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Abstract

The negative impact of tumor hypoxia on radiotherapeutic efficacy is well recognized. However, an easy
to use, reliable imaging method for assessment of tumor oxygenation in routine clinical practice remains
elusive. Photoacoustic imaging (PAI) is a relatively new imaging technique that utilizes a combination of
light and ultrasound (US) to enable functional imaging of tumor hemodynamic characteristics in vivo.
Several clinical trials are currently evaluating the utility of PAl in cancer detection for breast, thyroid, and
prostate cancer. Here, we evaluated the potential of PAI for rapid, label-free, non-invasive quantification
of tumor oxygenation as a biomarker of radiation response in head and neck cancer.

Methods: Studies were performed human papilloma virus- positive (HPV+) and -negative (HPV-)
patient-derived xenograft (PDX) models of head and neck squamous cell carcinoma (HNSCC). PAI was
utilized for longitudinal assessment of tumor hemodynamics (oxygenation saturation and hemoglobin
concentration) before, during and after fractionated radiation therapy (fRT). Imaging datasets were
correlated with histologic measures of vascularity (CD31), DNA damage (phosphorylated yH2AX) and
statistical modeling of tumor growth.

Results: A differential response to fRT was observed between HPV+ and HPV- xenografts. Temporal
changes in tumor hemodynamics (oxygen saturation and hemoglobin concentration) measured by PAI
showed significant association with treatment outcomes. PAl-based changes in oxygen saturation were
detected within days after initiation of fRT prior to detectable change in tumor volume, highlighting the
potential of PAI to serve as an early biomarker of therapeutic efficacy. Consistent with PAI results,
immunohistochemical staining of vascularity (CD31) and DNA damage (phosphorylated yH2AX)
revealed distinct patterns of response in HPV+ and HPV- xenografts.

Conclusion: Collectively, our observations demonstrate the utility of PAIl for temporal mapping of
tumor hemodynamics and the value of PAI read-outs as surrogate measures of radiation response in
HNSCC.
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Introduction

Head and neck cancers represent a diverse group
of malignancies that arise in multiple sites within this
region [1]. A majority (~85%) of these cancers develop
in the squamous lining of the mucosal surfaces in the
aero-digestive tract, and are therefore histologically

referred to as squamous cell carcinoma (SCC) [2, 3].
Radiation therapy (RT), in combination with surgery
and/or chemotherapy is often used in the manage-
ment of head and neck SCC (HNSCC) patients [4, 5].
The lethal effects of RT are mediated through the
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interaction of ionizing radiation with DNA, resulting
in DNA damage that is chemically “fixed” in the
presence of oxygen [6]. Under hypoxic conditions, this
chemical fixation does mnot occur, reducing RT
efficacy. It has been shown that the radiation dose
necessary to achieve sufficient cell kill under hypoxic
conditions is ~3 times higher than the dose required
under oxygenated conditions [7]. This presents a
significant hurdle to RT efficacy, as studies in
pre-clinical rodent tumor models have shown the
average fraction of cells growing under hypoxic
conditions can be as high as 50% [8]. Consequently,
both acute and chronic forms of hypoxia can limit the
response of HNSCC to RT [9].

An extensive body of literature exists on the
clinical value of measuring tumor oxygenation to
prognosticate radiotherapeutic efficacy [10-12]. These
studies have typically utilized immunostaining of
tumor sections for hypoxia markers (e.g., CAIX,
pimonidazole) [10], gene expression profiling of
hypoxia-associated genes [11] and detection of DNA
breaks to measure the hypoxic fraction of tumors [12].
Unfortunately, the invasive nature of these methods
limits their ability to reliably monitor the temporal
fluctuations in tumor oxygenation. Non-invasive
imaging methods can overcome these limitations and
allow for real-time imaging of dynamic changes in
tumor oxygenation throughout the tumor. However,
an easy to use, reliable imaging method for measuring
tumor oxygenation in routine clinical practice remains
elusive.

Photoacoustic imaging (PAl) is a hybrid imaging
modality in which optical excitation (in the NIR
region) locally heats the tissue, resulting in elastic
expansion and generation of an acoustic signal [13,
14]. PAI exploits the optical absorption characteristics
of hemoglobin (Hb) to provide quantitative estimates
of both total Hb concentration (HbT) and oxygen
saturation (sO), the amount of oxygen being carried
by Hb [14]. The ability of PAI to non-invasively map
and quantify tumor HbT and sO; levels without the
need for exogenous contrast agents is an important
benefit when compared to traditional radiologic
methods such as MRI, PET or CT that rely on
externally administered tracers. Given the ease of use,
lack of ionizing radiation and relatively low cost of
PAI, we hypothesized that PAI can be effectively
utilized for frequent and repeated assessment of
oxygenation in HNSCC before, during and after
fractionated RT (fRT). In addition to traditional risk
factors such as smoking and alcohol use, human
papilloma virus (HPV) infection has also been
implicated in the pathogenesis of oropharyngeal SCC
[15]. It is now well recognized that patients with
HPV-positive (HPV+) HNSCC are more responsive to

chemotherapy and RT than their HPV-negative
(HPV-) counterparts [16, 17]. We therefore conducted
experimental studies in both HPV+ and HPV- PDX
models of HNSCC to assess the ability of PAI to
monitor temporal changes in tumor oxygenation
before the start of therapy, on-treatment and
following RT. Our results demonstrate the utility of
PAI for temporal mapping of tumor hemodynamics
and highlight the potential of PAl-based estimates of
oxygen saturation to serve as a biomarker of radiation
response in HNSCC.

