
Volume 23 Number 8 August 2021 pp. 811–822 811 

Original research 

Utilizing feline oral squamous cell 
carcinoma patients to develop NQO1- 

targeted therapy 

✩ , ✩✩ 

Alycen P. Lundberg 

a , 1 ; Matthew W. Boudreau 

b , d , 1 ; 

Kim A. Selting 

a ; Lindsay E. Chatkewitz 

b , d ; 

Jonathan Samuelson 

a , c ; Joshua M. Francis 

b , d ; 

Elizabeth I. Parkinson 

b , d , 2 ; Anne M. Barger a , c ; 

Paul J. Hergenrother b , d , e ; Timothy M. Fan 

a , b , e , ∗

a Department of Veterinary Clinical Medicine, University of Illinois at Urbana-Champaign, Urbana, 
IL, USA 
b Carle R. Woese Institute for Genomic Biology, University of Illinois at Urbana-Champaign, 
Urbana, IL, USA 
c Veterinary Diagnostic Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL, USA 
d Department of Chemistry, University of Illinois at Urbana-Champaign, Urbana, IL, USA 
e Cancer Center at Illinois, University of Illinois at Urbana-Champaign, Urbana, IL, USA 

Abstract 

Developing effective therapies for the treatment of advanced head-and-neck squamous cell carcinoma (HNSCC) remains a major 
challenge, and there is a limited landscape of effective targeted therapies on the horizon. NAD(P)H:quinone oxidoreductase 1 (NQO1) 
is a 2-electron reductase that is overexpressed in HNSCC and presents as a promising target for the treatment of HNSCC. Current 
NQO1-targeted drugs are hindered by their poor oxidative tolerability in human patients, underscoring a need for better preclinical 
screening for oxidative toxicities for NQO1-bioactivated small molecules. Herein, we describe our work to include felines and feline 
oral squamous cell carcinoma (FOSCC) patients in the preclinical assessment process to prioritize lead compounds with increased 

tolerability and efficacy prior to full human translation. Specifically, our data demonstrate that IB-DNQ, an NQO1-targeted small 
molecule, is well-tolerated in FOSCC patients and shows promising initial efficacy against FOSCC tumors in proof-of-concept single 
agent and radiotherapy combination cohorts. Furthermore, FOSCC tumors are amenable to evaluating a variety of target-inducible 
couplet hypotheses, evidenced herein with modulation of NQO1 levels with palliative radiotherapy. The use of felines and their 
naturally-occurring tumors provide an intriguing, often underutilized tool for preclinical drug development for NQO1-targeted 

approaches and has broader applications for the evaluation of other anticancer strategies. 
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While early detection of head-and-neck squamous cell carcinoma 
HNSCC) is often associated with excellent clinical outcomes achieved 
hrough local or locoregional treatment strategies [1] , patients with advanced
Stage III or IV) and/or human papillomavirus negative-HNSCC suffer from
igh morbidity rates, afflicting over 350,000 patients per year worldwide
2] . Furthermore, the prognosis for patients experiencing recurrent and/or
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metastatic (R/M) disease remains grim, with median survival times of less
than 1 year [3] . Despite the rapid development of targeted therapies directed
at a myriad of molecular targets for many cancer types, an effective targeted
approach for patients with unresectable and/or R/M HNSCC remains acutely
limited. While HNSCC highly express epidermal growth factor receptor
(EGFR) and exploit this mitogenic signaling circuit for growth and survival
[4] , targeting the EGFR pathway for improving progression-free and overall
survival times has been largely disappointing. To date, only cetuximab
has demonstrated an overall survival benefit in HNSCC patients with
locally-advanced or R/M disease receiving standard-of-care (SOC) radiation
or cytotoxic chemotherapies [ 3 , 5 ]. Even with the provocative activity of
immunotherapies for a minority ( < 15%) of patients in the relapse setting [6] ,
there remains a major need for additional targeted, well-tolerated approaches
for the treatment of advanced HNSCC that has efficacy either as a single
agent and/or in combination with SOC therapies [ 7 , 8 ]. 

From a precision medicine perspective, an emerging leverageable target is
the 2-electron reductase, NAD(P)H:quinone oxidoreductase 1 (NQO1) that
is overexpressed in a variety of malignancies [9] , with robust overexpression
in HNSCC [ 10 , 11 ]. Elevated NQO1 expression is correlated with advanced
disease and lower overall survival in HNSCC and other cancers [9] . With
NQO1’s role as a hypothesized driver of oncogenesis, inhibiting the function
of NQO1 as a targeted strategy has been explored with unfortunately minimal
anticancer efficacy [9] . However, an alternative mechanism of utilizing
NQO1’s 2-electron reduction of quinones adopts an orthogonal approach,
rather than inhibiting its function, to leverage NQO1 enzymatic properties
for the bioactivation of small molecules for cancer-targeted cell death [9] . 

NQO1 enzymatic conversion of quinones to unstable hydroquinones
leads to a cascade of futile redox-cycling, rapidly forming reactive oxygen
species (ROS) in a NQO1-dependent manner, and ultimately cancer cell-
specific death; a mechanism that has been recently reviewed [12] . The
compound β-lapachone, which undergoes this ROS-generating NQO1-
bioactivation mechanism, has shown efficacy against preclinical models of
HNSCC [10] and has been assessed in human HNSCC clinical trials [ 13 , 14 ].
However, a significant clinical limitation to β-lapachone (and its prodrug
derivative, ARQ-761) is the development of methemoglobinemia in human
patients resulting in clinically significant anemia [ 13 −15 ]. Lessons learned
from these pivotal early phase I/II human clinical trials underscore the
importance of stringent preclinical screening for redox-mediated toxicities
being paramount when developing NQO1-bioactivatiable drugs. However,
current strategies for preclinical compound triaging may not be sufficient to
predict the most promising leads. 

Deoxynyboquinone (DNQ) and its derivatives are potent NQO1-
substrates that undergo NQO1-mediated redox cycling and rapid cancer
cell death [ 9 , 16 , 17 ]. DNQ has superior properties, anticancer activity, and
NQO1 selectivity when compared to β-lapachone [ 9 , 18 ]. Given their shared
mechanism of action, the potential for compound-mediated anemia and
oxidative stress is a crucial consideration. There is a need for rigorous
evaluation of DNQ (and its derivatives) to evaluate its safety in higher
organisms prior to human translation. 

