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ABSTRACT
◥

Purpose: Programmed cell death-1 (PD-1) receptor inhibitors
have shown efficacy in head and neck squamous cell carcinoma
(HNSCC), but treatment failure or secondary resistance occurs
in most patients. In preclinical murine carcinoma models, inhi-
bition of Bruton’s tyrosine kinase (BTK) induces myeloid
cell reprogramming that subsequently bolsters CD8þ T cell
responses, resulting in enhanced antitumor activity. This phase
2, multicenter, open-label, randomized study evaluated pembro-
lizumab (anti–PD-1 monoclonal antibody) plus acalabrutinib
(BTK inhibitor) in recurrent or metastatic HNSCC.

Patients andMethods:Patients received pembrolizumab 200mg
intravenously every 3 weeks, alone or in combination with acalab-
rutinib 100 mg orally twice daily. Safety and overall response rate
(ORR) were co-primary objectives. The secondary objectives were
progression-free survival (PFS) and overall survival.

Results: Seventy-six patients were evaluated (pembrolizumab,
n ¼ 39; pembrolizumab þ acalabrutinib, n ¼ 37). Higher
frequencies of grade 3–4 treatment-emergent adverse events (AE;
65% vs. 39%) and serious AEs (68% vs. 31%) were observed with

combination therapy versus monotherapy. ORR was 18% with
monotherapy versus 14% with combination therapy. Median PFS
was 2.7 [95% confidence interval (CI), 1.4–6.8] months in the
combination arm and 1.7 (95% CI, 1.4–4.0) months in the
monotherapy arm. The study was terminated due to lack of
clinical benefit with combination treatment. To assess how tumor
immune contexture was affected by therapy in patients with pre-
and post-treatment biopsies, spatial proteomic analyses were
conducted that revealed a trend toward increased CD45þ leu-
kocyte infiltration of tumors from baseline at day 43 with
pembrolizumab (monotherapy, n ¼ 5; combination, n ¼ 2),
which appeared to be higher in combination-treated patients;
however, definitive conclusions could not be drawn due to
limited sample size.

Conclusions: Despite lack of clinical efficacy, immune subset
analyses suggest that there are additive effects of this combination;
however, the associated toxicity limits the feasibility of combination
treatment with pembrolizumab and acalabrutinib in patients with
recurrent or metastatic HNSCC.

Introduction
Head and neck squamous cell carcinoma (HNSCC) is the seventh

most common cancer in the world, with approximately 600,000 new
cases diagnosed each year (1). At diagnosis, approximately 60% of
patients with HNSCC present with locoregionally advanced disease
associated with poor survival, and a majority develops local and/or
regional recurrences; 20% to 30% develop distant metastasis (2, 3).
Patients withHNSCC harboring human papillomavirus (HPV) within

their neoplastic epithelial cells tend to exhibit better prognoses than
patients with HPV� tumors (4). Patients with HPV� disease typical-
ly exhibit T cell–suppressive tumor-immune microenvironments
(TiME) and have significantly greater risk of disease recurrence and
shorter survival rates than patients with HPVþ tumors (4–6). The
programmed cell death-1 (PD-1) immune checkpoint inhibitor pem-
brolizumab is approved in the United States in combination with
platinum and 5-fluorouracil chemotherapy for patients with meta-
static or unresectable HNSCC and as monotherapy for patients with
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metastatic or unresectable HNSCC tumors expressing programmed
death-ligand 1 (PD-L1; combined positive score ≥1; ref. 7). However,
approximately 60% of patients with relapsed or metastatic HNSCC
show primary (i.e., nonresponsive neoplastic cells) or adaptive resis-
tance (i.e., tumor cell–extrinsicmechanisms, such as those regulated by
the immune system, which recognize the neoplastic cells and adapt to
the immune attack) to PD-1–targeted therapies (8). Thus, there is a
substantial unmet clinical need for improved treatment strategies for
patients with advanced HNSCC.

Several characteristics of the HNSCC TiME contribute to immune
suppression and resistance to PD-1 inhibitors, including significant
densities of regulatory T cells (Treg), tumor-associated macrophages,
and a paucity of CD8þ T cells (8). Bruton’s tyrosine kinase (BTK) is a
non-receptor protein tyrosine kinase expressed in cells of multiple
hematopoietic lineages that plays a critical role in myeloid cell mat-
uration, trafficking, and function (9). In both transgenic and ortho-
topic insulinoma (10) and pancreatic ductal adenocarcinoma (PDAC;
refs. 11, 12) murine models, BTK was identified as a key regulator of
tumor-associated inflammation, where BTK inhibition resulted in
increased presence of tumor-associated CD8þ T cells correlating with
suppressed tumor growth (11). More recently, data from a murine,
cisplatin-resistant, oral squamous cell carcinoma xenograft model
showed that inhibition of BTK, with and without chemotherapy,
suppressed tumor growth and re-sensitized tumors to cisplatin (13).
In addition, BTK knockdown led to downregulation of the immune
checkpoint receptor TIM-3, which is selectively expressed onCD4þ and
CD8þ T cells (13). Acalabrutinib is a next-generation, potent, highly
selective, small-molecule covalent inhibitor of BTK that is approved in
adultswith previously treatedmantle cell lymphomaand inpatientswith
chronic lymphocytic leukemia or small lymphocytic lymphoma (14).

We hypothesized that reprogramming the tumor myeloid com-
partment through BTK inhibition in combination with PD-1 inhibi-
tion might facilitate improved CD8þ T cell tumor infiltration and
antitumor activity. The objectives of the current study were to assess
the safety and antitumor activity of acalabrutinib in combination with
pembrolizumab versus pembrolizumab monotherapy in patients with
advanced HNSCC, and to evaluate local tumor immune response via
spatial proteomic profiling of immune contexture.

