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Spectroscopic  investigation  of

radiation-induced reoxygenation in

radiation-resistanttumors ™+ **

Abstract

Fractionated radiation therapy is believed to reoxygenate and subsequently radiosensitize surviving hypoxic cancer cells. Measuring
tumor reoxygenation between radiation fractions could conceivably provide an early biomarker of treatment response. However, the
relationship between tumor reoxygenation and local control is not well understood. We used noninvasive optical fiber-based diffuse
reflectance spectroscopy to monitor radiation-induced changes in hemoglobin oxygen saturation (sO;) in tumor xenografts grown
from two head and neck squamous cell carcinoma cell lines — UM-SCC-22B and UM-SCC-47. Tumors were treated with 4 doses of 2
Gy over 2 consecutive weeks and diffuse reflectance spectra were acquired every day during the 2-week period. There was a statistically
significant increase in sO; in the treatment-responsive UM-SCC-22B tumors immediately following radiation. This reoxygenation
trend was due to an increase in oxygenated hemoglobin (HbO;) and disappeared over the next 48 h as sO; returned to preradiation
baseline values. Conversely, sO; in the relatively radiation-resistant UM-SCC-47 tumors increased after every dose of radiation and
was driven by a significant decrease in deoxygenated hemoglobin (dHb). Immunohistochemical analysis revealed significantly elevated
expression of hypoxia-inducible factor (HIF-1) in the UM-SCC-47 tumors prior to radiation and up to 48 h postradiation compared
with the UM-SCC-22B tumors. Our observation of a decrease in dHb, a corresponding increase in sO,, as well as greater HIF-1«
expression only in UM-SCC-47 tumors strongly suggests that the reoxygenation within these tumors is due to a decrease in oxygen
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consumption in the cancer cells, which could potentially play a role in promoting radiation resistance.
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Introduction

The majority of patients diagnosed with head and neck squamous
cell carcinoma (HNSCC) present with locally advanced disease (Stage
III or IV) [1] and are treated with a combination of surgery, radiation,
and chemotherapy [2]. The treatment regimen can last several weeks and
typically takes the form of daily radiation therapy—2 Gy/d; 5 d/wk for 7
wk — and weekly chemotherapy sessions. The delivery of radiation therapy
in multiple fractions is hypothesized to cause cell death of oxygenated cells
and leads to reoxygenation and radiosensitization of previously hypoxic cells
[3-5]. Fractionated radiation therapy is believed to overcome the challenge
of hypoxic tumors, which have been shown to be associated with poor
long-term outcome [6-9]. Studies in patients and animal models using
oxygen-sensing microelectrodes have offered evidence that an increase in
tumor oxygenation or reoxygenation between dose fractions is associated
with positive treatment response [10,11]. Despite providing absolute
measures of oxygenation in tissue, these microelectrodes could disrupt the
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microenvironment when inserted into the tumor and are therefore not
amenable to repeated measurements.

In contrast to microelectrodes, diffuse reflectance spectroscopy is an
optical fiber-based technique that can noninvasively quantify hemoglobin
oxygen saturation within a sampled tissue volume. Diffuse reflectance
spectroscopy (DRS) is sensitive to light absorption by hemoglobin, the
primary oxygen carrier in blood, and can determine the concentrations
of oxygenated and deoxygenated hemoglobin present and hence allow
calculation of hemoglobin oxygen saturation [12,13]. Measurements of
hemoglobin oxygen saturation from tumors with DRS have been shown to
be concordant with simultaneous pO, measurements using oxygen-sensing
microelectrodes [14,15]. In addition, we have found a significant negative
correlation between vascular oxygenation and immunohistochemical
assessment of tumor hypoxic fraction [16]. Leveraging the noninvasive
capabilities of DRS and its sensitivity to tumor hemoglobin oxygen
saturation, Hu et al found that early reoxygenation during the treatment
regimen was associated with treatment failure whereas late reoxygenation
about 10 d after treatment was associated with local control in head and
neck tumor xenografts [17]. These studies utilized a hypofractionated dosing
schedule of 7.5 to 13.5 Gy/day for 5 consecutive days. Interestingly, previous
work from our lab has also uncovered radiation-induced reoxygenation
in radiation-resistant lung tumor xenografts in the first 24 to 48 h after
radiation. These studies were conducted in a matched model of radiation
resistance treated with conventional fractionation of 4 2 Gy doses over 2
consecutive weeks [18]. However, this work did not explore the mechanism
of reoxygenation in the treatment-resistant tumors or relate reoxygenation
to treatment outcome.

