) Rate of

clinical response (CR/PR and SD/PD) to various immuno-

therapies in high or low ICI score groups in the TCGA-

SKCM cohort.
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The patients receiving immunotherapy were assessed by the IMvi-
gor210 and TCGA-SKCM, and we found that the ICI score was signif-
icantly elevated in patients responding to immunotherapy, which vali-
dated its predictive value. Overall, this suggests that single-agent
immunotherapy might be beneficial for the patients with high ICI
scores. Taking into account the activity of the TGF-b signaling pathway
in low ICI score subtypes, TGF-b inhibition coupled with immune
checkpoint blockade might be beneficial for patients with low ICI
scores.45,46 In this context, previous preclinical studies have confirmed
that the synergistic therapeutic effect of the TGF-b inhibitor and im-
mune checkpoint inhibitor were more efficient than single-agent
immunotherapy for solid tumors. Moreover, there is an ongoing phase
1b/2 clinical trial (ClinicalTrials.gov: NCT02423343) to test the thera-
peutic effects of the combined application of TGF-b and nivolumab in
advanced solid tumors. Furthermore, the findings of the current inves-
tigation demand clinical trial-based validation in a larger HNSC cohort
receiving immunotherapy.

In summary, we comprehensively analyzed the ICI landscape of
HNSC, providing a clear picture of the anti-/pro-tumor immune
response regulation in HNSC. The difference in ICI patterns was
found to be correlated to tumor heterogeneity and treatment
complexity. Thus, systematic evaluation of tumor ICI patterns carried
out by the current study has crucial clinical implications. Also, it can
facilitate the identification of ideal candidates for tailoring optimal
immunotherapeutic strategies.

MATERIALS AND METHODS
HNSC Datasets and Samples

A total of 1,029 HNSC samples datasets (TCGA-HNSC was derived
from TCGA database GSE41613, GSE65858, GSE42743 and
306 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
E-MTAB-1328 were derived from Array express
database) were procured from five publicly avail-
able datasets. The detailed information of 1,029
HNSC patients was shown in Table S7. The
RNA sequencing (RNA-seq; Fragments Per Kilo-
base Million [FPKM] value) data of TCGA-HNSC datasets were
downloaded from the University of California Santa Cruz (UCSC)
Xena browser (Genomic Data Commons [GDC] hub: https://
xenabrowser.net/datapages/?hub=https://gdc.xenahubs.net:443, ac-
cessed June 15, 2019). The microarray datasets (GenBank:
GSE65858, GSE41613, and GSE42743 and E-MTAB-1328) were
downloaded from the Array Express database (https://www.ebi.ac.
uk/arrayexpress, accessed June 15, 2019). Out of these five datasets,
OS data for TCGA-HNSC and GenBank: GSE65858, GSE42743,
and GSE41613 were available. As described previously, the expression
profile (FPKM values) of TCGA-HNSC datasets was transformed
into TPMs (transcripts per kilobase million), which was identical to
those resulting from microarrays.47 The “ComBat” algorithm was
applied to reduce the likelihood of batch effects from non-biological
technical biases between different datasets.48

Consensus Clustering for Tumor-Infiltrating Immune Cells

Infiltration levels for distinct immune cells inHNSCwere quantified by
using “CIBERSORT” R package21 and employing the LM22 signature
and 1,000 permutations. ESTIMATE evaluated the immune and stro-
mal contents (immune and stromal score) for each HNSC sample.20

The hierarchical agglomerative clustering of HNSC was executed as
per the ICI pattern of each sample. The unsupervised clustering
“Pam” method based on Euclidean and Ward’s linkage was used in
this analysis, executed by using the “ConsensuClusterPlus” R pack-
age,23 and repeated 1,000 times to ensure the classification stability.

DEGs Associated with the ICI Phenotype

Patients were grouped into the ICI clusters based on immune-cell
infiltration to identify genes associated with the ICI patterns. DEGs
among ICI subtypes were determined by setting significance cutoff

https://xenabrowser.net/datapages/?hub=https://gdc.xenahubs.net:443
https://xenabrowser.net/datapages/?hub=https://gdc.xenahubs.net:443
https://www.ebi.ac.uk/arrayexpress
https://www.ebi.ac.uk/arrayexpress
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criteria to p < 0.05 (adjusted) and absolute fold-change > 1.4, which
was implemented by employing the limma R package.

Dimension Reduction and Generation of ICI Score

First, unsupervised clustering was employed to categorize the patients
in TCGA as per the DEG values. Furthermore, DEG values that were
positively and negatively correlated with the clusters signature were
termed as the ICI gene signatures A and B, respectively. Furthermore,
the Boruta algorithm was employed for the dimension reduction of
the ICI gene signatures A and B,22 and principal component 1 was ex-
tracted as the signature score by employing the PCA. Lastly, we
applied a method similar to Gene expression grade index49 to define
the ICI score of each patient:

ICI score =
X

PC1A �
X

PC1B:

Collection of Somatic Alteration Data

The corresponding mutation data of patients in the TCGA-HNSC
cohort were downloaded from TCGA data portal (https://www.
cancer.gov/tcga/). To determine the mutational burden of HNSC,
we counted the total number of non-synonymous mutations in
HNSC. The somatic alterations in HNSC driver genes were evaluated
for the high or low ICI scores. The HNSC driver genes were identified
using “maftool” R package.29 The top 25 driver genes with the highest
alteration frequency were further analyzed.

Gene Expression Data with Immunotherapy

Two independent datasets, IMvigor210 and TCGA-SKCM, were
downloaded and analyzed to determine the predictive value of
the ICI scores. The IMvigor210 dataset was downloaded from a
freely available, fully documented software and data package, un-
der the Creative Commons 3.0 license that can be downloaded
from http://research-pub.gene.com/IMvigor210CoreBiologies. The
TCGA-SKCM dataset, the expression profiles, and related-clinical
information were downloaded from the UCSC Xena browser
(GDC hub: https://xenabrowser.net/datapages/?hub=https://gdc.
xenahubs.net:443). A total of 298 urothelial cancer cases with com-
plete clinical information and 80 skin melanoma cases who
received immunotherapy were analyzed to determine the ICI
scores.

Statistical Analyses

All statistical analyses were conducted using GraphPad Prism version
7.0 or SPSS version 21.0 (IBM Corporation, Armonk, NY, USA) soft-
ware. The Kruskal-Wallis test was used to compare more than two
groups, and the Wilcoxon test was used to compare two groups.
The X-tile software, which iteratively tests possible cut points to select
the one with the maximum rank statistic, was used to classify patients
into two subtypes in each dataset and to reduce the computational
batch effect.50 The Kaplan-Meier plotter was employed to generate
survival curves for the subgroups in each dataset. The log rank test
evaluated the statistically significant differences. The chi-square test
analyzed the correlation between the ICI score subgroups and somatic
mutation frequency, and the Spearman analysis computed the corre-
lation coefficient. Two-tailed p < 0.05 was considered as statistically
significant.
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