Materials and Methods

Animals

Experimental studies were carried out using
eight to twelve-week-old female CB.17 (C.B-Igh-1b/
IcrTac-Prkdcscid) severe combined immunodeficient
(SCID) mice (Laboratory Animal Resource, RPCI)
with an average body weight of ~20 g. Mice were kept
in sterile micro isolator cages (4-5 mice per cage) in a
pathogen-free environment and provided with
standard chow/water and maintained on 12 h
light/dark cycles in a HEPA-filtered environment. All
experimental procedures were performed under
aseptic conditions and in accordance with protocols
approved by the Institutional Animal Care and Use
Committee at Roswell Park Cancer Institute (RPCI).

Patient-derived xenograft models of HNSCC

De-identified tumor specimens were obtained
under an approved Non-Human Subjects Research
protocol at RPCI. Procured tumor tissue was
transferred to the laboratory in RPMI media for
transplantation into SCID mice. The HPV status of the
donor tumor and the corresponding xenografts were
confirmed by PCR and p16 immunohistochemistry.

Tumors were implanted subcutaneously in the
leg for experimental studies using aseptic techniques
as described previously [18].

Radiation treatment

Anesthetized mice were irradiated using the
Philips RT 250 Orthovoltage X-ray unit (Philips
Medical Systems, Andover, MA) equipped with an
aluminum filter and operating at 75 kV/ 17.7 mA. The
dose rate at this setting was ~0.68 Gy/min.
Fractionated irradiation consisted of 3 Gy fractions
delivered daily for five days for a total dose of 15 Gy.
During irradiation, a ‘protective lead shield” with an
opening for the tumor was positioned over the animal
to protect normal mouse tissue from exposure to
radiation. Animals were monitored with a closed-
circuit TV during irradiation and observed after
completion of treatment to ensure full recovery.
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Response assessment

Tumor volume was calculated using three-
dimensional B-mode ultrasound (US) images as
described below. Tumor volumes were acquired
before, during and following treatment as an indicator
of treatment response. During this time, animals were
monitored for changes in body weight below 20% of
pretreatment estimates, signs of morbidity, and
euthanized as per institutionally approved protocols.

PAIl with co-registered US of mice

Experimental PAI with co-registered US was
performed using a commercially available laser
integrated high-frequency ultrasound system (Vevo®
LAZR, FujiFilm VisualSonics Inc., Toronto, Canada).
The system consists of a tunable NIR Nd:YAG laser
connected to a 256 element fiber-optic linear array
hybrid US transducer, synchronized micro-ultrasou-
nd system and a work station to process and
reconstruct the US/PA images. Mice were anesthetiz-
ed using 2.5% Isoflurane (Philips Medical Systems,
Andover, MA) and secured onto a heated imaging
platform underneath the PAI transducer. Hair on the
skin surface was removed and gel applied on top of
the tumor to facilitate US transmission. PAI was
performed using the following parameters: transd-
ucer, LZ-250; frequency, 21 MHz; depth, 20.00 mm;
width, 23.04 mm; wavelength, 750/850 nm; gain, 18
dB for US and 43 dB for PAIL; no persistence; PA focal
depth, 10 mm; acquisition mode, sO2/Hbt. Time gain
compensation was applied to account for PA signal
loss with increased depth and was kept constant for
all imaging sessions. Acquisition parameters were
kept constant for all imaging sessions throughout the
study. Three-dimensional PA images were acquired
for the whole tumor to obtain whole tumor estimates
of tumor oxygen saturation (%sO.) and hemoglobin
concentration (HbT). Following imaging, animals
were removed and monitored to ensure full recovery.
Post-processing of all imaging data was performed
using the Visualsonics® workstation suite (VevoLab,
ver 1.7.2). Analysis was performed by tracing a region
of interest (ROI) for the entire 3D region (>20 slices).
B-mode US datasets were used to calculate tumor
volume. PA-based estimates of %sO, and HbT were
calculated using the two-wavelength approach as
previously reported [19]. Color maps representing
%sO, were displayed using a color look-up table
superimposed on spatially co-registered B-mode US
images.

Immunohistochemical staining of tumor
sections

Tumor tissues were excised and placed in zinc
fixative (BD Biosciences, San Diego, CA) for 24 h prior