Patients and Methods
Study participants

Eligible patients were men and women ≥18 years of age with an
Eastern Cooperative Oncology Group (ECOG) performance status of
0 or 1; confirmed, radiologically measurable (per RECIST 1.1),
recurrent, metastatic or unresectable HNSCC of the oral cavity,
oropharynx, hypopharynx, or larynx; and progression during or
after platinum-based chemotherapy or recurrence within 6 months
after platinum-based neoadjuvant or adjuvant therapy. Patients
with a prior malignancy other than HNSCC, except for adequately
treated basal cell or squamous cell skin cancer, in situ cervical
cancer, or other cancer from which the subject had been disease free
for ≥2 years or that would not limit survival to <2 years, were not
eligible for this study. Patients also were excluded from the study if
they had received prior therapy with any inhibitor of BTK, protein
kinase B (Akt), JAK, mTOR, PI3K, or Syk, or prior therapy with an
anti–PD-1, anti–PD-L1, anti–PD-L2, anti-CD137, or anti–CTLA-4
antibody (including ipilimumab, nivolumab, pembrolizumab,
MPDL3280A, or any other antibody or drug specifically targeting
T cell co-stimulation or immune checkpoint pathways). Patients
with any of the following conditions were also ineligible for
participation in this trial: Central nervous system metastases
and/or carcinomatous meningitis; a life-threatening illness or any
medical condition (including psychiatric conditions) that, in the
investigator’s opinion, could compromise the patient’s safety; or
significant cardiovascular disease such as uncontrolled or symp-
tomatic arrhythmias, congestive heart failure, or myocardial infarc-
tion within 6 months of starting study drug.

Study design and treatment
This was a phase 2, multicenter, open-label, randomized study

evaluating pembrolizumab monotherapy versus the combination of
pembrolizumab plus acalabrutinib in patients with recurrent, meta-
static, or unresectable treatment-refractory HNSCC. Eligible patients
were randomized 1:1 to receive pembrolizumab 200 mg intravenously
every 3 weeks or pembrolizumab 200 mg intravenously every 3 weeks
for a maximum of 24 months plus acalabrutinib 100 mg orally
(capsules) twice daily. Acalabrutinib capsules were not permitted to
be opened or dissolved, crushed, or administered as a suspension.
Compliance with acalabrutinib dosing was assessed on the basis of
review of the patient’s completed drug diary and tabulation of the
remaining capsules at each study visit. Patients with disease progres-
sion while receiving pembrolizumab monotherapy were allowed to
cross over to combination treatment with acalabrutinib and pembro-
lizumab. Patients who crossed over to combination therapy were
permitted to continue treatment until disease progression or the
development of dose-limiting toxicity (DLT; defined in Supplemen-
tary Methods). Dose reductions of acalabrutinib were permitted (level
1, 100 mg once daily; level 2, 50 mg twice daily) for DLTs. Only dose
interruption or discontinuation of pembrolizumab was permitted.
Patients with disease progression while receiving combination therapy
discontinued study treatment.

Tumor biopsies were collected from patients participating in the
optional tumor biopsy portion of the study at baseline and after 43 days
of treatment. Baseline tumor tissues were obtained from either an
archived sample or the most recent pre-treatment biopsy; primary or
metastatic site tumor tissue was permitted. The study was conducted
according to the principles of the Declaration of Helsinki and the
International Conference on Harmonization Guidelines for Good
Clinical Practice, and the study protocol was reviewed and approved

Translational Relevance

Anti–PD-1 resistance and poor survival in patients with head
and neck squamous cell carcinoma (HNSCC) are attributed to the
T cell–suppressing tumor-immune microenvironment, which is
characterized by presence of antitumor response-suppressing
immune cells. Bruton’s tyrosine kinase (BTK) inhibition has been
reported to regulate tumor growth suppression by effecting tumor-
associated inflammation. Clinical data from a phase 2 study
investigating the combination of the BTK inhibitor acalabrutinib
and PD-1 inhibitor pembrolizumab compared with pembrolizu-
mab alone were assessed for safety and efficacy in patients with
advanced HNSCC. Combination therapy was associated with a
higher rate of both treatment-emergent and serious adverse events,
with no efficacy benefit seen. Despite the lack of clinical efficacy,
tumor immune contexture data revealed that combination-treated
patients had greater CD45þ leukocyte tumor infiltration. Addi-
tional research with larger sample sizes would be needed to assess
the impact of this therapy on the tumor microenvironment in
patients with HNSCC.
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by the independent ethics committee/institutional review board at the
study centers. All participants provided their written informed consent
before entering the study. The study was registered on ClinicalTrials.
gov (identifier NCT02454179).

Study endpoints and assessments
The primary objectives of the study were to characterize the safety

profile of pembrolizumab plus acalabrutinib combination therapy and
to determine the overall response rates (ORR; defined as complete and
partial responses) for pembrolizumab monotherapy and pembrolizu-
mab plus acalabrutinib. The secondary study objectives were to assess
progression-free survival (PFS) and overall survival (OS) in each
treatment arm. Exploratory objectives were to assess the pharmaco-
kinetics (PK) of acalabrutinib alone and in combination with pem-
brolizumab and to examine the effects of pembrolizumab plus aca-
labrutinib on tumor-infiltrating T cells and myeloid cells.

Safety profile evaluations included assessments of adverse events
(AE), abnormalities of laboratory tests, and DLTs. The severity of
AEs and laboratory abnormalities were graded using the Common
Terminology Criteria for Adverse Events, version 4.03. Standard
criteria were used to define serious AEs (SAE; Supplementary Meth-
ods). Events of clinical interest (ECI) for pembrolizumab plus aca-
labrutinib were selected for further analysis based on preclinical
findings, emerging data from clinical studies, and findings from
post-marketing studies for pembrolizumab. Relative dose intensity
was defined as the ratio of the actual cumulative dose to the planned
cumulative dose through the drug exposure period. A pre-planned
interim safety analysis was conducted to assess DLTs after 6 patients
were successfully randomized to the combination treatment arm of the
study and treated for at least 4 weeks. Enrollment was paused for the
interim safety analysis, which occurred on November 24, 2015. No
DLTs were reported, and the safety committee approved enrollment
into the expansion phase of the study based on these results.