The primary goal of the current study was to determine radiation-
induced changes in tumor oxygenation in head and neck tumor xenografts
and investigate the association of this reoxygenation with tumor local control
or recurrence. We used 2 previously characterized patient-derived HNSCC
cell lines—UM-SCC-22B and UM-SCC-47 - to represent radiation
sensitivity and resistance, respectively [19,20], and treated tumor xenografts
with four 2 Gy fractions over 2 consecutive weeks (total dose of 8 Gy). We
acquired optical spectra and quantified tumor oxygenation every day for 14
d, including immediately before and an hour after radiation on treatment
days. Our results suggest that while reoxygenation patterns can be observed
in both radiation-resistant and -sensitive tumors, the kinetics and source
of this reoxygenation can be very different, depending on the radiation
sensitivity. Given the importance of oxygen supply and consumption within
a tumor and their roles in modulating response to radiation, these results shed
light on the importance of longitudinal, real-time measurements of tumor
oxygenation during radiation therapy to differentiate radiation responders
from non-responders and hence improve response rates.

Materials and methods
Cell culture

Cell culture conditions have been reported previously [20]. Briefly,
UM-SCC-22B (established from metastatic lymph node of a female patient,
HPV-16 negative) and UM-SCC-47 (established from primary tumor of
the lateral tongue of a male patient, HPV-16 positive) cells were purchased
from EMD Millipore and were cultured in a mixture of Dulbecco’s modified
Eagle medium, 10% fetal bovine serum, 1% Penicillin—Streptomycin, 1%
nonessential amino acids, and 1% L-glutamine. Oxygen consumption rate
(OCR) of the cells were determined using a Seahorse metabolic flux assay as
described previously [21]. Head and neck tumor xenografts were formed by
injecting 1.5 million cells suspended in 1:1 mixture of Matrigel (Corning,
New York) and saline into the right (treated group) or both (control group)
flanks of nude mice (see tumor distribution in Supplementary Table 1).

Tumor xenografts and fractionated radiation treatment

All animal studies and protocols were approved by the Institutional
Animal Care & Use Committee (IACUC) at University of Arkansas
(Protocol number: 18,061). Athymic (nu/nu) mice were purchased from
Jackson Laboratories and housed at the Central Laboratory Animal Facility
(CLAF) of University of Arkansas under standard 12-h light/dark cycles with
ad libitum access to food and clean water. Prior to cell injection, animals
were allowed to acclimatize to animal facility conditions for 2 to 3 wk.

Animals in the treated (XT) groups underwent radiation treatment with
four doses of 2 Gy over 2 consecutive weeks (8 Gy in total) [20] using an
X-rad 320 biological cabinet (Precision X-Ray, North Branford, CT) (see
treatment schedule in Figure 1A), while animals in the NT groups served as
controls. Animals were placed in the center of a 20 X 20 cm X-ray radiation
field. During radiation treatment, mice were kept under anesthesia using a
mixture of isoflurane (1.5% v/v) and oxygen while the entire animal body
was covered under lead blocks except the tumor. Greening et al have shown
this combination and dose to closely mimic no anesthesia conditions [22].
Mice were monitored daily, and tumors were excised if (1) tumor volume
reached 1500 mm?(2) tumor necrosis was observed (3) other health related
issues occurred. A subset of mice from each of the 4 groups was euthanized
and tumors were excised at baseline, 24 and 48 h after a single 2 Gy dose of
radiation (see Supplementary Table 2).

Diffuse reflectance spectroscopy

Our portable spectroscopic system consists of a tungsten halogen lamp
(HL-2000, Ocean Optics, Dunedin, FL) as light source, a USB fiber optic
spectrometer (Flame, Ocean Optics) for spectral light acquisition, and a
bifurcated optical probe (dia.= 200 pm, NA=0.22; FiberTech Optica,
Kitchener, ON, Canada) for light delivery and collection. The probe tip was
used for light delivery and collection and is equipped with four illumination
and five detector fibers located at a source-detector separation distance
(SDSD) of 2.25 mm with a sampling depth of approximately 1.8 mm [13].
We used a foot pedal controlled with custom LabVIEW software (National
Instruments, Austin, Texas) for data acquisition. About 25 spectra in the
wavelength range of 475 to 600 nm were collected and averaged optical
properties were used to represent that tumor in temporal analysis. Because
the surface area of our probe (32 mm?) is always smaller than the surface
area of typical tumor under investigation (average ~ 200 mm?), we were
able to collect multiple spectra from various parts of the tumor. Prior to
any optical measurement from animals, reflected light intensity from an
80% reflectance standard (SRS-80-010; Labsphere, North Sutton, New
Hampshire) was acquired to calibrate for daily variations in light throughput.
Optical spectra from each tumor were recorded daily for a period of 14 d
(see optical measurements schedule in Figure 1A) while animals were under
anesthesia (1.5% v/v isoflurane mixed with 100% oxygen).

