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I.

Abstract

Immune checkpoint inhibitors (ICPi) have demonstrated activity and survival benefit
in advanced head and neck squamous cell carcinomas (HNSCC), but many patients still
do not respond. It is also uncertain whether other less common types of head and neck
cancers may benefit from ICPi. Head and neck cancers are frequently treated with
conventional therapies such as chemotherapy and radiation and preclinical and clinical
studies have suggested potential synergies between chemoradiation (CRT) and immune
checkpoint inhibition (ICPi) to boost response rates. However, there exists uncertainty
about how to best combine CRT with ICPi. Therefore, we conducted a series of studies
on predictors of ICPi response, as well as immunologic changes with CRT alone to build
a case for combination therapy.
We first studied a large cohort of advanced HNSCC patients treated with ICPi to
identify patterns and predictors of response. We showed that decreased total tumor
burden (TB), calculated as the sum of the largest diameter of all measurable lesions
according to RECIST 1.1, was associated with clinical benefit and improved OS. We also
showed that instances of pseudoprogression were rare in HNSCC, and that any increase
in TB on first interval scan was associated with poor OS. These findings suggested that
by decreasing overall tumor burden, CRT could have beneficial effects when combined
with ICPi.
In addition to reducing overall tumor burden, preclinical studies have suggested
CRT induces immunologic changes, some of which may be systemic. Therefore, we
sought to prospectively confirm this in a localized cohort of HNSCC patients receiving
definitive CRT. We showed that fractionated CRT leads to quantifiable effects in
circulating immune and angiogenic mediators, including increased circulating CD-8+ Teffector cells, myeloid-derived suppressor cells, regulatory T cells, and checkpoint
receptor-expressing T cells, particularly PD-1+ T cells. We also showed that CRT
increased the percentage of unique and dominant TCR clones, and increased humoral
responses as measured by proteomic array.
We also profiled the immune landscape of adenoid cystic carcinoma, a rarer
salivary gland malignancy with limited treatment options, to see whether treatmentinduced immunologic effects extend more broadly outside HNSCC. We examined tissue
from primary and metastatic ACC deposits for infiltrating immune cells, PD-L1/L2
expression, and mRNA profiles for 1400 oncogenic and immune-related genes. We found
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that most tumors expressed PD-L2 but had few infiltrating immune cells, and that lack of
immune-cell infiltrate was associated with expression of genes in the β-catenin/Wnt and
PI3K pathways. Our data suggested a potential role for combination radiation + ICPi as a
treatment for ACC patients, and serves as the basis for an ongoing phase II trial.
Collectively, our work provides rationale and framework to understand potential
synergies between CRT and ICPi in patients with head and neck malignancies.
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II.

Introduction to head and neck malignancies

Head and neck cancers comprise a heterogeneous group of malignancies that cause
significant morbidity and mortality worldwide. These diseases can arise from a number
of anatomic subsites, including the oral cavity, oropharynx, nasopharynx, larynx,
paransal sinuses, and salivary glands. Histologically, most head and neck cancers are
squamous cell carcinomas (HNSCC), but other less common pathologies include
adenocarcinoma, adenoid cystic carcinoma, acinar cell carcinoma, and mucoepidermoid
carcinoma(1).
Head and neck squamous cell carcinoma affects greater than 500,000 people across
the world annually, and ranks 6 in global cancer incidence(2). Tobacco and alcohol use
th

are the predominant risk factors for tumor development worldwide, but the oncogenic
human papilloma virus (HPV) 16 has also been implicated in disease pathogenesis,
particularly in developed countries (3). Multimodality treatment, including a combination
of surgery, chemotherapy, and radiation therapy (RT) is individualized for patients with
head and neck cancers, with many patients receiving radiation either with or without
chemotherapy as definitive treatment or in the palliative setting (4). Despite recent
treatment advances with more refined surgical techniques such as transoral robotic
surgery (TORS), and more precise intensity-modulated radiation (IMRT), there remain
many subgroups of patients (heavy-tobacco smokers, or those with heavy nodal burden)
who develop local recurrences or distant metastases, with five-year overall survival less
than 50% (5).
Immune checkpoint inhibitors (ICPi) that inhibit the programmed death 1 (PD-1)
receptor have demonstrated activity and survival benefit in advanced head and neck
squamous cell carcinomas (HNSCC) as well as a wide range of other malignancies (619). PD-1 is an important checkpoint receptor that is expressed by malignant cells,
including in HNSCC, that downregulates the activity of effector T-cells and aids cancers
in avoiding immune detection. PD-1 inhibitors nivolumab and pembrolizumab have
shown efficacy in recurrent or metastatic HNSCC refractory to platinum chemotherapy,
with overall response rates around 13% and 18%, respectively(6, 9). Even though the
majority of patients did not respond, long-term follow up studies have shown that durable
responses (> 30 months on treatment) were possible in patients that do respond(20).
The combination of standard chemoradiation with immunotherapy in the treatment of
HNSCC is of great interest in treating patients with advanced disease in an attempt to
5

increase the number of responders. To explore this treatment paradigm, we begin by
examining patterns and predictors of response to ICPi in HNSCC patients.

III.

Examining responses to immunotherapy in advanced HNSCC

Given the potential morbidity of immune-related toxicities, and response rates of
10-20% seen with most patients given ICPi, there is a need to study patterns of response
and identify biomarkers to guide patient selection when designing combination
immunotherapy trials or monitor patients on treatment (21). Genomic elements, such as
increased tumor mutational burden (TMB) and the presence of somatic frameshift events,
have been implicated as predictors of response, likely because these genetic factors
signify enhanced probability a tumor possesses neoantigens that can be recognized by the
immune system. The presence of immune infiltrates and associated markers within the
tumor microenvironment (e.g. PD-L1 expression) have also been shown to correlate with
PD-1 response (22-25). In HNSCC specifically, studies have suggested that human
papillomavirus (HPV) positivity, detectable PD-L1 expression, and the above mentioned
molecular factors are of potential significance when predicting response to PD-1
blockade; however, none of these factors has yet proven adequate for clinical decision
making (26, 27).
Patterns of response to immune checkpoint inhibition (ICPi) are unique when
compared to cytotoxic chemotherapy. For example, some patients undergoing PD-1
blockade exhibit pseudoprogression, where new or enlarging radiographic lesions appear
after ICPi initiation but subsequent imaging reveals an overall decrease in total tumor
burden(28). This phenomenon has been documented in melanoma, but may not be as
common in other solid tumors, including HNSCC(9, 29). Given the central role that serial
imaging currently serves in cancer management, characterizing imaging parameters that
predict long-term clinical benefit in patients treated with immune checkpoint blockade is
critical. Additionally, evolving guidelines have been implemented to track tumor
response in immunotherapy patients, but there is no pattern of response data specific to
immunotherapy used in head and neck malignancies(30, 31). Recent studies have also
demonstrated that imaging parameters may offer insights into tumor biology; as changes
in radiologic features have been associated with underlying gene-expression levels in
several tumor types (32-35).
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Here, we present one of the largest institutional HNSCC patient cohorts receiving
ICPi with molecular characterization of PD-L1 and TMB alongside detailed imaging
analyses and clinical outcomes to identify predictive radiologic biomarkers and describe
patterns of response.
Study Design
Patient population.
We retrospectively identified 100 consecutive HNSCC patients treated with
single-agent ICPi using a PD-1 inhibitor at our institution between 2014 and 2017. We
obtained patient demographic and treatment data from the electronic medical record,
including sex, age, race, smoking, previous treatment (surgery, radiation and/or
chemotherapy), date of immunotherapy initiation, and treatment associated toxicity
including immune-related adverse events (irAEs). For oropharyngeal cancer or
carcinoma of unknown primary patients, HPV status was determined using p16
immunohistochemistry (IHC) followed by confirmation with either in situ hybridization
or polymerase chain reaction. Tumor stage at diagnosis was determined according to the
American Joint Committee on Cancer (AJCC) Staging Manual, 7 edition. We also
collected outcomes data including best objective clinical response as determined by
RECIST v1.1 and overall survival (time from diagnosis to death or censored at last
follow-up). Criteria for complete response (CR) was defined as >99% reduction in the
target lesions, partial response (PR) as ≥30% reduction in target lesions, progressive
disease (PD) as at least a 20% increase in the sum of diameters of target lesions, and
stable disease (SD) as neither sufficient shrinkage to qualify for PR nor sufficient
increase to qualify for PD.
th

Radiologic data collection.
Patients were generally imaged immediately prior to starting PD-1 inhibitor
therapy (median days between baseline scan and PD-1 initiation was 13 days) and then
again approximately 8 weeks later. Our standard practice is to perform positron emission
tomography (PET) - computed tomography (CT) of the chest, abdomen and pelvis
following the administration of intravenous contrast according to standard institutional
protocols in patients in whom this is not contraindicated. Magnetic resonance imaging
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(MRI) with or without gadolinium administration was also performed as clinically
indicated.
We reviewed data from the scans performed immediately prior to immunotherapy
initiation and then the first scan performed on treatment when available. Data was
collected on the largest diameter of all measurable lesions using RECIST v1.1 criteria, as
well as the presence of metastatic lesions in the lung, liver, and bone. The largest lesions
(measuring at least 1-cm or greater in any axis, up to 2 per organ, and up to 5 total) for
each patient were included for analysis. Lymph nodes with a short axis >= 1.0 cm were
considered measurable and assessable as target lesions. Clinical and radiologic data were
used to determine whether there was recurrent or progressive disease in the head and
neck, defined as any patient that had clear progression or recurrence of disease following,
or in the absence of, locoregional therapy. Tumor burden (TB) was calculated as the sum
of the largest diameter of all measurable lesions by RECIST 1.1 as described above and
as has been previously described(36). Investigators were blinded to clinical outcomes
when radiologic data were collected.
Biologic data collection.
Targeted massively parallel sequencing using our institutional platform (Oncopanel) was
performed using patient tumor samples. Oncopanel is a custom biotinylated RNA bait set
(Agilent SureSelect) targeting the full coding regions of 300+ genes as well as intronic
regions of additional genes and key structural rearrangements to capture and amplify
libraries of tumor DNA (26). Sequencing was performed to an attempted coverage of
300× per sample. Total mutational burden (TMB) was calculated using the total number
of non-synonymous mutations per megabase of exon sequences, as previously
described(26). A non-fixed cell suspension from fresh tumor samples was also prepared
for fluorescent immune labeling using anti-PD-L1 monoclonal antibodies and coupled
with mouse anti-human surface antibodies to characterize PD-L1 status (26).
Results
Clinical and Molecular Characteristics
We retrospectively identified 100 patients diagnosed with advanced HNSCC treated with
immunotherapy between 2014 – 2017. Baseline patient characteristics are displayed in
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Table 1. The median patient age at diagnosis was 57 (range 20 – 89). The majority of
patients were male (82%), with nearly half (49%) being former or current smokers
(defined as ≥10 pack-years). Among 51 oropharyngeal cancer patients, 42 cases (82%)
were causally related to HPV. Most patients were initially diagnosed with locoregionally
advanced disease (88%) as evidenced by 82% with cervical nodal involvement. At the
time of PD-1 inhibitor initiation, most patients had previously received chemotherapy or
concurrent chemoradiation (n = 81). The average prior lines of therapy was 1.6. In our
cohort, recurrent or persistent locoregional disease was observed in 64% of patients
(Table 2). The majority (77%) of patients had distant disease (67% lung, 17% bone, 13%
liver). Forty-two percent of patients had metastatic involvement across multiple organ
systems. Patients with HPV associated disease were more likely to have distant disease in
the absence of active locoregional disease (p < 0.01, Figure 1) as compared to patients
with HPV negative or non-oropharyngeal primaries. HPV-associated cancers were also
inversely correlated with the presence of lung metastases as compared with HPVnegative cancers, but specific associations with liver or bone metastases were not
significant (Supplemental Table 1).
Of the 31 tumors tested, 19% were PD-L1 negative, 55% showed at least 1% PD-L1
expression, and 26% showed > 50% PD-L1 expression. There was no correlation
between HPV status and PD-L1 expression patterns (Supplemental Table 1). The
median TMB was 7.6 (IQR 4.72-10.63). When comparing patients with locoregional and
distant disease versus those with distant-only disease, patients in the former group had a
higher TMB (p = 0.03), Figure 2.
Response to ICPi
In our cohort, 4 (4%) patients showed a complete response to ICPi, 8 (8%) showed partial
response, 25% showed stable disease, and 61 (61%) showed progressive disease. Overall,
forty patients (40%) demonstrated clinical benefit (CR, PR, or SD) following the start of
PD-1 inhibitor therapy, with a median OS of 4.5 months (range 0 – 26+ months). There
were no associations between clinical benefit or survival and the presence of lung, liver
or bone metastases or with presence of active head and neck disease when considered
independently.
Low tumor burden predicts PD-1 ICPi response and improved survival
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The median tumor burden (TB) was 5.4 cm (range 1 – 25.9 cm). There was no
association between tumor burden and clinical parameters including tobacco use, HPVstatus, PD-L1 expression, mutational burden or prior treatment (Supplemental Table 1).
Of all the tumors surveyed, the largest lesion for each patient represented an average 60%
of the total TB (range 12.5% - 100%). Aggregating TB across all patients, the distribution
of TB across sites was: 30.7% in the lung, 24.8% in the H&N, 19% in lymph nodes (LN),
10.3% in the liver, 6.5% in bone, and the remaining 8.5% in the abdominal viscera or
within muscles. Within lymph nodes, the majority of measured tumors (74.7%) were in
LN in the chest (hilar, mediastinal, subcarinal LN), with the remaining 15.7% in the
H&N, and 9.6% in the abdominal LNs.
We observed that higher TB was inversely correlated with clinical benefit to ICPi (p =
0.03), Figure 3A. Patients with a higher tumor burden also demonstrated worse overall
survival on PD-1 inhibitor therapy as compared to those with lower TB (dichotomized by
the median, p < 0.01, HR 2.33, 95% CI 1.30 – 4.34, Figure 3B).

