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ABSTRACT
◥

Purpose: EGFR pathway inhibition may promote anti–
programmed cell death protein 1 (PD-1) responses in preclinical
models, but how EGFR inhibition affects tumor antigen
presentation during anti–PD-1 monotherapy in humans remain
unknown. We hypothesized that afatinib, an irreversible
EGFR tyrosine kinase inhibitor, would improve outcomes in
patients treated with pembrolizumab for recurrent or metastatic
head and neck squamous cell carcinoma (HNSCC) by promot-
ing antigen presentation and immune activation in the tumor
microenvironment.

Patients andMethods:The ALPHA study (NCT03695510) was
a single-arm, Phase II study with Simon’s 2-stage design. Afatinib
and pembrolizumab were administered to patients with plati-
num-refractory, recurrent, or metastatic HNSCC. The primary
endpoint was the objective response rate (ORR). The study
applied gene expression analysis using a NanoString PanCancer

Immune Profiling Panel and next-generation sequencing using
FoundationOne CDx.

Results: From January 2019 to March 2020, the study enrolled 29
eligible patients. Common treatment-related adverse eventswere skin
rash (75.9%), diarrhea (58.6%), and paronychia (44.8%). Twelve
patients (41.4%) had an objective partial response to treatment. The
median progression-free survival was 4.1 months, and the median
overall survival was 8.9 months. In a paired tissue analysis, afatinib–
pembrolizumab were found to upregulate genes involved in antigen
presentation, immune activation, and natural killer cell–mediated
cytotoxicity. Unaltered methylthioadenosine phosphorylase and
EGFR amplification may predict the clinical response to the therapy.

Conclusions: Afatinib may augment pembrolizumab therapy
and improve the ORR in patients with HNSCC. Bioinformatics
analysis suggested the enhancement of antigen presentation
machinery in the tumor microenvironment.

Introduction
Anti–programmed cell death protein 1 (PD-1) immunotherapy,

such as pembrolizumab or nivolumab, is effective in patients with head
and neck squamous cell carcinoma (HNSCC; refs. 1–3). However,
modest response rates have been reported in patients with cancer
due to intrinsic resistance to anti–PD-1 monotherapy (4). The loss of

IFNg signaling and impaired antigen presentation are two primary
mechanisms underlying this resistance (4). Overcoming this intrinsic
resistance using anti–PD-1–based combination therapy represents a
critical approach for improving clinical benefits in patients with
HNSCC receiving anti–PD-1 therapy.

Successful anti–PD-1 therapy induces the increased infiltration of
T cells into the tumor environment (5) in response to an adequate
antigen-presenting cell niche (6, 7). Therefore, in situ antigen
presentation alone may act as a determining factor for the intrinsic
resistance to anti–PD-1 therapy. Current studies have indicated that
insufficient IFNg signaling (8), low MHC complex expression (9),
beta-2-microglobulin (B2M) gene mutation (10), and EGFR path-
way activation (11, 12) are related to impaired antigen processing
and presentation. Treatment strategies that augment antigen pre-
sentation could be promising approaches for improving anti–PD-1
treatment efficacy. A combination of chemotherapeutic drugs
induced immunogenic cell death and enhanced antigen presentation
in a variety of mouse models (13). Recent studies have combined
chemotherapy with anti–PD-1/programmed death-ligand 1 (PD-L1)
therapy in various cancer types, leading to meaningful improve-
ments in survival (3, 14, 15). However, in patients unable to tolerate
chemotherapy-related toxicity, alternative combination therapies
remain necessary to overcome intrinsic resistance to anti–PD-1
immunotherapy. For this reason alone, it is important to uncover
and elucidate alternative anti–PD-1 combination regimen to over-
come the different mechanisms of intrinsic resistance.

EGFR pathway inhibition has been shown to promote antigen
presentation and improve immunotherapy efficacy in a preclinical
model (16). Lizotte and colleagues (16) performed a drug screening
assay using an ovalbumin antigen–specific, H2b-restricted, transgenic
CD8þ T-cell in vitro co-culture system. The study found that EGFR
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tyrosine kinase inhibitors (TKI), especially afatinib, increased IFNg-
induced MHC class I expression in ovalbumin-expressing ID8 tumor
cells and enhanced tumor cell lysis by ovalbumin-specific transgenic
CD8þ T cells (16). In a syngeneic mouse model using MC38 colon
cancer cell lines in C57BL/6J mice, adding afatinib to anti–PD-1
treatment suppressed tumor growth (16). Another study showed that
EGFR-TKIs augment anti–PD-1 effectiveness by increasing human
leukocyte antigen (HLA) expression and downregulating PD-L1 via the
JAK–STAT pathway (11, 12). These studies demonstrated the ability of
EGFR inhibition to enhance antigen presentation. In addition, EGFR-
TKIs can suppressHNSCCgrowth.Afatinib, an irreversible EGFR-TKI,
improved the objective response rate (ORR) and progression-free
survival (PFS) rate in recurrent or metastatic HNSCC (17, 18). These
data indicate the ability of EGFR-TKIs to augment antigen presentation
and tumor suppression and support the potential efficacy of combi-
nation anti–PD-1 and EGFR-TKIs for cancer immunotherapy.