Efficacy endpoints included ORR, disease control rate (DCR;
defined as a response of stable disease or better), duration of response
(DOR), PFS, and OS, and were based on assessments of tumor
response according to RECIST version 1.1. Radiologic tumor assess-
ments by CT were completed at baseline; weeks 7, 13, and 19; and then
every 12 weeks (or more frequently at the investigator’s discretion).
Patients who discontinued study drug were followed for tumor
assessment until disease progression or initiation of any other anti-
cancer therapies, whichever came first.

Plasma samples for acalabrutinib PK assessments were collected
pre-dose, and at 0.5, 1, 2, and 4 hours post-dose onday 1 andweeks 1, 3,
and 7 from the first 6 patients in the combination arm per interim
safety analysis. A pre-dose sample was also taken on day 2 of week 1.
For all other subjects enrolled in the combination arm, blood samples
were taken pre-dose and 1 hour post-dose on week 3. These samples
were analyzed for acalabrutinib using a validated LC/MS-MS method,
with an analytic range for acalabrutinib of 1.00 to 1,000 ng/mL. The
following PK parameters were calculated for acalabrutinib: AUC from
the time of dosing to the time of the last measurable concentration
(AUC0-last), observed maximum concentration (Cmax), and time at
which Cmax occurred (Tmax).

PD-L1 status was assessed centrally at Q2 Solutions using a Dako
22C3 antibody (Agilent Technologies).

Tumor-infiltrating T cell, B cell, and myeloid cell subsets were
evaluated using a sequential multiplex immunohistochemical (mIHC)
platform and validated lineage-selective antibodies as previously
described (15, 16). HNSCC tissue staining and image processing were
completed as previously described, including staining for p16 and

determination of HPV status (15), with new data visualization used for
the current study. For staining of clinical trial specimens, slides were
prepared following standard IHC methodology, then specimens were
incubated with primary antibody, detected by a secondary antibody-
labeled polymer-based peroxidase, visualized by chromogenic reaction
with an alcohol-soluble peroxidase substrate, and digitally scanned.
Specimens were then washed in ethanol and heat-stripped of anti-
bodies to allow for iterative cycles of staining on each biopsy. After
sequential IHC staining, the scanned images were processed by a
digital image workflow to produce coregistered images (MATLAB,
The MathWorks, Inc.), followed by nuclear segmentation and extrac-
tion of chromogenic signal (FIJI, FIJI Is Just ImageJ), and single-cell
quantification (CellProfiler, Broad Institute). The computational pipe-
line culminated with immune cell classification via hierarchical gating
(FCS Express, De Novo software) as previously described (15) and
shown in Supplementary Fig. S1. Myeloid and lymphoid lineage cells
were phenotyped using three 11þ antibody panels encompassing 26
epitopes distinctive of myeloid and lymphoid cell subsets and a
functional biomarker panel (Supplementary Table S1). The myeloid
biomarker panel identified myelomonocytic cells by CD68 (as no
results were recorded for CSF1R), encompassing both monocytes and
macrophages, immature (DC-LAMP�) versus mature (DC-LAMPþ)
dendritic cells (DC), CD66bþ granulocytes (Gr), including neutrophils
and eosinophils, and tryptaseþ mast cells. The lymphoid biomarker
panel identified CD8þ T cells; T-helper (Th)0, Th1, Th2, and Th17
cells; Tregs; B cells; and natural killer cells. Cell type abundance was
depicted as cell density (the number of cells counted divided by square
millimeters of tissue), proportions of cell populations (i.e., %CD45þ of
total nucleated cells), or ratios of cell types (counts of cell typeX/counts
of cell type Y from same size/region of tissue).

Statistical analyses
The study sample size was determined by a Z-test for normal

approximation of binomial distribution, based on one-sided a ¼
0.10, 80% power, with projected response rates of 40% in the pem-
brolizumab plus acalabrutinib combination arm and 18% in the
pembrolizumab monotherapy arm. The final planned sample size was
37 patients in each arm. Power Analysis and Sample Size Software
version 11 were used to conduct the sample size calculation.

Safety and efficacy analyses were conducted in all patients who
received at least one dose of study drug (either pembrolizumab or
acalabrutinib). Patients originally randomized to the pembrolizumab
monotherapy arm who crossed over to receive pembrolizumab plus
acalabrutinib combination therapy were included in the pembrolizu-
mab monotherapy group for all analyses unless otherwise indicated.

Database lock occurred on October 4, 2018. Descriptive statistics
were used to summarize safety and efficacy variables. For PK assess-
ments, a noncompartmental PK approach was used to analyze indi-
vidual plasma acalabrutinib concentration–time data (using Phoenix
WinNonlin version 7.0). For mIHC assessments, differences in
immune cell abundance in stacked bar graphs (cell density) were
assessed using multiple t tests with Bonferroni–Dunn multiple com-
parison correction. For comparison of baseline with on-treatment
values, a paired non-parametric t test (Wilcoxonmatched-pairs signed
rank test) was used with alpha ¼ 0.05.