PD-1 ICPi response is early and correlates with immune-related toxicity
The first on-treatment scan was performed at a median of 53.5 days (7.6 weeks, range 1
– 10 weeks) following initiation of PD-1 blockade. There was one HPV+ patient who
subsequently achieved a PR and long-term survival on immune checkpoint blockade (>22
months) who demonstrated an increase in tumor burden of 22% on the first restaging
scan; no other patients with a >20% increase in tumor burden (PD) on their first scans
went on to have a partial or complete response -- suggesting limited pseudoprogression.
Indeed, patients whose TB demonstrated any measurable increase on their first follow-up
scan had worse overall survival than those whose TB remained the same or decreased (p
= 0.02, HR 2.39, 95% CI 1.05 – 6.1 Figure 4A). Interestingly, patients who demonstrated
any decreased TB on the first follow-up scan were also more likely to experience Grade
3+ toxicity to treatment (66% vs 33%, p < 0.01, Figure 4B). Waterfall plots shown in
Supplemental Figure 1 demonstrate the potential for decreased size of metastatic lesions
in all organs analyzed following immune checkpoint blockade treatment, although this
response is relatively rare among bone and liver lesions.
Discussion
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Identifying radiologic biomarkers to predict which patients will most benefit from
PD-1 blockade has significant clinical potential in HNSCC. Here, we conducted an indepth analysis evaluating how radiologic parameters correlate with genetic markers and
clinical outcomes in a large cohort of HNSCC patients with advanced disease undergoing
immune checkpoint inhibition. We show that patients with increased burden of disease
are less likely to derive clinical benefit from PD-1 blockade. We also show that lower TB
predicts improved overall survival on ICPi therapy. Once on treatment, any initial
increase in tumor burden is predictive of worse overall survival, with only a single patient
demonstrating evidence of pseudoprogression in our head and neck restricted series.
Intriguingly, we also found decreased tumor burden on first restaging scans to be
associated with grade 3 or higher immune-related toxicity.
Our finding of poorer outcomes in those patients with relatively high tumor
burden is in line with recent analyses in regards to both overall response rate and overall
survival. A study examining advanced melanoma patients treated with nivolumab
suggested that patients with increased tumor burden have lower overall response rates
(37). High tumor burden has also previously been shown to be an independent predictor
of poor overall survival in melanoma patients receiving PD-1 blockade (38).
Interestingly, this study also found that there wasn't added benefit incorporating twodimensional tumor burden measurements (i.e., using the sum of products of perpendicular
diameters) compared to one-dimensional (sum of longest diameters) methods as
performed in our study. The association between poor outcome and high TB has also
been replicated in patients treated with combination ipilimumab and bevacizumab, where
those with baseline TB > 3.8 cm (the median TB for that cohort) demonstrated worse
overall survival compared with those with a lower TB (39). Methods combining tumor
burden with intensity on PET (i.e., maximum standardized uptake value (SUV)
multiplied by greatest diameter) have also shown to correlate with progression-free and
overall survival in multivariate analyses in a cohort of diffuse large B-cell lymphoma
patients (40).
The mechanism behind associations between tumor burden and survival is likely
linked to the presence and activity of tumor-infiltrating CD8+ T-cells. A recent study
examining the ratio of T-cell invigoration (measured as changes in Ki67 index in
circulating PD-1+ CD8 T-cells) to tumor burden indicated that patients with longer
progression-free survival had a lower baseline tumor burden(36). These results suggested
a potential calibration of immune response, where patients with lower TB have more
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active anti-tumor immunity whereas those with higher TB exhibit a T-cell exhaustion
phenotype. These distinct phenotypes may explain the characteristic deviation from
proportional hazards demonstrated in landmark immunotherapy trials(41). Prior studies
on HNSCC have also pointed at the link between tumor mutational burden (and
presumably higher probability of targetable tumor neoantigens) and response to PD-1
blockade: HPV negative tumors with higher TMB and CD-8 T-cell infiltrates appear to
derive greater benefit from checkpoint therapies (26).
Our study also indicates that any increase in TB on the first restaging scan
predicts for worse outcomes. This finding has particular resonance considering evidence
patients treated with ICPi can exhibit pseudoprogression, which has been observed in
about 10% of cancer patients shortly after ICPi initiation(30, 42). This phenomenon is
believed to due to T-cell infiltration into the tumor, generating edema and necrosis, and
manifesting as an increased tumor size on scans (43, 44). There is evidence that
pseudoprogression may not occur at the same frequency in all tumor types, for example,
1/65 bladder cancer patients, 3/168 renal cancer, and 0/54 NSCLC patients on ICPi have
been reported to demonstrate pseudoprogression in prior studies (44, 45). In HNSCC,
rates of pseudoprogression appear to be rare, 1/45 patients in KEYNOTE-012 and 2/240
patients in Checkmate 141 showed significant initial tumor growth prior to response (6,
9, 46). These data, coupled with our results in the current study, suggest that increases in
TB on restaging scans is more likely to represent true progression rather than a delayed
response. This has particular relevance since many ICPi trials in HNSCC permit
treatment beyond progression, which may not be warranted.
Interestingly, our data also indicate that those patients whose TB decreased on the
first interval scan showed a higher proportion of adverse immune complications. This
may be representative of a more robust immune system prone to autoimmunity in
addition to antitumor immune responses. Dose-dependent immune-related adverse events
are well documented and those at grade 3 or higher severity occur in about 40% of
patients on ipilimumab and 20% of patients on anti-PD-1/PD-L1 agents(47). Whether
these events are predictive of clinical outcomes is still uncertain, but several studies have
suggested that the presence of irAEs correlate with ongoing clinical response, even in
patients that permanently discontinue ICPi, and also correlate with overall survival(4850). Our data also suggest the potential of using early decreases in TB as a clinically
meaningful predictor since irAEs can occur after the first restaging scan.
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Our study also examined the role of HPV status and TMB in the patterns of
locoregional and metastatic disease observed in our cohort. HNSCC is unique in that the
underlying tumorigenesis can be either virally-driven or via non-HPV carcinogens. Our
results indicate that HPV positivity and a lower TMB are associated with distant
metastases in the absence of progressive or recurrent locoregional disease. This result
may in part be explained by prior findings that HPV+ HNSCC patients tend to have
lower TMB than HPV- patients, and HPV+ patients may be more likely to develop
distant metastatic disease in the absence of local progression (26). However, there
remains some uncertainty about patterns of recurrence and spread among patients with
HPV-associated disease (51). One previous study suggests that HPV-positive
oropharyngeal disease is more likely to recur at distant sites, as 72% of patients had
distant-only disease without locoregional involvement(52). Other studies have not seen
an association between HPV-status and the likelihood of recurrence at local versus distant
sites (53, 54). Distant metastatic lesions in HPV+ patients have also been posited to
develop later than the typical timeframe for recurrence in HNSCC following completion
of definitive locoregional treatment (55). Larger cohorts may be needed to confirm
whether a correlation exists in patterns and timing of recurrence in HNSCC and HPV
status.
There are a few limitations to this analysis. Our cohort is limited to a single
institution and is retrospective. Nonetheless, this study represents a large homogenous
cohort of HNSCC treated with ICPi with in depth analysis of both radiologic and
molecular biomarkers. In addition, there is some heterogeneity in timing with regard to
when baseline scans and serial imaging scans on ICPi were obtained as is routine in
standard clinical practice.
Data regarding the utility of radiologic biomarkers relevant to patients treated
with PD-1 blockade are sparse, and to our knowledge, this study is the first to suggest a
link between tumor burden and overall survival in HNSCC. If validated, our finding that
outcomes are poor among patients with any degree of progression on first interval scan
following ICPi exposure is of clinical importance as it suggests practitioners should
consider these patients for alternative therapies when possible.
Moreover, our finding that patients with high tumor burden are less likely to
respond suggests that patients with earlier stage disease might respond better to ICPi. An
alternative treatment course could also aim to combine immunotherapy with other
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modalities (ie, chemoradiation) to decrease the immune suppressive tumor burden and
boost response rates.
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IV.