Here, we present the first anti–PD-1 plus EGFR-TKI combination
therapy trial for patients with HNSCC.

Patients and Methods
Study approval

This study protocol was approved by the Institutional Review Board
of the National Taiwan University Hospital and is registered with
ClinicalTrials.gov (NCT03695510). Written informed consents from
all enrolled patients were obtained before study treatment. The studies
were conducted in accordance with the ethical guideline ofDeclaration
of Helsinki.

Study design
This study was designed as a single-arm, Phase II trial with Simon’s

2-stage design. The key eligibility criteria for inclusion in the study
were: (i) HNSCC diagnosis; (ii) platinum-refractory, which was
defined as tumor progression or recurrence within 6 months after
the last dose of platinum-based therapy administered as adjuvant
therapy, or disease progression after taking platinum-based therapy for
recurrent or metastatic disease; (iii) RECIST 1.1-measurable lesions;
(iv) Eastern Cooperative Oncology Group (ECOG) performance score
of 0 or 1; (v) acceptable bonemarrow, hepatic, and renal functions; and
(vi) negative hepatitis B virus surface antigen, negative anti-hepatitis C
virus, and negative anti-human immunodeficiency virus. The study
treatment protocol was 200-mg pembrolizumab once every three
weeks combined with 40-mg afatinib once daily. The study admin-

istered afatinib–pembrolizumab every three weeks until disease
progression, intolerable toxicity, or patient withdrawal. Treatment
beyond progression was allowed if pseudoprogression was suspected.
Afatinib dose titration for treatment-related toxicity was allowed, but
no dose titration for pembrolizumab was permitted. The trial assessed
tumor response every nine weeks during the first 18 weeks and every
12 weeks after that. Tumors were assessed and analyzed using CT
or MRI.

Efficacy assessment
The primary endpoint was the best ORR, according to RECIST 1.1

criteria. The secondary endpoints were PFS, overall survival (OS), and
duration of response (DoR). PFS was calculated from the day of first
dosing to disease progression, intolerable toxicity, or death. Patients
who did not have disease progression were censored on the last day of
tumor evaluation. OS was calculated from the day of dosing to the day
of death. For survivors, the datawere censored on the last day of known
survival status. For responders, DoR was calculated from the day of
partial response to the day of disease progression or death. Patients
who did not have disease progression were censored on the last day of
tumor evaluation.

mRNA expression analysis
Each eligible patient was subjected to biopsy before treatment

initiation. A second post-treatment tumor biopsy was obtained before
the fourth treatment cycle. Biopsy samples were fixed in formalin for
all downstream analyses. Gene expression was measured using RNA
isolated from formalin-fixed paraffin-embedded (FFPE) biopsy tissue
using NanoString technology. Total RNA was isolated and purified
using a Qiagen RNeasy FFPE Kit (Qiagen), following the manufac-
turer’s instructions. ExtractedmRNAwas analyzed using an nCounter
PanCancer Immune Profiling Panel (NanoString Technologies), as
described previously (19). Digital data acquisition via the nCounter
Digital Analyzer (NanoString Technologies) was performed by
Cold Spring Biotech Corporation, Taipei, Taiwan. nSolver 4.0Analysis
Software (NanoString Technologies) and R 3.5.0 were used for data
analysis. Linear normalization of mRNA expression data was gener-
ated by nSolver 4.0. In the gene differential expression analysis, an
adjusted P value was calculated using the Benjamini–Yekutieli method
in nSolver 4.0 software. Gene Set Enrichment Analysis (GSEA) v4.1.0
(Broad Institute) and GSEA Preranked v.7.2 (Broad Institute) were
used for enrichment analysis (20). Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Ontology (GO) datasets were retrieved
from MSigDB v7.4 (https://www.gsea-msigdb.org/gsea/msigdb/).
Gene sets with nominal P values < 0.05 and FDR q values < 0.1 were
selected for further analysis. Cytoscape v3.8.2 (National Institute
of General Medical Sciences, MD; ref. 21), EnrichmentMap v3.3.2
(University of Toronto, Canada; ref. 22), and StringApp v1.6.0
(University of California, San Francisco, CA, and University of
Copenhagen, Denmark; ref. 23) were used for analysis. CIBERSORTx
(Stanford University, CA) and LM22 gene signatures for immune cell
enumeration were used for immune cell profiling analysis (24).