Development of novel treatments for human cancer relies heavily on
mouse models to assess the safety and efficacy of candidate therapeutics.
However, there is growing frustration with the staggering failure rates
of clinical trial anticancer compounds that have previously shown safety
and efficacy in rodent models, especially in HNSCC [ 19 −21 ]. These
discrepancies are likely a result of the inadequacies of the contrived nature
of rodent models; namely, their homogenous tumor composition, lack
of robust metastatic phenotype, and various other factors [ 19 , 20 , 22 , 23 ].
While human patient-derived xenograft models are an emerging method for
assessing preclinical leads, these models still rely on subcutaneous rodent
engraftment in an immune incompetent setting and do not represent the
features of spontaneously-derived oncogenesis, nor do they recapitulate
tumor establishment and progression [ 20 , 22 ]. Further safety evaluations
re often conducted with healthy, non-tumor bearing animals which 
ay not recapitulate safety concerns that arise in tumor-bearing, often 

erminally ill, Phase 1 patient populations. Comparative oncology’s major 
oal is to identify companion animal cancers that mimic human disease 
 24 , 25 ]. Incorporation of tumor-bearing companion animals into preclinical
nticancer drug development is a powerful strategy, but often underutilized in 
rug development [ 24 −28 ]. Interestingly, while the utility of canine cancers
re often discussed, the inclusion of feline cancers is rarely employed, despite 
ignificant advances characterizing the genomic and molecular underpinnings 
or some feline neoplasms [ 29 , 30 ]. 

Feline oral squamous cell carcinoma (FOSCC) is a naturally-occurring 
ead-and-neck cancer with heterogeneous tumor populations found in 
omestic cats that mimics advanced, human papillomavirus-negative 
NSCC in humans [ 19 , 22 , 23 , 31 ]. Domestic cats develop highly aggressive,

on-resectable FOSCC, and multimodal therapy provides only minimal 
enefit with a median survival time of 3 mo and a 1-year survival rate of
 10% [ 32 −36 ]. As the most common oral malignancy observed in cats,
OSCC has a robust patient population, representing > 60% of all feline oral
eoplasia [37] . FOSCC recapitulates a variety of clinical aspects seen in late
tage (III/IV) human HNSCC, including similar metastatic rates [ 19 , 38 ],
one invasion, comparable immune cell environments [21] , frequency 
f spontaneous recurrence, and develops in the same environment as 
omparable human cancers [ 19 , 21 , 38 −40 ]. Comparative genomic analyses
ave shown that many of the same genes are responsible for both human and
eline HNSCC [19] , specifically mutation of the tumor suppressor protein 
53 (TP53), dysregulation of retinoblastoma signaling, and overexpression 
f EGFR [ 19 , 22 , 27 , 31 , 39 , 41 −43 ]. Importantly for studies herein, FOSCC
xpresses high levels of NQO1 in a similar manner to its human counterpart
44] . 

Felines are rarely utilized in traditional oncology drug development. 
omestic cats are uniquely sensitive and susceptible to oxidative injury, more 

o than humans [ 45 −49 ] and canines [ 47 −49 ], due to their distinctive
emoglobin structure [ 45 −50 ]. This increased vulnerability to oxidative 
amage theoretically allows for more sensitive screening of redox-toxicities, 
uch as those that have been shown for NQO1-targeted agents in human 
atients. Specifically, for FOSCC, tolerability of NQO1-targeted therapy can 
e elucidated in tumor bearing cats along with proof-of-concept efficacy data, 
xemplifying the full value of this companion animal model for HNSCC. 

Herein we utilize felines in combination with standard murine systems to 
rioritize and select an NQO1-targeted compound, IB-DNQ, to evaluate 
gainst advanced FOSCC. As a single-agent, IB-DNQ treatment exerts 
easurable cytoreductive activity and stabilizes disease progression in a small 

ohort of FOSCC patients. To enhance NQO1-targeted approaches, we 
xplore utilizing radiotherapy to induce leverageable NQO1 expression in 
OSCC tumors. Our data supports IB-DNQ + RT as a well-tolerated 
pproach and provides initial evidence as a potential synergistic couplet, 
argeted therapeutic strategy for the treatment of refractory human HNSCC. 

aterials and methods 

aterials 

DNQ, IB-DNQ, and respective derivatives were synthesized as described 
 16 , 44 ]. Details of the optimized larger scale synthesis of IB-DNQ utilized is
rovided in a supplemental file. Antibodies used herein: anti-NQO1 (mouse 
onoclonal, CST 3187) was purchased from Cell Signaling Technology 

Danvers, MA) and anti-mouse secondary (ab6814) was purchased from 

bcam (Abcam, Cambridge, MA). Dicoumarol was purchased from Acros 
rganics (Fairlawn, NJ), cytochrome c, menadione, and NADH were 

urchased from Sigma-Aldrich (St. Louis, MO). 
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Cell lines 

One feline OSCC cell line was used in this study (SCCF3, provided
by Thomas J. Rosol, The Ohio State University) and 3 human HNSCC
cell lines (UMSCC14A, UMSCC25 and HN31, provided by David A.
Boothman, Indiana University). Cell lines were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin (100 IU/mL each). Cells were maintained at 37
°C in 5% CO 2 . 

Immunohistochemistry (IHC) 

All IHC samples were prepared through the University of Illinois
Veterinar y Diagnostic Laborator y. Formalin-preser ved samples were fixed
for 24 to 48 h, then paraffin-embedded, before cutting and mounting
onto charged slides. Slides were pre-treated with Diva Decloaker (DV2004),
endogenous peroxidase activity was blocked with Biocare Peroxidazed 1
(PX968) at room temperature (RT) for 5 min, rinsed with TBS wash buffer,
and then incubated for 10 min at RT with Biocare Background Punisher
(BP974). Slides were incubated with NQO1 primary antibody for 60 min,
washed, and then incubated with the secondary antibody for 40 min. Slides
were washed with TBS, then the reaction was developed using DAB substrate
(IPK5010) for 5 min. Slides were counterstained with Cat hematoxylin.
Cross-reactivity of anti-NQO1 antibody against feline tissue was validated
by western blot and immunohistochemistry (IHC) as previously described;
positive control: A549, negative control: HEK293 [44] . 

NQO1 protein scoring by IHC 

Tumor tissue from 27 pet feline patients were assessed by IHC for NQO1
protein expression. Two board-certified veterinary pathologists blinded to
treatment outcomes scored the cytoplasmic protein staining intensity from 0-
3 according to a standardized scoring system [51] . The standardized scoring
system classifies an intensity of 0 = no staining, 1 = weak staining in < 50%
of cells, 2 = strong staining in < 50% of cells, or weak staining in > 50% of
cells, and 3 = strong staining in > 50% of cells. 