Studying immune effects of chemoradiation in localized HNSCC

Response rates to single agent checkpoint blockade are generally limited, and as we
demonstrated, patients with high tumor burden do not respond as well to ICPi.
Consequently, combined treatment strategies are needed to increase the percentage of
responding patients. One potential combination is to pair immune checkpoint blockade
with standard therapies such as chemotherapy and radiation for earlier-stage patients; as
these cytotoxic therapies have demonstrated synergy with immune checkpoint blockade
in multiple preclinical models(56-58).
Both chemotherapy and radiation have both stimulatory as well as inhibitory effects
on antitumor immunity in animal studies(59, 60). More limited data in human patients
has suggested targeted radiation delivered in a relatively limited number of fractions
(generally 5 or fewer) can have local immunologic effects and also impact circulating
immunologic cytokines, regulatory T cells and myeloid derived suppressor cells(61).
Intriguing case reports have suggested that hypofractionated radiation may potentiate
response in melanoma and non-small cell lung cancer patients treated with cytotoxic TLymphocyte Antigen 4 (CTLA-4) blockade and lead to abscopal responses outside of the
radiation treatment field(62, 63). Of note, examination of the peripheral blood in a
melanoma patient who demonstrated an abscopal response revealed increases in activated
T-cells, decreases in myeloid derived suppressor cells and elevated titers of antitumor
antibodies(62). However, in general, the mechanisms by which radiation may impact
systemic immunity and synergize with checkpoint blockade in human patients are poorly
defined. In particular, less is known about the immunologic effects of conventionally
fractionated chemoradiation (less than 3 Gy per fraction) delivered over a period of 5-7
weeks in the absence of prior chemotherapy or surgery; thus settings where the intact
tumor and disease in the tumor draining lymph nodes may be partially
immunosuppresive. Fractionated radiation with or without chemotherapy is commonly
employed in the definitive management of patients with HNSCC as well as patients with
locally advanced squamous cell carcinomas of the lung, cervix, anus, prostate
adenocarcinoma. These fractionated regimens are also more difficult to recapitulate in
animal models.
In order to help guide future studies integrating chemoradiation and immunotherapy
in earlier-stage HNSCC, we performed a prospective study evaluating systemic immune
effects of definitive chemoradiation in HNSCC patients. Here, we attempt to define
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immunologic mechanisms that may contribute to the efficacy and limitations of standard
chemotherapy and radiation and form the basis of synergy with anti-tumor
immunotherapy.
Study design
A prospective IRB-approved biomarker trial was launched, and enrolled patients
receiving definitive intent radiation to the head and neck region with or without
chemotherapy to collect peripheral blood samples longitudinally during the course of
treatment. In order to be eligible, all patients needed to have gross disease above the
clavicles that was being targeted by radiation treatment and were also without evidence
of distant metastatic disease. All patients provided informed consent. We collected
baseline information from these patients including demographics, histology, disease site,
as well as tumor and nodal stage. We determined tumor association with HPV, using
both in situ hybridization for high-risk HPV types (16 and 18), and
immunohistochemistry for the p16 protein. All patients were prescribed a 7-week course
of curative-intent radiation with or without chemotherapy. All patients received radiation
that was graphically planned, and with the exception of one early stage larynx cancer
patient who received conformal radiation, all patients were treated to the primary site and
bilateral neck with intensity modulated radiation therapy (IMRT) to maximize normal
tissue sparing. Radiation was delivered daily Monday-Friday; all patients were evaluated
at least once weekly by the treating radiation oncologist or more often if clinically
warranted. Peripheral blood samples were obtained in phlebotomy just before the
beginning and end of the 7 weeks of therapy. Following the completion of treatment, all
patients were followed regularly in multidisciplinary head and neck clinic. Restaging
positron emission tomography / computed tomography (PET-CT) and CT of the head and
neck was performed approximately 3 months after treatment or earlier if clinically
indicated. Neck dissection was performed if there was suspicion for residual disease. We
abstracted treatment details and information about clinical course from the medical
record.
Based on pre-clinical data that has demonstrated significant changes in the tumor
microenvironment after radiation therapy (Figure 5), we prospectively developed
hypotheses to test for specific chemokines and immune cell populations. For instance, in
response to targeted radiation, tissue resident macrophages upregulate pro-inflammatory
cytokines, including IL-1, IL-6, TNFα, TGFβ, and IFNγ, and these increased levels are
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detectable in circulating blood(64-70). In addition, following irradiation tumor cells may
increase surface expression of MHC-1, ICAM-1, NKG2D ligands, 4-1BBL and perhaps
PD-L1 as demonstrated by in vitro experiments(71-78). Circulating lymphocytes have
also been noted to demonstrate increased PD-1 expression post-RT(79, 80). These
concerted changes likely affect the probability of RT induced immunogenic cell death
and may have important implications for combining radiation and immunotherapy
approaches.
Tumor-associated angiogenesis is also an established target for therapy, and this
process is intricately related to tumor associated inflammation, immune evasion, and
metastasis(81, 82). Several key regulators of tumor angiogenesis have been identified,
including vascular endothelial growth factor (VEGF), placental growth factor (PLGF),
and angiopoietins-1 and 2 (Ang1, Ang2)(83, 84). VEGF also serves important
immunomodulatory roles, including inhibition of dendritic cell maturation, expansion of
regulatory T-cells (T-regs) and myeloid derived suppressor cells (MDSCs),
downregulation of effector T-cells and may also specifically impact anti-tumor
immunity(85-88). Similar to VEGF, Ang2 can also affect tumor immunity by augmenting
the expression of immunosuppressive cytokines (i.e, IL-10) in monocytes and
macrophages, and promote the expansion of T-regs(89). Immunologic effects of Ang1
and PLGF are less well defined in comparison to VEGF and Ang2. Over 90% of HNSCC
express VEGF and other angiogenic cytokines, which could serve as attractive treatment
targets in modulating anti-tumor responses.
Based on these data, we designed a battery of tests to monitor for RT-induced
immune effects, including flow cytometry to quantify activated/cytotoxic T-cells,
regulatory T-cells (T-regs), T-cells expressing immune checkpoint receptors and myeloid
derived suppressor cells (MDSCs) as well as cytokine assays for VEGF, Ang1, Ang2,
PLGF, CXCL9, 10, 16 (See Appendix for methods & materials). Proteomic analyses
were performed with isolated patient serum to detect the presence of antibodies directed
against potential tumor-antigens pre- and post-radiation therapy. Multiplex PCR and
high-throughput deep sequencing of T- receptor genes was performed from selected
patient PBMC DNA.
Results
Patient characteristics and treatment parameters.
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We enrolled 20 consecutive patients and assayed blood samples for cytokines and
T-cell subsets. Baseline patient characteristics are displayed in Table 3. The median age
of patients was 59 years (IQR 52.5 – 65). The majority of patients were male (90%) with
locally-advanced human papilloma virus (HPV)-associated disease. Eleven (55%) had
smoking history of greater than 10 pack-years. Patients received a median 70 Gy for
disease in the oropharynx (n = 16, 80%), nasopharynx (n = 2, 10%), larynx (n = 1, 5%),
or oral cavity (n = 1, 5%). Only one patient received less than this dose (64 Gy) due to
medical comorbidities. Eight patients (40%) received concurrent bolus cisplatin at 100
mg / m2 every three weeks, seven (35%) received concurrent weekly cisplatin (30-40 mg
/ m2) chemotherapy, two (10%) received concurrent weekly carboplatin (AUC 1.5-2.0)paclitaxel (30-45 mg / m2), and 3 patients were treated with radiation alone. Median
follow-up time for all patients was 14 months (range 5-23 months); there have been no
pathologically proven local or distant failures at that time.
For the angiogenic cytokine studies, we used 24 consecutive patients (overlapping
with the above cohort), who underwent the same radiation therapy protocol. The majority
of patients were male (92%) with locally-advanced human papilloma virus (HPV)associated oropharyngeal cancer. The majority of patients presented with nodal
involvement, with either one (n = 7) or two (n = 12) positive nodes. Eleven (46%) had
smoking history of greater than 10 pack-years. Median radiation dose delivered was 70
Gy; only one patient received less than this dose (64 Gy). The majority of patients
received concurrent chemotherapy with radiation (n =21, 88%). Eleven patients (52% of
patients that received chemotherapy) received concurrent bolus cisplatin at 100 mg / m2
every three weeks, eight (38%) received weekly cisplatin chemotherapy, two (10%)
received weekly carboplatin-taxol. Median follow-up time for all patients was 10 months
(range 5-17 months).
Changes in serum cytokines and immune populations.
There were no statistically significant associations between pre-treatment
cytokine concentrations or proportions of CD4+, CD8+ T-cell subsets, regulatory T-cells,
or MDSCs with baseline patient characteristics, including smoking status. We also
compared baseline cytokine levels with those found in serum from healthy controls.
Median levels of CXCL9, 10, and 16 in controls is 135 pg/mL, 3 pg/mL (below the range
of detection), and 231 pg/mL compared to baseline levels in our patients of 97.9 pg/mL,
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54 pg/mL, 195 pg/mL respectively. The differences between CXCL9 (p = 0.32) and
CXCL16 (p = 0.13) were not significant; however, the levels of CXCL10 were
significantly higher in cancer patients at baseline as compared to controls (p < 0.0001).
We compared initial levels of cytokines and immune populations with those
present the final week of treatment. Treatment decreased concentrations of circulating
CXCL10 (p = 0.001), and increased CXCL16 (p = 0.01), but did not affect CXCL9 (p =
0.57); Figure 6. As expected, absolute lymphocyte counts decreased as a result of
systemic chemotherapy, with 13 patients who received chemotherapy developing
absolute lymphopenia (< 3.8*109 cells/L) by the end of treatment time-point. Patients
also demonstrated a relative increase in the ratio of CD8+ T-cells as compared to CD4+
T-cells, but the percentages of CD4+ and CD8+ of all CD3+ T-cells did not change
significantly (p = 0.09 for CD4+ and p = 0.06 for CD8+). However, closer inspection
indicated that there were significant changes in specific effector and immunosuppressive
immune subsets over the course of treatment (Figure 7A/B).
Circulating CD8+ T-effector cell proportions generally increased as a proportion
of all CD8+ cells (15 of 20 patients, p = 0.02), but so did CD4+ regulatory T-cells (17 of
20 patients, p = 0.01) and MDSCs (14 of 20 patients, p = 0.03) as a percentage of
PBMCs. Gating by total CD4+ T-cells and examining T-cells expressing checkpoint
receptors, increases were seen in CD4+ LAG3+ (16 of 20 patients, p = 0.02), CD4+
TIM3+ (16 of 20 patients, p = 0.02), and CD4+ PD1+ (16 of 20 patients, p = 0.001)
expressing cells. Similarly, evaluating CD8+ T-cells, all three checkpoint receptor
bearing cell populations increased following treatment: CD8+ LAG3+ (15 of 20 patients,
p = 0.03), CD8+ TIM3+ (16 of 20 patients, p = 0.02), CD8+ PD1+ (16 of 20 patients, p =
0.01). Of particular note were the increases in CD4+/CD8+ PD1+ expressing cells
(Figure 7C), which demonstrated relative increases over 200%, and absolute increases of
nearly 10% of overall CD4+ or CD8+ populations in selected patients. There were no
statistically significant associations between these observed changes in T-cell populations
and clinical factors such as history of tobacco use.
Given the pronounced increases in PD-1 expressing T-cells, we also examined
levels of circulating soluble PD-L1 ligand, which has been demonstrated in multiple
myeloma, non-small cell lung cancer, diffuse large B-cell lymphoma, and renal cell
carcinoma patients (90-93). We found detectable, but low levels of soluble PD-L1 in all
of our patients. Higher baseline levels of soluble PD-L1 correlated with nodal status, with
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higher levels in patients with node-positive disease (p = 0.03). Patients with nodenegative disease indicated a median serum PD-L1 of 58 μg/mL at baseline whereas
patients with node-positive disease showed PD-L1 median of 74 μg/mL. Serum PD-L1
levels increased over the course of treatment in 74% of patients but this finding did not
reach statistical significance (p = 0.16).
In a randomly selected subgroup of patients, peripheral blood was collected at
baseline (week 1), middle (week 4), end of radiation (week 7) and then again in followup at least 1 month following the completion of treatment. Data from the two additional
time points confirmed the trends observed in regards to T-cells expressing immune
checkpoint receptors (Figure 8). In many cases, the change observed in the T-cell subset
indicated linear increases between the beginning- and end-time points, and then returned
to baseline post-treatment.
Of note, there were no significant differences in relative changes in circulating
chemokines or immune cell subsets between patients that received concurrent
chemotherapy and those treated with radiation alone; however, the generalizability of this
finding this is limited by the limited number of patients that did not receive concurrent
chemotherapy.
Circulating angiogenic cytokines.
Circulating angiogenic cytokines were measured at the beginning of treatment and then
again the final week. Comparative analysis with a control donor patient pool at the same
dilution as our cancer patients indicated that all angiogenic cytokines were present at a
higher concentration in head and neck cancer patients. Median levels of VEGF, Ang1,
Ang2 and PlGF at baseline were 0.46 ng/mL, 14 ng/mL, 0.33 ng/mL, and 0.16 ng/mL in
HNSCC patients, respectively, as compared to undetectable, 0.42 ng/mL (p < 0.0001
compared to cancer patients), undetectable/below range, and undetectable (~ 0.001
ng/mL).
There were no statistically significant associations between baseline levels of VEGF, the
angiopoietins, or PLGF with sex, age at cancer diagnosis, disease subsite, HPV-disease
status, presence of nodal disease, smoking status, or baseline red blood cell, white blood
cell, platelet or monocyte serum levels (data not shown). Changes in angiogenic cytokine
levels over the course of treatment are displayed in Figure 9. Serum levels of Ang1
decreased in 21/24 (88%) patients from a median 14 ng/mL (IQR 10 – 16) to a median
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0.6 ng/mL (IQR 0.4 – 1.2, p < 0.0001). Circulating levels of VEGF also decreased in
20/24 (83%) from a median 0.46 ng/mL (IQR 0.31 – 0.66) to 0.21 ng/mL (0.14 – 0.26, p
< 0.0001). In contrast, serum levels of Ang2 and PLGF significantly increased. Median
Ang2 levels were 0.33 ng/mL (IQR 0.18 – 0.49) prior to treatment, as compared with
0.78 after (IQR 0.44 – 1.9, p < 0.0001), with 20/24 (83%) patients showing increased
levels. PLGF similarly increased in 20/24 (83%) patients from a median of 0.16 ng/mL
(IQR 0.12 – 0.20) at the beginning of treatment to a median of 0.26 after treatment (IQR
0.21 – 0.31, p < 0.0001). All of these changes observed over the course of treatment
remained statistically significant after adjusting for multiple testing.
We also examined potential correlations between serum cytokines and circulating CD4+,
CD8+ and CD14+/HLA-DR- MDSC cells (Supplemental Table 6). There were no
significant correlations between the observed trends in cytokines and these immune
subpopulations (Supplemental Table 6).

T cell receptor diversity
Having identified increases in the percentage of CD8+ T-effector cells, we
examined the effects of definitive treatment on T-cell receptor diversity in more detail in
3 patients by performing sequencing of the T-cell receptor genes obtained from
peripheral blood mononuclear cells.
In all 3 patients, treatment resulted in a decrease in the total number of T-cell
receptor sequences consistent with an overall drop in the absolute number of
lymphocytes. However, the percentage of total productive T-cell receptor clones
remained roughly the same before and after chemoradiation, and the percentage of unique
productive sequences actually increased in 2 of 3 patients (Supplementary Table 2),
suggesting that the overall diversity of productive and relevant T-cells may have actually
increased in some patients as a result of treatment. Specifically, there were more new
common clones accounting for > 0.01% of all sequences following treatment as opposed
to before in all three patients (Figure 10A). Even when the number of unique clones
following treatment was relatively similar to number of unique clones prior to treatment,
as it was in one patient (patient 3), there were striking differences in the frequency with
which the most commonly observed T-cell receptors were observed (Figure 10B).
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Interestingly, this change was accompanied by a 4.8 fold increase in the ratio of Teffector to T-regulatory cell ratio in this patient.
Changes in antibody responses
We performed exploratory seromic analyses of 3 patients, one each with tumors
in the nasopharynx, oropharynx and larynx to examine impacts of treatment on humoral
immunity. Although overall binding signal tended to decrease over the course of
treatment (Supplemental Figure 2), there were increases in the number of antibodies
with the strongest signals (>6500 RFU) in the two patients that received chemoradiation
as opposed to radiation alone. We also identified antibodies targeting particular proteins
with greatest signal increase following treatment (Supplemental Table 3). Although the
significance of these potential neoantigens are unknown, several immune or tumorassociated proteins were targeted. For example, the patient with nasopharyngeal cancer
developed treatment-induced antibodies targeting chemokine 21 (7-fold), BAFF (6-fold),
MAGEH1 (3- fold, a melanoma-associated antigen), and RAB33A (2-fold, Ras-oncogene
family). The larynx cancer patient demonstrated increased antibody titers directed against
a diverse array of proteins that did include known tumor antigens such as Wilms-tumor
associated antigen (WTAP). The oropharynx cancer patient serum demonstrated
increased titers of antibodies targeting two immune related proteins with potential
functional implications, CD27 (9-fold), and IL2RB (2-fold).
While IL2R plays an important role in promoting systemic immunity, soluble
IL2R is inhibitory and can be produced by tumors(94). Therefore, given the increased
titers of anti-IL2R antibodies that were detected in one patient, we evaluated soluble
IL2R concentrations in the serum of all patients. Interestingly, sIL2R concentrations
consistently increased over the course of chemoradiation in our cohort, including the
patient who had increased IL2R antibody signal (p = 0.03).
Discussion
We prospectively evaluated circulating immunologic factors in a group of
HNSCC patients undergoing definitive radiation therapy with or without concurrent
chemotherapy to characterize systemic effects of treatment. We measured serum CXCL9,
10, 16, angiogenic cytokines VEGF, Ang1, Ang2 as well as changes in the proportions of
CD8+ T-effector cells, regulatory T-cells, MDSCs, and immune checkpoint expressing
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T-cells. We also performed high-throughput sequencing of T-cell receptors (TCR) and
screened for potential anti-tumor antibody responses.
We noted decreased serum CXCL10 concentrations and increased serum
CXCL16 following treatment, both of which are consistent with prior in vitro and human
studies(68, 69, 95). CXCL10 may have deleterious effects by stimulating CD133+ tumor
stem cells, or attracting regulatory T-cells, and increased CXCL10 levels have been
associated with worse cancer-specific outcomes(96-98). Conversely, CXCL16 is known
to attract tumor infiltrating T-cells or NK cells in lung and colorectal cancers(99-101).
High levels of CXCL10 in tumors following radiotherapy have been shown to correlate
with poorer overall survival in patients with squamous cell carcinoma of the tongue,
suggesting that decreases in CXCL10 might indicate tumor death and a favorable
response to therapy(95). Similarly, irradiation of human and mouse breast tissue (6-12
Gy) in vitro, and in mouse models in vivo led to marked increases in CXCL16 secretion
that attracted effector T-cells to tumors (68, 69). Radiation could impact the levels of
these cytokines in various ways; tumor death may decrease CXCL10 whereas radiation
may stimulate dendritic cells to produce CXCL16(102).
With regard to angiogenic mediators, we found that levels of circulating Ang1
and VEGF significantly decreased over the course of treatment whereas Ang2 and PLGF
levels increased. Expression levels of angiogenic cytokines have potential prognostic
relevance across various malignancies, and can impact response to immunotherapy. A
meta-analysis of 47 studies (3476 patients) indicated that VEGF overexpression in the
tumor predicts poorer overall survival and progression free survival for patients with head
and neck cancer, and also correlates with high risk of lymph node metastases(103),
however, the relationship between circulating VEGF levels and outcome are not as
straightforward (104, 105). Moreover, high levels of serum VEGF in patients with
advanced melanoma was associated with poorer overall survival when treated with
ipilimumab (anti-CTLA4 antibody) and also predicted lack of response to high-dose IL-2
therapy (106, 107). PLGF and Ang2 are also implicated in pathologic angiogenesis, and
increases in these and other angiogenic cytokines may help compensate when VEGF
expression is decreased or blocked(108). Systemic upregulation of circulating levels of
PLGF have been observed after antiangiogenic therapy (i.e, bevacizumab) in several
malignancies, suggesting that changes in PLGF could promote escape from treatments
that inhibit angiogenesis (109). Chemoradiation induced endothelial cell apoptosis can
cause increases in Ang2 and decreases in Ang1 as the vasculature remodels (110).
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Although changes in the tumor microenvironment are likely most relevant to antitumor immunity, monitoring changes in circulating immune cells may be a proxy for
local anti-tumor immune responses(111). Additionally, evidence of an active systemic
immune response may predict for favorable responses following cytotoxic therapy or
immunotherapy. For example, increased levels of circulating activated CD4+ ICOS Tcells and increased total lymphocyte counts may correlate with clinical response and
overall survival in metastatic melanoma patients treated with immunologic checkpoint
blockade using the CTLA-4 inhibitor ipilimumab (112). Our results indicate that
definitive radiation increases circulating CD8+ T-effector cells as a proportion of all
CD8+ cells in head and neck cancer patients.
hi