Comprehensive genomic profiling
Pre-treatment tumor biopsies or archival tumor tissues were used

for comprehensive genomic profiling. Biopsy collection after disease
progression was performed only with patients’ consent. FFPE samples
were transported to Foundation Medicine and analyzed using a
FoundationOne CDx Panel. The methods applied in the current study
for next-generation sequencing-based genomic assays have previously
been validated and reported (25). The current assay interrogated

Translational Relevance

Impaired antigen presentation in the tumor microenvironment
is an intrinsic resistance mechanism during immune checkpoint
therapy. To overcome this mechanism and minimize chemother-
apy-related toxicity, this study combined afatinib with pembroli-
zumab to treat patients with platinum-refractory head and neck
squamous cell carcinoma (HNSCC). The study met the primary
endpoint of improving the overall response rate for HNSCC. The
paired tissue analysis showed that afatinib, an EGFR tyrosine
kinase inhibitor, may enhance antigen presentation, natural killer
cell–mediated cytotoxicity, and immune reactions. We also iden-
tified unaltered methylthioadenosine phosphorylase levels, EGFR
amplification, and high programmed death-ligand 1 expression as
possible predictive biomarkers for therapeutic outcomes.
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324 genes and the introns of 36 genes known to be involved in gene
rearrangements. Copy-number amplification cutoff values for the
present study were defined as four copies of ERBB2 and six copies
of all other genes. The mutation allele frequency results were provided
by FoundationMedicine on request. The results from all patients were
summarized and visualized in Microsoft Excel using different color
annotations. The results for equivocal amplification, equivocal loss,
and subclonal alterations are not presented in thefigures includedhere.

TCGA HNSCC data acquisition and analysis
To confirm the roles played by specific genetic alterations and their

impacts on the tumor microenvironment, The Cancer Genome Atlas
(TCGA) HNSCC PanCancer Atlas (26) database was analyzed using
cBioPortal (https://www.cbioportal.org/). A gene of interest was used
to query the database, and differential mRNA expression levels
between groups according to gene status (gene alteration vs. wild-
type) were obtained from the “mRNA” module of the “Comparison/
Survival” tool in cBioPortal. The differential mRNA expression data
were then ranked according to the value of the log of the ratio ofmRNA
differential expression. For enrichment analysis, the ranked mRNA
data were analyzed using GSEA Preranked v.7.2 (Broad Institute).

PD-L1 testing
PD-L1 IHC was performed using anti–PD-L1 antibody 22C3 clone

(Dako) and theDako automated platform (Dako) at theDepartment of
Pathology, National Taiwan University Hospital. All PD-L1 scoring
was performed by a single pathologist (Y.-L. Huang). The PD-L1
tumor proportion score (TPS) was calculated as the percentage of
viable tumor cells showing partial or complete membrane staining at
any intensity. The PD-L1 combined positive score (CPS) was calcu-
lated as the number of PD-L1–stained cells (tumor cells, lymphocytes,
and macrophages) divided by the total number of viable tumor cells,
multiplied by 100. At least 100 viable cancer cells were evaluated in
each sample (27).

Statistical analysis
This study was performed as a single-arm, Phase II trial, and the

primary endpoint was the best ORR based on Simon’s 2-stage design.
The null hypothesis that the true response rate is 15% will be tested
against a one-sided alternative. During the first stage, 13 patients were
recruited, and the study would have been stopped if two or fewer
responses were observed among these 13 patients. During the second
stage, 16 additional patients were recruited, resulting in a total of 29
patients. The null hypothesis was rejected if eight or more responses
were observed among all 29 patients. This design yields a type I error
rate of 0.05 (one-sided) and a power of 0.9 when the true response rate
is 40%. Survival estimates were performed using Kaplan–Meier sur-
vival analyses and log-rank Cox proportional analyses. MedCalc
Statistical Software version 19.7 (MedCalc Software Ltd.), GraphPad
Prism version 9.0.2 (GraphPad Software, LCC), and Microsoft Office
365 were used to perform data analyses and figure generation.

Data availability statement
The data generated in this study are available upon request from the

corresponding authors. The mRNA analysis data by Nanostring
platform could be obtained in Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/; GEO Accession No. GSE190575).

Results
From January 2019 toMarch 2020, 29 total patients were enrolled in

the study. The cutoff value for data analysis was February 11, 2021. The

median follow-up of the study was 20.1months. Patient characteristics
are summarized in Table 1. One patient discontinued treatment for
personal reasons, and one patient discontinued therapy due to decreas-
ing functional status.

Efficacy
During the first stage, 7 of 13 patients responded to therapy [ORR,

53.8%; 95% confidence interval (CI), 25.1%–80.8%]. The response rate
met the pre-specified criteria, and the study progressed to the second
stage. Overall, one patient had a complete response, and 11 patients
had confirmed partial response (ORR, 12/29, 41.4%; 95% CI, 23.5%–
61.1%; Fig. 1A). The ORR result met the primary endpoint of the
study. Stable disease during therapy was registered for 7 of 29 patients
(24.1%; 95% CI, 10.3%–43.5%). The overall disease control rate was
65.5% (95% CI, 45.7%–82.1%). The median PFS was 4.1 months (95%
CI, 1.9–6.3months; Fig. 1B), and themedianOSwas 8.4months (95%
CI, 4.1–10.8 months; Fig. 1C). Among the 12 responders, the median
DoR was 4.9 months (95% CI, 2.0–7.9 months; Fig. 1D).

Adverse events
All patients (100%) experienced at least one treatment-related

toxicity event, and 11 (37.9%) patients experienced Grade 3 or higher
treatment-related toxicity events (Table 2). Twelve patients (41.4%)
experienced afatinib dose reduction due to toxicity. One patient
discontinued afatinib due toGrade 2 pneumonitis. One patient expired
due to a carotid blow-out. One patient committed suicide. One patient
with a history of ischemic stroke and stable atrial fibrillation was found
dead at home, and the cause of death was determined to be cardio-
vascular disease.