Measurement of methemoglobinemia in cat blood 

Whole blood was obtained from healthy cats. 500 μL of blood was placed
into microcentrifuge tubes, and compounds of interested were added to make
a final concentration of 10 μM. Blood was incubated at 37 °C for 10 min.
Methemoglobin was measured following a previously published method [52] .
Briefly, 80 μL of blood was added to 1.2 mL of distilled water, inverted
to hemolyze the red blood cells (RBCs), and left at room temperature for
3 min. Next, 0.24 mL of 0.5 M phosphate buffer pH 6.5 was added and
the hemolysate was cooled on ice. The lysate was centrifuged at 5000 rpm
for 5 min at 4 °C and designated solution S (sample). A second dilution, R
(reference), was created by adding 0.2 mL of solution S to 1.0 mL of 0.1 M
phosphate buffer, pH 6.5. One milligram K 3 Fe(CN) 6 was added by adding 5
μL of 20% w/v solution in 0.1 M phosphate buffer, mixed, and left at room
temperature for 5 min. The absorbance of solution S was read at 630 nm
( = S 1 ). Following this, 0.5 mg of KCN was added by adding 5 μL of a 10%
w/v solution, inverted, and left for 3 min. Absorbance of this solution was
read at 630 nm ( = S 2 ) on a SpectraMax ID3 Microplate Reader (Molecular
Devices, San Jose, CA). The absorbance of solution R was read at 630 nm
( = R 1 ). 5 μL of 10% w/v KCN was added, mixed, and left for 3 min and then
read at 630 nm ( = R 2 ); with calculated percent methemoglobin = 100(S 1 -
S 2 )/6(R 1 -R 2 ). 
easurement of hemolysis in cat blood 

Whole blood was obtained from healthy cats. Four mL of whole blood
n EDTA was combined with 20 mL of 0.9% saline and centrifuged for
 min at 1500 rpm 4 °C. The supernatant was aspirated, and cells were
ashed 3 times with 5 mL of 0.9% saline. The pellet was resuspended in
BC buffer (10 mM Na 2 HPO 4 [pH 7.4], 150 mM NaCl, 1 mM MgCl 2 ).
00 μL blood was placed in a microcentrifuge tube and compounds of
nterest were added to make a final concentration of 17.3 μM. 38 μL of
BC buffer were added to wells of a PCR plate, and 22 μL of treated blood
as added to wells making a final drug concentration of 10 μM. Triton
 was used as a positive control, DMSO and HP βCD as vehicle controls,
nd an untreated sample for negative control. The plate was sealed and
ncubated at 37 °C for 2 h. Cells were pelleted by centrifuging at 1500 rpm
or 5 min. Supernatant was transferred to a clear bottomed 96 well plate
nd absorbance read at 540 nm on a SpectraMax ID3 Microplate Reader
Molecular Devices, San Jose, CA). Percent hemolysis calculation: 100 x
[OD sample -OD negative control) /(OD positive control -OD negative control ]). 

ACUC guidelines and protocol numbers 

All patient enrollment and treatment in the study, and mouse model work,
as conducted in accordance with UIUC IACUC guidelines and approved
rotocols. The following approved IACUC protocols were utilized for work
escribed herein: 11178, 18009, and 18175. 

aximum tolerated dose studies in mice for DNQ derivatives 

First, compounds were prepared in basic HP βCD. Briefly, 60 mM
P βCD is made basic by the addition of 1 to 2 drops of 10 M NaOH

final pH 11 −12). Solid DNQ (or derivatives) was weighed into a vial
nd HP βCD is added to the appropriate concentration. The slurry was
ortexed and sonicated until all solid dissolves. The solution was then brought
ack to pH 8.0 to 8.5 with 1 M HCl (note compounds will precipitate
ut if pH ≤ 7.5). Maximum tolerated dose was assessed in 6 to 8-wk-old
emale C57BL/6 mice (Charles River Laboratories). A dose of compound
as administered to 3 mice via intraperitoneal injection (i.p.). The mice
ere monitored for toxicity for 1, 4, 8, 12, and 24 h. Criteria used to assess

oxicity included weight loss ( > 20%), unhealthy appearance, loose stools
nd/or labored/irregular respiration. If toxicity was observed during the first
4 h, mice were removed from the study and humanely euthanized, defining
hat dose as the Maximum tolerated dose for that compound of interest. If no
linical signs were observed, the next dose was administered, and observations
ere made in a similar manner to described above. 

easurement of methemoglobinemia in mice 

CD-1 mice (The Jackson Laboratory) were randomized into treatment 
nd control groups (n = 6 for treatment groups, n = 3 for control). All
NQ compounds (DNQ, IB-DNQ, IP-DNQ, P-DNQ, NP-DNQ) were 

olubilized to 1.0 mg/mL in HPBCD and sterile water. Mice were treated at
0.0 mg/kg IV by tail vein injection for each compound, and then sacrificed
t 30- and 60-min post-injection with whole blood being collected and
mmediately placed into heparinized tubes for assessment. Methemoglobin 
as measured following a previously published method [52] and using exact
rotocol above described in Measurement of Methemoglobinemia in Cat 
lood. 

easurement of hemolysis in mice 

This experiment used the same blood from mice that was obtained in the
ethemoglobinemia study (described above). Percent hemolysis following 
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exposure to compounds was determined using the erythrocyte osmotic
fragility test [53] . Briefly, for each sample measured, 16 test tubes were
prepared with 10 mL each of increasing concentrations of NaCl in solution
(ranging from 0.0% −0.85%). 20 μL of blood was added to each tube,
inverted, and left to stand at room temperature for 30 min. Samples were
centrifuged at 2,000 rpm for 10 min. Absorbance for each sample was read
at 540 nm on a SpectraMax ID3 Microplate Reader (Molecular Devices, San
Jose, CA). Percent hemolysis = (OD sample/OD 0% NaCl solution) x 100.
Maximal hemolysis achievable being 0% NaCl = 100% hemolysis. 