Furthermore, our T-cell receptor sequencing and seromics analyses also suggests
radiation can promote anti-tumor immunity. For example, radiation-induced cell death
may stimulate antigen-specific adaptive responses via the release of mutated or
overexpressed cancer antigens (113). We demonstrate that chemoradiation can potentially
enrich the proportion of top T-cell receptor clones in select patients. Although the number
of evaluated patients were limited by the cost of seromic profiling, these data suggest
radiation could influence anti-tumor immunity via a humoral response, as has been
observed in a previous study of prostate cancer patients undergoing radiation(114).
Potential antibody targets and neoantigens that we identified in this group of patients
include known tumor antigens such as members of the MAGE family as well as other
proteins implicated in antitumor immunity, such as CD27 and the IL2 receptor.
Interestingly, we observed circulating soluble IL2 that tended to increase during
treatment. These data may suggest that sIL2R could be an inhibitory signal, but
antibodies targeted against sIL2R may block this inhibitory pathway. Previous studies
have demonstrated similar pathways involving NKG2D ligands, where soluble versions
of the ligands inhibit immune activation, but therapy-induced antibodies targeting these
soluble factors circumvent the immune suppression and promote antitumor cytotoxicity
(115, 116). Therefore, antibody targeting could benefit a systemic anti-tumor response.
In addition to increases in soluble IL2R, we also observed evidence for other
inhibitory effects that may limit the immune stimulating effects of chemoradiation that
we observe. Along with the increases in CD8+ T-effector cells, we also found increases
in regulatory T-cells and myeloid derived suppressor cells. Additionally, previous
studies have shown that T-cells expressing checkpoint receptors such as PD-1, Tim-3 and
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Lag-3 may be functionally deficient, or “exhausted”, and unable to effectively participate
in anti-tumor immune responses(117). These results are consistent with prior studies
performed by Schuler et al., (118) and Parikh et al. (80) which demonstrate increases in
regulatory T-cells, myeloid derived suppressor cells, and PD-1 expressing T-cells and
following head and neck cancer treatment. Intriguingly, recent data also suggests that
checkpoint receptor expressing T-cells may also be enriched for tumor and mutationspecific clones (119); therefore, these increases may also reflect a treatment induced antitumor response evidenced by our TCR and seromic data. We found consistent increases
in the frequency of these checkpoint receptor-expressing T-cells in the majority of
patients. Particularly notable were increases observed in PD-1 expressing cells, which by
the end of treatment accounted for more than 10% and 20% of total CD8+ and CD4+ Tcells in some patients, respectively. Interestingly, there was a corresponding trend for
increases in circulating soluble PD-L1, although this did not achieve statistical
significance.
Our findings support the notion that conventional treatments such as radiation and
chemotherapy have complex effects on systemic anti-tumor immunity, with stimulatory
changes balanced by countervailing suppressive mechanisms that may be dominant under
normal circumstances. In regards to radiation, this is consistent with clinical observations,
where targeted radiation alone is seldom, if ever, sufficient to generate abscopal, out-offield immune responses; however the same is not true when radiation is administered in
combination with immunologic agents(62, 63). Indeed, our findings also support
potential mechanisms of synergy between radiation and immunotherapy. Therapies
targeting CTLA-4, PD-1, Tim-3 and Lag-3 using blocking antibodies or inhibitors are
designed to reinvigorate anti-tumor immunity by impacting functionally deficient T-cell
subsets that we here observe to increase following radiation (120). Furthermore, an
abundance of antigenic targets may be associated with a more favorable response to
immune checkpoint therapy; our observations regarding the impact of radiation on T-cell
receptor and antibody responses may be meaningful in this regard(23, 121).
Our prospective findings are also consistent with preclinical studies and case
reports that have observed benefit specifically combining radiation with checkpoint
blockade, and suggest further study in starting PD-1 inhibition concurrently with
radiation. Radiation resulted in increases in activated T-cells and antibody responses to
various tumor-associated antigens in a melanoma patient treated with ipilimumab(62) and
other case series also demonstrate potential synergistic benefit(122, 123). A recent
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preclinical study demonstrating impressive responses following radiation combined with
CTLA-4 and PD-1 blockade found radiation was capable of increasing the diversity and
frequency of the most common T-cell receptor clones, but T-cell expansion and reversal
of T-cell exhaustion only occurred when radiation was coupled to CTLA-4 and PD-1
inhibition(111). Preliminary studies have also suggested various chemotherapy regimens
such as cisplatin and carboplatin/paclitaxel, in the absence of radiation, may also increase
aspects of a CD8+ T-cell antitumor response and synergize with immune checkpoint
blockade(124, 125)
The data presented here extend previous findings regarding the effects of
chemotherapy and radiation on specific aspects of systemic anti-tumor immunity to head
and neck cancer patients, where these results are particularly relevant. Chemoradiation is
frequently used in the definitive setting for this disease; however, recurrences are
common in patients with high-risk features(126). PD-L1 expression has been
demonstrated on HNSCC cells, and PD-1 and PD-L1 have single agent activity in the
metastatic setting(127). We also identify soluble PD-L1, Tim-3, and Lag-3, and
angiogenic cytokines as additional potential mechanisms of immune evasion in HNSCC
patients. Thus, acting through some of the mechanisms that we describe, the addition of
immune checkpoint blockade could improve results in patients receiving chemotherapy
and radiation in the definitive setting as part of standard of care treatment. Additionally,
because chemoradiation has systemic immune effects, the addition of this local treatment
to immune checkpoint blockade in the setting of metastatic disease could also potentially
overcome mechanisms of primary and secondary resistance and increase the number of
responding patients.
The extent to which our findings are more generalizable is unknown. Our cohort
was relatively homogenous in terms of radiation treatment technique and dose, but there
were differences in subsite, stage and HPV-status among patients. Our results are
relatively consistent with effects of radiation observed in preclinical models and human
case reports across different types of cancers; therefore, it is plausible that the
immunologic effects we observe are fundamentally intertwined with radiation induced
cell death – for example as the possible result of activation of the STING pathway or
through other mechanisms(128). It is also important to note that the immunologic effects
that we observe occurred following conventionally fractionated radiation delivered over a
period of seven weeks as opposed to shorter courses of radiation used in previous case
reports or animal models describing synergy between radiation and immunotherapy.
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Interestingly, fractionated radiation following PD-1 blockade was best at inducing HPV
antigen specific T-cells in a mouse model in a recent study(129). None of our patients
were treated with immunotherapies (i.e., PD-1 blockade), but this and other previous
studies suggest the immunologic effects we observe could translate to a treatment
approach combining radiation and immunotherapy.
Given the majority of our patients received concurrent chemotherapy, it is
impossible to conclusively determine whether the effects we observe are the result of
chemotherapy, radiation or the combination. The absolute decrease in lymphocytes is
likely the result of chemotherapy, as this is often not seen after radiation to the head and
neck region alone. Additionally, we are unable to determine whether the systemic effects
we observe translate to changes that would be observed in the tumor microenvironment.
However, preclinical studies and the clinical evaluation of previously irradiated
pancreatic and rectal cancer patients have shown that radiation does increase the
frequency of tumor infiltrating CD4+ and CD8+ T-cells (130-132). Future studies should
aim to study differences in immune responses in HPV+ versus HPV- head and neck
tumors in larger patient cohorts, as well as correlate whether rising CXCL10 levels
predict for clearance of HPV infection. Studying potential mechanisms that explain the
observed trends in circulating angiogenic cytokines could impact responses to
immunotherapies. Evaluating tumor specimens could determine whether features such as
local PD-1 expression correlates with changes in circulating immune subsets. These
studies should also aim to correlate chemokine and immune subset changes with local
control and overall survival end-points.
In summary, our prospective immunologic profiling suggests that systemic effects
of fractionated radiation are relatively reproducible among HNSCC patients. Our findings
suggest radiation-induced effects on the local tumor microenvironment in HNSCC
patients may translate into quantifiable immune effects in circulating immune mediators,
T-cell receptor repertoires, and potential anti-tumor antibody responses. These immune
responses are not sufficient to sustain an effective anti-tumor immune response due to
matched increases in immunosuppressive mechanisms that feature increases in
checkpoint receptor expressing T-cell populations. These results provide insight into the
systemic effects of targeted chemoradiation that may contribute to synergy with
immunotherapy already observed in animal models and human case reports. Although it
appears that radiation alone may potentially inhibit anti-tumor immune responses in
various ways, many of these inhibitory effects are now potentially targetable.
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Immunotherapy, and specifically checkpoint blockade, can potentially tip the balance of
stimulating and inhibitory factors resulting from local therapy in favor of a pro-immune
state (56, 58). Therefore, our results support the continued integration of checkpoint
blockade with standard therapies and have the potential to aid in the development of
combination treatment regimens incorporating immunotherapy with radiation in HNSCC
and other cancers.
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V.

Expanding beyond HNSCC: Immune effects of chemoradiation in ACC

Given our findings in HNSCC, we sought to determine whether immune-mediated
effects of chemoradiation could extend more broadly to other head and neck cancer
histologies. Adenoid cystic carcinoma (ACC) is a malignant salivary gland tumor
characterized by a long natural history with a propensity for indolent but relentless
growth and dissemination (133). Translocations resulting in fusion of the v-myb
myeloblastosis viral oncogene homolog (MYB) gene on chromosome 6 to the nuclear
factor I/B (NFIB) gene on chromosome 9 have been observed in the majority of cases,
and appear to contribute to pathogenesis (134, 135). Standard of care for localized
disease includes maximal surgical resection with adjuvant radiotherapy with or without
chemotherapy in most cases (136-138); however, approximately 50% of patients develop
distant metastases, and up to one third die within 2 years of diagnosis (139). There are no
proven or effective therapies in the setting of metastatic disease, and chemotherapy
specifically provides very little, if any, benefit(140). Given the indolent growth that can,
in some cases, progress over many years, local therapies such as palliative radiation are
frequently employed. Very little is known about endogenous immune responses directed
against ACC at baseline, or following conventional treatments such as chemotherapy
and/or radiation.
Similar to our studies in HNSCC, profiling the immune microenvironment of
ACC can provide a rational basis to guide the clinical evaluation of checkpoint blockade,
and potential combinations with other modalities. Indeed, prior data has indicated that
patients with CD8+ T-cell infiltrate within or in proximity to the tumor
microenvironment may preferentially respond to immunotherapies (141-143). Here, we
evaluate ACC specimens for infiltrating immune cells and expression of immune
checkpoint ligands PD-L1 and PD-L2. We also determine mRNA expression profiles of
over 1400 oncogenic and immune-related genes to identify genes that may be associated
with a paucity of tumor infiltrating immune cells. We also assess potential effects of
chemoradiation on circulating immune mediators and anti-tumor humoral responses.
Methods
Tumor samples were obtained from primary or metastatic lung lesions in 21
patients via biopsy or resection. Seven patients had tissue obtained from both metastatic
and primary lesions, two patients had tissue that was obtained from more than one

