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Background: Preclinical and clinical studies suggest potential synergy between high dose per fraction focal radiation and
immunotherapy. However, conventionally fractionated radiation regimens in combination with concurrent chemotherapy are more
commonly administered to patients as definitive treatment and may have both immune-stimulating and -suppressive effects.

Methods: We prospectively collected longitudinal samples from head and neck squamous cell carcinoma patients receiving definitive
radiation therapy. We quantified changes in populations of circulating immune cells and chemokines CXCL9, 10, and 16. Analyses of
humoral and cellular immune responses were conducted in select patients via proteomic analysis and T-cell receptor sequencing.

Results: Treatment not only increased circulating CD-8 + T-effector cells, but also myeloid-derived suppressor cells, regulatory
T cells, and checkpoint receptor-expressing T cells, particularly PD-1+ T cells. Significant decreases in CXCL10 and increases in
CXLC16 were noted. Treatment also increased the percentage of unique and dominant TCR clones, and increased humoral
responses as measured by proteomic array.

Conclusions: Our results suggest that fractionated chemoradiation leads to quantifiable effects in circulating immune mediators,
including a balance of stimulatory and suppressive mechanisms. These results suggest future combinations with immune
checkpoint blockade.

Immune checkpoint blockade, and specifically blockade of the
inhibitory programmed cell death protein 1 (PD-1) receptor, has a
proven role in the treatment of melanoma, renal cell carcinoma,
and non-small cell lung cancer, and preliminary studies have
demonstrated efficacy in a variety of other tumour types including
squamous cell carcinoma of the head and neck (SCCHN) (Hodi
et al, 2010; Kantoff et al, 2010; Robert et al, 2011; Brahmer et al,
2012; Topalian et al, 2012; Segal et al, 2014; Seiwert et al, 2014;
Borghaei et al, 2015; Motzer et al, 2015; Schoenfeld, 2015).
However, response rates to single agent checkpoint blockade are

generally limited. 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, as these
cytotoxic therapies have demonstrated synergy with immune
checkpoint blockade in multiple preclinical models (Formenti and
Demaria, 2013; Wolchok and Chan, 2014; Deng et al, 2014a).
Both chemotherapy and radiation have both stimulatory as well
as inhibitory effects on anti-tumour immunity as shown in animal
studies (Levy et al, 2013; de la Cruz-Merino et al, 2014). More
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limited data in human patients have suggested targeted radiation
delivered in a relatively limited number of fractions (generally five
or fewer) can have local immunologic effects and also impact
circulating immunologic cytokines, regulatory T cells and myeloid-
derived suppressor cells (MDSCs) (Sridharan and Schoenfeld,
2015). Intriguing case reports have suggested that hypofractionated
radiation may potentiate response in melanoma and non-small cell
lung cancer patients treated with cytotoxic T-lymphocyte antigen 4
(CTLA-4) blockade and lead to abscopal responses outside of the
radiation treatment field (Postow et al, 2012; Golden et al, 2013).
Of note, examination of the peripheral blood in a melanoma
patient who demonstrated an abscopal response revealed increases
in activated T cells, decreases in MDSCs and elevated titres of anti-
tumour antibodies (Postow et al, 2012). However, in general, the
mechanisms by which radiation may impact systemic immunity
and synergise 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 tumour and disease in the tumour draining lymph nodes
may be partially immunosuppresive. Fractionated radiation with or
without chemotherapy is commonly used in the definitive
management of patients with SCCHN as well as patients with
locally advanced squamous cell carcinomas of the lung, cervix, and
anus, and prostate adenocarcinoma. These fractionated regimens
are also more difficult to recapitulate in animal models.

SCCHN affects more than 500000 people across the world
annually, and has been increasing in frequency in the United States
since 2005 as a result of cancers mediated by previous infection
with the human papilloma virus (HPV) (Jemal et al, 2013).
Radiation with or without chemotherapy is frequently used as
definitive treatment for head and neck cancers, particularly for
locally advanced tumours in the nasopharynx, larynx and
oropharynx. SCCHN is also a promising target for immunother-
apy, given a combination of viral and carcinogen-induced antigens,
expression of immune checkpoint ligands such as PD-1 ligand
(PD-L1), and preliminary reports of the efficacy of PD-1 inhibition
in patients with metastatic disease (Schoenfeld, 2015). Thus, the
combination of standard chemoradiation with immunotherapy in
the treatment of SCCHN is of great interest. In order to help guide
future studies integrating chemoradiation and immunotherapy, we
performed a prospective study evaluating systemic immune effects
of definitive chemoradiation in SCCHN patients. Here, we attempt
to define immunologic mechanisms that may contribute to the
efficacy and limitations of standard chemotherapy and radiation
and form the basis of synergy with anti-tumour immunotherapy.