In-vitro upregulation of NQO1 protein 

Each cell line was grown to 80% to 100% confluency and then exposed
to 8 Gy radiation. Following radiation, cell lines were incubated at 37 °C for
4 h. Cells were then collected and centrifuged at 1500 rpm for 5 min. Cell
pellets were resuspended in 1 mL of PBS, centrifuged at 1500 rpm for 5 min
and then resuspended with 75 to 100 uL of Mammalian Protein Extraction
Reagent mixed with protease inhibitor cocktail solution. Cell suspensions
were sonicated on ice 3 times for 10 s pulses and then centrifuged at 10,000
rpm for 10 min at 4 °C. Protein concentration of the supernatant was assessed
using the Pierce BCA Assay (Thermo Fisher Scientific, Waltham, MA). 

In-vivo upregulation of NQO1 in pet cats 

Seven cats with FOSCC were enrolled and treated with radiation therapy
to assess increase in NQO1 protein expression by tumor cells. Each cat was
placed under general anesthesia and a representative tissue biopsy was taken
of the tumor prior to irradiation, then each cat received 8 Gy radiation to the
tumor and immediately surrounding normal tissue. Following completion
of radiation, patients were recovered from anesthesia, then each cat was re-
sedated at 2- and/or 4-h post irradiation and serial post-irradiation biopsies
were collected at these time points. Biopsies were then placed in 10% formalin
for 24 to 48 h and assessed for changes in NQO1 expressions by IHC
(described below). 

Quantification of NQO1 protein up-regulation 

Cell lines: For each cell line, pre- and 4-h post-RT samples were collected
as described above for IHC and captured digitally. Each sample was converted
to grayscale in Adobe Photoshop, then opened in Image J Software where a
color-based quantification look up table was imported and the photos then
pseudocolored. Number of pixels for each color in the pseudocolored photos
was quantified in Photoshop, and fold change was calculated comparing
post-RT pseudocolored measurement to baseline pre-RT pseudocolored
measurement. 

Pet cats: For each patient enrolled, pre-, 2-h and/or 4-h post-RT samples
were collected as described above and captured digitally. For each tumor
biopsy, 3 separate and representative areas of tumor were analyzed using
the same size pixel area (area of highest NQO1 intensity, moderate NQO1
intensity, and lowest NQO1 intensity). Samples were analyzed using Image
J Software and a fluorescence-based quantification look up table. The 3 areas
analyzed were averaged, and fold change was calculated comparing post-RT
fluorescence measurement to baseline pre-RT fluorescence measurement. 

Quantification of NQO1 enzymatic activity 

For each cell line, a pre- and 4-h post-RT sample was collected, protein
extracted, and concentration determined as described above. NQO1 activity
assay was then performed using samples containing 20 to 40 μg of protein.
In a 96-well clear bottom plate, 10 μl of protein supernatant was loaded into
each well along with medium containing 77 μM cytochrome c, 200 μM
NADH as the electron donor, and 10 μM menadione as the intermediate
lectron acceptor in Tris-HCL buffer (50 mM, pH 7.5). The rate of change
f absorbance (A 550 nm) was read on a SpectraMax ID3 plate reader 
Molecular Devices, San Jose, CA) and the coefficient for cytochrome c 
21.1 mM 

−1 cm 

−1 ) was used to determine changes in concentration. These 
ere repeated with 25 μM dicoumarol, and NQO1 activity was calculate as 

he dicoumarol inhibited oxidoreductase activity. At least 3 replicates were 
erformed. 

ingle agent IB-DNQ in pet cats 

Five cats were accrued into this pilot study. Each cat received a CT scan
f the head prior to treatment for tumor size determination. Enrolled pet cats
ere then treated with 1.0 mg/kg IV IB-DNQ over 5 min [44] with varying
ose-intensity treatment schedules of either daily, weekly, or bi-weekly. 
ollowing completion of the treatment plan, each cat received a follow-up CT 

can to assess tumor response to treatment. Pre and post-treatment CT images 
ere analyzed and tumor measurements obtained according to the RECIST 

uidelines [54] using sum of longest diameters where complete remission 
CR) is no visible tumor remaining, partial remission (PR) is ≥30% decrease 
n tumor size, progressive disease (PD) is ≥20% increase in tumor size, and
table disease (SD) < 30% decrease in tumor size and < 20% increase in
umor size. Overall biologic response = CR + PR + SD. 

QO1 

∗2 Taqman SNP genotyping assay 

Genomic DNA was extracted from cell lines or blood samples using 
 DNeasy Blood & Tissue Kit (Qiagen) and was diluted to 3 ng/μL in
ltrapure water. A stock solution of Taqman Genotyping Master Mix 
Thermo Fisher Scientific, 2.5 μL per reaction) and assay working stock 
0.25 μL per reaction) was created, and 2.75 μL was dispensed for reach
eaction into a 384-well plate. Diluted genomic DNA (2.25 μL per reaction) 
as added to each well, for a total reaction volume of 5 μL and the plate was

ealed using an optical film. Three technical replicates were performed per 
ample. Positive control for NQO1 ∗2 was MDA-MB-231 cell line. Negative 
ontrol for NQO1 ∗2 null was A549 cell line. Genotyping was performed 
sing a QuantStudio 7 Flex Real-Time PCR system (polymerase activation: 
5 °C, 10 min; denaturation: 95 °C, 15 s; annealing: 60 °C, 1 min; 40
ycles of denaturation and annealing). Data was analyzed using the Thermo 
isher Cloud Genotyping application. Primers used: Cat (VIC/FAM 

eporters): Forward primer sequence GCATTTCTGTGGCTTCCAAGTC; 
everse primer sequence: TGTGCCCGACGCTGTATG; Reporter 1 

equence TCAGCTGAGGTTCCAG; Reporter 2 sequence CAGCTGAG 

TTCCAG; Human (VIC/FAM reporters): Forward primer sequence GCA 

TTCTGTGGCTTCCAAGTC; Reverse primer sequence CTGGAGTG 

GCCCAATGCTAT; Reporter 1 sequence ATGTCAGTTGAGGTT 

TAA; Reporter 2 sequence ATGTCAGTTGAGATTCTAA; Dog 
VIC/FAM reporters): Forward primer sequence CATTTCTGGTGGCTT 

CAAGTC; Reverse primer sequence CATAGGAGTGTGCCCAATGCT; 
eporter 1 sequence TAGGTCAGTTGAGGTTCCAG; Reporter 2 

equence TAGGTCAGTTGAGATTCCAG. 