29

metastatic lung lesion, and one patient had tissue that was obtained both before and after
chemoradiation for unresectable primary disease in the hard palate. All tissue was
formalin-fixed and paraffin-embedded before storage. Additional clinical information,
including location of primary or metastatic lesion, was abstracted from the clinical
record. Peripheral blood and saliva samples were obtained longitudinally from the
patient who received chemoradiation with concurrent weekly cisplatin (40mg/m^2) over
the course of chemoradiation (at 1 week, 4 weeks, 6-7 weeks, and another 7 weeks posttherapy). All samples were obtained / reviewed on IRB-approved or exempt protocols.
Immunohistochemistry (for PD-1, PD-L1, PD-L2) was performed, along with
RNA extraction for mRNA quantification to determine gene expression patterns (see
Appendix for full methods). Flow cytometry was performed to quantify activated T-cells,
T-regs, and checkpoint-receptor expressing cells. Proteomic analysis was performed to
detect the presence of IgG antibodies directed against potential tumor-antigens before and
after chemoradiation therapy in selected patients.
Results
Immune microenvironment.
Tissue from primary and metastatic ACC deposits were used to profile
intratumoral infiltrating immune cells, PD-L1 expression on both tumor and immune
cells, and PD-L2 expression on tumor cells, both cytoplasmic and membranous (Figure
11). No patients had significant expression of PD-L1 on tumor cells. In contrast, PD-L2
was significantly expressed on 60% of the primary (9/15) and 73% (8/11) of metastatic
tumor samples. Forty-two percent of both primary and metastatic deposits showed
significant numbers of infiltrating immune cells (>100 / HPF). Among the patients with
significant immune infiltration, all but one had PD-L1 expression noted on the infiltrating
tumor cells. PD-1 expression was also examined on tumor deposits and on infiltrating
immune cells. As expected, PD-1 expression was absent on tumor cells (0/13 primary,
0/8 metastatic deposits screened). In contrast, 50% (7/14) of primary and 38% (3/8) of
metastatic deposits showed PD-1 positivity in infiltrating immune cells. The expression
levels of PD-1 accounted for <=10% of tumor stroma in all cases.
Immune mRNA profiling.
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In 12 cases where enough archival tumor tissue was available, RNA was extracted
from primary and metastatic lesions and assayed via the PanCancer Immune Profiling
Panel (Nanostring) to assess expression levels of 770 immune related genes. The
resulting expression profiles (Figure 12A) demonstrate distinct clustering of tumors with
and without intratumoral immune infiltrate observed on immunohistochemistry,
consistent with increased expression of known immune-related genes in tumors with
more infiltrating immune cells. In order to potentially discern which immune cell types
were present within these tumors, samples were clustered by presence or absence of
immune cells (as determined by IHC) and combined with groups of mRNA expression
markers that have been shown to correlate with distinct immune populations as per
manufacturer protocol (Figure 12B). When normalized and compared to tumors without
significant immune cells on IHC, those with immune infiltrates demonstrated 62% more
B-cell associated mRNA transcripts, 38% more regulatory T-cell transcripts, 30% more
NK associated transcripts, 25% more CD8+ T-cell transcripts, and 12% more activated
CD4 T-cell transcripts. However, if the tumors were instead stratified by PD-L2
expression on IHC, all the tumors with higher PD-L2 levels indicated a consistent
decrease in immune infiltrates (Figure 12C). Specifically, changes included a 33% drop
in mRNA transcripts identifying NK cell abundance, a 16% drop in activated CD4 T-cell
associated transcripts, and a 17% drop in T-regulatory cells.
Oncogenic mRNA profiling.
Extracted RNA was also assayed with the nCounter PanCancer Pathways Panel
(Nanostring) to assess expression of an additional 700 essential genes representing all
major cancer pathways. Using probes of exons upstream (Myb exons 1-2, 3-4, 5, 6; NFIB
exons 2, 3-4, 5-6, 7) and downstream (Myb exons 15, 16; NFIB exon 12) of the putative
translocation sites for Myb and NFIB, we were in parallel able to determine that 58% of
primary tumors harbored a Myb-NFIB translocation. Cases where Myb translocation was
present were determined by an imbalance of between exon mRNA expression comparing
upstream and downstream Myb exons; whereas upstream and downstream expression
levels were similar in cases without translocation where a full-length transcript is
transcribed. These results were consistent between 3 of 3 matched primary-metastatic
pairs, and in 2 of 2 cases where florescence in-situ hybridization (FISH) results were also
available. When examining the genes with the highest expression levels (top 10%) in at
least half of all tumor samples, we identify overexpression of the PI3K pathway genes, as
well as overexpression of genes in the cell cycle, MAPK, and Wnt pathways (Figure 13).
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Specifically, our screen identified several genes known to be overexpressed in ACC
mouse xenograph models, including Myb, Jag, FGFR1, and Notch1(144).
We then stratified tumors by presence of significant intratumoral immune
infiltrate on histology and noted differential expression of these 700 genes between these
two groups (Figure 14A). Our screen identified several genes in the Wnt and PI3K
pathways whose overexpression potentially correlated with reduced immune infiltrate,
although without correction for multiple testing (Figure 14B, Supplemental Table 4).
For example, increased expression of BAMBI (BMP and activin membrane-bound
inhibitor, p = 0.02), b-catenin (p = 0.02), FGF17 (p = 0.004), and Bcl-2 (p = 0.01) all
correlated with absent or near-absent immune infiltrates across the ACC samples.
Conversely, our analysis also identified genes whose expression correlated with immune
infiltration, including Syk (p = 0.04), IL2RB (p = 0.02), and TGFb (p = 0.02). Higher
expression of these immune-related genes are likely related to the infiltrating immune
cells themselves, and are therefore expected to correlate with higher immune infiltrates
on IHC. When the tumors were instead stratified as primary or metastatic, certain genes
linked to cell signaling including CACNA2D2 (p < 0.0001), BMP5 (p < 0. 0001),
FGFR4 (p = 0.0003), LAMC3 (p = 0.0001), and others were more highly expressed in
metastatic than primary tumors.
Impact of chemoradiation.
In one ACC patient, tumor samples were obtained before and after
chemoradiation, and peripheral blood samples were obtained over the course of therapy,
and at follow-up. Fractionated radiation therapy to the tumor appeared to increase the
number of intratumoral CD8+ T-cells, and decrease the number of FOXP3+ T-regulatory
cells (Figure 15A). There also appeared to be an increase in the percent of CD8+ Teffector cells and a decrease in T-regulatory cells in peripheral circulation, which then
returned to baseline levels following the completion of therapy (Figure 15B).
Interestingly, there was a corresponding increase CD8+ cells expressing LAG-3, TIM-3,
or PD-1 in the peripheral blood over the course of therapy; again returning to baseline at
the follow-up time point (Figure 15C).
We also performed exploratory seromic analyses in this patient’s serum and saliva
to examine impacts of treatment on humoral immunity. We identified particular proteins
targeted by antibodies that demonstrated significant signal increases following treatment
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(Supplemental Table 5). Of note, there were far more robust increases following therapy
as opposed to before, with increases in antibodies targeting 259 proteins in the blood as
compared to significant decreases in antibodies targeting only 9 protein targets (p <
0.0001, binomial test, Figure 15D,E). Although the significance of these protein targets
are unknown, antibodies directed against 5 of the protein targets also increased in the
saliva following chemoradiation. In addition, the number of high-titer antibodies against
self-proteins (defined as RFU > 60000) detectable in serum was higher (38) following
treatment as compared to before (9) – Figure 15F.
Discussion
ACC is a relatively rare tumor with a poor prognosis for which there was no
previous data, to our knowledge, in regards to immune infiltration, expression of
checkpoint ligands, and the interplay between these factors, cell-signaling pathways, and
conventional treatment. Here, we profiled a variety of primary and metastatic tumor
deposits. We also conducted an in depth analysis evaluating the effect of chemoradiation
on an unresectable tumor to evaluate immune effects in the local tumor environment as
well as more distantly.
We find multiple potential mechanisms of immune suppression may be relevant
in this tumor type, including: PD-L2 expression in tumor cells (both cytoplasmic and
membranous), and a majority of tumors with relatively sparce immune infiltrate, and PDL1 expression on infiltrating lymphocytes when they are present. PD-1 expression was
found in the immune cells from a significant percentage of tumor deposits. We also found
that chemoradiation may be capable of impacting the tumor microenvironment, leading to
an increased number of infiltrating CD8+ T-cells, and a decreased number of infiltrating
regulatory T-cells. These effects present in the tumor microenvironment were mirrored
in the peripheral blood. However, these changes were also observed in the context of
increased levels of circulating CD8+ T-cells expressing the checkpoint receptors Lag-3,
Tim-3, and PD-1, thus potentially representing dysfunctional, or “exhausted” T-cell
populations (117, 145). However, these markers are also expressed on activated T cells,
so additional investigations of the functional activities of these cells are required to
understand more fully their potential role in anti-tumor immunity. Interestingly,
chemoradiation also had a demonstrable effect on systemic humoral immunity, with
increased targeting of specific proteins seen in the circulation and in serially collected
saliva specimens. Radiation may promote anti-tumor immunity via a humoral response,
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as has been observed in a previous study of prostate cancer patients undergoing radiation
as well as in a melanoma patient irradiated for progressive disease in the setting of
CTLA-4 blockade (62, 114). Although it is currently unclear whether the antibody
responses we detect are generated in response to tumor neoantigens, the potential for
monitoring radiation-induced changes in salivary antibodies is intriguing given the
potential accessibility for serial monitoring.
In several samples where enough archival tumor tissue was available after
immunohistochemical staining, we used mRNA profiling to interrogate the immune
microenvironment in more detail and also to identify candidate oncogenic pathways that
may be linked to intratumoral immune infiltration. Distinct gene expression profiles
suggested various immune populations present intratumorally. When compared to
tumors without immune infiltration on IHC, those tumor deposits with immune cells
indicated significantly higher expression of B-cell, regulatory T-cell, CD8+ T-cell, and
NK-cell associated mRNA transcripts. Conversely, when we stratified tumors by PD-L2
IHC status, those that stained positive for PD-L2 expression were associated with
decreased mRNA expression indicating immune infiltration across all cell types,
including NK cells, and CD4+ and CD8+ T-cells. We were unable to correlate with PDL2 mRNA expression as it was not possible to disambiguate signal from tumor cells
compared to immune cells.
ACC is characterized by MYB overexpression and the presence of MYB-NFIB
translocations that are well described(133, 134, 146). Here, we use a relatively novel
technique using the imbalance of signal obtained from upstream and downstream probes
to assess translocation status in parallel with RNA profiling of an additional 700
oncogenic genes. The translocation results were consistent between matched primary and
metastatic deposits, as well as with FISH data when available. mRNA profiling indicated
overexpression of several genes within the PI3K, MAPK, Wnt, and Notch pathways.
Specifically, our screen detected several genes known to be overexpressed or mutated in
ACC, including Myb, p53, Notch1 (147). Many of the genes detected as overexpressed in
our samples (i.e., FGFR1, JAG1, BAMBI) have also been detected in salivary gland
tumor xenograft data (UVA ACC database). Our results also complement the findings of
ACC whole-exome sequencing studies, which have identified recurrent mutations in the
FGF/IGF/PI3K pathway, which represent the pathway with the most overexpressed genes
in our study and may contribute to the aberrant overexpression (148, 149).
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Perhaps most interestingly, mRNA profiling performed in conjunction with
immunohistochemical analysis allowed us to investigate pathways and individual genes
that may be linked to presence or absence of intratumoral immune infiltrates, which may,
in turn, be linked to responsiveness to immune checkpoint blockade(150). When the gene
expression was stratified by tumor infiltration on IHC, overexpression of several genes
correlated with poor immune infiltration. Members of the PI3K (i.e, FGF17, Bcl-2), and
Wnt pathways (β-catenin, BAMBI) represented the majority of genes whose expression
correlated with poorer immune infiltrates. Although these hypothesis-generating results
are not adjusted for multiple testing, these results are consistent with a recent analysis
showing activation of the WNT/ β-catenin signaling pathway correlating with the
absence of a T-cell gene expression signature in melanoma (150). Future studies are
needed to better elucidate the mechanisms that potentially connect PI3K or Wnt pathway
activation to poorer intratumoral immune infiltration and pathogenesis.
Although expression of PD-L1 has been demonstrated across multiple tumor
types(151), comparatively less is known about the frequency and role of PD-L2
expression in modulating anti-tumor immune responses. Like PD-L1, PD-L2 also binds
to the PD-1 receptor and decreases T-cell proliferation and cytokine production (152).
PD-L2 has also been found to bind to the RGMb receptor on the surface of macrophages
and other immune cells to promote immune tolerance, although the significance of this in
cancer is unclear(153). PD-L2 expression has been recently noted on esophageal
adenocarcinoma, breast cancer, and renal cell cancer (154-157). The significance of PDL2 expression on epithelial cells has been less explored as compared with PD-L1
expression. Akin to PD-L1, PD-L2 is also implicated in dampening T-cell responsiveness
and prompting immune tolerance. Stimulation via IFNγ has been shown to enhance PDL2 expression, similar to what is observed for PD-L1(158). However, given we observed
PD-L2 expression in the absence PD-L1, our data suggest IFN-induced expression may
not be the dominant mechanism relevant to ACC. Therefore, other potential mechanisms
such as genomic changes or induction via Th2 signaling pathways should be explored,
especially given our finding that the most common ACC infiltrating lymphocytes were Bcells suggestive of a Th2 response. Regardless, because we identified PD-L1 expression
on infiltrating immune cells in certain tumor deposits and PD-L2 expression on tumor
cells in other deposits, PD-1 inhibitors may represent a better choice of therapy in
patients with ACC as compared with PD-L1 inhibitors to stimulate an effective antitumor
immune response.
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Given the rarity of ACC and risks associated with tissue collection, we were
limited in the amount of tumor tissue that could be evaluated for various immune markers
and mRNA expression, despite retrieving samples collected over many years. However,
even with a relatively few number of patients, we were able to profile the immunologic
microenvironment in both primary and matched metastatic ACC, study potential
correlates to immune infiltration, and assess potential immunologic effects of
chemoradiation. Our results suggest PD-L2 expression may be common in ACC, and
immune infiltration may be associated with upregulation of specific signaling pathways
such as beta-catenin/Wnt previously described in other tumor types. Chemoradiation
could potentiate anti-tumor immune responses, as has been suggested in previous studies
across a variety of tumor types(61). Collectively, these data suggest that PD-1 inhibition,
potentially in combination with conventional treatments, could represent a promising
treatment strategy for patients with ACC, a population that currently has few effective
treatment options.
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VI. Design of a combination radiation + immunotherapy trials for ACC
Given our findings that chemoradiation can produce significant immunologic
synergies with ICPi, and our discovery that ACC tumors show robust PD-L2 expression
with poor immune infiltration at baseline, we sought to translate our findings to a
prospective evaluation of combination radiation + PD-1 blockade in ACC. This trial is
currently enrolling, and is indexed NCT03087019 on www.clinicaltrials.gov, and is
estimated to be completed Oct 2024.
Study Design
An open label phase 2 study was launched of pembrolizumab (anti-PD-1 Ab)
alone or with radiation therapy in subjects with recurrent or metastatic adenoid cystic
carcinoma. All patients will have at least one tumor or metastatic site that is amenable to
palliative radiation. All subjects will have previously demonstrated disease progression,
or lack of benefit from standard therapy. In Arm A, up to 5 metastatic lesions will be
targeted with radiation, in an attempt to provide palliative benefit and abscopal systemic
responses when given in combination with pembrolizumab (pembro). The lesions will be
irradiated within 7 days following the first dose of pembro. Pembro will be administered
intravenously every 21 days until disease progression. In Arm B, subjects will receive
pembro intravenously every 21 days until disease progression. Correlative studies will
include tumor biopsies performed before and on treatment if deemed safe and feasible.
Primary and secondary objectives
The primary objective is to evaluate the anti-tumor activity of pembro +/radiation using RECIST 1.1 criteria. Secondary objectives include estimations of
progression free survival, overall survival (6, 12 mos post treatment respectively),
estimate the duration of response, the response rate, and the safety and tolerability of
pembro with radiation.
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Conclusion
In this thesis, we demonstrate that advanced HNSCC patients most likely to
benefit from immune checkpoint therapy have lower tumor burden at the onset of
treatment and minimal increase in tumor burden while on treatment. In an effort to
increase the number of responders, we sought to develop a rationale for combination
immunotherapy with chemoradiation. In a prospective cohort of localized HNSCC
patients, we show that fractionated chemoradiation leads to quantifiable effects in
circulating immune mediators, including a balance of stimulatory and suppressive
mechanisms. These changes can be seen in circulating T-cell populations, as well as in
chemokines and humoral responses in patients with HNSCC. These results suggest that
chemoradiation, in conjunction with immunotherapy, could tip the balance in favor of a
pro-immune anti-tumor state. We then profiled a cohort of ACC patients, examining both
primary and metastatic tumor deposits, and identified that ACCs express PD-L2, which
can be targeted with anti-PD-1 agents. Using mRNA expression levels, we showed that
overexpression of specific signaling pathways (β-catenin/Wnt and PI3K) is correlated
with lack of immune infiltrating cells, and likely contributing to immunologic escape of
the tumor. Based on these data, a phase II trial of pembrolizumab with or without
radiation in patients with advanced ACC was launched. Collectively, our results provide
a rationale that chemoradiation, in combination with immunotherapy, can represent a
promising treatment paradigm for patients with head and neck malignancies.
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Appendix