Biomarker analysis
Paired biopsy mRNA expression analysis

Specimens from 9 patients with adequate paired pre- and post-
treatment biopsy tissues were analyzed for mRNA expression
(Fig. 2A). The best response recorded for these 9 patients were: Partial
response in 3 patients, stable disease in 4 patients, and disease
progression in 2 patients. By comparing pre- and post-treatment
specimens, 12 genes (CXCL13, CXCL9, CFB, LAG3, CD7, CD3D,
CD8A, PSMB10, HLA-B, C1R, HLA-A, and FLT3LG; Fig. 2B) were
found to be significantly upregulated after treatment, whereas 14 genes
(RRAD, CCL20, IL1RN, FN1, IL1RL1, CD24, ANXA1, EGR1, THBS1,
TNFRSF12A, LRP1, BCL2L1, TNFRSF10B, and MAP2K1; Fig. 2C)
were significantly downregulated after treatment. Gene network anal-
ysis of the 12 upregulated genes using StringApp showed thatHLA-A,
HLA-B, CD8A, and CD3E were core genes affected by combination
therapy (Fig. 2D).

In the KEGG GSEA analysis, 11 gene sets were found to be
upregulated (nominal P < 0.05, FDR q < 0.1) after afatinib–
pembrolizumab treatment, which were involved in antigen processing
and presentation, natural killer (NK) cell–mediated cytotoxicity, endo-
cytosis, autoimmunity, and inflammation (Fig. 2E). In line with the
KEGG analysis results, the GO Biological Process GSEA analysis
(Fig. 2E) also identified the upregulation of antigen processing and
presentation and NK cell–mediated cytotoxicity pathways after treat-
ment. Other upregulated gene sets included genes involved in the
adaptive immune response, T-cell chemotaxis, T-cell selection,
and leukocyte-mediated toxicity (nominal P < 0.05, FDR q < 0.1).
Three gene sets associated with tolerance induction and negative
leukocyte and lymphocyte regulatory function were also upregulated
after treatment. Leading-edge analysis revealed that FOXP3 was
at the leading edge of all three upregulated gene sets (Fig. 2F).
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Afatinib–pembrolizumab treatment significantly downregulated
194 gene sets (nominal P < 0.05, FDR q < 0.1). In an enrichment map
analysis, the majority of downregulated gene sets were found to be
closely related. The top10downregulated gene setswere associatedwith
cell differentiation, generation, and proliferation (Fig. 2E). Gene sets
related to IFNg and IFNa function did not show significant changes in
this analysis [GOBP IFNg mediated signaling pathway: Normalized
enrichment score (NES): 1.42, P ¼ 0.051, q ¼ 0.34; GOBP IFNa
production: NES: �0.76, P ¼ 0.85, q ¼ 0.919].

Targeted gene sequence analysis
Twenty-five patients (86.2%) had fresh or archival tissues available

for analysis (Fig. 3A). No patients had a tumor mutational burden
score greater than 10 mutations/megabase. No patients had a known
EGFR-driver mutation. EGFR amplification predicted a higher
response rate (EGFR amplification, n ¼ 3; ORR, 100%, Fisher exact
test, P ¼ 0.07). Methylthioadenosine phosphorylase (MTAP) loss or
mutation predicted a lower response rate (MTAP loss ormutation, n¼
5; ORR, 0%, Fisher exact test, P ¼ 0.046). Patients withMTAP loss or
mutation had a shorter PFS [with loss or mutation, PFS median,
1.9months (95%CI, 0.7–4.1months) vs. without loss ormutation, PFS
median 5.5 months (95% CI, 2.0–7.0 months); hazard ratio (HR), 4.2;
95%CI, 1.3–13.3;P¼ 0.014] and shorterOS [with loss ormutation, OS
median, 3.8 months (95% CI, 2.3–8.4 months) vs. without loss or
mutation, OS median 9.0 months (95% CI, 5.6–13.0 months); HR, 4.2
(95% CI, 1.3–13.4); P ¼ 0.015; Fig. 3B and C].

KEGG enrichment analysis comparing MTAP loss/mutation
(altered MTAP, n ¼ 5) with MTAP wild-type (unaltered MTAP,
n¼ 15) showed the downregulation of the Toll-like receptor signaling
pathway and the JAK–STAT signaling pathway (Fig. 3D). Compared
with tumors featuring altered MTAP, tumors with unaltered MTAP
had more abundant CD8þ T cells in the microenvironment (Mann–
Whitney U test, P ¼ 0.0037, FDR q ¼ 0.08; Fig. 3E).

To confirm the role of MTAP alternation in the HNSCC tumor
microenvironment, we analyzed 523 patients/samples from the TCGA
HNSCC database. Eighty (15%) patients had MTAP gene alterations,
and themajority of these (75 patients, 93.75%)hadMTAP deep deletion.
KEGG and GO enrichment analyses of 19,874 mRNA genes revealed
that immune response-related gene sets were significantly downregu-
lated in patients with HNSCC with MTAP alterations (Fig. 3D).