to being embedded in paraffin. Tissues were sectioned
at a thickness of 4 pm, mounted on positively charged
slides, and stained for CD31/alpha-smooth muscle
actin (a-SMA), and phosphorylated (phospho)-
yH2AX. For CD31/ a-SMA staining, slides were
loaded on a DAKO autostainer (Agilent Technologies,
Dako) and serum free protein block (Agilent
Technologies, Dako, catalog #X0909) was applied for
5 min. The primary antibody CD31 (BD Pharmingen,
catalog #550274) was applied at 1/10 (1.56 RblgG) for
1 h, followed by Goat Anti-Rat (BD Pharmingen,
catalog #554014) for 30 min. ZSA (Invitrogen, catalog
#43-4323) was applied for 30 min followed by DAB
chromogen (Agilent Technologies, Dako, catalog
#K3468) for 5 min. Serum free protein block (Agilent
Technologies, Dako, catalog #X0909) was applied
again for 5 min. a-SMA (Abcam, catalog #ab5694) was
applied for 1 h at 1/125 (1.6 IgG) followed by
L-AP-Rab-Poly (Powervision, catalog #PV6119) for 30
min and Fast Red (Thermo Scientific, catalog
#TA-060-AL) for 10 min. Phospho-yH2AX staining
was performed using the Dako EnVision+ System-
HRP (Agilent Technologies, Dako, anti-Rabbit,
catalog #K4011) kit with a 30 min Tris antigen
retrieval step, 15 min peroxidase blocking period, an
overnight primary antibody incubation (1/1000,
rabbit mAb; Cell Signaling, catalog #9718S) period
and 1 h secondary incubation. Whole tumor sections
were captured and digitized using the ScanScope XT
system (Aperio Technologies, Vista, CA). Analysis of
CD31/ a-SMA staining was performed by capturing
four-to-five random fields with 20x magnification for
each tumor, and using Analyze PC (Analyze PC,
Version 7.0, Mayo Clinic, Rochester, MN) to trace out
individual vessels with a visible lumen for these
fields. This analysis provided the number and lumen
area (number of pixels) for each vessel in each field,
where the microvessel density (MVD) represents the
average number of vessels from four-to-five fields for
each tumor, and the lumen area represents the
average pixel area of all vessels from five fields.
Quantification of phospho-yH2AX staining was
performed by capturing four-to-five random fields at
20% magnification and using the Image J IHC profiler
Macro [20] to calculate the percentage of positive cells.

Study design, sample sizes and statistics

For experimental studies, a total of 70 SCID mice
were used to establish HPV+ (n = 33) and HPV- (n =
37) tumors subcutaneously in the leg. Tumors were
allowed to grow to a mean volume of ~300 mm? prior
to being randomized into control (HPV+ n = 13; HPV-
n = 14) or treatment (HPV+ n = 20; HPV- n = 23) arms.
Fig. 1 shows the experimental design for the
preclinical imaging trial aimed at examining the
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potential of PAI for monitoring tumor response to fRT
in HPV-positive and HPV-negative PDX models of
HNSCC. Animals in the treatment group received 5
daily fractions of 3 Gy for a total dose of 15 Gy (red
arrows). PAI measurements (blue arrows) were
obtained on day 0 (dO; before treatment), day 2 (d2;
on-treatment, 2 h post 9 Gy), day 5 (d5; 24 h post
completion of treatment) and day 11 (d11; 1 week post
completion of therapy). B-mode US images were
acquired at all PAI time points and once every three
days until study completion (green arrows). A subset
of animals was euthanized and tumors excised on day
2 and day 5 for immunohistochemical analysis (HPV+
PDX: control (n = 4/time point) and {RT (n = 5/time

HPV positive (HPV+)
N=33

HPV negative (HPV-)
N=37

®

Control (14)

Control (13) Radiation (20)

. < <

Radiation (23)

point); HPV- PDX: control (n = 4/time point) and fRT
(n = 6/time point)). All statistical analyses were
performed using GraphPad Prism version 6.00 for
Windows (GraphPad Software, La Jolla, CA).
Changes in tumor volume were analyzed using a
two-way ANOVA. Changes in tumor %sO; and HbT
levels for either controls or fRT animals were
compared using paired student’s t-test, and when
comparing controls to fRT animals at each time point
unpaired student’s t-test was used. Pearson’s
correlation analysis was performed for correlation
plots comparing %sO: levels to the percent change in
volume at 2 weeks following completion of treatment.
For statistical modeling of tumor growth, tumor
growth rate was quantified for
each mouse as the slope (indicating
the absolute change/increase in
tumor volume (mm?3)/day) from an
ordinary least squares regression of
tumor volume as a function of
time. Time points during tumor
growth prior to radiation exposure
were excluded. Unpaired
two-tailed student’s t-tests were
used to compare differences in
immunohistochemical parameters

between control and fRT-treated

Tumor Implantation
'L Tumor Volume

Tumor ~300 mm?

L ]
I Early response Long-term outcome >

samples at each time point.

Results

1 Growth 1 1 1
| >= | | | 11

do d2 d4 d5

PAI detects early fluctuations
in tumor oxygenation during
and after fractionated RT

d40

| Radiation (3 Gy x 5) }—'—I—I—H

prior to change in tumor
volume

-
|_

| Ultrasound

First, we compared tumor
%sO; levels in control and
fRT-treated tumors before, during

| Tissue Collection I I

* *

d2: midway during therapy (post 9 Gy)
d5: 24h post completion of therapy
d11: 1 week post completion of therapy

*HPV+, n=4 contrals, n=5 treated tumors/time point

*For HPV-, n=4 controls, n=6 treated tumors/time point
- excised for immunohistochemistry (CD31, y-H2AX) and histology (H&E)