Prospective evaluation of CRT effects in HNSCC
Flow cytometry. We isolated peripheral blood mononuclear cells (PBMCs) via
centrifugation (1500g, 20 min), and stored the PBMCs in freezing media (10% FBS
RPMI + 10% DMSO) at -80C on the same day of the blood draw. Flow cytometry was
performed to quantify activated/cytotoxic T-cells (CD3-PC7+, CD4-FITC+/CD8-APC+,
CD69-PE+), regulatory T-cells or T-regs (CD4-FITC+, CD25-PE+, CD127-APC-low),
T-cells expressing immune checkpoint receptors (CD4-FITC+/CD8-APC+, lymphocyte
activation gene-3 or LAG3-Per710+/ T-cell immunoglobulin and mucin protein-3 or
TIM3 Bv421+/PD1-PE+), and myeloid derived suppressor cells (MDSCs, CD14-APC+,
HLA-DR PC7-) via established protocols. All antibodies were obtained from eBioscience
(San Diego, CA) except for CD8 APC (Miltenyi Biotec Inc, San Diego, CA) and TIM3
Bv421 (Biolegend Inc, San Diego, CA). FlowJo (Ashland, OR) was used for analysis.
Cytokine assays. We isolated serum from blood samples using centrifugation (3000g, 10
min, 4C) and then stored these samples at -80C. CXCL9, 10, 16 levels in serum were
measured using the Bio-Plex Pro Human Cytokine Factor Assays (Biorad Laboratories
Inc, Hercules, CA). Souble IL2R levels were assessed using the Human IL-2R ELISA Kit
(Thermo Fisher Scientific, Carlsbad, CA) and sPD-L1 levels were assessed using the
Human B7-H1 DuoSet ELISA (R&D Systems, Minneapolis, MN). For angiogenic
cytokines, Ang2, VEGF, and PLGF levels using the Bio-Plex Human Cancer Biomarker
Panel (Biorad Laboratories Inc, Hercules, CA). Ang1 levels were assayed using the
Magnetic Luminex Screening Assay (R&D Systems Inc, Minneapolis, MN). All samples
were tested in duplicate as experimental repeats against a standard curve of purified
protein according to the manufacturer’s protocol. Fluorescence intensity was measured
via the Bio-Plex MAGPIX Multiplex Reader (Biorad Laboratories Inc, Hercules, CA).
Seromics. Proteomic analyses were performed with isolated patient serum using
ProtoArray Immune Response Biomarker Profiling (ThermoFisher Scientific, Carlsbad,
CA) using the manufacturer’s protocols to detect the presence of antibodies directed
against potential tumor-antigens pre- and post-radiation therapy. Candidate antibodies
were considered to be significantly increased if signal intensity > 3000 relative
fluorescence units (RFU), the signal-to-noise ratio was > 1.5, and the fold change postRT to pre-RT was > 2. Additionally antibodies with RFU>65000, which approached the
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upper boundary of the dynamic range as reported by the manufacturer, were considered
to have the greatest interaction with candidate antigens.
TCR sequencing. Multiplex PCR and high-throughput deep sequencing of T- receptor
genes ([TCRB/IGH/IGKL/TCRAD/TCRG] CDR3) was performed from selected patient
PBMC DNA using the immunoSEQ assay (Adaptive Biotechnologies, Seattle, WA)
using the manufacturer’s protocols. Data analysis was performed via the immunoSEQ
Analyzer online platform (Adaptive Biotechnologies, Seattle, WA) to identify top T-cell
clones, and changes in gene frequency and clonality pre- and post-RT.
Statistical methods. Correlations between cytokine, immune subset, soluble marker levels
and tumor and treatment parameters including sex, age, site of primary disease, HPV
status, nodal involvement, smoking status were evaluated using the χ test. We compared
changes in cytokine and immune subpopulation levels at the beginning and end of
therapy using non-parametric Wilcoxon signed rank tests. Two-sided p-values < .05 were
considered statistically significant. All statistical analyses were computed using
GraphPad Prism (GraphPad Software Inc, La Jolla, CA), STATA 14.0 (StataCorp,
College Station, TX), or JMP Pro12 (SAS Institute Inc, Cary, NC).
2

Immune landscape of ACC
Immunohistochemistry. Anti-PD-L1 (clone 405.9A11), anti-PD-1 (clone EH33), anti-PDL2 (clone 366C.9E5) antibodies are mouse monoclonal antibodies obtained from Dr
Gordon Freeman’s lab, Dana-Farber Cancer Institute. 405.9A11 recognizes an epitope in
the PD-L1 cytoplasmic domain and reactivity confirms the expression of full-length PDL1 protein. 366C.9E5 recognizes an epitope in the IgV domain of PD-L2. PD-1, PD-L2,
and PD-L1 staining were performed as previously described (154, 159, 160). PD-L1
staining was observed in cytoplasm and membranes of tumor cells and was considered
positive if ≥5% of tumor cells had membranous staining. As has been used by previous
studies, PD-1 was considered positive if >= 5% of the cells visualized displayed PD-1
staining(161-163). We also quantified the number of specimens with tumor infiltrating
immune cells with any degree of positive membranous PD-L1 staining. PD-L2 staining
(cytoplasmic and membranous) on tumor cells and was scored based on percentage of
cells with positive staining in conjunction with staining intensity. The intensity was
scored as follows: 0, negative; 1, weak; 2, moderate; 3, strong. The cutoff of PD-L2
positivity in tumor cells on whole-tissue slides was ≥ 10% with 1+, 2+ and 3+ staining
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intensity. Slides indicating > 100 distinct immune cells per 200-magnification high power
field were considered positive for significant intratumoral immune infiltration.
Florescence in-situ hybridization (FISH) was used to screen ACC tissues for the MybNFIB translocation as previously described(146). In the patient with samples obtained
before and after radiation therapy, the tissue was also stained for CD4+, CD8+, and
FOXP3+ cells, with 3 representative sections counted under a 200x high powered (HP)
field.
RNA extraction. Up to 3 unstained 5uM sections of tissue were utilized to scrape tumor
region of interest identified from H&E annotated by pathologist. All scrapings for a given
case were pooled and the Agencourt Formapure kit for isolation of nucleic acids from
formalin-fixed paraffin embedded tissue (Cat # A33342) was implemented on a
Biomek® FXP Laboratory Automation Workstation (Dual arm system with multichannel
pipette and span-8 pipetters, Cat # A31844). The automated Formapure protocol is based
upon Solid Phase Reversible Immobilization (SPRI) paramagnetic bead-based
technology, which does not require vacuum filtration, centrifugation, or organic solvents
such as phenol or xylene associated with traditional methods. RNA isolates were eluted
in a 55ul volume of RNase/DNase-free H2O. RNA isolates were quantified utilizing the
Quant-iT RiboGreen assay (Life Technologies – cat# R11490). 1ul of RNA is required
for quantification. Concentration is measured as ng/ul. For RNA quantification, isolates
were excited at 485 ± 10 nm and the fluorescence emission intensity was measured at 530
± 12 nm using a Victor X3 spectrophotometer (Perkin Elmer cat# 2030-0030).
Fluorescence intensity was plotted versus RNA concentration over the calibration range,
0 -100 ng/ul.
Oncogenic and immune mRNA profiling. All procedures related to mRNA quantification
including sample preparation, hybridization, detection, and scanning were carried out as
recommended by nanoString Technologies for both the PanCancer and PanCancer
Immune Profiling codesets (Nanostring Technologies, Seattle, WA). Raw nanoString
counts for each gene within each experiment were subjected to a technical normalization
using the counts obtained for positive control probe sets prior to a biological
normalization using housekeeping genes included in the CodeSet. Normalized data was
log -transformed and then used as input for differential expression clustering in response
2

to selected covariates (immune infiltration, PD-L1 IHC status, etc) and for heat maps. For
the PanCancer Immune codeset, genes previously shown to be characteristic of various
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immune cell populations were used to measure these populations’ abundance. nSolver
Software (Nanostring Technologies, Seattle, WA) was used for analysis.
Flow cytometry. We isolated peripheral blood mononuclear cells (PBMCs) via
centrifugation (1500g, 20 min), and stored the PBMCs in freezing media (10% FBS
RPMI + 10% DMSO) at -80C on the same day of the blood draw. Flow cytometry was
performed to quantify activated/cytotoxic T-cells (CD3-PC7+, CD8-APC+, CD69-PE+),
regulatory T-cells or T-regulatory cells (CD4-FITC+, CD25-PE+, CD127-APC-low), Tcells expressing immune checkpoint receptors (CD8-APC+, lymphocyte activation gene3 or LAG3-Per710+/ T-cell immunoglobulin and mucin protein-3 or TIM3 Bv421+/PD1PE+) via established protocols. All antibodies were obtained from eBioscience (San
Diego, CA) except for CD8 APC (Miltenyi Biotec Inc, San Diego, CA) and TIM3 Bv421
(Biolegend Inc, San Diego, CA). FlowJo (Ashland, OR) was used for analysis.
Seromics. Proteomic analysis were performed with isolated patient serum or saliva using
ProtoArray Immune Response Biomarker Profiling (ThermoFisher Scientific, Carlsbad,
CA) using the manufacturer’s protocols to detect the presence of IgG antibodies directed
against potential tumor-antigens before and after chemoradiation therapy. As suggested
by the manufacturer, candidate antibodies were considered to be significantly increased if
signal intensity > 3000 relative fluorescence units (RFU), the signal-to-noise ratio was >
1.5, and the fold change post-RT to pre-RT was > 2. Additionally antibodies with
RFU>65000, which approached the upper boundary of the dynamic range as reported by
the manufacturer, were considered to have the greatest interaction with candidate
antigens.
Statistical methods. Two-sided p-values < .05 were considered statistically significant.
All statistical analyses were computed using GraphPad Prism (GraphPad Software Inc,
La Jolla, CA), STATA 14.0 (StataCorp, College Station, TX), or JMP Pro12 (SAS
Institute Inc, Cary, NC), or as previously specified.
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Glossary

ACC = adenoid cystic carcinoma
CRT = chemo-radiation
CR = complete response
HNSCC = head and neck squamous cell carcinoma
HPV = human papilloma virus
ICPi = immune checkpoint inhibitor
IMRT = intensity modulated radiation therapy
OS = overall survival
PD = progressive disease
PR = partial response
RT = radiation therapy
SD = stable disease
TB = tumor burden
TMB = tumor mutational burden
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Figure 1. Patients with HPV+ disease were more likely to have distant-only disease
compared to HPV- HNSCC patients who presented with both locoregional and distant
disease.
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Figure 2. Patients with distant-only disease had a lower TMB compared to those with
locoregional and distant disease.
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Figure 3A. Patients whose TB was lower than the median (5.4 cm) were more likely to
show clinical benefit.
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Figure 3B. Patients whose TB was lower than the median showed improved OS.
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Figure 4A. Patients whose TB did not increase on the 1st scan showed improved OS
compared to those whose TB increased on follow-up scans.
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Figure 4B. Patients who had a decreased TB on follow-up scan were more likely to have
Grade 3+ toxicity

Figure 5. Immune effects of targeted radiation therapy

Table 3. Patient characteristics

Figure 6. Changes in chemokine concentration over the course of 7 weeks of definitive chemoradiation to the
head and neck region.

Figure 7. Changes in immune subpopulations over the course of chemoradiation. (A) Changes in T-cell subsets
measured as a percentage of PBMCs indicates that total CD4+ T cells decrease and total CD8 T cells increase in
most patients, but were not statistically significant (P = 0.09 and 0.06, respectively). T-regs increase in most
patients (P = 0.01), as do MDSCs (P = 0.03). (B) When gating by CD4 + or CD8 + T cells, CD8 T-effector, CD4 +
checkpoint, and CD8 + checkpoint cells increase significantly (P < 0.05) in the majority of patients. The changes
in CD4 T-effector cells was not significant (P = 0.60). (C) The absolute percentage increases in CD4 + and CD8 +
PD1 + cells is shown for each patient.

Figure 8. Immune checkpoint expression across chemoradiation in patient sub-group

Figure 9. Trends in serum angiogenic cytokine concentrations comparing the beginning and end of treatment,
as evaluated by non-parametric Wilcoxon signed rank tests. Each line represents an individual patient. Serum
levels of Ang1 (p < 0.0001) and VEGF decreased (p < 0.0001) over the course of treament. In contrast, there
were significant increases inserum levels of Ang2 (p < 0.0001) and PLGF (p < 0.0001)

Figure 10. Changes in T-cell receptor diversity over the course of chemoradiation. (A) Unique clones account
for a greater percentage of total TCRs post-therapy compared with pre-therapy. (B) In one patient, there is an
increase in the percentage of matched top clones post-RT compared with pre-RT.

Figure 11. IHC indicating percentages of primary and metastatic tumor deposits with PD-L2 surface expression
on tumor cells (left), and an example of a deposit with positive PD-L2 staining (right). Less than half of primary
and metastatic tumor deposits showed substantial intratumoral immune infiltration as defined by greater than
100 distinct immune cells per HPF (middle). The majority of deposits with substantial infiltrating immune cells
also expressed PD-L1 on immune cells (inset).

Figure 12. Immune gene signatures associated with tumor infiltration. A, heat map indicating differential
mRNA expression profiles of immune-related genes in samples with or without immune infiltration as
observed on IHC. B, clusters of RNA transcripts associated with immune subpopulations were compared
among tumor deposits harboring a more pronounced immune infiltrate and those with few infiltrating
immune cells. C, clusters of RNA transcripts associated with immune subpopulations were compared among
tumor deposits with significant surface expression of PD-L2 by IHC and those without PD-L2 expression.