ombined radiation therapy and IB-DNQ in pet cats 

Nineteen cats were accrued to assess effectiveness and safety of combined 
adiation therapy with IB-DNQ. Each cat received a CT scan of the head
rior to treatment for radiation planning and to determine the tumor size. 
ach cat was put under general anesthesia and then treated with 4 weekly
oses of 8 Gy radiation. The radiation treatment plan was created by a
eterinary board-certified radiation oncologist. Following irradiation, cats 
ere recovered from anesthesia, and 1.0 mg/kg of IB-DNQ was administered 

ntravenously over 5 min [44] 2 to 4 h post completion of radiation
determined based on single agent radiation results described previously). 
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At each treatment, a complete blood count, chemistry profile and urinalysis
were performed to monitor for hematologic and non-hematologic toxicity.
Following completion of the treatment protocol, a repeat CT scan was
performed of the head to determine radiologic response to treatment.
Biopsies were performed prior to treatment and baseline NQO1 protein
expression semi-quantified by IHC scoring (described previously). Pre- and
post-treatment CT images were analyzed and tumor measurements obtained
according to the RECIST guidelines [54] using sum of longest diameters
where CR is no visible tumor remaining, PR is ≥30% decrease in tumor size,
PD is ≥20% increase in tumor size, and SD < 30% decrease in tumor size and
< 20% increase in tumor size. Overall biologic response = CR + PR + SD.

Urine 8-OHdG measurement 

For each pet cat treated with radiation and IB-DNQ, urine was collected
via cystocentesis at each visit, centrifuged at 5000 rpm for 10 min, and the
supernatant was frozen at -80 °C until analysis. Urine 8-OHdG was measured
in each sample using an ELISA kit (Abcam 201734). The assay was run
according to manufacturer recommendations, and samples were performed in
duplicate or triplicate. Absorbance was measured at 450 nm on a SpectraMax
ID3 Microplate Reader (Molecular Devices, San Jose, CA). Quantification of
urinary 8-OHdG were normalized with urinary creatinine concentrations. 

Statistical analyses 

For each hematologic and biochemical parameter assessed in patients
treated with IB-DNQ, and for urine 8-OHdG measurements, change from
baseline was evaluated with an analysis of variance with post-hoc comparison
made with Dunnett’s multiple comparisons test. For NQO1 enzymatic
activity assay, change from baseline was evaluated with an unpaired t test.
Statistical analysis was performed with commercially available software (Prism
9, GraphPad Software Inc). Significance was defined as P < 0.05. 

RESULTS 

Tolerability of IB-DNQ and other derivatives in healthy felines 

Multiple derivatives of DNQ, namely IB-DNQ, IP-DNQ, P-DNQ,
and NP-DNQ, have similar activity as NQO1 substrates in vitro and
similar activity against cancer cells in culture [16] (Supplemental Table
1). Murine toxicity studies revealed improvements as compared to DNQ,
but minimal differences between the derivatives (Supplemental Table 1).
Healthy research felines were treated with each derivative and their respective
pharmacokinetic and tolerability parameters compared (Supplemental Table
1). The summation of these parameters in combination with our previously
reported tolerability of IB-DNQ in healthy felines and efficacy in FOSCC
cell culture [44] , lead us to continue our efforts with IB-DNQ as the lead
compound. 

Treatment of IB-DNQ is tolerated and leads to biologic response in 

FOSCC patients 

IB-DNQ achieves biologically-relevant anticancer concentrations in
healthy research felines with minimal toxicity observed at 0.5-2.0 mg/kg I.V.
[44] . For further assessment within an intended target population, the single-
agent tolerability and preliminary anticancer activities of IB-DNQ against
FOSCC tumors was assessed in 5 FOSCC patients utilizing wide-ranging
dose intensity protocols for rapid safety and therapeutic evaluations ( Fig. 1 A).
Prior to treatment, biopsied tumors were stained for NQO1 protein utilizing
IHC and assigned a score of 0-3 for NQO1 protein using a standardized
scoring system [51] in order to assess the correlation of NQO1 protein and
esponse to therapy. Feline patient information is shown in Fig. 1 A. To assess
umor response, pre- and post-treatment computed tomography (CT) scans 
ere performed, as well as blood work to monitor for hematologic and non-
ematologic toxicities. 

During this initial study, 5/5 patients were considered to have a biologic
esponse defined as achievement of either CR, PR, or SD ( Fig. 1 B). The
est responder with a 21% reduction in tumor size had a high NQO1
xpressing tumor ( Fig. 1 C top), while the worst responder (17% increase
n tumor size), presented with a low basal expression of NQO1 ( Fig. 1 C
ottom). Correlation of NQO1 score and tumor reduction could not be
etermined with such a small cohort. Importantly, no patients developed any
ignificant hematologic or non-hematologic ( Fig. 1 D −K) toxicities outside
anges consistent with tumor-bearing FOSCC patients. Additionally, the 
atural history of FOSCC is uniformly and rapidly progressive, so the
ocumented reduction in tumor size in Patient 1 (21% decrease) with only
ingle-agent IB-DNQ therapy was deemed as a clinically significant and
avorable response. Of note, patients 3 and 5, who were dosed on a daily
chedule of IB-DNQ, did not exhibit any tolerability differences as compared
o weekly dosing patients, albeit an underpowered comparison. This small
ilot study with a variable dosing schedule demonstrated IB-DNQ single-
gent safety and modest effect against advanced feline tumors with differing
asal levels of NQO1. 

adiotherapy induces NQO1 expression in FOSCC tumors 

As an Nrf2-target gene [ 55 , 56 ], NQO1 can be upregulated via several
echanisms including RT [ 57 −59 ], heat [60] , and various pharmacologic

gents [ 61 , 62 ]. Leveraging this induced NQO1 expression can increase
fficacy of NQO1-targeted agents [ 10 , 57 −60 , 63 −68 ]. In this way, we
ypothesized that RT treatment prior to IB-DNQ exposure will increase
QO1 expression in tumors, increasing sensitivity to IB-DNQ; a 

ensitization that would be especially important for tumors with low initial
QO1 expression (i.e., IHC scores 0-1). RT is considered a marginally

ffective SOC for advanced HNSCC and FOSCC to control local disease
nd is often coupled with chemotherapy [ 33 , 35 , 36 , 69 −71 ]. This use of RT
ffords an opportunity to exploit the purposeful upregulation of NQO1
nd subsequent targeting with IB-DNQ, a strategy of induced synergistic
oupling akin to other couplet anticancer regimens [72] . 