US: Performed once every three days
until completion of study

and after fRT using PAIL PAI with
co-registered US was performed on
a total of 21 tumor-bearing mice
(HPV- n =11, HPV+ n = 10) that
underwent fractionated RT (fRT; 3
Gy x 5). Temporal measurements
of tumor %sO, were obtained for
all 21 animals at baseline and at

Figure 1. Study design for the preclinical imaging trial of photoacoustic imaging for

monitoring RT in PDX models of head and neck cancer. A total of 70 SCID mice were used to
establish HPV+ (n = 33) and HPV- (n = 37) tumors subcutaneously in the leg. Tumors were allowed to grow
to ~300 mm3 prior to being randomized into control (HPV+ n = 13; HPV- n = 14) or treatment (HPV+ n =20;
HPV- n =23) arms. Animals in the treatment group received 5 daily fractions of 3 Gy for a total dose of 15 Gy
(red arrows). PAl measurements (blue arrows) were obtained on day 0 (d0; before treatment), day 2 (d2;
on-treatment, post 9 Gy), day 5 (d5; 24 h post completion of treatment) and day 11 (d11; 1 week post
completion of therapy). B-mode US images were acquired at all PAI time points and once every three days
until study completion (green arrows). A subset of animals was euthanized and tumors excised on day 2 and
day 5 for immunohistochemical analysis (HPV+ PDX: control (n = 4/time point) and fRT (n = 5/time point);

different times during and after
fRT. Longitudinal PAI revealed
distinct temporal profiles of tumor
oxygenation between HPV- and
HPV+ tumor xenografts. In the
HPV- PDX model (Fig. 2A),
untreated control tumors showed

HPV- PDX: control (n = 4/time point) and fRT (n = 6/time point)). Long-term treatment outcome was

assessed by measuring tumor volumes up to 40 days post treatment.

fluctuations in tumor %sO» during
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the 12 day imaging period. These differences were not
statistically significant. Serial PAI of tumors in the fRT
group revealed an early increase (p<0.05) in oxygen
saturation from d0 to d2 during treatment (post 9 Gy)
followed by a reduction on day 5 (24 h post 15 Gy). No
difference was observed between control and treated
tumors during this 5 day period. One week post
completion of treatment (day 11), tumors in the fRT
group showed a significant reduction in tumor %sO;
compared to baseline (p<0.01), d2 (p<0.001) and d5
estimates (p<0.01) and control tumors (p<0.05) at the
same time point. Intra-tumoral hemoglobin
concentration (HbT) was lower (p<0.01) in treated
tumors compared to Dbaseline (pre-treatment)
estimates (Fig. 2B). In the HPV+ PDX model (Fig. 2D),
tumor %sO; levels remained relatively steady during
the course of treatment but were significantly lower
on day 11 (p<0.001 vs. d0; p<0.001 vs. d2; p<0.01 vs.
d5). Similarly, HbT levels (Fig. 2E) showed a
significant reduction at 1 week post treatment (d11)
compared to baseline (p<0.05) and estimates during
treatment (p<0.001 vs. d2; p<0.01 vs. d5). We
compared tumor hemodynamic changes detected by
PALI in the context of changes in tumor size induced
by fRT. To this end, B-mode US was utilized to obtain
3D measurements of tumor volume before, during
and after treatment. In both models (Fig. 2C, F),
differences in US-based tumor volumes between
control and treatment groups were not significant
during the early response assessment period (d0-d5).
At 1 week post treatment (d11), HPV+ tumors in the
fRT group showed a significant reduction in tumor
volume compared to control tumors (p<0.01; Fig. 2F).
No difference in tumor volume was observed
between control and fRT tumors in the HPV- model
(Fig. 2C). These observations demonstrate the ability
of PAI to monitor early changes in oxygenation of
head and neck tumors prior to macroscopic changes
in tumor volume.

Photoacoustic mapping of inter-tumoral
heterogeneity in oxygen saturation

Next, we examined the inter-tumoral hetero-
geneity in oxygenation of HPV+ and HPV- PDX
models of HNSCC using PAI. Fig. 3 shows dynamic
changes in tumor %sO, measured by PAI from basel-
ine to 24 h post completion of therapy for individual
HPV- (A, B) and HPV+ (C, D) xenografts. Pseudo-
colorized parametric maps of %sO, overlaid on the
B-mode US image are shown for two individual HPV-
(Fig. 3A) and HPV+ (Fig. 3C) tumors at baseline (d0),
post 9 Gy (d2), and 24 h post 15 Gy (d5). PAl revealed
considerable inter-tumoral heterogeneity in tumor
oxygenation before and during fRT in both tumor
models. While some tumors showed a sustained

increase in %sO: throughout fRT (Fig. 3A, C, top
panel), others showed an early increase post 9 Gy but
subsequently decreased post 15 Gy (Fig. 3A, C,
bottom panel). Corresponding bar graphs show
fluctuations in %sO; levels of all individual tumors in
HPV- (Fig. 3B) and HPV+ (Fig. 3D) xenografts that
underwent fRT. Change in oxygen saturation values
of individual tumors at baseline (pre-treatment; black
bars), day 2 (post 9 Gy; blue bars), d5 (post 15 Gy; red
bars), illustrate the temporal heterogeneity in tumor
oxygenation status during the course of treatment. No
correlation was observed between tumor volume and
baseline estimates of tumor %sO..