Results
Immune contexture and BTKþ expression in human HNSCC

Preclinical murine models of pancreatic adenocarcinoma iden-
tified that BTK is significantly expressed by myeloid cells in the
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TiME and is a significant regulator of myeloid cell functionality and
myeloid-mediated T cell suppression (10–12). To investigate
immune contexture and cell type–specific expression of BTK in
leukocyte subsets infiltrating human HNSCC tumors in general and
as stratified by HPV status, we quantitatively assessed overall
density differences in CD45þ leukocytes, CD68þ myeloid cells,
CD3þ T cells, and CD20þ B cells in 38 primary HNSCC tumors
using a tissue microarray of HNSCC surgical resections (ref. 15;
Fig. 1A and B). These analyses revealed that the CD45þ cell
infiltration into HNSCC tumors was largely driven by CD3þ T
cells (Fig. 1B), and when stratified by HPV status using p16
positivity as a molecular correlate, HPVþ HNSCC contained sig-
nificantly increased density of CD3þ T cells with no significant
difference in density of CD20þ B cells or CD68þmyeloid cells based
on HPV status (Fig. 1A and B). To reveal cell type–specific
expression of BTK in these major leukocyte lineages, we evaluated
BTK in CD20þ B cells; CD68þ myelomonocytic cells; CD163þ

myelomonocytic cells (CD163 is a high-affinity scavenger receptor
correlating with regulatory functionality); and tryptase-positive
mast cells in a tissue microarray containing both HPVþ and HPV�

HNSCC (15). These analyses revealed a paucity of BTKþ B cells,
whereas myeloid subsets expressing BTK were readily identified in
HNSCC tumors independent of HPV status (Fig. 1C and D). On
the basis of these findings and those previously reported from
the murine preclinical modeling (10–12), we hypothesized a func-
tional role for myeloid cell BTK in mediating T cell suppression
in HNSCC.

Study population
To investigate this hypothesis in the clinical setting, 78 patients were

enrolled betweenMay 26, 2015 and July 5, 2018 at 18 study centers and
randomized to receive pembrolizumab monotherapy (n ¼ 39) or
pembrolizumab plus acalabrutinib combination therapy (n ¼ 39;
Supplementary Fig. S2). Of the 39 patients originally randomized to
the pembrolizumab monotherapy arm, 14 crossed over to receive
pembrolizumab plus acalabrutinib combination therapy. Two patients
randomized to the pembrolizumab plus acalabrutinib arm did not
receive study medication.

Baseline demographics and disease characteristics were similar
between treatment groups (Table 1). Overall, the median age was
60.5 years (range, 38–97 years), 76% of patients had an ECOG
performance status of 1, and 61% had disease stage IVC. The median
number of prior systemic regimens was 2 (range, 1–7), with 42% of
patients having received ≥3 prior regimens. The median time on study
was 9.2 months (range, 0.7–32.7 months) in the pembrolizumab
monotherapy arm and 6.4 months (range, 0.8–34.1 months) in the
pembrolizumab plus acalabrutinib combination therapy arm. Among
patients who crossed over to combination therapy, themedian time on
study was 12.0 months (range, 2.4–32.7 months). All patients ulti-
mately discontinued the study (Supplementary Fig. S2). The primary
reason for study discontinuation was death, which was reported in 49
(63%) patients. An additional 18 (23%) patients discontinued from the
study due to sponsor termination of the study, 5 (6%) patients
voluntarily withdrew from the study, and 6 (8%) discontinued for
other reasons [hospice care (n¼ 4), patient withdrew consent (n¼ 1),
patient unable to swallow pills (n ¼ 1)]. Among all patients who
received pembrolizumab (n¼ 76) or acalabrutinib (n¼ 51) as part of
any treatment arm during the study, the most common reasons for
discontinuation of pembrolizumab or acalabrutinib treatment were
progressive disease [n¼ 44 (57.9%) and n¼ 29 (56.9%), respectively]
and AEs [n ¼ 10 (13.2%) and n ¼ 11 (21.6%), respectively].

Safety
The median duration of pembrolizumab treatment was 3.5 months

(range, 0.03–24.18 months) and the median relative dose intensity for
pembrolizumab was 100% (range, 50%–100%). For the 14 patients
who crossed over from pembrolizumab monotherapy to combination
therapy with pembrolizumab and acalabrutinib, the median duration
of pembrolizumab monotherapy treatment was 2.8 months (range,
1.38–15.90 months). The median duration of acalabrutinib treatment
was 3.0 months (range, 0.23–24.18 months) and the median relative
dose intensity for acalabrutinib was 98% (range, 10%–100%).

All treated patients experienced ≥1 treatment-emergent AE of any
grade (Table 2). Grade 3–4 AEs, serious AEs, and AEs leading to
treatment discontinuation were less frequent in the pembrolizumab
monotherapy arm versus the pembrolizumab plus acalabrutinib arm
(Table 2). The most frequent any-grade AEs experienced by ≥25% of
patients were fatigue (n ¼ 20; 51%) in the monotherapy arm and
fatigue (n ¼ 14; 38%), dyspnea (n ¼ 13; 35%), anemia (n ¼ 12; 32%),
decreased appetite (n¼ 11; 30%), diarrhea (n¼ 11; 30%), dehydration
(n¼ 10; 27%), and pyrexia (n¼ 10; 27%) in the combination treatment
arm. The most common serious AEs occurring in at least 3 patients
were tumor hemorrhage (n ¼ 3; 8%) in the monotherapy arm and
dyspnea (n¼ 4; 11%), acute kidney injury (n¼ 3; 8%), and pneumonia
(n¼ 3; 8%) in the combination treatment arm. The only AE that led to
treatment discontinuation in more than 1 patient was dysphagia (n¼
3, all in the combination treatment arm; 8%).

