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Protein kinase CK2 (CK2) is a highly promising target for cancer therapy, and anti-CK2 gene expression
therapy has shown effectiveness in rodent models of human head and neck cancer (HNC). To date, there
has been no large-animal model of cancer in which to further explore anti-CK2 therapies. Feline oral
squamous cell carcinoma (FOSCC) has been proposed as a large-animal model for human HNC, and we
have previously shown that CK2 is a rational target in FOSCC. Here we have tested the hypothesis that a
novel tenfibgen-coated tumor-specific nanocapsule carrying RNA interference (RNAi) oligonucleotides
targeting feline CK20 and CK2o’ (TBG-RNAi-fCK200") would be safe in cats with FOSCC; assessment of
target inhibition and tumor response were secondary aims. Nine cats were enrolled and treated at two
dose levels in a 3+3 escalation. Cats received a total of six treatments with TBG-RNAi-fCK2u«a’. Pre- and
posttreatment, tumor and normal oral mucosa biopsies were collected to assess CK2 expression, using
immunohistochemistry (IHC) preparations evaluated by light microscopy. Toxicity and tumor response
were assessed on the basis of standard criteria. The most common adverse events were grade 1 or 2 weight
loss and anorexia. Grade 3 tissue necrosis was seen in association with tumor response in one cat,
asymptomatic grade 4 elevations in aspartate transaminase and creatine phosphokinase in one cat, and
asymptomatic grade 3 hypokalemia in one cat. Of six cats with evaluable biopsies, two had a reduction in
CK2 THC score in tumors after treatment. Four cats had progressive disease during the study period,
three had stable disease, one had partial response, and response could not be evaluated in one cat. We
conclude that the drug appeared safe and that there is some evidence of efficacy in FOSCC. Further
investigation regarding dosing, schedule, target modulation, toxicity, and efficacy in a larger group of cats
is warranted and may inform future clinical studies in human head and neck cancer.
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INTRODUCTION

ProTEIN KINASE CK2 (CK2) is an intriguing emerg-
ing target for cancer therapy, but no data from a
large-animal model with naturally occurring cancer
currently exist to investigate CK2-targeted thera-
pies. CK2 inhibition or molecular downregulation in
rodent models of human head and neck cancer
(HNC) has shown considerable promise.? Feline

oral squamous cell carcinoma (FOSCC) shares
many clinical and molecular features with human
HNC, and has been proposed as a naturally oc-
curring, large-animal model of HNC.?>* FOSCC is a
devastating disease, which is typically advanced at
diagnosis and poorly responsive to standard ther-
apies.” Although CK2 downregulation in rodent
models of HNC appears promising,’? inclusion of
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animals with naturally occurring cancer in the
assessment of new therapies represents an impor-
tant opportunity in drug development. Dogs and
cats with spontaneous tumors offer many advan-
tages as models of human cancer. They have
immune systems and environmental exposures
similar to people with cancer; pharmacokinetic and
pharmacodynamic studies that are not possible in
rodent models can be performed; and drug trials
can typically be completed more rapidly in animals
than in humans, allowing rapid assessment of ef-
ficacy. In addition, the lack of standard-of-care
treatment for many cancers in dogs and cats may
allow assessment of new therapies in a less heavily
pretreated population compared with many peo-
ple in phase 1 clinical trials.®® We have shown that
CK2 is expressed in FOSCC, and that down-
regulation of CK2 by feline-specific naked anti-
CK2 RNA interference (RNAi) in feline SCC
in vitro resulted in reduced viability and induction
of apoptosis.” Thus, feline oral SCC may be a model
for CK2-targeted therapies as well as a general
model for human HNC. As well as informing de-
velopment of anti-CK2 therapies in humans, in-
vestigating CK2 downregulation in cats with oral
SCC may lead to advances in treatment of this
disease and others in companion animals.

The CK2 holoenzyme is a tetrameric complex
composed of two catalytic subunits (¢ and/or «’)
linked through two regulatory subunits (f). Ex-
pression of CK2« or CK2p is essential for mouse
embryogenesis; the « and o subunits have largely
overlapping substrate targets; and there is some
evidence of in vivo compensation between the two
catalytic subunits.®® CK2 is involved in normal cell
growth, proliferation, and survival, as well as
suppression of apoptosis. These functions, as well
as increased expression of CK2 in a wide variety of
human tumors, make it an attractive target for
cancer therapy.®'%! CK2 plays diverse molecular
roles in cancer; it promotes tumorigenesis by sup-
pressing apoptosis, activating oncogenic pathways
such as NF-kB, Wnt/f-catenin, and PI3K/Akt,
and inactivating tumor suppressors, and is also
implicated in chemoresistance.'*>"'* Elevated and/
or dysregulated CK2 expression has been docu-
mented in many human malignancies, both solid
and hematopoietic, and is frequently identified as a
negative prognostic factor.'*2¢

Of the two catalytic subunits, CK2« is generally
considered the more important for cell survival,
and our work with feline SCC in vitro supports this,
with induction of apoptosis being greatest when
CK2u0 was maximally suppressed. Reduced viabil-
ity was seen in cells treated with small interfering