Vascular response and fRT-induced DNA
damage in HPV+ and HPV- xenografts

To gain insight into the mechanisms underlying
PAI observations, a subset of animals from control
and treatment groups were euthanized and tumors
excised post 9 Gy (d2) and 24 h post 15 Gy (d5) for
immunostaining. Tumor sections were immunostai-
ned for CD31 to assess changes in vascularity (Fig. 4)
and phosphorylated yH2AX (phospho-yH2AX; Fig. 5)
to evaluate fRT-induced DNA damage. The effect of
fRT on microvessel density (MVD) and vessel lumen
area was quantified from CD31-immunostained
sections at each time point. In the HPV- PDX model,
no difference in MVD or lumen area was observed on
d2 (post 9 Gy). A significant reduction in MVD was
observed on d5 (post 15 Gy; Fig. 4B) compared to
control tumors (d5; p<0.05). Comparative evaluation
of irradiated tumors between the two time points
revealed a significant reduction in MVD on d5
(compared to d2; p<0.01), which was accompanied by
a significant increase in lumen area (Fig. 4C). No
significant change in MVD (Fig. 4E) or lumen area
(Fig. 4F) was observed for HPV+ PDX at either time
point.

Phospho-yH2AX staining was performed to
measure fRT-induced DNA damage in HPV+ and
HPV- PDX (Fig. 5A, C). The panel of images shown in
Fig. 5A represents photomicrographs of phospho-
yH2AX-stained tumor sections from control and
treatment groups at both time points. A magnified
image of a region within each tumor is also shown.
On d2 (post 9 Gy), no difference in phospho-yH2AX
positivity was seen between control and irradiated
tumors in the HPV- xenograft model (Fig. 5B). A
significant increase (p<0.01) in phospho-yH2AX was
observed in HPV+ PDX compared to controls (Fig.
5C). Twenty-four hours post completion of therapy
(d5; post 15 Gy), irradiated sections from the HPV-
PDX (Fig. 5B) and HPV+ PDX (Fig. 5C) showed a
significant increase (p<0.01) in phospho-yH2AX
positivity.
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PAI as an early surrogate marker of
radiotherapeutic efficacy in HNSCC

To determine if early changes in oxygenation
detected by PAI provided information on the
long-term treatment outcome, we correlated baseline
(pretreatment), on-treatment (post 9 Gy), and post
treatment (post 15 Gy) %sO: values of individual
tumors with relative change in tumor volume at 2
weeks post therapy. Absolute measurements of %sO;
obtained at the individual time points at baseline
(pre-treatment), on-treatment (post 9 Gy) or after
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completion of therapy did not show any correlation
with tumor volume change at two weeks post therapy
in both HPV- and HPV+ models (Fig. S1). Similarly,
HbT measurements obtained at baseline and post
treatment did not show any correlation with relative
change in tumor volume (Fig. S2). Interestingly,
higher HbT values on-treatment (post 9 Gy) were
associated with increased tumor growth (r = 0.7038;
p<0.05) in the HPV- PDX but not in the HPV+ PDX
(Fig. S2).
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Figure 2. Photoacoustic monitoring of tumor oxygenation kinetics before, during and after fRT in head and neck cancer. Box-and-whisker plots
show PAl-based measures of oxygen saturation (%sO2) and total hemoglobin concentration (HbT) of HPV- (A, B) and HPV+ (D, E) tumors in the control and fRT
groups at baseline (d0), post 9 Gy (d2), post 15 Gy (d5), and one week (d11) following completion of fRT. (C, F) Grouped tumor volumes of animals in control (n =
6) and fRT groups (n = 11) at baseline (d0), post 9 Gy (d2), post 15 Gy (d5), and one week (d11) following completion of fRT. Changes in PAl parameters were
observed prior to visible changes in tumor volume in both tumor models. *P<0.05, **P<0.01. **P<0.001.
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Figure 3. Optoacoustic mapping of fluctuations in tumor oxygenation before, during and immediately following completion of fRT in head and
neck cancer. Pseudo-colorized tumor %sO2 maps of individual HPV+ and HPV- tumors overlaid on their B-mode ultrasound images at baseline (d0), post 9 Gy (d2),
and post 15 Gy (d5) are shown in A and C, respectively (scale bars represent 2 mm in length). Some tumors showed a sustained increase in %sO> throughout fRT
(top), while others increased post 9 Gy but went down post 15 Gy (bottom). Corresponding bar graphs show fluctuations in %sOz levels of individual tumors in HPV-

(B) and HPV+ (D) xenografts that underwent fRT.
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Figure 4. Vascular response of HPV+ and HPV- xenografts to fractionated RT. Photomicrographs of CD31/a-SMA-stained tumor sections of HPV- (A)
and HPV+ (D) HNSCC xenografts from both control and treatment groups (scale bars represent 50 um in length). Tumors were excised post 9 Gy (d2) and 24 hours
post 15 Gy (d5) for immunohistochemical analysis (HPV+ PDX: control (n = 4/time point) and fractionated RT (n = 5/time point); HPV- PDX: control (n = 4/time
point) and fractionated RT (n = 6/time point)). Microvessel density (B, E) and vessel lumen area (C, F) were quantified from CD31-immunostained sections at each

time point. *P<0.05, **P<0.01.