Extraction of optical properties

We employed an empirically generated lookup table (LUT)-based inverse
model to fit the acquired spectral data and extract wavelength-dependent
absorption and scattering properties of tumor [12]. To fit the model to
acquired optical spectra, we made two assumptions as follows: (1) Light
scattering has a negative power-law dependence on wavelength [23] as:
wdA) = ' (ho)(AMAo)™® with Ag=600 nm as a reference point where
light absorption is minimum. (2) Light absorption is the linear sum of
light absorbing chromophores, namely oxygenated and deoxygenated
hemoglobin, and animal skin. We calculated absorption coeflicient as:
1a(A) = [Hb]laoupo,A) + (1-0)o gup(X)] + [MI]mel(A), where [Hb] and
[MI] respectively are total hemoglobin concentration and skin absorption.
o is oxygen hemoglobin saturation representing the ratio of oxygenated
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Figure 1. Study design for radiation-resistant and -sensitive tumors. (A) Timeline for the schedule of fractionated radiation and spectroscopic measurement.
The lightning bolt signs indicate days of each fractions of radiation. Yellow sun signs indicate acquisition of optical spectra from the animals. On days of
radiation, DRS spectra were collected immediately before and one hour after radiation. Comparison of the survival rate for control (NT) and irradiated (XT)
animals bearing UM-SCC-22B (B) and UM-SCC-47 (C) tumors. P values based on log-rank test. Censored data points illustrated by x sign. (Color version

of figure is available online).

(HbO,) to total hemoglobin concentration [Hb]. The fixed absorption
parameters related to extinction coeflicients of hemoglobin and skin
absorption were obtained from an online database [24]. We have previously
reported the effects of pigment packaging to be minimal at wavelengths
above 500 nm [25] and therefore did not include a correction factor to
account for the effects of pigment packaging in light absorption. Data
analysis was performed in MATLAB (MathWorks, Natick, MA).

Immunobistochemistry

An hour prior to euthanasia, mice were injected (i.p.) with Pimonidazole
(60 mg/kg — Hypoxyprobe, Burlington, MA). After tumor resection and
euthanasia, the flash-frozen tumors were sliced into sections of 10 pm
using a cryostat (CM 1860; Lecia, Inc., Nussloch, Germany). We followed
a direct labeling protocol in immunostaining of harvested samples [26]:
After acclimatization to room temperature, slides were hydrated in PBS
and a hydrophobic barrier was formed around each tissue section using a
pap pen (Vector Laboratories, Burlingame, CA). Slides were fixed with 4%
PFA, permeabilized using 0.5% Triton-X 100, and non-specific binding was
blocked at room temperature using an in-house blocking solution (95%
PBS + 4% goat serum + 1% sodium azide) for an hour. Slides were then
stained with mouse monoclonal antibody conjugated to Dylight™ 549
fluorophore (Hypoxyprobe Red 549 kit; HPI, Inc, Burlington, MA). Serial
slides were also incubated with primary HIF-1a rabbit antibody (NB100449
— NOVUS Biologicals, Littleton, CO) for 3 h at room temperature. The
slides were next tagged with Alexa Fluor 488 goat anti-Rabbit (A-11,008,
Thermo Fisher Scientific, Waltham, MA). The entire tumor section on
each slide was imaged using a confocal microscope (Fluoview FV10i,
Olympus) using a 10X objective (UPLSAPO10X, NA =0.4, Olympus).
Images acquired from individual regions of interest were stitched using the
microscope software. Stitched images were binarized using a fixed threshold

to separate pixels containing true signal from the background. This fixed
threshold was identified from representative histograms where the signal of
nonspecific background differed from the true signal. Four tumor sections
were treated without Pimonidazole-specific and HIF-la specific antibody
to determine endogenous tissue autofluorescence, which was found to be
negligible. Two tumor tissue sections were also incubated with secondary
AF488 antibody without HIF- 1« specific antibody to determine the presence
of any nonspecific binding tissue section, which was found to be absent.
Finally, percentage of Pimonidazole positive and HIF-la positive pixels
within each tissue section was calculated by dividing segmented pixels by the
total number of tumor tissue pixels.