In agreement with previous reports demonstrating increased NQO1 
rotein levels in response to RT [ 57 −59 ], we observed a similar increase

n NQO1 enzymatic activity in low-NQO1 expressing HNSCC and 
OSCC cell lines ( Fig. 2 A, SI Fig. 1 ). Boothman and coworkers [73] have
emonstrated that low levels of NQO1 enzymatic activity (approximately 
0-100 nmol/min/μg) are sufficient for the anticancer activity of NQO1-
ediated redox cycling. Next, we sought to characterize this inducibility of
QO1 protein using RT in the natural disease setting (i.e., feline cancer

atient) to define optimal timing and dosage. To determine if NQO1
xpression can be induced in patients’ tumors, 7 domestic cats with FOSCC
ere enrolled into a small pilot study designed to allow for pre- and post-
T (2 and 4 h) biopsies to be collected and assessed for their NQO1
xpression. Patient details are displayed in Fig. 2 B. RT led to increases
n NQO1 IHC scores ( Fig. 2 C), most dramatically in the low NQO1
coring tumors ( Fig. 2 D). In 6/7 cases, NQO1 intensities increased upon
T treatment ( Fig. 2 E) with gains seen in already high NQO1 expressing

umors ( Fig. 2 F). Some degree of NQO1 expression heterogeneity was
dentified within individual tumor samples and partially accounts for the
bserved broad range of NQO1 upregulation across patient samples ( Fig. 2 F).
hese data provide evidence that RT can induce NQO1 expression in
aturally occurring feline tumors regardless of basal pre-treatment levels, 
hereby justifying a sequential combinatorial approach with RT followed 
y IB-DNQ. Low NQO1 expressing tumors are predicted to derive the
east potential benefit from single-agent NQO1 bioactivatable strategies (e.g., 
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Fig. 1. Activity of IB-DNQ single agent against FOSCC. (A) Summary of feline patients in the initial IB-DNQ single agent trial and a description of the 
IB-DNQ dosing protocol. q.o.wk, once every other week; q.d., every day; q.wk., once a week; DSH, domestic short hair; DLH, domestic long hair. (B) 
Waterfall plot of patient response (RECIST) and NQO1 staining. Dashed lines denote marker for progressive disease ( + 20%) vs. partial response ( −30%). 
All responses are considered SD (stable disease). (C) Representative IHC and CT images of 2 clinical cases (Patient 1, top, and Patient 3, bottom). IHC images 
are at 40x magnification. (D −K) Panel of key hematologic and non-hematologic markers tracked for safety and toxicity monitoring. Dotted lines represent 
clinical ranges associated for each marker. Not all patients had samples for every time point displayed, so n < 5 at some time points. 
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IB-DNQ), but these therapeutic limitations can be theoretically mitigated
through the purposeful RT-induction of NQO1 that could sufficiently render
these tumors susceptible to IB-DNQ. 

Of note in humans, NQO1 has genomic polymorphisms that lead to
an unstable and catalytically inefficient NQO1 [ 74 , 75 ], with the NQO1 ∗2
polymorphism being the most prevalent [ 76 −78 ]. It is expected that NQO1
argeted therapy will have minimal anticancer effects in NQO1 ∗2 patients 
79] . While NQO1 ∗2 is validated in human patients, this polymorphism 

as not been fully explored in companion animals. Utilizing qPCR, we 
id not observe an NQO1 ∗2 polymorphism in feline (n = 82) nor canine
n = 108) samples that is similar to the polymorphism seen in human
QO1 ∗2 ( Fig. 2 G,H, Supplemental Table 2).Though a relatively small 
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Fig. 2. Radiation induces leverageable NQO1 expression in FOSCC tumors. (A) In 3 human HNSCC cell lines and one FOSCC cell line, all which have low 

basal levels of NQO1 protein and enzymatic activity, NQO1 enzymatic activity is significantly increased at 4 h following 8 Gy radiation. Analysis: unpaired t 
test, P -values: ∗P < 0.05; ∗∗P < 0.01. (B) Summary of patients enrolled for serial biopsy post-radiation and their initial NQO1 IHC score. DSH, Domestic 
Short Hair. (C) Tracking NQO1 IHC scores pre-RT, 2 h, and 4 h post-RT. NQO1 scores converge to higher levels upon 8 Gy RT exposure. (D) Representative 
images of a low NQO1 tumor converting to a high NQO1 expressing tumor upon 8 Gy RT exposure. IHC images are at 40X magnification. (E) NQO1 
relative intensities increase upon 8 Gy RT, showing that even high NQO1 expressing tumors have increased intensities of NQO1 staining post-RT treatment. 
Gray dots denote tumors with NQO1 fold change > 10. (F) Representative image of an initially high NQO1 (score 2) staining tumor becoming a more 
intense NQO1 staining tumor (score 3). IHC images are at 40X magnification. (G) Sequence alignment of NQO1 primary sequence across human, feline, 
and canine. NQO1 ∗2 polymorphism is defined as a P187S variant in human NQO1. (H) Summary of all feline and canine samples collected, which were all 
null for NQO1 ∗2 polymorphism. 
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sample set (n = 190), it does not appear that NQO1 ∗2 is highly prevalent in
companion animals and therefore upregulated expression of NQO1 would
be predicted to yield an active enzyme during an induced synergistic couplet
strategy. 

Safety and efficacy of the combination IB-DNQ and palliative 
radiotherapy against FOSCC 

To evaluate the safety, tolerability, and preliminary efficacy of weekly
dosed palliative RT followed by intravenous IB-DNQ, nineteen FOSCC
patients were prospectively accrued for evaluation of this treatment protocol.
These patients originated from 7 US states and were accrued over 12 mo
( Table 1 ). In this manner, these patients represent diverse local environments
of FOSCC oncogenesis, as well as demonstrate the large patient population
uniquely available for the conductance of high-value comparative cancer
research to identify and validate investigational HNSCC therapies. Pre-
reatment biopsies were collected and NQO1 expression analyzed by IHC
nd scored by 2 board-certified veterinary pathologists ( Table 1 ). 

Based on our RT-induced NQO1 expression work ( Fig. 2 ), regardless of
nitial NQO1 score, patients were treated with 4 weekly treatments of 8 Gy
T followed by IB-DNQ (1.0 mg/kg IV) 2 to 4 h post-RT. Cytoreductive

herapeutic effect was determined by comparing CT scans prior to treatment
nd scans 1 wk following completion of treatment and tumor response was
easured using RECIST guidelines [54] . Blood work and urinalyses were

erformed throughout to monitor toxicity markers. Eighteen patients had 
orresponding pre- and post-treatment CT scans to assess response, with 3/18
chieving PR, 14/18 with SD and 1/18 with PR, totaling 17/18 patients
xperiencing some overall biologic response ( Fig. 3 A, B). Treated pet cats
id not demonstrate any clinically relevant hematologic or non-hematologic 
oxicities ( Fig. 3 C −K), including the absence of anemia-associated symptoms
tachycardia, exercise intolerance) and markers of oxidative damage as 
easured by 8-OHdG levels ( Fig. 3 L). Additionally, none of these patients
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Table 1 

Summary of all patients enrolled in IB-DNQ + RT FOSCC Trial. 