Any-grade AEs related to pembrolizumab as assessed by the
investigators occurred in 59% of patients in the monotherapy arm
(grade 3–4, 8%) and in 30% of patients in the combination arm (grade
3–4, 16%). AEs related to acalabrutinib as assessed by the investigators
occurred in 32% of patients (grade 3–4, 8%), and AEs related to both
pembrolizumab and acalabrutinib occurred in 51% of patients (grade
3–4, 16%; Table 2). The grade 3–4 pembrolizumab treatment-related
AEs were rash, pruritus, hyponatremia, hyperglycemia, syncope, and
dysphagia (3% each) in the monotherapy arm, and anemia, autoim-
mune hepatitis, diarrhea, dysphagia, epiglottitis, lichen planus, nausea,
and vomiting (3% each) in the combination treatment arm. Grade 3–4
acalabrutinib-related AEs were fatigue (5%) and decreased appetite
(3%). Grade 3–4AEs related to both pembrolizumab and acalabrutinib
treatment were anemia, increased alanine aminotransferase, and
pneumonia (all reported in the same patient, 3%), and neutropenia,
pain in extremity, rash, stomatitis, and weight decreased (3% each).

The most frequent any-grade ECIs occurring in ≥10% of patients in
either the pembrolizumab monotherapy or pembrolizumab plus
acalabrutinib arm were infections (39% and 76%, respectively),
immune-mediated endocrinopathies-thyroid disorders (10% and
5%), anemia (8% and 32%), and transaminase elevations (0% and
11%). The most common any-grade infection events occurring in
≥10% of patients in either the pembrolizumab monotherapy or
pembrolizumab plus acalabrutinib arms were pneumonia (13% and
22%, respectively), upper respiratory tract infection (5% and 16%), and
cellulitis (3% and 11%). The only grade ≥3 ECI reported in ≥10% of
patients in either treatment armwas infection, which was reported in 3
patients (8%) in the pembrolizumab monotherapy arm and 8 patients
(22%) in the pembrolizumab plus acalabrutinib arm.

A total of 26 deaths were reported in the pembrolizumab mono-
therapy arm (10 receiving crossover treatment at time of death), and 23
deaths were reported in the pembrolizumab plus acalabrutinib com-
bination arm. The most common cause of death was disease progres-
sion, reported in 22 (56%) patients in themonotherapy arm (including
8 patients receiving crossover treatment) and 18 (49%) patients in the
combination arm. A total of 6 (8%) patients died due to AEs, including
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Figure 1.

Immune cell abundance in HPV� and HPVþ HNSCC tumors. A, Pseudocolored images from mIHC staining of representative HPV� and HPVþ HNSCC tumors,
indicating neoplastic (PanCKþ) and immune (CD68, CD3, and CD20) cell lineages. B, Quantitation of CD68þ myeloid cell (CD45þCD3/CD20/
CD56�CD66b�Tryptase�CD68þCSF1RþCD163þ/�), CD3þ T cell (CD45þCD3þ), and CD20þ B cell (CD45þCD3�CD56�CD20þ) abundance in all HNSCC
samples evaluated (left bar, “total”) and stratified by HPV status: HPV� (n ¼ 17) and HPVþ (n ¼ 21) HNSCCs. Stacked bars indicate mean � SEM. Asterisks,
P < 0.05 for CD3þ T cell abundance (pink). Pseudocolored images showing BTK immunoreactivity and co-expression with lymphoid andmyeloid lineage markers in
HPV� (C) and HPVþ (D) HNSCC. Low-magnification images at left show representative tissue microarray cores showing location of HPV� (p16�) and HPVþ (p16þ;
cyan) neoplastic (PanCKþ; red) cells in proximity to immune cell (CD45þ; green) infiltrates. Highermagnification regions (boxed area from left panels shownat higher
magnifications on right) show BTK positivity (a, cyan) alone, in addition to CD20 (b, red), CD68 (c, red), and together with CD68 (red), CD163 (green), and Tryptase
(yellow; d). Co-localization of BTK stainingwith CD163 andmast cell tryptase staining (d) is evident. BTK, Bruton’s tyrosine kinase; HNSCC, head and neck squamous
cell carcinoma; HPV, human papillomavirus; PanCK, pan-cytokeratin; SEM, standard error of the mean.
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Table 2. Summary of adverse events.

Pembrolizumab
monotherapy (n ¼ 39)

Pembrolizumab plus
acalabrutinib (n ¼ 37) Total (N ¼ 76)

AEs (all grades) 39 (100) 37 (100) 76 (100)
Grade 3–4 15 (38.5) 24 (64.9) 45 (59.2)

AEs related to pembrolizumab (all grades) 23 (59.0) 11 (29.7) 36 (47.4)
Grade 3–4 3 (7.7) 6 (16.2) 11 (14.5)

AEs related to acalabrutinib (all grades) 0 12 (32.4) 18 (23.7)
Grade 3–4 0 3 (8.1) 5 (6.6)

AEs related to pembrolizumab and acalabrutinib (any grade) 0 19 (51.4) 23 (30.3)
Grade 3–4 0 6 (16.2) 6 (7.9)

SAEs 12 (30.8) 25 (67.6) 45 (59.2)
Related to pembrolizumab 1 (2.6) 3 (8.1) 5 (6.6)
Related to acalabrutinib 0 1 (2.7) 2 (2.6)
Related to pembrolizumab and acalabrutinib 0 3 (8.1) 3 (3.9)

AEs leading to study drug modification 0 2 (5.4) 4 (5.3)
AEs leading to study drug delay 5 (12.8) 17 (45.9) 26 (34.2)
AEs leading to study drug discontinuation 3 (7.7) 7 (18.9) 16 (21.1)
Fatal/grade 5 AEs 1 (2.6) 3 (8.1) 7 (9.2)

Abbreviations: AE, adverse event; SAE, serious adverse event.
aCrossover is not the originally randomized group. AEs experienced up to crossover date are summarized for pembrolizumab arm; AEs on or after the crossover date
are summarized for the crossover group.

Table 1. Demographics and baseline characteristics.