MATERIALS AND METHODS

Study design and patient population. We prospectively enrolled
patients receiving definitive intent radiation to the head and neck
region with or without chemotherapy on an Institutional Review
Board-approved protocol 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.

A pilot study of 10-15 patients with heterogeneous tumour
histologies including SCCHN was conducted to examine general
effects of chemoradiation on serum biomarkers (cytokines,
chemokines and immune cell subsets). This pilot study suggested
potential changes in CXCL9, CXCL10 and CXCL16 over the course
of treatment but not in TNFe, IL1, IL10, IFNw2, IENf, or TGFf.
Our pilot study also indicated potential effects on CD4+ and

CD8+ T-cell subsets over the course of chemoradiation, but no
consistent effect on natural killer or natural killer T cells as a
percentage of peripheral blood mononuclear cells (PBMCs). To
investigate further, we specifically examined CXCL9, 10 and 16 as
well as circulating immune T-cell subsets in a more homogenous
prospective cohort of consecutive SCCHN patients at the
beginning and end of chemoradiation.

We collected baseline information from these patients including
demographics, histology, disease site, as well as tumour and nodal
stage. We determined tumour association with HPV, using both
in situ hybridisation 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 (RT) to maximise
normal tissue sparing. Radiation was delivered daily Monday to
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
and computed tomography 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.

Flow cytometry. We isolated PBMCs via centrifugation
(1500 g, 20min), and stored the PBMCs in freezing media
(10% FBS RPMI+10% DMSO) at — 80 °C 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+, CDI127-APC-low), T cells expressing immune
checkpoint receptors (CD4-FITC+/CD8-APC+, lymphocyte
activation gene-3 or LAG3-Per710+4/ T-cell immunoglobulin
and mucin protein-3 or TIM3 Bv421 + /PD1-PE + ), and MDSCs
(CD14-APC+, HLA-DR PC7 —) via established protocols. All
antibodies were obtained from eBioscience (San Diego, CA, USA)
except for CD8 APC (Miltenyi Biotec Inc, San Diego, CA, USA)
and TIM3 Bv421 (Biolegend Inc, San Diego, CA, USA). FlowJo
(Ashland, OR, USA) was used for analysis.

Cytokine assays. We isolated serum from blood samples using
centrifugation (3000 g, 10 min, 4 °C) and then stored these samples
at — 80 °C. CXCL9, 10 and 16 levels in serum were measured using
the Bio-Plex Pro Human Cytokine Factor Assays (Bio-Rad
Laboratories Inc, Hercules, CA, USA). Soluble IL2R levels were
assessed using the Human IL-2R ELISA Kit (Thermo Fisher
Scientific, Carlsbad, CA, USA) and sPD-L1 levels were assessed
using the Human B7-H1 DuoSet ELISA (R&D Systems, Minnea-
polis, MN, USA). 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 (Bio-
Rad Laboratories Inc).

Seromics. Proteomic analyses were performed with isolated
patient serum using ProtoArray Immune Response Biomarker
Profiling (ThermoFisher Scientific) using the manufacturer’s
protocols to detect the presence of antibodies directed against
potential tumour-antigens pre- and post-RT. Candidate antibodies
were considered to be significantly increased if signal intensity was
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>3000 relative fluorescence units, the signal-to-noise ratio was
> 1.5, and the fold change post-RT to pre-RT was > 2. In addition,
antibodies with relative fluorescence units>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.

T-cell receptor (TCR) sequencing. Multiplex PCR and high-
throughput deep sequencing of T-receptor genes ((TCRB/IGH/
IGKL/TCRAD/TCRG) CDR3) were performed from selected
patient PBMC DNA using the immunoSEQ assay (Adaptive
Biotechnologies, Seattle, WA, USA) using the manufacturer’s
protocols. Data analysis was performed via the immunoSEQ
Analyzer online platform (Adaptive Biotechnologies) 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 tumour and treatment parameters
including sex, age, site of primary disease, HPV status, nodal
involvement and smoking status were evaluated using the % 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 <0.05 were
considered statistically significant. All statistical analyses were
computed using GraphPad Prism (GraphPad Software Inc,
La Jolla, CA, USA), STATA 14.0 (StataCorp, College Station, TX,
USA), or JMP Prol2 (SAS Institute Inc, Cary, NC, USA).