Statistical analysis

Survival analysis

Overall survival in each mouse was measured as the length of time in days
from when the mouse’s tumor reached 200 mm? to when the mouse was
euthanized for excessive tumor size (defined as a tumor volume of >1500
mm?). Since the animals from control groups were inoculated with tumors
on both flanks, overall survival in a control-group mouse was marked as
starting on the day when its first tumor reached the volume of 200 mm?>.
Any animal that died for a reason other than excessive tumor size had its
overall survival right-censored on the day of its death. The differences in
overall survival between groups were compared statistically using the 2-sided
log-rank test with P < 0.05 significance level, while the survival benefit with
radiation therapy was quantified as the inverse of the Cox-regression hazard
ratio comparing treated to control animals.

Analysis of tumor volume

Prior to statistical analysis, the raw volume data were logarithmically
transformed with the aim of minimizing the correlation of group means
with group standard errors. The transformed data then were analyzed
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using repeated-measures analysis of variance (ANOVA) using the MIXED
procedure in SAS v9.4 (The SAS Institute, Cary, NC). The analysis model for
log-volumes employed an ante-dependence structure to model the covariance
over time among the longitudinally collected data and utilized the Kenward-
Roger method to determine test-statistic degrees of freedom. Within each
cell line, the right flanks from control-group mice were compared to the
right flanks from XT-group mice. Within each combination of cell line and
treatment, mean log-volumes on subsequent days of growth were compared
to their day 1 value. All comparisons employed an unadjusted P < 0.05
significance level (2-sided) despite the multiple comparisons, in order not to
inflate Type II (false-negative) error.

Analysis of optical properties

Raw optical properties from day 1 through 14 from right flanks were
normalized by treatment group to the group mean of the value it had on day
1. This way, values on day 1 have mean of 1 but individual values different
from 1 (i.e., they show variability), and thus can be included in the analysis.
The normalized data were then subjected as before to repeated-measures
ANOVA using the MIXED procedure in SAS v9.4 software (The SAS
Institute, Cary, NC). For each normalized optical property, the analysis
model employed an unstructured autocovariance matrix to model the
covariance between different measurements performed on the same tumor
over time and utilized the Kenward-Roger method to determine test-statistic
degrees of freedom. All comparisons between treatment groups or time
points were conducted as previously described and employed an unadjusted
P < 0.05 significance level (2-sided) despite the multiple comparisons, in
order not to inflate Type II error.

Analysis of immunobhistochemical dara

We used the Wilcoxon rank sum test for statistical analysis of
immunohistochemical data. All tests employed a 2-sided P < 0.05
significance level.

Results

Fig. 1B-C present the Kaplan-Meier curves for the UM-SCC-22B and
UM-SCC-47 tumors, respectively. Animals growing UM-SCC-22B tumors
that were irradiated (XT) survived significantly longer compared with
nonirradiated controls (NT), with a mean survival of 56.4 vs. 21.9 d (log-
rank P < 0.0001); the associated survival benefit with radiation treatment
was 44.7 (indicating 44.7-fold higher survival for XT tumors) with a 95%
confidence interval [CI] of 9.34-214. Although the heavy censoring in XT
UM-SCC-47 tumors (Figure 1C) prevented us from seeing appreciable delay
in mean survival compared with NT (mean survivals of 28.5 vs. 25.5 d), we
still observed a significant difference in survival of the NT and XT groups
(log-rank P = 0.0052) with an associated survival benefit of 5.51 (95% CI:
1.48-20.5) for XT groups.

Figure 2 presents measurements of tumor volume, hemoglobin oxygen
saturation, and total hemoglobin concentration during and after radiation
therapy of the UM-SCC-22B (left panel) and UM-SCC-47 (right panel)
tumors. As early as day 2, fractionated radiation therapy resulted in significant
differences between the volume of NT and XT groups of UM-SCC-22B
tumors (P< 0.0001; illustrated in Figure 2A by black asterisk for day 2
and black forward arrow for following days). In contrast, there were no
significant differences between the UM-SCC-47-NT and -XT groups, and
mean tumor volumes in both groups were nearly identical for the first 7 days
(Figure 2B). Importantly, tumor volumes in the UM-SCC-22B-XT group
were significantly higher than baseline only after day 21 (2= 0.001); for all
other groups, the increase in tumor volume was significant beginning day 2.