Next, we examined the relationship between
change in %sO; during and immediately after treat-
ment with tumor control at two weeks post therapy
(Fig. 6). Correlation plots between percent change in
volume at 2 weeks post treatment with change in
%50, and HbT levels from baseline to post 9 Gy,
baseline to post 15 Gy, and post 9 Gy to post 15 Gy for
the HPV- PDX (Fig. 6A-F) and the HPV+PDX (Fig.
6G-L) are shown. In the HPV- PDX model, increases
in %sO:levels during treatment (baseline to post 15
Gy; Fig. 6B) negatively correlated with better tumor
control (r = -0.6421; p<0.05). Tumors that showed an

increase in %sOzlevels during the second half of fRT
(post 9 Gy to 15 Gy; Fig. 6C) showed greater tumor
growth inhibition (r = -0.7969, p<0.01) compared to
tumors that showed minimal change or reduction in
%50z levels. A similar relationship was seen between
change in HbT levels and tumor control, with tumors
with higher levels of HbT during treatment exhibiting
a more favorable response to therapy (Fig. 6E, F).
Interestingly, no such correlation was seen between
PAI parameters of %sO; and HbT with tumor control
in the HPV+ PDX model (Fig. 6G-L).
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Figure 5. Immunohistochemical assessment of fRT-induced DNA damage in HPV- and HPV+ xenografts. (A) Photomicrographs of
phospho-yH2AX-stained tumor sections from control and treatment groups at both time points (scale bars represent 100 pm in length). A magnified image of a
region within each tumor is also shown (scale bars represent 50 pm in length). Bar graphs show quantitative estimates of phospho-yH2AX positivity in HPV- (B) and
HPV+ (C) xenografts. Bars represent mean values for control (gray) and irradiated tumors (red) while the circles represent individual 20% fields within a tumor. Four
to five fields were evaluated for each tumor (n = 4-6 per group/time point). **P<0.01.

To be useful as a surrogate measure of RT
efficacy, PAI measures should enhance the accuracy
of a response algorithm that already accounts for HPV
status. To assess the prognostic utility of PAI
parameters, we performed statistical modeling of
temporal PAI read-outs (%sOzand HbT) of all tumors
(in both control and fRT groups). A linear mixed

model was used to model hemodynamic changes
measured by PAI in relation to treatment outcomes
measured by tumor growth rate. Absolute and
relative measurements of %sO, and HbT were
modeled to examine the effects of HPV, radiation and
all 2nd and 3vd order interactions. Baseline tumor
volume measurements were not included as a
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covariate in the models as exploratory analysis did
not show any evidence of association with either
growth rate or HPV/radiation factors (Fig. S3). As
shown in Table S1, modeling tumor growth kinetics
and temporal PAI datasets revealed statistically
significant effects for relative change in %sO;
measurements from d0-d2, d0-d5 and d0-d12 (p<0.01)
and for HbT values on d5 (p<0.05).

Long-term response of HPV+ and HPV-
xenografts to fRT mimics clinical behavior

Finally, we examined the long-term response of
the HPV- and HPV+ tumors to fRT. US-based tumor
volume measurements were utilized to calculate
tumor growth rates of individual tumors (Fig. S4 and
Fig. S5). In control animals (Fig. S6), the distribution
of growth rates (Table 1) showed faster growth rates
in the HPV- PDX model (94.39 £ 34.3 mm3/day)
compared to HPV+ PDX (78.61 + 36.4 mm3/day). A
differential response to fRT was seen between HPV-
(Fig. 7A) and HPV+ tumors (Fig. 7B and Fig. S6) with
a significantly (p=0.0187) greater tumor growth rate
inhibition (Table 2) seen in the HPV+ PDX model
(295 £ 8.3 mm?/day) compared to the HPV- PDX
model (2699 £ 13.23 mm?3/day). Compared to
untreated controls, fRT resulted in a significant
(p<0.0001) reduction in tumor growth rate in HPV-
and HPV+ xenografts (Table 2).

Table 1. Grouped growth rates for control and fRT treated
HPV+ and HPV- PDX.

HPV-
Group N Mean Std Median
Control 6 94.39 34.37 97.73
Radiation 11 26.99 34.37 30.13
HPV+
Group N Mean Std Median
Control 5 78.61 36.42 91.49
Radiation 10 2.95 8.35 2.47

Table 2. Least squares means analysis comparing tumor type and
treatment groups.