Figure 13. mRNA expression imbalance among MYB and NFIB exons was used to determine rates of MYB–
NFIB translocations. A, the majority of samples indicate a MYB–NFIB fusion. B, mRNA transcripts belonging to
pathways known to be implicated in ACC are overexpressed in the majority of tumor samples.

Figure 14. Genes associated with immune cell infiltration of tumors. A, volcano plot indicates expression of
genes that correlate with intratumoral immune invasion as determined by IHC. B, select transcripts associated
with lack of immune infiltrate on IHC. Transcripts are shown in relation to the percentage of samples without
substantial immune infiltrate in which overexpression was noted as compared with infiltrated samples.

Figure 15. Modulation of immune cell phenotypes and subsets by chemoradiation therapy. A, 7 weeks of
chemoradiation appears to increase CD8+ T cells and decrease regulatory T cells within the tumor
microenvironment. B, percentage of CD8+ cells and regulatory T cells in the peripheral circulation. Changes
over the course of chemoradiation appear to mirror the effects seen within the tumor. C, percentage of
CD8+ T cells expressing checkpoint receptors Lag-3, Tim-3, and PD-1 over the course of chemoradiation.
Percentages appear to rise through the course of therapy and then return closer to baseline levels during
follow-up (FU). D and E, proteomic arrays were used to quantify targeting of specific proteins by antibodies
present in the serum before as compared with after chemoradiation. Statistically significant increases in signal
were produced by antibodies targeting multiple protein targets after as compared with before
radiation. F, increases in the number of antibody targets yielding the highest signals were also shown (>60,000
RFU) on the array.

Supplemental Table 1. Correlation between tumor and clinical parameters
Parameter
P-value
Test
TB and Tobacco use (Y/N)
0.21 Wilcoxon Rank Sum
TB and HPV status (Positive / Negative)
0.19 Wilcoxon Rank Sum
TB and PD-L1 status (None, 1%, > 50%)
0.35 Wilcoxon Rank Sum
TB and TMB
0.42 ANOVA
TB and Prior treatment
0.39 Wilcoxon Rank Sum
HPV status and Presence of Lung Mets (Y/N)
0.03 Pearson Chi-Square
HPV status and Presence of Liver Mets (Y/N)
0.53 Pearson Chi-Square
HPV status and Presence of Bone Mets (Y/N)
0.32 Pearson Chi-Square
HPV status and PD-L1 status
0.98 Pearson Chi-Square

Supplemental Table 2. TCR receptoire diversity
Productive Productive
Time Point Clones,
Unique
Total
Clones

Patient

Begin
End
Begin
2
End
Begin
3
End
1

177078
66057
212091
40353
175466
8772

90103
34355
123366
28033
149985
6764

% unique
productive
(productive
unique/pro
ductive
total)
50.88%
52.01%
58.17%
69.47%
85.48%
77.11%

Supplemental Table 3. Seromics profiles
Tumor Site
Nasopharyx

Oropharynx

Larynx

Neoantigen detected
Fold Change (postpost-treatment
treatment/pre-treatment)
C-C motif chemokine 21
7
BAFF / TNFSF13B
6.54
Protein
OPN / SPP1 Protein (His
3.9
Tag)
melanoma antigen family
3.4
H, 1 (MAGEH1)
recoverin (RCVRN)
2.71
myostatin (MSTN)
2.43
poly(A) binding protein
interacting protein 2
2.37
(PAIP2)
RAB33A, member RAS
oncogene family
2.12
(RAB33A)
UPF0498 protein
2.1
KIAA1191
CD27 / TNFRSF7
9.78
Protein
IL2RB Protein
2.72
N-acetylneuraminate
pyruvate lyase
13.66
(dihydrodipicolinate
synthase) (NPL)
chromosome 11 open
reading frame 30
8.6
(C11orf30)
AF4/FMR2 family,
3.46
member 4 (AFF4)
TEA domain family
member 4 (TEAD4),
3.31
transcript variant 3
transcription elongation
factor A (SII)-like 5
3.09
(TCEAL5)
ubiquitin-activating
enzyme E1-like (UBE1L)

2.98

glutathione S-transferase
omega 1 (GSTO1)

2.96

chromosome 14 open
reading frame 32
(C14orf32)
Uncharacterized protein
C11orf74
Multiple coagulation
factor deficiency protein
2
pre-B-cell colony
enhancing factor 1
(PBEF1)
Transcription cofactor
HES-6
coiled-coil domain
containing 107
(CCDC107)
retinitis pigmentosa 2 (Xlinked recessive) (RP2)
chromosome 11 open
reading frame 74
(C11orf74)
Wilms tumor 1
associated protein
(WTAP), transcript
variant 1
cell division cycle 25B
(CDC25B), transcript
variant 5
hyaluronoglucosaminidas
e 1 (HYAL1), transcript
variant 4
D-tyrosyl-tRNA(Tyr)
deacylase 1
microfibrillar-associated
protein 1 (MFAP1)
histatin 1 (HTN1)
structure specific
recognition protein 1
(SSRP1)
gastrokine 1 (GKN1)
RNA-binding protein
with multiple splicing
zinc finger protein 410
(ZNF410)
Double C2-like domaincontaining protein alpha

2.8
2.77
2.69

2.56
2.52
2.48
2.41
2.37

2.36

2.31

2.22
2.21
2.16
2.12
2.05
2.03
2.01
2.01
2

Supplemental Table 4. Genes associated with poor immune infiltration

LAMA3
COL4A5
FGF17
BAMBI
LAMC2
RNF43
CDH1
BCL2
LAMB3
GNG7
PLD1
CXXC4
ITGA3
PBX1
CTNNB1
MDC1
MAPK8
ERCC6
SKP1

Log fold
Lower
Upper
change (no
confidence confidence P-value
Pathways
infiltrate/in
limit
limit
filtrate)
-1.455
-2.591
-0.318
0.025 PI3K
-1.259
-2.117
-0.402
0.012 PI3K
-1.123
-1.761
-0.485
0.004 MAPK, PI3K, RAS
-1.01
-1.756
-0.264
0.019 Wnt, TGFB
-0.958
-1.463
-0.452
0.002 PI3K
-0.937
-1.667
-0.208
0.025
-0.883
-1.577
-0.19
0.026
-0.858
-1.398
-0.317
0.008 PI3K, Apop
-0.799
-1.422
-0.176
0.025 PI3K
-0.682
-1.298
-0.065
0.048 PI3K, RAS
-0.553
-0.935
-0.171
0.013 RAS
-0.545
-0.947
-0.144
0.019 Wnt
-0.541
-1.013
-0.07
0.041 PI3K
-0.419
-0.708
-0.13
0.013 TXmisReg
-0.343
-0.608
-0.078
0.024 Wnt
-0.263
-0.503
-0.024
0.049 DNARepair
-0.235
-0.389
-0.081
0.01 Wnt, MAPK, RAS
-0.227
-0.393
-0.06
0.018 DNARepair
-0.205
-0.359
-0.05
0.021 Wnt, TGFB, CC

Supplemental Table 5. Seromic profiles
Antibody protein target generating
Fold Change (postincreased signal following treatment
treatment/pre-treatment)
PDZ domain containing 11 (PDZD11)
23.161
guanylate cyclase activator 1A (retina)
22.803
(GUCA1A)
IGF-II Recombinant Human Protein
16.028
Cyclin-dependent kinase-like 3
15.812
Acyl-Coenzyme A dehydrogenase, long chain
15.172
(ACADL), mRNA
Retinoic acid receptor RXR-gamma
11.603
Cyclin-dependent kinase-like 3, mRNA (cDNA
clone MGC:41758 IMAGE:5298279),
11.373
complete cds
Ribosomal protein L3, mRNA (cDNA clone
10.784
MGC:14821 IMAGE:4251511), complete cds
Recombining binding protein suppressor of
hairless (Drosophila) (RBPSUH), transcript
10.213
variant 3, mRNA
Cytochrome c oxidase assembly protein
10.191
COX19
Uncharacterized protein C19orf44
8.697
Similar to activated p21cdc42Hs kinase, clone
MGC:15139 IMAGE:4302390, mRNA,
8.388
complete cds
Pygopus homolog 2 (Drosophila) (PYGO2),
8.247
mRNA
proline-rich transmembrane protein 2
8.121
(PRRT2)
Non-POU domain containing, octamerbinding, mRNA (cDNA clone MGC:3380
8.005
IMAGE:2957871), complete cds
Rho-related BTB domain containing 1
7.783
(RHOBTB1), transcript variant 1
stromal membrane-associated protein 1
7.595
(SMAP1)
myeloid/lymphoid or mixed-lineage leukemia
(trithorax homolog, Drosophila); translocated
7.548
to, 6 (MLLT6)
ubiquitin carboxyl-terminal hydrolase L5
7.419
(UCHL5)
Band 4.1-like protein 4A
7.267
Protein DDI1 homolog 1
7.222
histone cluster 2, H2ac (HIST2H2AC)
6.817
Ermin
6.808
kelch-like 32 (Drosophila) (KLHL32)
6.529
Calpastatin
6.258
calumenin (CALU)
6.165
Clone MGC:15420 IMAGE:4054579, mRNA,
6.131
complete cds
chromosome 10 open reading frame 63
5.591
(C10orf63)
RD RNA binding protein (RDBP)
5.360
fibroblast growth factor 12 (FGF12),
5.357
transcript variant 1
Syndecan-1
5.157
chromosome 9 open reading frame 78
5.148
(C9orf78)
within bgcn homolog (Drosophila) (WIBG)
5.139
NAD-dependent deacetylase sirtuin-1
5.124
glutamate receptor, ionotropic, N-methyl Daspartate-like 1A (GRINL1A), transcript
5.101
variant 1
lysophospholipase-like 1 (LYPLAL1)
5.089
CCHC-type zinc finger, nucleic acid binding
4.992
protein (CNBP)
Fanconi anemia, complementation group M
4.983
(FANCM)
coiled-coil-helix-coiled-coil-helix domain
4.912
containing 2 (CHCHD2)
golgi associated, gamma adaptin ear
containing, ARF binding protein 2 (GGA2),
4.822
transcript variant 2
fibroblast growth factor 13 (FGF13),
4.807
transcript variant 1A
chromosome 12 open reading frame 52
4.764
(C12orf52)
CWC15 homolog (S. cerevisiae) (HSPC148)
4.567
interferon, gamma-inducible protein 30
4.561
(IFI30)
PWWP domain-containing protein 2B
4.529
protocadherin gamma subfamily C, 3
4.494
(PCDHGC3), transcript variant 3
aldehyde dehydrogenase 7 family, member
4.488
A1 (ALDH7A1)
phosphodiesterase 4D interacting protein
4.474
(myomegalin) (PDE4DIP)
Signal recognition particle 19 kDa protein
4.469
p53 and DNA damage regulated 1 (PDRG1)
4.466
heterogeneous nuclear ribonucleoprotein Ulike 1, mRNA (cDNA clone IMAGE:3619753),
4.464
complete cds.
endosulfine alpha (ENSA), transcript variant 3
4.455

Increase in signal also
observed in saliva

X

X

X

RNA binding motif protein 12 (RBM12),
transcript variant 1, mRNA
coiled-coil domain containing 25 (CCDC25)
Chromosome 1 open reading frame 144
(C1orf144), mRNA
Wolf-Hirschhorn syndrome candidate 2
(WHSC2)
PREDICTED: Homo sapiens hypothetical
LOC401363 (LOC401363)
family with sequence similarity 50, member A
(FAM50A)
ATG16 autophagy related 16-like 1 (S.
cerevisiae) (ATG16L1), transcript variant 1
chromosome 21 open reading frame 33
(C21orf33), nuclear gene encoding
mitochondrial protein, transcript variant 1
Cas-Br-M (murine) ecotropic retroviral
transforming sequence b (CBLB)
Histone 1, H1c (HIST1H1C), mRNA
transcription factor AP-4 (activating enhancer
binding protein 4) (TFAP4)
ligase III, DNA, ATP-dependent (LIG3), nuclear
gene encoding mitochondrial protein,
transcript variant alpha
guanine nucleotide binding protein-like 3
(nucleolar)-like (GNL3L)
cDNA clone IMAGE:3451214 (MCM10)
peroxiredoxin 3 (PRDX3)
BAFF / TNFSF13B Protein
sorting nexin 11 (SNX11), transcript variant 2
Spermatid nuclear transition protein 4
Serine/threonine-protein kinase D3
profilin 2 (PFN2), transcript variant 2, mRNA.
S100 calcium binding protein B (S100B)
IMP (inosine monophosphate)
dehydrogenase 2 (IMPDH2)
RWD domain containing 4A (RWDD4A)
regulatory factor X, 5 (influences HLA class II
expression) (RFX5), transcript variant 1
chromosome 11 open reading frame 52
(C11orf52)
Methyl-CpG-binding domain protein 3
SERPINE1 mRNA binding protein 1 (SERBP1),
transcript variant 4
Coenzyme A synthase (COASY), transcript
variant 1
dynein, axonemal, light intermediate chain 1
(DNALI1)
p21(CDKN1A)-activated kinase 4 (PAK4)
TBP-like 1 (TBPL1)
myotilin (MYOT)
Coiled-coil domain-containing protein 46
RNA binding motif (RNP1, RRM) protein 3
(RBM3), transcript variant 2, mRNA
nucleolar protein family A, member 2 (H/ACA
small nucleolar RNPs) (NOLA2), transcript
variant 1
coiled-coil domain containing 12 (CCDC12)
Probable ATP-dependent RNA helicase DDX6
Nucleolar and spindle-associated protein 1
aurora kinase A (AURKA), transcript variant 2
huntingtin interacting protein 1 (HIP1)
protein phosphatase 1A (formerly 2C),
magnesium-dependent, alpha isoform
(PPM1A), transcript variant 2
SNRPN upstream reading frame (SNURF),
transcript variant 1
cDNA clone IMAGE:3050953
WD repeat domain 45 (WDR45), transcript
variant 2
KIAA1530 protein (KIAA1530)
rhomboid, veinlet-like 2 (Drosophila)
(RHBDL2)
viral DNA polymerase-transactivated protein
6 (LOC26010)
ribosomal protein S19 (RPS19)
methionyl aminopeptidase 2 (METAP2)
aurora kinase B (AURKB)
family with sequence similarity 102, member
A (FAM102A), transcript variant 2
ankyrin repeat domain 50 (ANKRD50)
Histone H2A type 1-C
Bromodomain and PHD finger containing, 3
(BRPF3), mRNA
Protein phosphatase Slingshot homolog 3
Finkel-Biskis-Reilly murine sarcoma virus (FBRMuSV) ubiquitously expressed (FAU)
polo-like kinase 1 (Drosophila) (PLK1)
CD16a / FCGR3A Protein (His Tag)
LIM and senescent cell antigen-likecontaining domain protein 1
decapping enzyme, scavenger (DCPS)
chromosome 8 open reading frame 59
(C8orf59)