To determine radiation-induced changes in tumor oxygenation,
we quantified the optical properties from the measured DRS spectra
(Supplementary Figure SF1) and computed the fold-change in the measured

parameters over time with respect to their preradiation baseline measures.
Figure 2C-F illustrates the fold-change in hemoglobin oxygen saturation
(sO,) and total hemoglobin concentration (cHb). Radiation therapy did
not cause significant changes in sO, or cHb in the UM-SCC-22B tumors
(Figure 2C and E). There was a significant increase in sO, in the XT
UM-SCC-47 tumors compared with pre-radiation baseline sO, (P < 0.05)
and this significant reoxygenation trend was evident on several days over
the 14-day period when these tumors were monitored (Figure 2D). The XT
UM-SCC-47 tumors also showed a significant decrease in cHb compared
with pre-radiation baseline (days 6, 7, 10, 13 and 14) and the NT group
(days 6, 8, and 14) (P < 0.05; Figure 2F). Analysis of oxygenated (HbO5)
and deoxygenated hemoglobin (dHb) concentrations showed that the
temporal decay in cHb and the increase in sO, in the UM-SCC-47 tumors
could be attributed almost entirely to a decrease in dHb while there was no
significant change in HbO, (Supplementary Figure SF2).

While there was an overall increase in tumor oxygenation in the UM-
SCC-47 tumors over the 14-d period, we found that reoxygenation trend
was cyclical, consisting of several rapid increases followed by decreases in
tumor oxygenation. To investigate this cyclical nature of reoxygenation, we
studied the short-term effects of radiation therapy on tumor sO; over the 48
h following each dose of radiation. Figure 3 presents data from 1, 24, and 48
h post-therapy for each of the 4 doses. In response to each dose of radiation,
there was an increase in sO, in the UM-SCC-22B and UM-SCC-47 tumors
1 hour after radiation; this reoxygenation was statistically significant after
the first, third, and fourth doses in the UM-SCC-22B (P< 0.01). After
each dose, this increase in sO, was followed by a decrease to baseline levels
over the next 48 h. Similarly, UM-SCC-47 tumors displayed an increase in
mean sO, immediately after radiation that was followed by a large decrease
at the 24-hour time point. However, at the 48-h time point, the mean sO,
was greater than the preradiation baseline for that dose (Figure 3B). Within
these cell lines, the radiation-induced changes in sO, appear to be driven
by different factors in the UM-SCC-22B and the UM-SCC-47 tumors.
The large increase in sO; in the UM-SCC-22B tumors immediately after
radiation is due to a statistically significant increase in HbO,. On the other
hand, the increase in sO, in the UM-SCC-47 tumors is due to a decrease in
dHb over time (Supplementary Figure SF3).

Reoxygenation following radiation has been shown to upregulate HIF-
le in tumors [27. Therefore, we examined the extent of tumor hypoxia
and HIF-la expression in the UM-SCC-22B and UM-SCC-47 tumors
over the first 48 h following radiation therapy (Supplementary Table 2,
Figure 4A, and Supplementary Figure SF4). Figure 4B-D presents the
results of immunohistochemical assessment from tumor sections collected
at baseline, 24 and 48 h after a single 2 Gy dose of radiation in the NT
and XT groups. Our results indicate that in comparison to UM-SCC-22B
tumors, UM-SCC-47 tumors have slightly higher hypoxic fraction and a
significantly higher HIF-1la expression at baseline (? = 0.02). Radiation
therapy had different effects on the hypoxic fraction and HIF-1 expression
in the 2 tumor groups. We observed an increase in hypoxic fraction in the
UM-SCC-22B tumors 24- and 48-h (P= 0.03) following radiation therapy
and a trend toward decreasing hypoxic fraction in the UM-SCC-47 tumors.
While we found no changes in HIF-la expression in the UM-SCC-22B
tumors following radiation, there was a trend towards a decrease in HIF-1or
expression in the UM-SCC-47 tumors at the 48-h time point.