Post-progression targeted gene sequence analysis
Three patients had paired pre-treatment and post-progression

biopsy tissues for targeted gene sequence analyses (Fig. 4A–C). The
heterogeneous responses of cloneswere noted for two patients (Fig. 4A
andB). One patient had a newMTAP loss in the post-treatment tissue.
Two patients each had a new INPP4B mutation. One JAK1 in one
patient and one JAK3missense mutation in one patient were detected.

PD-L1
Twenty-eight (96.6%) patients had adequate tissue samples for PD-

L1 analysis (Table 1). For patients with high PD-L1 expression, the
ORRwas numerically but not statistically higher than for patients with
low PD-L1 expression (PD-L1 TPS ≥ 50, ORR: 71% vs. TPS < 50, ORR:
33%, Fisher exact test: P ¼ 0.1; PD-L1 CPS ≥ 20, ORR: 63% vs. CPS <
20, ORR: 35%, Fisher exact test: P ¼ 0.23).

Discussion
This study explored the effects of EGFR-TKI treatment combined

with anti–PD-1 therapy in platinum-refractory patients with HNSCC.

Table 1. Patient characteristics.

Afatinib þ
pembrolizumab
N ¼ 29

Age, y
Median (range) 53.4 (26.2–71.1)
Sex, n (%)

Male 27 (93.1)
Female 2 (6.9)

ECOG PS
0 2 (6.9)
1 27 (93.1)

Habits
Alcohol 20 (69.0)
Betel nuts 19 (65.5)
Cigarettes 23 (79.3)

Primary tumor site, n (%)
Oral cavity 19 (65.5)
Oropharynx 6 (20.7)

P16þ 4 (13.8)
P16� 1 (3.4)
NA 1 (3.4)

Hypopharynx 2 (6.9)
Larynx 2 (6.9)

Disease status at enrollment, n (%)
Local recurrence only 15 (51.7)
Local recurrence and metastases 11 (37.9)
Metastases only 3 (10.3)

Metastatic sites
Lung 11 (37.9)
Liver 5 (17.2)
Bone 4 (13.8)
Kidney 2 (6.9)

Types of prior therapy
Surgical tumor resection 24 (82.8)
Radiotherapy 26 (89.7)
Cetuximab 16 (55.2)

Prior lines of therapy in recurrent/metastatic setting, n (%)a

Noneb 10 (34.5)
1 6 (20.7)
2 6 (20.7)
≥3 7 (24.1)

PD-L1 TPS, n (%)
<1 8 (27.6)
1–49 13 (44.8)
≥50 7 (24.1)
NA 1 (3.4)

PD-L1 CPS, n (%)
<1 3 (10.3)
1–19 17 (58.6)
≥20 8 (27.6)
NA 1 (3.4)

Tumor mutational burden (TMB)
Tested, with results, n (%) 25 (86.2)
TMB (mutations/megabase)

Median (range) 4 (1–8)
1–5, n (%) 19 (65.5)
6–10, n (%) 6 (20.7)
>10, n (%) 0 (0)
NA, n (%) 4 (13.8)

Abbreviations: CPS, combined positive score; ECOG PS, Eastern Cooperative
Oncology Group performance status; NA, not available; PD-L1, programmed
death-ligand 1; TPS, tumor proportion score.
aOnly therapies for recurrent/metastatic diseases were counted in this column.
Prior induction or adjuvant therapies were not counted in this column.
bPatientswith new recurrent/metastatic diseases in 6months after the last dose
of platinum-based therapy in adjuvant therapy or concurrent chemoradiation.
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The study met the primary endpoint of ORR, with manageable
toxicities in patients with HNSCC. In the biomarker analyses, we also
identified several potential predictive therapeutic biomarkers, includ-
ing high PD-L1 expression, EGFR amplification, and unalteredMTAP.
Further studies in larger sample sizes are warranted to confirm the
efficacy of this therapeutic strategy and the roles of these biomarkers in
this population.

By using paired human tissue mRNA analyses, we identified that
genes involved in antigen processing and presentation signaling path-
ways, such as HLA-A, HLA-B, and PSMB10, were significantly upre-
gulated in post-treatment specimens. In line with previous reports on
anti–PD-1 treatment, we also identified the upregulation of CXCL13,
CXCL9, and FLT3LG in post-treatment biopsy tissues. CXCL13 is a
marker of T cells that are preferentially reactive to neoantigens and
serves as a positive T-cell–intrinsic marker of anti–PD-1 sensitivi-
ty (28). CXCL9 is required for successful antitumor responses follow-
ing PD-1 blockade in an IFNg-dependent manner (29). FLG3LG has
been shown to stimulate dendritic cell (DC) maturation and is
correlated with the abundance of intratumoral stimulatory DCs (30).
On the other hand, this combination therapy approach resulted in the
downregulation of several key suppressive genes involved in immune
reactivity. CCL20, a ligand for CCR6, has been shown to chemoattract

Figure 1.

Clinical response to pembrolizumab–afatinib combined therapy in patientswith HNSCC.A,Waterfall plot showing the best overall response (n¼ 29).B, Progression-
free survival (n ¼ 29). C, Overall survival (n ¼ 29). D, The duration of response in responders (n ¼ 12).