4.448
4.448
4.437
4.406
4.394
4.384
4.350
4.347
4.340
4.321
4.319
4.284
4.278
4.265
4.237
4.233
4.231
4.227
4.222
4.207
4.158
4.149
4.134
4.117
4.115
4.088
4.084
4.084
4.079
4.070
4.010
3.992
3.977
3.975
3.967
3.962
3.957
3.937
3.927
3.918
3.911
3.896
3.840
3.821 X
3.809
3.806
3.803
3.786
3.782
3.771
3.770
3.764
3.759
3.738
3.732
3.713
3.712
3.699
3.698
3.692
3.652

FBJ murine osteosarcoma viral oncogene
homolog B, mRNA (cDNA clone MGC:42291
IMAGE:4816584), complete cds
Chromosome 21 open reading frame 49
(C21orf49), mRNA
La ribonucleoprotein domain family, member
1 (LARP1)
Protein MCM10 homolog
membrane-associated ring finger (C3HC4) 8
(MARCH8), transcript variant 8
Chromosome 10 open reading frame 4,
mRNA (cDNA clone MGC:24718
IMAGE:4278022), complete cds
Hypothetical gene MGC45922, mRNA (cDNA
clone MGC:45922 IMAGE:5428578),
complete cds
Specifically androgen-regulated gene protein
elongation factor 1 homolog (S. cerevisiae)
(ELOF1)
angiomotin like 2 (AMOTL2)
potassium voltage-gated channel, shakerrelated subfamily, beta member 1 (KCNAB1),
transcript variant 1
Similar to RIKEN 4933439F11 (LOC388389),
mRNA
GABA(A) receptor-associated protein-like 2
(GABARAPL2)
Transcription factor AP-2 delta (activating
enhancer binding protein 2 delta) (TFAP2D),
mRNA
family with sequence similarity 62 (C2
domain containing) member B (FAM62B)
chromosome 9 open reading frame 37
(C9orf37)
FK506 binding protein 1B, 12.6 kDa (FKBP1B),
transcript variant 2
Protein NOXP20
Calpain, small subunit 1, mRNA (cDNA clone
MGC:75186 IMAGE:5785274), complete cds
spermatogenesis associated 2 (SPATA2)
zinc finger protein 688 (ZNF688), transcript
variant 1
single-stranded DNA binding protein 2
(SSBP2)
nucleophosmin (nucleolar phosphoprotein
B23, numatrin) (NPM1)
proteasome (prosome, macropain) 26S
subunit, non-ATPase, 10 (PSMD10), transcript
variant 2
ubiquitin-conjugating enzyme E2M (UBC12
homolog, yeast) (UBE2M)
SH2 domain protein 2A (SH2D2A)
PREDICTED: Homo sapiens hypothetical gene
supported by BC047417, transcript variant 1
(LOC400027)
Cyclin-Y
WAS/WASL-interacting protein family
member 1
A.T hook DNA-binding motif-containing
protein 1
growth arrest-specific 2 (GAS2), transcript
variant 2
homer homolog 2 (Drosophila) (HOMER2)
basic leucine zipper transcription factor, ATFlike 2 (BATF2)
Kelch-like ECH-associated protein 1
GTP binding protein 1 (GTPBP1)
tumor protein D52-like 1 (TPD52L1),
transcript variant 3
ubiquitin-activating enzyme E1-like 2
(UBE1L2)
Smoothelin-like protein 2
kinesin family member 3A (KIF3A)
zinc finger protein 691 (ZNF691)
hypothetical LOC401052 (LOC401052)
dermatopontin (DPT)
CKLF-like MARVEL transmembrane domain
containing 1 (CMTM1), transcript variant 6,
mRNA
chromosome 9 open reading frame 9 (C9orf9)
male-specific lethal 3-like 1 (Drosophila)
(MSL3L1), transcript variant 2
Splicing factor 45
UPF3 regulator of nonsense transcripts
homolog A (yeast) (UPF3A)
Non-histone chromosomal protein HMG-14
cDNA clone IMAGE:5271031
protein-L-isoaspartate (D-aspartate) Omethyltransferase (PCMT1)
SEC24 related gene family, member C (S.
cerevisiae) (SEC24C), transcript variant 1
La ribonucleoprotein domain family, member
6 (LARP6), transcript variant 1

3.643
3.607
3.570
3.569
3.564
3.548

3.531
3.509
3.485
3.483
3.475
3.468
3.444
3.442
3.439
3.438
3.436
3.402
3.399
3.390
3.385
3.375
3.334
3.306
3.298 X
3.285
3.268
3.268
3.216
3.215
3.211
3.207
3.194
3.170
3.168
3.144
3.143
3.121
3.116
3.112
3.105
3.080
3.039
3.026
3.022
3.021
3.016
3.006
2.995
2.981
2.970
2.953

melanoma antigen family B, 1 (MAGEB1),
transcript variant 1
chromosome 14 open reading frame 131
(C14orf131)
unkempt homolog (Drosophila)-like (UNKL)
potassium channel tetramerisation domain
containing 18 (KCTD18)
Ras-like without CAAX 1 (RIT1)
DEAD (Asp-Glu-Ala-Asp) box polypeptide 43
(DDX43)
proline rich 15 (PRR15)
Serine/threonine-protein kinase 6
activator of basal transcription 1 (ABT1)
synaptotagmin-like 2 (SYTL2), transcript
variant a
small nuclear ribonucleoprotein 70kDa
polypeptide (RNP antigen) (SNRP70)
zinc finger protein 207 (ZNF207), transcript
variant 2
high mobility group AT-hook 1 (HMGA1),
transcript variant 1
adenosine deaminase, tRNA-specific 1
(ADAT1)
chromosome 20 open reading frame 112
(C20orf112)
heterogeneous nuclear ribonucleoprotein A1
(HNRNPA1), transcript variant 1
splicing factor, arginine/serine-rich 1 (splicing
factor 2, alternate splicing factor) (SFRS1),
transcript variant 1
MRG-binding protein
ATPase, H+ transporting, lysosomal 13kDa, V1
subunit G1 (ATP6V1G1)
Protein FAM76B
neuropeptide Y (NPY)
Growth factor receptor-bound protein 7
protein kinase C, zeta (PRKCZ), transcript
variant 1
Chromosome 3 open reading frame 35
(C3orf35), transcript variant A, mRNA
Mitochondrial import inner membrane
translocase subunit TIM14
Nucleolar and spindle associated protein 1
(NUSAP1), transcript variant 1, mRNA
methyltransferase like 1 (METTL1), transcript
variant 1
Transformer-2 protein homolog
PREDICTED: Homo sapiens hypothetical
protein LOC339685 (LOC339685)
proteasome (prosome, macropain) 26S
subunit, non-ATPase, 4 (PSMD4), transcript
variant 2
surfeit 2 (SURF2)
uracil-DNA glycosylase (UNG), transcript
variant 2
MOB1, Mps One Binder kinase activator-like
2A (yeast) (MOBKL2A)
zinc finger protein 192 (ZNF192)
cDNA clone MGC:17410 IMAGE:4156035,
complete cds
CD14 Protein
Histone deacetylase complex subunit SAP18
chromosome 1 open reading frame 174
(C1orf174)
Hypothetical protein LOC285016
(LOC285016), mRNA
influenza_A
pescadillo homolog 1, containing BRCT
domain (zebrafish) (PES1)
Serine/threonine-protein kinase VRK3
development and differentiation enhancing
factor-like 1 (DDEFL1)
eukaryotic translation initiation factor 4E
family member 2 (EIF4E2)
GRIP and coiled-coil domain-containing
protein 1
microcephaly, primary autosomal recessive 1
(MCPH1)
pleckstrin homology-like domain, family A,
member 1 (PHLDA1)
GTP binding protein 4 (GTPBP4), mRNA
pogo transposable element with ZNF domain
(POGZ), transcript variant 3
Exosome complex exonuclease RRP40
Secretoglobin, family 1D, member 4
(SCGB1D4), mRNA
La ribonucleoprotein domain family, member
4 (LARP4), transcript variant 3
AT rich interactive domain 3B (BRIGHT-like)
(ARID3B)
YTH domain family, member 2 (YTHDF2)
aryl-hydrocarbon receptor nuclear
translocator 2 (ARNT2)
Leiomodin-1

2.950
2.947
2.927
2.923
2.916
2.915
2.900
2.894
2.890
2.876
2.875
2.853
2.829
2.828
2.824
2.814
2.809
2.798
2.792
2.780
2.776
2.771
2.771
2.768
2.767
2.759
2.758
2.749
2.747
2.745
2.742
2.740
2.734
2.726
2.723
2.703
2.693
2.677
2.675
2.671
2.669
2.663
2.659
2.649
2.645
2.608
2.592
2.591
2.575
2.571
2.559
2.544
2.543
2.515
2.506
2.467

Rho GTPase-activating protein 12
HBS1-like (S. cerevisiae) (HBS1L)
nudE nuclear distribution gene E homolog 1
(A. nidulans) (NDE1)
Chromosome 3 open reading frame 35
(C3orf35), transcript variant F, mRNA
GABA(A) receptor-associated protein
(GABARAP)
FK506 binding protein like (FKBPL)
transcription elongation factor A (SII)-like 2
(TCEAL2)
BAI1-associated protein 2 (BAIAP2), transcript
variant 2
Chemokine-like factor (CKLF), transcript
variant 3, mRNA
Hypothetical protein LOC143188
(LOC143188), mRNA
IGF2 / IGFII / Somatomedin-A protein ( NusA
Tag )
zinc finger protein 280B (SUHW2)
phosphatidylinositol binding clathrin
assembly protein (PICALM), transcript variant
2
mannose phosphate isomerase (MPI)
PREDICTED: Homo sapiens hypothetical gene
supported by AK026100, transcript variant 1
(FLJ22447)
alcohol dehydrogenase, iron containing, 1
(ADHFE1)
Uncharacterized protein C1orf77
Chromosome 21 open reading frame 34
(C21orf34), transcript variant 1, mRNA
6-phosphofructo-2-kinase/fructose-2,6biphosphatase 2 (PFKFB2), transcript variant
1
ARP1 actin-related protein 1 homolog B,
centractin beta (yeast) (ACTR1B)
Pseudouridylate synthase 7 homolog-like
protein
cell division cycle 40 homolog (S. cerevisiae)
(CDC40)
deoxynucleotidyltransferase, terminal
(DNTT), transcript variant 1
twinfilin, actin-binding protein, homolog 1
(Drosophila) (TWF1)
IKAROS family zinc finger 1 (Ikaros), mRNA
(cDNA clone MGC:17055 IMAGE:4338834),
complete cds
Mitochondrial carrier family protein, mRNA
(cDNA clone MGC:17030 IMAGE:4345193),
complete cds
chromosome 16 open reading frame 80
(C16orf80)
Chromosome 3 open reading frame 35
(C3orf35), transcript variant D, mRNA
Casein kinase 2, alpha prime polypeptide
(CSNK2A2), mRNA
AAA1 protein (AAA1), transcript variant III,
mRNA
chromosome 22 open reading frame 9
(C22orf9), transcript variant 2
pim-2 oncogene (PIM2)
small nuclear ribonucleoprotein polypeptide
C (SNRPC)
glutaryl-Coenzyme A dehydrogenase (GCDH),
nuclear gene encoding mitochondrial protein,
transcript variant 1
Down syndrome critical region gene 8
(DSCR8), transcript variant 1, mRNA
BAI1-associated protein 2 (BAIAP2)
mitochondrial trans-2-enoyl-CoA reductase
(MECR)
DEAD (Asp-Glu-Ala-Asp) box polypeptide 42
(DDX42)

2.461
2.456
2.453
2.449
2.449
2.447
2.446
2.439
2.431
2.424
2.419
2.394
2.393
2.386
2.381
2.378
2.362
2.359
2.344
2.296
2.272
2.268
2.262
2.254
2.250

2.242
2.242
2.242
2.183
2.169
2.158
2.151
2.141
2.098
2.086
2.052
2.040
2.015

Antibody protein target generating
Fold Change (preincreased signal before treatment
treatment/post-treatment)
Protein PPRC1
9.466
rabphilin 3A-like (without C2 domains)
3.922
(RPH3AL)
abl-interactor 1 (ABI1)
2.781
programmed cell death 5 (PDCD5)
2.770
Dual specificity tyrosine-phosphorylation2.245
regulated kinase 1A
Activin receptor type-2A
2.232
mitochondrial ribosomal protein L19
(MRPL19), nuclear gene encoding
2.213
mitochondrial protein
Alpha-ketoglutarate-dependent dioxygenase
2.163
alkB homolog 3
angiomotin (AMOT)
2.058

Supplemental Table 6. Correlation between angiogenic cyokines and immune cell populations (ANOVA significance values)
CD4+
Ang1
Ang2
VEGF
PLGF

CD8+
0.36
0.7
0.16
0.78

MDSC
0.9
0.15
0.89
0.04

0.52
0.21
0.22
0.79

H&N lesions

Lung lesions

1.0

2

0.5

% tumor size change

% tumor size change

1

0.0

-0.5

0

-1
-1.0

-2

-1.5

Bone lesions

Liver lesions

2.0

1.5

1.5

1.0

0.5

% tumor size change

% tumor size change

1.0

0.5

0.0

0.0

-0.5

-0.5

Supplemental Figure 1. Waterfall plots of changes in tumor size between ICPi initiation and 1st follow-up scan at various anatomic sites.

Supplemental Figure 2. Binding intensity of antibodies before and after chemoradiation