RESULTS

Patient characteristics and treatment parameters. We enrolled
20 consecutive patients and assayed blood samples for cytokines
and T-cell subsets. Baseline patient characteristics are displayed in
Table 1. The median age of patients was 59 years (IQR 52.5-65).
The majority of patients were male (90%) with locally advanced
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) owing to medical
co-morbidities. Eight patients (40%) received concurrent bolus
cisplatin at 100mgm > every 3 weeks, seven (35%) received
concurrent weekly cisplatin (30-40 mgm ~?) chemotherapy, two
(10%) received concurrent weekly carboplatin (AUC 1.5-2.0)-
paclitaxel (30-45mgm ~2), and three 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 to date.

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
135pgml ', 3pgml~' (below the range of detection), and
231pgml ' compared with baseline levels in our patients of
97.9pgml ™", 54pgml~', and 195pgml~", 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
with controls (P<0.0001).

We compared initial levels of cytokines and immune popula-
tions with those present in the final week of treatment. Treatment
decreased concentrations of circulating CXCL10 (P=0.001) and

Table 1. Patient characteristics

Parameter n %
Median age, IQR 59
Sex
Female 2 10
Male 18 90
Site
Base of tongue 12 60
Tonsil 4 20
Supraglottic larynx 1 5
Nasopharynx 2 10
Oral cavity 1 5
HPV status
Positive 16 80
Negative 2 10
Not applicable/Unknown 2 10
Smoking
<10 pack-years 1" 55
>10 pack-years 9 45

Concurrent chemotherapy

Bolus cisplatin 8 40
Weekly cisplatin 7 35
Carboplatin-Taxol 2 10
No chemotherapy 3 15
Median radiation dose (Gy), IQR 70 70-70
T-stage
T 8 40
T2 7 35
T3 4 20
T4 1 5
N-stage
NO 4 20
N1 3 15
N2a 2 10
N2b 9 45
N2c 2 10
Stage
I 2 10
I 2 10
0l 2 10
v 14 70

Abbreviations: HPV =human papilloma virus; IQR = interquartile range.

increased CXCL16 (P = 0.01), but did not affect CXCL9 (P = 0.57);
Figure 1, Supplementary Figure 3. As expected, absolute lympho-
cyte counts decreased as a result of systemic chemotherapy, with
13 patients who received chemotherapy developing absolute
lymphopenia (< 3.8 x 10° cells per litre) by the end of treatment
time point. Patients also demonstrated a relative increase in the
ratio of CD8 + T cells as compared with CD4+ T cells, but the
percentages of CD4+ and CD8 + of all CD3+ T cells did not
change significantly (P=0.09 for CD4+4 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 2A and 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=10.03) 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+ PDl1+ (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 +
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Changes in chemokines over chemoradiation
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Figure 1. Changes in chemokine concentration over the course of 7
weeks of definitive chemoradiation to the head and neck region.

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+ PDI1 + -expressing cells (Figure 2C), 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 (Frigola et al, 2011; Rossille et al, 2014; Cheng et al, 2015;
Wang et al, 2015). 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 higher levels in patients with
node-positive disease (P=0.03). Patients with node-negative
disease indicated a median serum PD-L1 of 58 ugml ™" at baseline,
whereas patients with node-positive disease showed PD-L1 median
of 74 ugml ', 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 follow-up at least 1 month
following the completion of treatment. Data from the two
additional time points confirmed the trends observed in regard
to T cells expressing immune checkpoint receptors (Supplementary
Figure 1). 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
who received concurrent chemotherapy and those treated with
radiation alone; however, the generalisability of this finding is
limited by the limited number of patients who did not receive
concurrent chemotherapy.

T-cell receptor (TCR) diversity. Having identified increases in the
percentage of CD8+ T-effector cells, we examined the effects of
definitive treatment on TCR diversity in more detail in three patients
by performing sequencing of the TCR genes obtained from PBMCs.

In all three patients, treatment resulted in a decrease in the total
number of TCR sequences consistent with an overall drop in the
absolute number of lymphocytes. However, the percentage of
total productive TCR clones remained roughly the same before
and after chemoradiation, and the percentage of unique produc-
tive sequences actually increased in two of three patients
(Supplementary Table 1), 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 3A). Even when the number of unique clones following
treatment was relatively similar to the 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 TCRs were observed (Figure 3B).
Interestingly, this change was accompanied by a 4.8-fold increase
in the ratio of T-effector to T-regulatory cells in this patient.