Least Squares Means

Group Tumor Type Growth rate LSMEAN #
Control HPV- 94.39 1
Control HPV+ 78.60 2
Radiation HPV- 26.99 3
Radiation HPV+ 2.95 4
Least Squares Means for effect radn*tumor type

1 2 3 4
1 0.2468 <0.0001 <0.0001
2 0.2468 <0.0002 <0.0001
3 <0.0001 <0.0002 0.0187
4 <0.0001 <0.0001 0.0187
Discussion

Given the impact of oxygenation on the efficacy
of radiotherapy, there has been a long-standing

interest in the development of non-invasive methods
to image the dynamic changes in oxygenation
occurring within the tumor microenvironment [21].
PET wusing 18F-FAZA has been shown to
correlate/predict outcome following RT [22, 23], but
PET is expensive and requires the use of radioisotopes
that limit frequent and repetitive use. The optimal
timing for PET, CT or MRI-based assessment of
hypoxia is also not clear [24]. In this regard, PAI offers
a cost-effective, high-throughput alternative to
non-invasively map tumor oxygenation in vivo. PAI
combines the high contrast and specificity of optical
imaging techniques with the clinically relevant
imaging depths achievable with US [13, 14].
Consequently, PAl-based assessment of tumor
oxygenation could be useful for clinical assessment of
hypoxia. In this regard, we have previously validated
PAI measures of %sO, with direct measurements of
pO2, blood oxygenation level-dependent magnetic
resonance imaging [25] and oxygen-enhanced MRI
[26] in tissue-mimicking phantoms and in tumor
models. Published studies by others have also
demonstrated a good correlation between PAI
read-outs and contrast-enhanced ultrasound (CE-US)-
based estimates of tumor vascular parameters [27, 28].
Building on this earlier work, in the present study, we
(i) investigated temporal fluctuations in tumor sOzin
HPV+ and HPV- head and neck carcinoma xenografts
following a clinically-relevant fractionated RT
regimen, (ii) evaluated the short-term and long-term
response of HPV+ and HPV- xenografts to
fractionated RT using PAI with co-registered US, and,
(iii) performed statistical modeling of PAl-based
measurements of sO; obtained at baseline, during and
after fractionated RT with long-term response of
individual mice to determine the ability of PAI to
serve as a ‘biomarker’ of RT efficacy. The short
acquisition times and the lack of ionizing radiation or
radioactive isotopes enabled serial imaging before,
during and after fRT. PAI revealed considerable intra-
and inter-tumoral heterogeneity in sO; prior to
treatment. PAl-based changes in sO; were detected
within a few days after the start of fRT prior to
detectable change in tumor volume, highlighting the
potential of PAI to serve as an early biomarker of
treatment response or resistance. Our observations
suggest that vascular and cellular response to
radiation [29] results in fluctuations in oxygenation
that precede changes in macroscopic tumor volume.
Comparative assessment of the two models
showed faster growth rates in the HPV- tumors than
HPV+ tumors. A differential response to RT was also
observed between HPV+ and HPV- tumors. Multiple
trials have demonstrated improved outcomes in
HPV+ oropharyngeal cancer patients compared to
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their HPV- counterparts [16, 17]. Consistent with the
favorable outcome seen in patients with HPV+
HNSCC, we observed superior tumor control in the
HPV+ PDX model compared to the HPV- PDX model.
We observed statistically significant associations
between PAl-based measures of %sO; and HbT with
treatment outcomes. In the HPV- model, increases in
tumor oxygenation throughout fRT were associated
with a favorable response to treatment. The strongest
correlation was observed between changes in tumor

%sO; from post 9 Gy to post 15 Gy with tumor growth
inhibition. This indicates that tumors that maintained
high %sO; levels in the second half of fRT responded
the best. Tumors that showed an increase in %sO;
during the first half of treatment but subsequently
decreased were not as responsive. Collectively, our
findings highlight the value of temporal PAI
measurements of oxygenation kinetics in monitoring
and potentially predicting RT efficacy.
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Figure 6. Photoacoustic imaging as an early surrogate measure of fRT efficacy in head and neck cancer. Correlation plots comparing percent change
in volume at 2 weeks following completion of fRT with change in %sO2 (A-C for HPV- and G-I for HPV+) and HbT (D-F for HPV- and }-L for HPV+) from baseline
to post 9 Gy, baseline to post 15 Gy, and post 9 Gy to post 15 Gy in models of HNSCC. Increase in %sO2 and HbT for HPV- tumors during fRT was associated with

a favorable treatment outcome.
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Figure 7. Long-term treatment outcome following fRT in HPV+ and
HPV- PDX models of HNSCC. The effects of radiation on tumor growth
rate in HPV- (A) and HPV+ (B) xenografts were estimated using an ANOVA
model. The model was specified with main effects for radiation, tumor type and
the interaction. Radiation therapy resulted in a significant reduction in tumor
growth rate compared to control animals in both models. Tumor response to
radiation was much more pronounced in the HPV+ PDX model compared to
the HPV- tumors.

Our observations have some precedence in the
literature [30-32]. Hoff et al., have previously
demonstrated the prognostic utility of Hb in head and
neck tumor response to radiotherapy [30].
Specifically, patients with high pretreatment Hb
levels had a significantly better probability of
locoregional control, disease-specific survival and
overall survival compared to patients with low Hb
levels. Similar observations have also been reported
by McCloskey and colleagues [31]. Using diffuse
reflectance spectroscopy, Hu et al.,, have recently
shown that rate of oxygenation increase was
dependent on the radiation dose and correlated with
recurrence in HPV-negative FaDu xenografts [32].
Specifically, the authors observed that locally
recurrent tumors showed slower increases in
oxygenation after RT compared to tumors that were
locally controlled with RT. Recently, Dong et al. [33]
validated these findings in HNSCC patients, showing

that responsive tumors experienced increased sO:
levels throughout treatment. They also found that
HPV+ tumors experienced greater increases in sO»
than the HPV- tumors. While the mechanisms that
contribute to the observed changes in oxygenation are
unclear, they are likely to be multi-factorial. Sustained
increase in %sO throughout treatment could be
associated with elevated tumor cell apoptosis and a
reduction in the number of viable tumor -cells,
lowering the metabolic demand of the tumor. It is also
possible that this reduction in cell number could
relieve the interstitial fluid pressure levels within the
tumor, increasing tumor blood flow levels [34].