Table 2. Treatment-related adverse events.

AE, treatment related Gr. 1 Gr. 2 Gr. 3 Gr. 4 Gr. 5

Skin rash 17 (59%) 0 (0%) 4 (14%) 0 (0%) 0 (0%)
Diarrhea 8 (28%) 7 (24%) 4 (14%) 0 (0%) 0 (0%)
Paronychia 8 (28%) 4 (18%) 0 (0%) 0 (0%) 0 (0%)
Mucositis 8 (28%) 3 (10%) 1 (3%) 0 (0%) 0 (0%)
Weight loss 5 (17%) 5 (17%) 0 (0%) 0 (0%) 0 (0%)
Fatigue 6 (21%) 2 (7%) 1 (3%) 0 (0%) 0 (0%)
Anemia 4 (14%) 2 (7%) 1 (3%) 0 (0%) 0 (0%)
Anorexia 5 (17%) 1 (3%) 0 (0%) 0 (0%) 0 (0%)
Creatinine increase 3 (10%) 1 (3%) 1 (3%) 0 (0%) 0 (0%)
Nausea 2 (7%) 3 (10%) 0 (0%) 0 (0%) 0 (0%)
Vomiting 1 (3%) 3 (10%) 0 (0%) 0 (0%) 0 (0%)
ALT increase 2 (7%) 1 (3%) 0 (0%) 0 (0%) 0 (0%)
AST increase 2 (7%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
ALP increase 1 (3%) 1 (3%) 0 (0%) 0 (0%) 0 (0%)
GGT increase 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%)
Hypothyroidism 2 (7%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Bleeding 0 (0%) 0 (0%) 1 (3%) 0 (0%) 1 (3%)
Pneumonitis 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%)

Abbreviations: AE, adverse event: ALP, alpha-fetoprotein; ALT, alanine aminotrans-
ferase; AST, aspartate aminotransferase; GGT, gamma-glutamyltransferase; Gr., grade.
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Figure 2.

Paired tissue analysis. A, mRNA differential expression. Red dots represent genes with significant differences in mRNA expression (Benjamini–Yekutieli method,
adjusted P < 0.05); B and C, Gene expression differences between paired pre- and post-treatment biopsy samples. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. D, Gene
network analysis (by StringApp), showing the network of the upregulated genes in the tumor microenvironment. E, Gene set enrichment analysis of paired tissue
mRNA samples. In the GO Biological Process analysis, only the top 10 downregulated gene sets are listed. F, Leading-edge analysis of three gene sets with immune
cell regulatory functions.
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Figure 3.

Targeted gene mutation analysis. A, Genes were selected if three or more patients had mutations. TMB, tumor mutational burden in mutations/megabase.
Survival analysis according to MTAP status. B, Progression-free survival. C, Overall survival. D, Comparing patients with altered MTAP versus unaltered
MTAP by gene set enrichment analysis. In the present study and TCGA HNSCC analyses, tumors with altered MTAP had a more suppressed
microenvironment. E, CIBERSORTx analysis: In this study, patients with MTAP loss or mutation had a low fraction of CD8þ T cells in the tumor
microenvironment (Mann–Whitney U test, P ¼ 0.0037, FDR q ¼ 0.08).
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CCR6þ regulatory T cells, which have higher tumor-suppressive
activity compared with other T cells (31). CD24 is a “don’t eat me”
signal that can inhibit macrophage function via Siglec-10 (32). The
downregulation of these genes suggests a less immunosuppressive
tumor environment. In the gene set analyses, pathways involving
inflammation, NK cell–mediated cytotoxicity, the adaptive immune
response, and endocytosis were also found to be upregulated. In
addition to immune-related pathways, pathways related to tumor

growth were also significantly suppressed. These results provide
positive evidence that the afatinib–pembrolizumab therapeutic regi-
menwas involved in reprogramming the tumor environment, possibly
through augmented antigen presentation and immune responses,
resulting in suppressed tumor growth.

In this study,MTAPwas identified as a potential gene for predicting
the clinical benefits of anti–PD-1–based immunotherapy. MTAP is an
enzyme that catalyzes the breakdown of methylthioadenosine in the

Figure 4.

Differences in mutation allele frequency (MAF) between pre-treatment and post-progression specimens. A, Best overall response: partial response. B, Best
overall response: partial response. In the post-progression biopsy, a new MTAP loss and a new CDKN2A/B loss were detected. C, The patient had a good
initial response to treatment. However, tumor regrowth occurred rapidly before the first imaging assessment. The best overall response of the patient
was disease progression.
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cell. The loss of MTAP function may interfere with STAT1 function,
inhibiting IFN-mediated gene functions (33). In a report analyzing
ipilimumab monotherapy in patients with melanoma, the loss of
IFNg pathway genes, includingMTAP, predicted a poor response to
ipilimumab (34). In this study, patients with MTAP alterations
showed worse ORR and prognosis. Tumors with MTAP alterations
contained fewer CD8þ T cells in the microenvironment. In the
GSEA, tumors with MTAP loss or mutation showed the down-
regulation of Toll-like receptor and JAK–STAT signaling pathway
components. We also identified one patient with a new MTAP loss
in the post-progression biopsy specimen. Our analysis using TCGA
HNSCC database (Fig. 3D) also supported the findings that patients
with MTAP alterations were associated with suppressed immune
reaction factors in the tumor microenvironment. These findings
suggested a role for MTAP in HNSCC cancer immunotherapy, and
the contributions of MTAP to cancer immunotherapy warrants
further research.