Changes in antibody responses. We performed exploratory
seromic analyses of three patients, one each with tumours 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 (Supplementary
Figure 2), there were increases in the number of antibodies with the
strongest signals (>6500 relative fluorescence units) in the two
patients who received chemoradiation as opposed to radiation
alone. We also identified antibodies targeting particular proteins
with greatest signal increase following treatment (Supplementary
Table 2). Although the significance of these potential neoantigens
is unknown, several immune or tumour-associated proteins were
targeted. For example, the patient with nasopharyngeal cancer
developed treatment-induced antibodies targeting chemokine 21
(seven-fold), BAFF (six-fold), MAGEH]1 (three-fold, a melanoma-
associated antigen), and RAB33A (two-fold, Ras-oncogene family).
The larynx cancer patient demonstrated increased antibody titres
directed against a diverse array of proteins that did include known
tumour antigens such as Wilms tumour-associated antigen
(WTAP). The oropharynx cancer patient serum demonstrated
increased titres of antibodies targeting two immune-related
proteins with potential functional implications, CD27 (nine-fold)
and IL2RB (two-fold).

Whereas IL2R has an important role in promoting systemic
immunity, soluble IL2R is inhibitory and can be produced by
tumours (Wang et al, 2000). Therefore, given the increased titres 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 RT with or
without concurrent chemotherapy to characterise systemic effects
of treatment. We measured serum CXCL9, 10, and 16, as well as
changes in the proportions of CD8 + T-effector cells, regulatory T
cells, MDSCs, and immune checkpoint-expressing T cells. We also
performed high-throughput sequencing of TCRs and screened for
potential anti-tumour antibody responses.

We noted decreased serum CXCLIO concentrations and
increased serum CXCLI16 following treatment, both of which are
consistent with prior in vitro and human studies (Matsumura et al,
2008; Matsumura and Demaria, 2010; Rentoft et al, 2014). CXCL10
may have deleterious effects by stimulating CD133 4 tumour stem
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Figure 2. 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
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cells, or attracting regulatory T cells, and increased CXCL10 levels
have been associated with worse cancer-specific outcomes (Zipin-
Roitman et al, 2007; Lunardi et al, 2015; Ouyang et al, 2015).
Conversely, CXCL16 is known to attract tumour-infiltrating T cells
or NK cells in lung and colorectal cancers (Hojo et al, 2007; Kee
et al, 2013; Hald et al, 2015). High levels of CXCL10 in tumours
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
tumour death and a favourable response to therapy (Rentoft et al,
2014). 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
tumours (Matsumura et al, 2008; Matsumura and Demaria, 2010).
Radiation could impact the levels of these cytokines in various
ways; tumour death may decrease CXCL10, whereas radiation may
stimulate dendritic cells to produce CXCL16 (Piqueras et al, 2006).

Although changes in the tumour microenvironment are likely
most relevant to anti-tumour immunity, monitoring changes in
circulating immune cells may be a proxy for local anti-tumour
immune responses (Twyman-Saint Victor et al, 2015). In addition,
evidence of an active systemic immune response may predict for
favourable responses following cytotoxic therapy or immunother-
apy. For example, increased levels of circulating activated CD4 +
ICOS™ T cells 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 (Gyorki et al, 2013). 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.

Furthermore, our TCR sequencing and seromics analyses also
suggest that radiation can promote anti-tumour immunity. For
example, radiation-induced cell death may stimulate antigen-
specific adaptive responses via the release of mutated or over-
expressed cancer antigens (Prestwich et al, 2008). We demonstrate
that chemoradiation can potentially enrich the proportion of top
TCR clones in select patients. Although the number of evaluated
patients were limited by the cost of seromic profiling, these data
suggest that radiation could influence anti-tumour immunity via a
humoral response, as has been observed in a previous study of
prostate cancer patients undergoing radiation (Nesslinger et al,
2007). Potential antibody targets and neoantigens that we
identified in this group of patients include known tumour antigens
such as members of the MAGE family as well as other proteins
implicated in anti-tumour 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 circum-
vent the immune suppression and promote anti-tumour cytotoxi-
city (Jinushi et al, 2006; Jinushi et al, 2008). Therefore, antibody
targeting could benefit a systemic anti-tumour 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 MDSCs. In addition, previous studies have
shown that T cells expressing checkpoint receptors such as PD-1,
Tim-3, and Lag-3 may be functionally deficient, or ‘exhausted’, and
unable to effectively participate in anti-tumour immune responses
(Wherry and Kurachi, 2015). These results are consistent with
prior studies performed by Schuler et al (2013) and Parikh et al
(2014), which demonstrate increases in regulatory T cells, MDSCs,