Discussion

Reoxygenation following radiation therapy has long been postulated to be
an important mechanism in the radiosensitization of previously hypoxic cells
within a tumor and has been shown to be an indicator of tumor response to
radiotherapy. However, there is also evidence that reoxygenation following
radiation is a double-edged sword because it can lead to radiation resistance.
Temporal investigations of tumor reoxygenation are challenging because the
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Figure 2. Tumor growth kinetics (A and B) are observed to identify radiation response of NT and XT groups among UM-SCC-22B and UM-SCC-47
tumors. Percent change in hemoglobin oxygen saturation sO, (C and D) and total hemoglobin concentration cHb (E and F) are observed over time to
identify biomarkers of radiation-resistance. Data are presented as group mean (line) £ SEM (semitransparent shadow). Significant differences among N'T and
XT treatments in specific days are illustrated with black asterisks (*) while significant differences of specific days with respect to their own value in day 1 are
illustrated using pounds (#). Arrows adjacent to the significance signs are indication of presence of significance until the end of study. * and # indicate statistical

significance at P < 0.05. (Color version of figure is available online).

technologies utilized are either invasive (oxygen-sensing microelectrodes or
tissue removal) or expensive (magnetic resonance imaging, positron emission
tomography), and are not amenable to repeated measurements. DRS has
been used in animal studies to identify differences between partial and
complete responders based on differences in sO, in response to high doses
of radiation/fraction (7-39 Gy) [17,28]. Our long-term clinical goal is to
investigate whether using DRS to measure tumor functional changes in
HNSCC patients, who are typically treated with dose fractions of 2 Gy,
can be validated as a predictor of treatment response. Here, we used DRS
to monitor the reoxygenation kinetics of HNSCC tumors with known
radiation sensitivity.

Previous work has shown that the UM-SCC-22B tumors are sensitive
to radiation therapy while the UM-SCC-47 tumors do not respond to
therapy when treated with four doses of 2 Gy over 2 consecutive weeks
[20]. While the outcomes for both cell lines in our study were largely

consistent with this report, there was a significant difference in tumor growth
delay in the UM-SCC-22B beginning the day after treatment, while the
report by Stein et al found significant differences only beginning day 15.
In fact, the mean tumor volume in the XT tumors remained unchanged
during and up to 1 wk after 4 2 Gy fractions were administered over 2 wk.
This corresponded to no significant change in tumor hemoglobin oxygen
saturation over the 14 d of treatment monitoring, indicating that therapy
had likely arrested cell proliferation within these tumors. It is important
to note that while there were no long-term changes in sO, or cHb in the
UM-SCC-22B tumors, there were immediate radiation-induced increases in
oxygenation 1-h post-treatment (Figure 3) that are largely consistent with
previous studies that utilize DRS to monitor radiation response [18,28].
Moreover, the control UM-SCC-22B and UM-SCC-47 tumor that grow at
the same rate as the XT UM-SCC-47 tumors also show nearly no change
in oxygenation with respect to baseline. A lack of reoxygenation has been
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HIF-1la positive pixels. The scale bar represents 250 pm. Quantification of percentage of Pimonidazole positive and HIF-1a positive pixels in UM-SCC-22B
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observed in head and neck cancer patients about two weeks into daily
treatment with fractionated radiation therapy (2 Gy/day) [8]. Stadler et al
reported a statistically significant reduction in pO, and increase in hypoxic
fraction in locally advanced HNSCC patients who were evaluated 3 wk
after commencing fractionated therapy at 2 Gy/day. This decrease in pO,
was observed in both complete and partial responders [29]. They attributed
the observed reduction in pO, to reduction of blood flow in response
to radiation. Conversely, increases in tumor oxygenation have also been
reported in response to 5 doses of 2 Gy in head and neck tumor xenografts
although the observed changes did not correlate with response/failure [11].

In contrast to the UM-SCC-22B tumors, we noted a significant increase
in sO, in the UM-SCC-47 tumors which are relatively non-responsive to
radiation. Other studies using DRS to investigate radiation-induced increase
in oxygenation have attributed these changes to increased perfusion [17,28],
which typically manifests as an increase in oxygenated hemoglobin (HbO5).
When we investigated the changes in hemoglobin concentration, we found
that the increased sO, was not due to increased HbO, but rather due to
a decrease in deoxygenated hemoglobin concentration (dHb). By Day 14,
the dHb concentration in the UM-SCC-47 tumors had declined to about
79% of its baseline value while HbO, remained unchanged compared
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with pre-radiation baseline. A reduction in deoxygenated hemoglobin
concentration in the vasculature points to a decrease in oxygen consumption
in the surrounding tumor tissue. This would be congruent with a number of
studies in the literature, such as one where SCCVII murine tumors treated
with 10 Gy of radiation exhibited a reduction in hypoxia found to be caused
by a combination of decreased oxygen consumption and increased perfusion
[30]. In HNSCC patients treated with daily fractions of 2 Gy (total of
70 Gy), Lyng et al have shown changes in oxygenation, determined by
polarographic needles, to coincide with changes in biopsy-determined cell
density [31]. Lack of simultaneous changes in vascular density led them to
conclude that the observed changes in hypoxia were caused by changes in
OCR rather than changes in delivery. Notably, in patients with advanced
HNSCC treated with hyperfractionated radiation therapy, Dietz et al found
that complete or partial responders show minimal change in reoxygenation in
comparison to a strong reoxygenation among nonresponding patients [32].