Patient Number Breed Age (y) Sex a Geographic Location (State) Tumor Location NQO1 Score Tumor Response (%) 

1 DSH/Siamese 14.3 M Pacific Northwest (MT) Lingual 3 -15 

2 DSH 18.9 F Midwest (IL) Maxilla 3 -40 

3 DMH 13.8 F Midwest (MN) Maxilla/Mandible 2 0 

4 DSH 12.7 F Southeast (VA) Maxilla 2 25 

5 DLH 14.3 M South Central (MO) Lingual 3 5 

6 DSH 16.6 F Midwest (IL) Mandible 1 1 

7 DSH 16.8 M Midwest (IL) Mandible 2 -56 

8 DSH 12.2 M Midwest (IL) Mandible 2 -27 

9 DSH/Siamese 12.6 F Northeast (NY) Mandible 2 -13 

10 DSH 13.0 M Midwest (MI) Mandible 2 -37 

11 DSH 9.3 M Southwest (AZ) Maxilla 2 -15 

12 DSH 16.3 F Midwest (IL) Mandible 2 -9 

13 DSH 15.6 F Midwest (IL) Maxilla 1 12 

14 Maine Coon 12.8 M South Central (TX) Mandible n.d. -16 

15 DSH 12.2 M Midwest (IL) Maxilla 2 -8 

16 DLH 15.1 M Midwest (IL) Mandible 2 8 

17 Siamese 12.1 F Western (CO) Lingual 2 2 

18 DLH 13.5 F Midwest (IL) Maxilla 2 -26 

19 DSH 14.3 M South Central (KS) Maxilla 2 n/a 

DSH = domestic short hair; DMH = domestic medium hair; DLH = domestic long hair. n/a = not available, patient 19 was treated with 2 doses of 

IB-DNQ + RT prior to being withdrawn and the owner declined a follow-up CT scan. 
a All patients were castrated/spayed felines. 
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experienced clinical signs associated with administration of IB-DNQ that
were unexpected, or more severe, based on our previous work in healthy cats
[44] . 

During this study, patient 14 presented with severe soft tissue and bone
involvement of FOSCC and experienced a visually dramatic decrease in
tumor size with the initial 4 wk of treatment. Due to the observed robust
clinical response to therapy and overall good systemic health, this patient was
treated with IB-DNQ as a single agent for an additional 10 daily treatments.
This patient’s disease remained stable ( Fig. 3 M, N), and importantly no
development of any hematologic toxicities was observed ( Fig. 3 O); findings
which underscore the exceptional biologic tolerability of repeated IB-DNQ
therapy, even in this late-stage feline cancer patient. 

Discussion 

Developing NQO1-bioactivated therapeutic approaches and the value of
felines 

We describe assessments of IB-DNQ (single agent and in combination
with palliative RT) as a well-tolerated targeted therapy for advanced HNSCC.
NQO1 overexpression in HNSCC and other cancer types is well-established
[9] , however current modalities (namely β-lapachone) have not yielded
robust excitement due to anemic phenotypes observed in human clinical
trials [ 13 −15 ]. β-lapachone and DNQ (and their respective derivatives) both
contain a quinone functional group that are potent substrates for NQO1’s
enzymatic reduction, leading to unstable hydroquinone formation, ROS
generation, and ultimately cancer cell death. Perhaps unsurprisingly with
such a molecular mechanism, redox liabilities are a major consideration for
in vivo tolerability and specific preclinical assessments for these liabilities are
warranted. 

Felines present as a valuable organism for preclinical drug development
with their unique sensitivities to oxidative damage. While a higher therapeutic
index for felines may appear to be a poor comparative metric for human
translation, in the case of NQO1-mediated therapies where oxidative damage
is an already established concern in humans, the use of such a matched
oxicity-drug model sets a higher tolerability bar and thus prioritizes more 
olerable therapies prior to human translation, a potentially cost saving 
trategy. The use of felines is even more advantageous for HNSCC drug 
evelopment with the opportunity to use FOSCC patients, which not only 
etter recapitulate human HNSCC tumors (discussed more below), but also 
llows for the evaluation of NQO1-targeted therapy tolerability in tumor 
earing, late-stage patients; a physiological condition that better mimics 
atients receiving experimental therapy in a Phase 1 setting. Employing this 
ype of matched toxicity-drug preclinical system may prove vital in predicting 
 given therapy’s safety profile prior to assessment in human clinical trials, 
specially if a major toxicity liability is already well-reported. 

he need to employ comparative oncology approaches for HNSCC drug 
evelopment 

The need for novel therapies against advanced HNSCC is not due to a
ack of campaigns to fill this clinical void. The effectiveness of an anticancer
ompound is typically assessed with unnatural, rapidly growing, homogenous 
enografts in immune deficient murine models. However, human tumors, the 
ajor target for all emerging anticancer therapies, are highly heterogeneous, 

ften developed over an extended period of time, and have a variety of
eatures that are difficult to fully model outside of a natural setting. This
eliance on imperfect murine models leading to unoptimized therapeutic 
evelopment is underscored by the relative dearth of current FDA- 
pproved targeted therapies for the effective management of advanced stage, 
nresectable, and/or recurrent/metastatic (R/M) HNSCC disease settings 
 19 −21 ]. 