and PD-1-expressing T cells and following head and neck cancer
treatment. Intriguingly, recent data also suggest that checkpoint
receptor-expressing T cells may also be enriched for tumour- and
mutation-specific clones (Gros et al, 2015); therefore, these
increases may also reflect a treatment induced anti-tumour response
evidenced by our TCR and seromics 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 4 and CD4 +
T cells 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-tumour immunity, with stimulatory changes
balanced by countervailing suppressive mechanisms (Figure 4)
that may be dominant under normal circumstances. In regard to
radiation, this is consistent with clinical observations, where
targeted radiation alone is seldom, if ever, sufficient to generate
abscopal, out-of-field immune responses; however ,the same is not
true when radiation is administered in combination with
immunologic agents (Postow et al, 2012; Golden et al, 2013).
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-tumour immunity by
impacting functionally deficient T-cell subsets that we here observe
to increase following radiation (Ribas, 2012). Furthermore, an
abundance of antigenic targets may be associated with a more
favourable response to immune checkpoint therapy; our observa-
tions regarding the impact of radiation on TCR and antibody
responses may be meaningful in this regard (Rizvi et al, 2015; Van
Allen et al, 2015).

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 tumour-associated antigens in a melanoma
patient treated with ipilimumab (Postow et al, 2012), and other
case series also demonstrate potential synergistic benefit (Grimaldi
et al, 2014; Chandra et al, 2015). A recent preclinical study
demonstrating impressive responses following radiation combined
with CTLA-4 and PD-1 blockade found that radiation was capable
of increasing the diversity and frequency of the most common
TCR clones, but T-cell expansion and reversal of T-cell exhaustion
only occurred when radiation was coupled to CTLA-4 and PD-1
inhibition (Twyman-Saint Victor et al, 2015). 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 4 T-cell anti-tumour response
and synergise with immune checkpoint blockade (Lynch et al,
2012; Wei et al, 2013).

The data presented here extend previous findings regarding the
effects of chemotherapy and radiation on specific aspects of
systemic anti-tumour 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 (Ang
et al, 2010). PD-L1 expression has been demonstrated on SCCHN
cells, and PD-1 and PD-L1 have single agent activity in the
metastatic setting (Lyford-Pike et al, 2013). We also identify
soluble PD-L1, Tim-3, and Lag-3 as additional potential mechan-
isms of immune evasion in SCCHN patients. Thus, acting through
some of the mechanisms that we describe, the addition of immune
checkpoint blockade could improve results in patients receiving
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Figure 4. Radiation induced tumour lysis results in decreased tumour CXCL10 secretion, but increased CXCL16 secretion by antigen-presenting
cells into circulation to attract T cells to the tumour microenvironment. In addition, we witness increases in serum T-effector, regulatory T-cell,
and checkpoint-expressing T cells, wherein the T cells show increased TCR repertoires and greater clonality. In addition, release of tumour-
associated proteins appears to promote an active humoral response against presumed tumour neoantigens.

chemotherapy and radiation in the definitive setting as part of
standard of care treatment. In addition, 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 generalisable 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 (Deng et al, 2014b). It is
also important to note that the immunologic effects that we
observe occurred following conventionally fractionated radiation
delivered over a period of 7 weeks as opposed to shorter courses of
radiation used in previous case reports or animal models
describing synergy between radiation and immunotherapy. Inter-
estingly, fractionated radiation following PD-1 blockade was best at
inducing HPV antigen-specific T cells in a mouse model in a recent
study (Srivastava et al, 2015). None of our patients were treated
with immunotherapies (i.e., PD-1 blockade), but this and other
previous studies suggest that the immunologic effects we observe
could translate to a treatment approach combining radiation and
immunotherapy.

Given that 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. In addition, we are unable to
determine whether the systemic effects we observe translate to
changes that would be observed in the tumour 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 tumour-
infiltrating CD4 + and CD8 + T cells (Klug et al, 2013; Lim et al,
2014; Teng et al, 2015). Future studies should aim to study

differences in immune responses in HPV + vs HPV — head and
neck tumours in larger patient cohorts, as well as correlate whether
rising CXCL10 levels predict for clearance of HPV infection.
Evaluating tumour 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 that
radiation-induced effects on the local tumour microenvironment
in HNSCC patients may translate into quantifiable immune effects
in circulating immune mediators, TCR repertoires, and potential
anti-tumour antibody responses. These immune responses are not
sufficient to sustain an effective anti-tumour immune response due
to matched increases in immunosuppressive mechanisms that
feature increases in checkpoint receptor expressing T-cell popula-
tions. 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-tumour immune responses in various ways,
many of these inhibitory effects are now potentially targetable.
Immunotherapy, and specifically checkpoint blockade, can poten-
tially tip the balance of stimulating and inhibitory factors resulting
from local therapy in favour of a pro-immune state (Formenti and
Demaria, 2013; Deng et al, 2014a). 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 SCCHN and other cancers.
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