Although reoxygenation has been considered to lead to cell Kkill,
reoxygenation following radiation can also lead to the generation of reactive
oxygen species following hypoxia-reoxygenation injury and hence, the
stabilization of HIF-1[33]. This is supported by an elegant study by Moeller
et al where mice with 4T1 mammary adenocarcinoma tumors showed
HIF-1 activation following radiation that coincided with reoxygenation
[27]. We have previously shown that radiation-resistant human lung cancer
cells have lower oxygen-consumption rate (OCR) and higher HIF-1 content
both at baseline and 24 h after a single dose of 2 Gy compared with their
radiation-sensitive counterparts [21]. In addition, we have also shown that
increased HIF-1 content leads to increased glucose uptake and hence an
increase in reduced glutathione which led to a reduction in mitochondrial
reactive oxygen species production. Treatment with a HIF-1 inhibitor led
to a decrease in HIF-1, glucose uptake, and reduced glutathione and led
to increased cell death in the radiation-resistant cells in comparison with
the radiation-sensitive cells [34]. Our observation of a decrease in dHb, a
corresponding increase in sO,, coupled with greater HIF-1a expression both
prior to and after radiation therapy in the UM-SCC-47 tumors compared
with the UM-SCC-22B tumors strongly suggests that these changes are due
to a decrease in oxygen consumption rate and that the reduction in OCR
plays a role in radiation resistance. In fact, in vitro measurements of oxygen
consumption rate revealed lower OCR in UM-SCC-47 cells in comparison
to UM-SCC-22B cells (see Supplementary Figure SF5).

However, significant research has demonstrated the clinical value
of reducing OCR to improve treatment response by increasing the
available oxygen for radiosensitization. Secomb and colleagues showed,
using theoretical simulations that utilized experimental observations,
that a reduction in oxygen consumption by only 30% was sufficient to
completely abolish hypoxia whereas a 4-fold increase in flow rate or a
11-fold increase in arterial pO, was required to achieve the same effect [35].
A comprehensive study that measured radiation-induced changes in the
tumor microenvironment in the first 24 h proposed that eatly reoxygenation
within tumors was likely due to a combination of increased oxygen supply
and a decrease in oxygen consumption [36]. The same group showed
that inhibiting mitochondrial respiration using glucocorticoids leads to a
reduction in OCR and delayed tumor growth [37]. A more recent study
has shown that Arsenic trioxide (As,O3) treatment leads to enhanced
oxygenation through reduced oxygen consumption in mouse transplantable
liver tumors, and its combination with 10 Gy leads to significant delay in
tumor growth and extended survival [38]. In addition, Benej et al determined
that reducing OCR using Papaverine, a muscle relaxant and mitochondrial
complex I inhibitor, significantly decreases hypoxia, improves tumor pO,,
and delays radiation-induced tumor growth [39]. These studies present
an interesting juxtaposition — while a reduction in oxygen consumption
is clearly beneficial in decreasing hypoxia and hence improving response
rates, our work demonstrates that the growing, relatively nonresponsive
UM-SCC-47 tumors are likely developing a reduced oxygen consumption

rate which is being manifested as a decrease in deoxygenated hemoglobin
and hence increased oxygenation. As discussed earlier, our previous work in
a matched model of radiation resistance showed that inhibition of HIF-1«
led to a reduction in pyruvate dehydrogenase kinase (PDK-1) content [34].
PDK-1 is a negative regulator of pyruvate entry into the mitochondria.
Thus, inhibiting PDK-1 increased mitochondrial oxygen consumption and
hence cell death in radiation-resistant cells. It will be important to investigate
the effects of HIF-1 inhibition in vive to determine if the same phenomenon
can be recapitulated in tumors.