Several anti–PD-1/PD-L1–based combination therapeutic ap-
proaches have reported positive outcomes in HNSCC trials. Cetux-
imab, an anti-EGFR monoclonal antibody, was combined with pem-
brolizumab in patients with HNSCC. The Phase II study also showed
an encouraging ORR of 45% (35), highlighting the importance of
EGFR inhibition combined with anti–PD-1 therapy in HNSCC.
Lenvatinib, a multitarget TKI, was combined with pembrolizumab
in HNSCC (36), and the preliminary Phase I/II results showed that the
combination treatment resulted in an improved ORR of 46% and an
improved PFS of 4.7 months. A confirmatory Phase III trial is ongoing
examining this combination approach as a first-line treatment option
for patients with HNSCC. Anti–PD-1 combination therapy using the
CTLA-4 antibody ipilimumab demonstrated efficacy in melano-
ma (37), renal cell carcinoma (38), and non–small cell lung cancer
(NSCLC; ref. 39). Tremelimumab, another CTLA-4 antibody, was
combined with durvalumab, an anti–PD-L1 antibody, to treat
HNSCC. However, this PD-L1/CTLA-4 dual blockade combination
did not show better efficacy in HNSCC (40). CHECKMATE 651 is a
Phase III trial using nivolumab combined with ipilimumab in patients
withHNSCC; however, the preliminary results of this study showed no
improvement in survival (41). Other studies using oncolytic virus (42),
HPVvaccine (43), or histone deacetylase inhibitor (44) in combination
with anti–PD-1 treatment have shown modest improvements in ORR
for HNSCC. The results of these studies demonstrate the potential of
various anti–PD-1 combination therapies for the treatment of patients
with HNSCC. With proper biomarker research, a multi-dimensional
and personalized approach may be developed to guide the use of
combination strategies in patients with HNSCC.

This study showed improved ORR among patients with HNSCC
using afatinib combined with pembrolizumab. However, the extent
to which afatinib contributes to improved pembrolizumab efficacy
remains unclear. In addition, the DoR recorded for this study was
shorter than theDoR reported for either pembrolizumab or nivolumab
monotherapy (1–3). To clarify the contribution of afatinib and exam-
ine the reasons for the shorter DoR, we referenced the results of a
pembrolizumab neoadjuvant trial performed by Uppaluri and collea-
gues (45), which enrolled 36 patients with HNSCC. In this study,
eligible patients received one dose of pembrolizumab monotherapy,
followed by curative surgery 2 to 3 weeks after administration of
neoadjuvant therapy. GSEA of paired, pre- and post-treatment tissue
samples (n ¼ 15) showed that pembrolizumab monotherapy
induced the upregulation of the following gene sets: IFNa response,
IFNg response, inflammatory response, allograft rejection, TNFa
signaling via NF-kB, and IL6–JAK–STAT3 signaling. In the present

study, afatinib–pembrolizumab combination therapy upregulated
gene sets related to antigen presentation. However, the gene
sets related to the IFNg response and IFNa response were not
elevated. The IFNg signature has been identified as a biomarker for
predicting successful pembrolizumab monotherapy in several can-
cer types, including HNSCC (46). The shorter DoR observed for
afatinib–pembrolizumab combination therapy may be due to the
insufficient induction of the IFN response. Although cross-trial
comparisons should be interpreted with caution, we postulate that
afatinib may partially improve pembrolizumab efficacy by aug-
menting antigen presentation. However, an insufficient induction
of an IFN reaction may explain the shorter DoR of the afatinib–
pembrolizumab combination.

Anti–PD-1 therapy alone can induce tumor resistance against
treatment; however, combined therapy might also induce resistance.
Our gene analysis data from post-progression tissues indicated the
potential for acquired resistance in response to this combination
therapy. The upregulation of LAG3, an immune checkpoint gene, was
identified in some post-treatment specimens. The upregulation of
other immune checkpoint genes in the tumor microenvironment has
been reported in an HNSCC trial using neoadjuvant pembrolizu-
mab (45). Upregulated immune checkpoint genes could represent
potential treatment targets in patients with progressive disease fol-
lowing first-line anti–PD-1 therapy. In addition to changes in immune
cells, the emergence of newmutations in tumor cells can alsomodulate
immune regulation (10). In the post-progression biopsy samples,
further gene alterations associated with immune reactivity were iden-
tified (JAK1, JAK3, and INPP4B). These gene alterations may contrib-
ute to disease progression. In addition, T-cell regulation and inhibition
may contribute to the development of resistance. In the enrichment
analysis, three gene sets related to negative leukocyte and lymphocyte
regulatory functions had positive enrichment scores. In all three gene
sets, FOXP3was identified at the leading edge, implying that regulatory
T cells may play an inhibitory role in response to combination therapy.
The underlying mechanism requires further investigation. Tu and
colleagues (47) showed that afatinib might suppress T-cell function in
the peripheral immune cells of patients with lung cancer and decrease
the effects of immune therapy. Our study and Tu’s study both
demonstrated the possibility that anti–PD-1 combination treatments
could simultaneously enhance immune reactivity through some
mechanisms while suppressing immune function through other
mechanisms. Fine-tuning the balance between immune activation and
suppression may represent a key component for extending the
survival of patients undergoing anti–PD-1 combination therapy.
In conclusion, the increased expression of other immune check-
points, immunosuppressive pathways, and the emergence of new
gene alterations involved in immune reactivity may contribute to
acquired resistance in anti–PD-1–based combination therapy
approaches.