Pembrolizumab
monotherapy (n ¼ 39)a

Pembrolizumab plus
acalabrutinib (n ¼ 37) Total (N ¼ 76)

Age, median (range), y 61.0 (38.0–83.0) 58.0 (45.0–97.0) 60.5 (38.0–97.0)
Sex, male, n (%) 34 (87.2) 35 (94.6) 69 (90.8)
Race, n (%)

Asian 2 (5.1) 2 (5.4) 4 (5.3)
Black or African American 0 6 (16.2) 6 (7.9)
White 37 (94.9) 29 (78.4) 66 (86.8)

ECOG PS, n (%)
0 9 (23.1) 9 (24.3) 18 (23.7)
1 30 (76.9) 28 (75.7) 58 (76.3)

Disease stage, n (%)
Stage Ib 0 1 (2.7) 1 (1.3)
Stage IIc 0 1 (2.7) 1 (1.3)
Stage IIId 0 1 (2.7) 1 (1.3)
Stage IVAe 13 (33.3) 11 (29.7) 24 (31.6)
Stage IVBf 2 (5.1) 1 (2.7) 3 (3.9)
Stage IVCg 24 (61.5) 22 (59.5) 46 (60.5)

Number of prior systemic regimensh, median (range) 2 (1–5) 2 (1–7) 2 (1–7)
Number of prior systemic regimens, n (%)

1 9 (23.1) 8 (21.6) 17 (22.4)
2 14 (35.9) 13 (35.1) 27 (35.5)
≥3 16 (41.0) 16 (43.2) 32 (42.1)

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status; M, metastasis; N, node; T, tumor.
aAEs experienced up to crossover date are summarized under pembrolizumab arm.
bDefined as T1, N0, M0.
cDefined as T2, N0, M0.
dDefined as either (i) T3, N0–N2, M0, or (ii) T1/T2, N2, M0.
eDefined as either (i) T1–T3, N2, M0; (ii) T4A, N0–N2, M0; (iii) T4, N0–N2, M0; (iv) T4A, N0/N1, M0; or (v) T1–T4A, N2, M0.
fDefined as either (i) Any T, N3, M0; (ii) T4B, any N, M0; (iii) T4B, any N, M0; or (iv) any T, N3, M0.
gDefined as any T, any N, M1.
hPrior definitive or adjuvant therapy.
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3 patients in the pembrolizumab monotherapy arm (2 receiving
crossover treatment at the time of death) and 3 patients in the
combination arm. AEs leading to death in the pembrolizumab mono-
therapy armwere cardio-respiratory arrest, hypoxic-ischemic enceph-
alopathy, and multiple organ dysfunction syndrome (n ¼ 1; all
reported in the same patient), failure to thrive (n ¼ 1, crossover
patient), and myocardial infarction (n ¼ 1, crossover patient); AEs
leading to death in the combination treatment arm were hemorrhage
(n ¼ 1), respiratory failure (n ¼ 1), and sepsis (n ¼ 1).

Efficacy
The ORRwas 17.9% [95% confidence interval (CI), 7.5%–33.5%] in

the pembrolizumab monotherapy arm and 13.5% (95% CI, 4.5%–
28.8%) in the pembrolizumab plus acalabrutinib arm (Fig. 2A–C). The
DCR was 48.7% (95% CI, 32.4%–65.2%) in the pembrolizumab
monotherapy arm and 54.1% (95% CI, 36.9%–70.5%) in the pem-
brolizumab plus acalabrutinib arm. For the 14 patients who crossed
over to the combination treatment arm, ORR was 0% (95% CI, 0.0%–
23.2%) and DCR was 21.4% (95% CI, 4.7%–50.8%). The median DOR
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ORR rate (A), best reduction from baseline in the SLD with pembrolizumab monotherapy (B) and acalabrutinib þ pembrolizumab combination therapy (C),
progression-free survival (D), and overall survival (E) by the treatment group. CR, complete response; ORR, overall response rate; PR, partial response; SLD, sum of
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among patients with best responses of partial response or better in the
monotherapy (n ¼ 7) and combination therapy (n ¼ 6) arms were
8.4 months (95% CI, 4.1 months–not reached) and not reached (95%
CI, 2.4 months–not reached), respectively.

At the time of database lock, 80% of patients in the pembrolizumab
monotherapy arm and 73% of patients in the pembrolizumab plus
acalabrutinib arm had either progressed due to disease or died. The
median PFS was 1.7 months (95% CI, 1.4–4.0 months) in the mono-
therapy arm and 2.7 months (95% CI, 1.4–6.8 months) in the
combination arm (Fig. 2D), and the median OS was 9.6 months
(95%CI, 6.5–16.1months) and 9.7months (95%CI, 5.0–17.4months),
respectively (Fig. 2E).

PKs
PK parameters for acalabrutinib were not significantly different

with the addition of pembrolizumab (week 1 vs. 7) for AUC0-last

[geometric mean (CV%): 811 (58.2%; n ¼ 4) vs. 736 (16.7%; n ¼ 5),
respectively],Cmax [geometricmean (CV%): 691 (93.4%; n¼ 4) vs. 598
(34.6%; n¼ 6), or Tmax [median (range): 0.73 (0.48–2.1; n¼ 4) vs. 0.98
(0.47–1.6; n ¼ 6)].

PD-L1 status
PD-L1 status was available in 28 of 39 patients in the pembrolizu-

mab monotherapy arm and 21 of 37 patients in the pembrolizumab
plus acalabrutinib arm. Among these patients, 20 were PD-L1 positive
(71%), 1 was negative (4%), and 7 samples were not evaluable (25%) in
the monotherapy arm, and 12 were PD-L1 positive (57%), 5 were
negative (24%), and 4 samples were not evaluable (19%) in the
combination treatment arm.