HIF-1 also plays an important role in regulating vascular radiosensitivity.
Gorski et al showed that radiation caused a large cell line-dependent increase
in vascular endothelial growth factor (VEGF) over the first 72 h following
treatment and that increased VEGF expression promoted endothelial cell
radioresistance [40,41]. Treatment of mice with anti-VEGF prior to radiation
therapy led to a significant reduction in tumor growth that was greater than
the expected additive effect of the two treatments. Moeller et al found that
that VEGF expression overlapped completely with HIF-1 in XT tumors,
strongly implicating HIF-1 as a major regulator of endothelial cell radiation
resistance due its regulation of VEGF [27]. Although not investigated here,
it is possible that the radiation-resistant UM-SCC-47 tumors with their
elevated HIF-1 expression also have increased VEGF content, which could
have protected the vasculature from radiation-induced damage and hence,
promoted radiation resistance.

Although we did not observe any statistically significant differences in
tissue scattering between the NT and XT groups of either cell line, we did
observed a significant temporal increase in UM-SCC-22B tumors (both NT
and XT) over the 14-d period. The increased scattering in the NT group
could be attributed to either increased tumor volume, which would increase
cell density and hence light scattering from cells, or an increase in tumor
hypoxia. We have previously demonstrated a strong association between
tumor hypoxic fraction and tissue scattering [16]. However, the temporal
changes in scattering in the XT group are intriguing given the lack of change
in tumor volume or tumor oxygenation over the 14-d period and seem
worthy of further investigation.

Although diffuse reflectance spectroscopic measurements present a
promising avenue for studying radiation response in superficial tumors of
skin, cervix, and oral cavity, it has limited penetration depth and is not
ideal for deep-seated tumors. Sampling depth can be improved by using
larger separations between source and detector fibers as well as by extending
spectral boundaries to near-infrared (NIR). For example, Sunar et al have
demonstrated the utility of NIRS in monitoring chemoradiation induced
physiological changes in patients of head and neck cancer [42]. In addition
to greater penetration depth, NIR spectroscopy provides more quantitative
parameters because of the light absorption by lipid and water at higher
wavelengths. A study by Ohmae et al in breast cancer patients, has shown
such optical measurements of lipids and water to be highly concordant
with computed tomographic measurements [43]. Tromberg et al have used
a combination of hemoglobin and lipid absorption as well as scattering
to determine a “Tissue optical index” for predicting treatment response
in breast cancer patients undergoing neoadjuvant chemotherapy [44].
Multispectral optoacoustic tomography [45-47] and photoacoustic imaging
[48,49] is another technique that can provide information about hemoglobin
concentration and saturation at depths of up to 7 cm. However, despite its
repeated and noninvasive measurements of tissue physiology, multispectral
optoacoustic tomography-based systems are currently more expensive than
diffuse optical systems.

In summary, we have used diffuse reflectance spectroscopy to monitor
tumor hemoglobin oxygen saturation during the course of radiation therapy
and found that radiation-resistant HNSCC tumor xenografts show an
increase in tumor vascular oxygenation following radiation therapy, a
phenomenon not observed in radiation-sensitive HNSCC tumor xenografts.
Our analysis of oxygenated and deoxygenated hemoglobin concentrations
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following radiation therapy point to decreased oxygen consumption as a
likely factor in the increased reoxygenation observed in the UM-SCC-47
tumors. In addition to providing valuable information about functional
changes within the tumor at early time points, our study also illustrates the
potential of optical spectroscopy of monitoring treatment response in patients
and distinguishing between treatment responders and nonresponders. While
our work here and elsewhere has explored the important role for HIF-1 in
the context of oxygen consumption and metabolism in radiation resistance,
HIF-1 also affects other aspects of the tumor microenvironment, such
as extracellular matrix remodeling. In addition to monitoring functional
changes, we plan to utilize Raman spectroscopy to determine biomolecular
changes within the tumor microenvironment during and after radiation
therapy. In a recent study, we used Raman spectroscopy on excised
tumor xenografts to demonstrate differences in biomolecular composition,
specifically lipids and collagen, in XT and nNT UM-SCC-22B and UM-
SCC-47 tumors [50]. Based on these differences, we were able to accurately
distinguish radiation-sensitive from responsive tumors. A combination of
diffuse reflectance and Raman spectroscopy to simultaneously monitor
radiation-induced functional and biomolecular changes within the tumor
in vivo could improve our understanding of microenvironmental changes
related to treatment resistance. Subsequently, we could identify patients
with likely nonresponsive tumors earlier in the treatment regimen, allowing
critical adjustments to be made to the treatment plan.

Supplementary materials

Supplementary material associated with this article can be found, in the
online version, at doi:10.1016/j.ne0.2020.11.006.
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