The potential toxicity of anti–PD-1 and EGFR-TKI combination
therapies, especially the incidence of pneumonitis, had been described
previously in several lung cancer studies (48, 49), which have described
previously a high incidence of treatment-related pneumonitis. In our
study, one patient (1/29, 3.4%) experienced a Grade 2 treatment-
related pneumonitis event. Differences in the incidence of pneumo-
nitis between these anti–PD-1/PD-L1–EGFR-TKI studies may be due
to differences in the cancer types of patients. A meta-analysis showed
that patients with lung cancer experience a higher incidence of
pneumonitis during anti–PD-1/PD-L1 therapy, whereas the incidence
of pneumonitis occurred at similar rates among other cancer types
during anti–PD-1/PD-L1 therapy (50), which may account for the
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increased incidence of pneumonitis reported in studies using anti–PD-
1/PD-L1 combined with EGFR-TKIs to treat patients with NSCLC. In
the present study, themost common toxicities were skin rash, diarrhea,
and paronychia, and the patterns of skin rash reporter were similar to
those associated with EGFR-TKI treatment. In addition, 41.2% of
patients underwent afatinib dose reductions due to treatment-related
toxicity. Anongoing Phase II trial is examining the use of afatinib at 30-
mgdaily combinedwith anti–PD-1 for patients with esophageal cancer
in Taiwan (BEAR study, NCT04839471), which might contribute to
determining the optimal afatinib dosage in combination with anti–
PD-1 therapy.

Comparing pre- and post-treatment biopsy results can provide
useful information regarding the efficacies and biological effects of
study treatment in the tumor. In the present study, we examined 9
(31%) pairs of pre- and post-treatment biopsy specimens for study.
Not all patients had paired biopsies for a variety of reasons, including
the patient’s reluctance to undergo a second biopsy, disease progres-
sion, biopsy risks (i.e., too close to major vessels), and tumors that
became too small to obtain biopsies. Several strategies could be applied
to future studies to improve the successful acquisition of paired biopsy
for analyses. A neoadjuvant study followed by surgical tumor resection
may provide a better window of opportunity for obtaining pre- and
post-treatment samples. For example, a neoadjuvant pembrolizumab
trial for patients with HNSCC acquired paired tissue samples from
42% (15/36) of the cohort for analysis (45). A better analysis technique
that requires less tissuemay also facilitate paired tissue analysis. Single-
cell technologies (51) and spatial proteomics (52) can provide high
dimensional information using less tissue. Liquid biopsies (53) are a
less invasive approach for monitoring change in tumors and may
represent a feasible approach for recurrent or metastatic tumor sites
that are not easy to biopsy. For patients whose tumors shrink quicker
than expected, an earlier biopsy timing may increase the acquisition
rate of re-biopsy. For patients who are reluctant for biopsy or expe-
rience disease progression, a better patient support may increase the
willingness of re-biopsy.

This study was associated with several limitations. The study
acquired 9 paired tissue sets for RNA analysis, and the small sample
size may limit the generalizability of the RNA analysis results. A larger
study may be necessary to confirm these findings. The post-treatment
tumors of some good responders were too small for biopsy; therefore,
the changes in the tumor microenvironment for these patients could
not be determined. The small sample sizemay overestimate the efficacy
of the treatment regimen. In this study, we used bulk RNA from the
entire tumor biopsy sample to perform analyses, which did not allow
for differential gene expression comparisons between tumor and
immune cells or between different immune cell subsets. Approximate-
ly 44%of our enrolled patients had previously experienced two ormore
lines of palliative therapy, and 35% of enrolled patients were primarily
resistant to concurrent chemoradiation within six months. These
patients typically present with worse prognoses and may have worse
survival than platinum-na€�ve or platinum-sensitive patients with

HNSCC, which might have contributed to the lack of significantly
prolonged OS in this study. The efficacy of afatinib–pembrolizumab
combination therapy for the treatment-na€�ve or platinum-sensitive
patients is worthy of further exploration.

In conclusion, this study presented the efficacy of afatinib–
pembrolizumab combination therapy for patients with HNSCC. The
paired tissue study showed microenvironment modulatory effects in
response to this combination treatment. The biomarker study also
showed the potential application of comprehensive genomic profiling
for the development of personalized cancer immunotherapy strategies.
Further studies should be performed to further explore this person-
alized approach.
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