Maximal utilization of companion animal cancer patients as unique and 
ophisticated experimental models for human therapeutic development relies 
n the identification of conserved tumor histologies between human beings 
nd companion animals. While for some cancer types identifying this ideal 
imic is obvious (e.g., osteosarcoma [80] ), this is not the case in other cancer

ypes that are of major interest. Much of comparative oncology research 
ocuses on canines and their use in drug development, relegating felines to 
 subsidiary role. However, there are approximately 6 million feline cancer 
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Fig. 3. Efficacy and tolerability of IB-DNQ + RT in FOSCC patients. (A) Tumor responses of patients (n = 18) who received full protocol of RT (8 Gy) then 
2 to 4 h later IB-DNQ (1.0 mg/kg I.V.) once a week for 4 cycles. Each patient corresponds to a separate bar and is colored based on their pre-treatment tumor 
biopsy NQO1 intensity using IHC. Tumor response was measured by percent tumor change compared to pre-treatment CT and post-treatment CT (taken 1 
wk after protocol completion), tumor size was determined according to RECIST guidelines. (B) Representative images of pre-treatment NQO1 IHC, CT and 
post-treatment CT tumor response images. (C −K) Hematological and non-hematological markers tracked during the course of treatment (n = 18). Normal 
healthy clinical thresholds for each marker is denoted with a gray dotted line, feline cancer patients often have larger deviations outside normal physiological 
ranges. (L) Determination of oxidative damage associated with treatment by tracking levels of 8-hydroxy-2 ′ –deoxyguanosine (8-OHdG) in the urine of feline 
patients. High levels are a clinical indication of oxidative damage, but absolute clinical “normal” thresholds are not agreed upon. (M −O) Pre-treatment and 
post-extended treatment of patient 14. The total treatment protocol for this patient was the standard RT (8 Gy), then IB-DNQ (1.0 mg/kg I.V.) 2-4 h later 
for 4 cycles, followed by an additional 10 daily treatments of IB-DNQ (1.0 mg/kg, I.V.) Disease was stable during this treatment course (M, N) and no 
clinically significant changes in hematocrit was observed during these additional IB-DNQ treatments (O). Gray dotted lines denote the standard threshold 
for hematocrit percentage for a non-tumor bearing, healthy feline. Statistical analysis for all panels: change from baseline was evaluated with an analysis of 
variance with post-hoc comparison made with Dunnett’s multiple comparisons test, P -values: ∗P < 0.05; ∗∗P < 0.01. 
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patients in the US alone, and many are afflicted with a variety of neoplasia
that differ from dogs [81] , and even the same tumor histologies can have
vastly different biologic behaviors between the 2 species (e.g., compare canine
[82] and feline [83] lymphoma). Therefore, feline patients can fill some
unique voids of comparative oncology that canines simply cannot; FOSCC as
a model for HNSCC is one such fruitful opportunity we sought to leverage.

FOSCC has been well-reported to recapitulate many of the aspects of
HNSCC, namely its metastatic and heterogeneous nature [ 19 , 21 , 38 −40 ].
Given FOSCC’s high prevalence and therapeutically recalcitrant nature,
there is clinical justification and ethical acceptance for rapid safety and
activity assessments of drug candidates in this population and serves as a
crucial consideration for proposing to utilize feline data to inform preclinical
candidate selection. In our studies we were able to enroll multiple felines from
diverse regions of the United States expeditiously, hallmarking the relative
ease of establishing a robust patient population, as well as demonstrating
the substantial need for new therapeutics for this feline cancer with human
comparative value. 
One of the most important commonalities between human HNSCC and
OSCC management is that many years of studies and clinical trials have
emonstrated that radiotherapy will likely always be a backbone of treatment
or these tumor types. With that in mind, a major goal of this study was to
efinitively establish that RT could induce NQO1 expression in naturally 
ccurring tumors and be rationally combined with bioactivatable molecular 
trategies. Demonstrating this induction in vivo, provides evidence for a
easible couplet strategy in which a tumor is first irradiated then treated with
B-DNQ to increase anticancer efficacy. Of note, previous work has described
-lapachone (an NQO1 bioactivatable drug) as a radiosensitizer utilizing a
o-dosing method [10] . This is a complementary approach to our work which
tilizes the reverse; employing RT to sensitize tumors to IB-DNQ. Testing the
easibility of inducing NQO1 overexpression with RT was greatly empowered
y the ability to ethically collect serial biopsies from pet cats presenting
ith OSCC tumors, a medical practice not permissible in human cancer
atients based upon FDA’s Good Clinical Practice and Human Protection
ct. FOSCC tumors are amenable to testing the translational viability of
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an induced synergistic couplet regimen, and our results suggest the ability
to preclinically test a wide-variety of target-inducible-based strategies for the
treatment of cancer. 

Challenges with feline-focused research 

While applying felines to the drug development pipeline has many
positives (discussed above) there are certain limitations that warrant
distinction. Materials and scientific reagents for feline-focused research are
relatively limited and require the validation of resources which cross-react
with homologous feline targets (i.e., proteins, signaling pathways, etc.)
An example of one such limitation is the lack of diverse feline genomic
information; at the time of publication there are only 3 felines with variable
amount of genome coverage reported on NCBI. These limitations can greatly
constrain a variety of research avenues that rely on tools that are specific
for feline targets (e.g., anti-PD-1/PD-L1 antibodies). Without a focused
campaign on developing such tools, the use of felines for many therapeutic
questions requires overcoming higher initial barriers to achieve research
expediency, especially when compared to their canine counterparts. 

Limitations and conclusions of current work 

Our current study seeks to establish the potential of RT + IB-DNQ
as an emerging well-tolerated targeted therapy in feline HNSCC models.
While the value of using FOSCC patients is that data can be collected as
a combination of safety and efficacy, our study design was not designed
nor powered to demonstrate proven activity (similar to a Phase 1 clinical
trial) with the utilization of a radiation-only control arm. However, when
compared to a small scale historical study that employed a similar radiation
treatment protocol to the one we utilized, pet cats did not benefit from
radiation alone [84] , which is in contrast to our study results whereby we
observed an overall biologic response of 94.4% (17/18), albeit best responses
were categorized as PRs achieved in only a minority of patients (~ 17%). A
majority of these patients achieved SD, and it should be noted that 57% of
those in the SD category did experience an overall decrease in their tumor
size, despite not achieving PR using RECIST guidelines. While this is not
an unexpected result with this proof-of-concept cohort given the late-stage
and invasive nature of many cases, as well as using a coarse-fractionated
RT protocol (often referred to as a palliative protocol), a more dose intense
radiation protocol is likely necessary to exert more profound tumor responses
as has been seen with this tumor type in cats [35] . The tolerability of daily
IB-DNQ treatment documented in the current study paves the way towards
evaluating curative-intent combinatorial strategies whereby IB-DNQ can be
combined with definitive or stereotactic radiotherapy (SRT) fraction schemes.
This work provides initial evidence for the translational potential of IB-DNQ
as a targeted therapy for HNSCC and for IB-DNQ + RT for the treatment of
advanced human HNSCC and demonstrates the powerful potential of using
feline cancer patients for human anticancer drug development. 
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