Longitudinal changes in immune contexture pre- and post-
treatment

Phenotyping of leukocyte subsets within the lymphoid andmyeloid
lineages was performed in biopsy specimens from 9 patients (mono-
therapy, n¼ 5; combination therapy, n¼ 4; Supplementary Table S2).
Among the 9 patients with available samples, best treatment response
was stable disease in 1 patient who received combination treatment
and disease progression in all other patients. In 7 of these patients
(monotherapy, n ¼ 5; combination therapy, n ¼ 2) data from both
baseline and on-treatment (day 43) sampleswere available; in the other
2 patients (both from the combination arm), only data from baseline
samples were available. Because the combination arm only contained 2
patients with matched baseline and on-treatment samples, statistical
analyses were not possible for this group. Treatment with pembroli-
zumab monotherapy was associated with a trend toward increased
CD45þ leukocyte density from baseline at day 43 (P ¼ 0.0625); a
similar trend was seen in combination-treated patients (Fig. 3A). In
both treatment arms, the relative frequencies of other major leukocyte
subsets and the overall immune cell composition were generally
similar at baseline compared with after treatment, regardless of HPV
status as indicated by epithelial p16 positivity (Fig. 3B andC). A trend
toward an increase in Th1:Th2 ratio in Th cells was observed with both
monotherapy (3 of 5 patients) and combination treatment (2 of 2
patients) but did not reach statistical significance (Fig. 4A). Of note,
increases in Th1:Th2 and Th1:Treg ratios in Th cells were observed in
both patients from the combination therapy arm who had paired pre-
and post-treatment samples (Fig. 4A and B). Increases from baseline
in CD8þ T cell abundance and CD8þ T cell:CD68þ myelomonocytic
cell ratio were observed in 4 and 3 of the 5 monotherapy patients
with paired samples, respectively (Supplementary Figs. S3A
and S4C, respectively); an increase from baseline also was noted

in 1 of 2 patients receiving combination treatment. However,
neither the increased abundance of CD8þ T cells nor the increased
ratio of CD8þ T cells correlated with a shift toward increased
density of mature (DC-LAMPþ) DCs (Fig. 4D). Although
granulocyte presence was modestly reduced in all patients after
43 days on treatment (Supplementary Fig. S3B), no consistent
differences in CD163þ expression within the myeloid compartment
(Supplementary Fig. S3C) or ICOSþ Th cells (Supplementary
Fig. S3D) with treatment versus baseline were observed. Among
CD45þCD3þCD8þ cells, the proportion of TbetþEOMESþ cells
increased from baseline with treatment in 4 of the 7 patients with
paired samples (Supplementary Fig. S4), potentially indicative of a
role in late effector T cell accumulation in these tumors.

Discussion
In this proof-of-principle study, no increase in ORR or PFS was

demonstrated with the addition of the BTK inhibitor acalabrutinib to
the PD-1 inhibitor pembrolizumab in patients with recurrent or
metastatic HNSCC, whereas the incidences of grade 3–4 AEs and
serious AEs were higher with combination treatment. The study was
terminated by the sponsor due to the lack of clinical benefit observed
with combination treatment compared with pembrolizumab mono-
therapy. Despite the lack of clinical efficacy, TiME changes were
observed in both the pembrolizumab monotherapy and combination
arms, including a trend toward increased CD45þ leukocyte abundance
and potentially affected CD8þ T cell responses/phenotype. Although
limited by the small sample size, these changes may indicate that
acalabrutinib could potentiate T cell activation in combination with
PD-1 blockade if toxicities could be mitigated and drugs were appro-
priately sequenced for delivery.

At the time the current study was initiated (patient enrollment
began in 2015), little was known about the risk of infection with
acalabrutinib (17); thus, patients were not administered antibiotics
prophylactically. The incidences of infection events in the current
study were high, most notably in the pembrolizumab plus acalabru-
tinib combination therapy arm, in which 76% of patients had infection
AEs of any grade compared with 39% in the pembrolizumab mono-
therapy arm. Of note, these incidences are for the grouped term
infection, comprising all AEs falling under the Infections and Infesta-
tions system organ class. Although a definitive cause for the elevated
infection incidence is not known, several mechanisms could poten-
tially contribute to an increase in infections with BTK inhibition,
including disruption of antiviral response regulation (18), disruption
of macrophage-mediated phagocytosis of fungal pathogens (19), and
impairment of macrophage-mediated processes needed to control
bacterial infections (20). Notably, these side effects have not been
observed in trials examining CSF1/CSF1R antagonists directly target-
ing macrophages (21).

An increase in the incidence of elevated transaminases was also
observed with combination treatment in the current study; no patients
in the pembrolizumab monotherapy group versus 11% of patients in
the combination treatment group experienced events. Immune-
mediated hepatitis is a known risk for pembrolizumab, so elevated
transaminases were not unexpected. In addition, in a comprehensive
meta-analysis of randomized immunotherapy trials, patients treated
with immune checkpoint inhibitors have been demonstrated to have a
significantly higher risk of aspartate aminotransferase elevation (22).
This is an expected effect of immune checkpoint inhibitors due to the
stimulation of autoreactive T cells, leading to autoimmune-related
toxicities, including liver toxicity (23).
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Preclinical studies in murine models of insulinoma and PDAC
identified BTK as a significant regulator of myeloid cell functionality
and myeloid-mediated T cell suppression (10–12). The immune
contexture analyses in the current study demonstrated few BTKþ B
cells in HNSCCs independent of HPV status, but substantial BTK

expression in CD68þ myelomonocytic cells within HNSCC tumors,
potentially, indicating a functional role for BTK in regulatingmyeloid-
mediated T cell suppression in HNSCC. Although limited clinical
benefits were observed in this study, several subtle microenvironmen-
tal changes with combination treatment were noted. A trend toward
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Figure 3.