To investigate the possible mechanisms behind
the observed fluctuations in sO; in our experimental
models, we performed correlative immunostaining of
tumor sections for markers of vascularity (CD31) and
DNA damage (phospho-yH2AX). CD31 analysis
revealed a significant reduction in MVD and
increased lumen area post 15 Gy in the HPV-
xenograft model, although no change was observed in
HPV+ PDX. This observation is consistent with a
previous study in which radiation-induced re-oxy-
genation in murine SCCVII carcinomas was
associated with an overall reduction in tumor MVD
and increased vessel perfusion [35, 36]. Although a
similar pattern of phospho-yH2AX foci formation was
seen in HPV+ and HPV- tumors following fRT, we
observed a difference in the kinetics of DNA damage
between the two tumor models. A significant
accumulation of phospho-yH2AX foci was observed
in the HPV+ model early on during treatment (post 9
Gy), which persisted after completion of f{RT,
indicating increased susceptibility of the HPV+
xenograft to fRT-induced DNA double strand breaks.
This observation is supported by a previous study by
Taneja et al., in which radiosensitive cell lines and
xenografts were shown to retain yH2AX for a greater
duration compared to radioresistant cells [37].

Our findings have clinical implications for
imaging and treatment of HNSCC. RT is a major
component of the treatment paradigm for HNSCC
patients and improvements in treatment planning
methods and radiation delivery schemes have helped
increase its therapeutic benefit. However, not all
patients respond in the same manner and tumor
recurrence continues to remain a clinical challenge.
Early insight into treatment outcome can therefore be
of immense value, particularly in patients with
non-responsive tumors. As such, there is a significant
clinical need in radiation oncology for an inexpensive
and non-radioactive imaging modality that can
provide prognostic information. In this regard, our
results demonstrate that PAl-based estimates of
oxygen saturation could potentially serve as an
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indicator of therapeutic failure in HNSCC. Early
prediction of treatment failure would enable patients
to forgo toxic, ineffective therapy and opt for
potentially efficacious therapy or surgery. While the
application of PAI for tumor imaging is an area of
active preclinical and clinical investigation [38-41], a
majority of these studies have focused on examining
the diagnostic potential of PAI. The results of the
present study add to the limited literature on the
prognostic utility of PAI based on endogenous
contrast [42-44]. Although limited in number, these
studies have shown that the utility of PAl-based
tumor oxygenation measurements can be applied for
monitoring treatment response to targeted cancer
therapies [42], photodynamic therapy [43], and
photothermal therapy [44]. Furthermore, clinical
studies evaluating the potential of hypoxia-modifying
therapies conducted in non-selected patients have
been disappointing [45]. In this regard, tumor hypoxia
mapping using PAI could enable selection of tumors
(patients) who would benefit from hypoxia-
modifying therapy. Our results point to early changes
in oxygenation occurring during the delivery of initial
radiation fractions influencing treatment outcome. It
would therefore be interesting to evaluate if
PAl-based hypoxia assessment early-on during the
course of therapy can help select tumors (patients)
that would benefit from hypoxia-modifying therapies
or receive radiation dose de-escalation without
compromising efficacy. Conversely, one could
escalate the radiation dose to hypoxic regions identif-
ied on PAI examination. We have begun addressing
some of these questions in our laboratory and will
report on our findings in the future.

While our results support the clinical develop-
ment of PAI as a biomarker of radiation response in
HNSCC, the limitations of our model system and
study design warrant consideration and caution while
interpreting our observations. First, PDX models are
useful tools to study human cancer biology in an
experimental setting. The scope of these models is
limited by the need for immunodeficient hosts.
Despite the absence of the immune components, the
observed differential response between the p16+ and
plé- PDX to fRT is encouraging and consistent with
the superior response of HPV+ human HNSCC to
standard-of-care treatment compared to HPV-
counterparts. Second, we examined one PDX model of
each type (HPV+ and HPV-) with tumors established
in the subcutaneous (ectopic) location. Investigation
across a panel of PDX models (“Avatars”) would
better recapitulate the heterogeneity in the patient
population.

In summary, we have shown that PAI can be
used for frequent and repeated assessment of head

and neck tumors before the start of therapy,
on-treatment and following completion of therapy.
Our findings illustrate the utility of PAI as a label-free,
non-invasive, cost-effective method for serial
monitoring of tumor oxygenation following RT. As
such, RT remains one of the most economical and
effective treatments for cancer. Our findings are
therefore relevant to the clinical utility of PAI not
limited to head and neck cancers but potentially other
solid tumors for which fractionated RT is routinely
utilized as standard-of-care. Temporal measures of
tumor oxygenation measured by PAI could potential-
lly assist in clinical decisions regarding aggressive
intervention, treatment de-intensification or use of
hypoxia-modifying therapies.
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