Leukocyte infiltration at baseline
and after 43 days on treatment.
A, The percentage of total nucle-
ated cells that were CD45þ (total
leukocytes) are shown for each
patient at baseline and after
43 days of treatment (Rx). Green
lines pairing baseline and Rx sam-
ples reflect a >10% increase in ratio
after treatment compared with
baseline. Leukocyte lineage sub-
types are shown as the percen-
tages of total CD45þ cells per
patient at baseline (B) and after
43 days of treatment (C). Pembro-
lizumabmonotherapy, n¼ 5; pem-
brolizumab plus acalabrutinib
combination therapy, n ¼ 4 at
baseline and n ¼ 2 with treatment
at day 43. Colors delineate cell
types as indicated in the legend
(right of B and C). In B and C,
human papillomavirus (HPV) sta-
tuswas evaluated by p16-positivity
via a multiplex immunohistochem-
ical platform, and used as a molec-
ular correlate for HPV status,
where results are denoted as “þ”

and “�” for HPV-positive andHPV-
negative, respectively.
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TiME at baseline and after treatment. Ratios
of (A) Th1 (Tbetþ) to Th2 (GATA-3þ) CD4þ T
cells, (B) Th1 (Tbetþ) to Treg (FoxP3þ) CD4þ

T cells, (C) CD8þT cells toCD68þmonocytes/
macrophages, and (D) mature (DC-LAMPþ)
to immature (DC-LAMP�) DCs are shown for
each patient at baseline and after 43 days of
treatment (Rx). Pembrolizumab monother-
apy, n¼ 5; pembrolizumab plus acalabrutinib
combination therapy, n ¼ 4 at baseline and
n ¼ 2 at day 43. Green lines pairing baseline
and Rx samples reflect a >10% increase after
treatment compared with baseline, red lines
indicate a >10% decrease after treatment
compared with baseline, and black lines
indicate a change of <10% after treatment
compared with baseline. DC, dendritic cells;
Th, T helper; TiME, tumor-immune microen-
vironment; Treg, regulatory T cells.
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increased CD45þ leukocyte abundance was observed after treatment
with pembrolizumab, which was modestly augmented by addition of
acalabrutinib, indicating a potential additive effect with combination
therapy. In addition, a trend toward an increased abundance of Th1:
Th2, Th1:Tregs, and CD8þ T cell:CD68þ cell ratios with pembroli-
zumab, alone or in combination with acalabrutinib treatment, was
observed. Furthermore, an increased abundance of CD8þ T cells was
observed in 4 of 5 pembrolizumab-treated patients and 1 of 2 com-
bination-treated patients (Supplementary Fig. S3A), and the propor-
tion of CD8þ T cells expressing Tbet and EOMES, defined as effector
memory cells, was increased in 3 of 5 pembrolizumab-treated patients
and 1 of 2 combination-treated patients (Supplementary Fig. S4),
indicating a potential impact on CD8þ T cell responses. However,
definitive effects of combination treatment versus pembrolizumab
alone are difficult to discern and meaningful conclusions cannot be
drawn given the low number of samples in the current study. However,
these results are fairly consistent with preclinical murine models of
pancreatic cancer in which BTK inhibition, when sequenced before
chemotherapy in a 1-week run-in, resulted in increased numbers of
tumor-associated CD8þT cells and suppressed tumor growth evidenc-
ing the utility of BTK inhibition in remodeling the TiME (11). Similar
boosts in CD8þ T cell response have been observed in clinical studies
with the BTK inhibitor ibrutinib (24); however, the subtle enhance-
ment in effector memory CD8þ T cells in the current study did not
correlate with a shift toward increased density of mature DCs, unlike
the preclinical models (11). The decrease in mature DC density
following pembrolizumab monotherapy and pembrolizumab plus
acalabrutinib combination treatment could reflect the need for rep-
riming of T cells by antigen-presenting cells, as was demonstrated in
the murine model with concurrent cytotoxic therapy following the
BTK inhibitor monotherapy run-in (11).

Data from mouse models indicate that chemotherapy can accen-
tuate T cell responses. In a mouse model of ovarian cancer, paclitaxel
treatment combined with PD-L1 blockade led to significantly elevated
levels of T cell activation/immune activation following antigen pre-
sentation versus levels seen in non-treated cells (25). Chemothera-
peutic agents have also been demonstrated to augment T cell response
by increasing DC function and upregulating HLA class I expression to
enhance T cell recognition of tumor cells in vitro (26). These data have
led the way to designing trials using chemotherapeutic agents in
combination with immune checkpoint inhibitor targeted therapies.
The current trial was designed before chemotherapy and immune
checkpoint combination trials were initiated. However, although
clinical efficacy might have been improved with the addition of
chemotherapy to the combination, increased toxicity would have been
expected in the absence of appropriate sequencing. Additional limita-
tions of this study include the small sample size, both in terms of the
overall number of patients and of the number of baseline and post-
treatment paired biopsy samples available for assessment of the effects
of combination therapy on the tumor microenvironment.

Results of this study indicated that there is no clinical benefit from
adding acalabrutinib to pembrolizumab in the treatment of recurrent
or metastatic HNSCC. The immune subset analysis data suggest that
there may be additive effects of this combination therapy. Specifically,
acalabrutinib could enhance the immune response with pembrolizu-
mab treatment by reprogramming the myeloid compartment, reliev-
ing the suppression of CD8þT cells, and increasingmemory response,
but certainly additional preclinical modeling is needed to elucidate
appropriate sequencing and combination strategies. The sample sizes
were too small to draw conclusions, and additional researchwith larger
sample sizes would be needed to comprehensively assess the immune-

related effects of pembrolizumab and acalabrutinib combination
treatment on the tumor microenvironment.
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