RNA (siRNA) targeting CK2« alone or in combi-
nation with siRNA targeting CK2«” but not when
CK2« alone was targeted.” Given the possibility of
compensation, it is considered ideal to inhibit both
CK20 and CK2«¢'—we have followed this strategy in
our work. Targeting CK2 with small molecules or
by RNAi has shown promise in mouse models of
human cancers, and CK2 inhibitors are in early-
stage clinical trials in people.?’?° RNAi with na-
ked oligonucleotides is an effective strategy for
targeting CK2 in vitro; however, one of the signif-
icant challenges in translating RNAI in vivo is en-
suring that the therapeutic agent is delivered in a
protected manner to reach the target tissue where
effective cellular uptake occurs. In the specific case
of CK2, its ubiquity and normal cells’ dependence
on it for survival make enhancement of tumor-
specific targeting particularly important. Nano-
particle technology is one way to address these
challenges. A novel nanocapsule containing ten-
fibgen (TBG), the carboxy-terminal fibrinogen
globe domain of tenascin C, has been shown to
home to tumors and to deliver anti-CK2-targeted
therapies preferentially to tumor cells in xenograft
models of human prostate and head and neck
cancer.?%733 In this paper, we have extended eval-
uation of this tumor-targeted anti-CK2 delivery
system to feline oral squamous cell carcinoma.

Here we have tested the hypothesis that the
novel TBG nanocapsule containing feline-specific
anti-CK2« and anti-CK2a« oligonucleotides (TBG-
RNAi-fCK200") would be safe in cats with naturally
occurring oral SCC. We were able to safely treat
nine cats to assess for safety of TBG-RNAi-fCK2uo
in a phase 1 type trial. Our secondary aim was to
assess for evidence of efficacy via target inhibition
and/or tumor response, and we were able to iden-
tify objective tumor response in one cat, although
consistent target inhibition could not be detected
3—4 days after treatment.

RESEARCH DESIGN AND METHODS

Research design and methods are summarized
in the supplementary information (supplementary
data are available online at www.liebertpub.com/
humc).

RESULTS
Nanoencapsulated RNAi-CK2 inhibits cell
growth in feline and human SCC cells

We previously showed that delivery of naked
siRNA targeting CK2 caused loss of viability in
feline SCC cells.” Here, we specifically tested



82 CANNON ET AL.

whether TBG nanocapsule-mediated delivery of
single-stranded RNAi oligonucleotides targeting
CK2x and o” would have a similar impact on via-
bility. Growth of human (UM-SCC-11a) and feline
(SCCF1) SCC cells was significantly inhibited by
TBG-RNAi-CK2 at both 7.5uM (p=0.008) and
15uM (p=0.016) concentrations compared with
control treated cells (Fig. 1). Data were similar
when cell lines were evaluated separately, al-
though sample size was too small to run formal
statistical analyses.

Characteristics of enrolled cats

Nine cats with oral squamous cell carcinoma
were enrolled. An additional five cats were
screened, but were not included because of owner
declining enrollment (three cats), no macroscopic
tumor (one cat), and lack of definitive diagnosis of
oral tumor (one cat). Demographics, tumor char-
acteristics, presenting clinical signs, concurrent
medication, and adverse events are summarized
in Table 1.

No cat had had prior surgery, chemotherapy, or
radiation therapy for oral SCC. Four cats had been
treated with nonsteroidal antiinflammatory drugs
(NSAIDs) before enrollment. In all cases, tumor
progression had been noted and NSAIDs were
discontinued at least 24 hr before study entry. All
cats received some form of concurrent medication
during the study (see Table 1). Analgesics (bupre-
norphine in nine cats, gabapentin in four, trans-
dermal fentanyl in one) and antibiotics were the
most commonly administered. These were pre-
scribed for tumor-related pain and possible infec-
tion, respectively. Mirtazapine was used as an
appetite stimulant in one cat for anorexia that
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Figure 1. Effect of TBG-RNAI-CK2 treatment on cell growth in feline and
human laryngeal SCC cell lines, determined via neutral red uptake at 48 hr.
Values are graphed relative to cells treated with TBG-sugar, labeled as a
dose of 0 uM. Error bars, SEM; n=4.

Table 1. Characteristics of cats in each dose group at the time
of enrollment, concurrent medications, and adverse events
recorded during study

Dose
2ug/kg (n=6) 20ug/kg (n=3)
Median age, yr (range) 13.5 (9-17) 13 (10-15)
Median weight, kg (range) 2.86 (2.45-6.06) 4.41 (3.54-4.9)
Sex
Female spayed 5 2
Male neutered 1 1
Breed
DSH 6 2
DLH 0 1
Tumor stage®
| 2 0
Il 2 2
1l 1 1
Tumor location
Mandibular 4 1
Maxillary 1 1
Buccal 0 1
Sublingual/pharyngeal 1 0
Clinical signs
Reduced appetite 3 2
Weight loss 3 1
Pain 3 1
Visible mass 2 2
Concurrent disease
CKD 2 1
Hyperthyroidism 2 0
Ocular disease® 0 1
Concurrent medications
Analgesics 6 3
Systemic antibiotics 3 2
Antihistamine 1 0
Topical ocular medications 0 1
Adverse events
Anorexia
Grade 1 4 1
Grade 2 2 1
Weight loss
Grade 1 5 2
Anemia
Grade 1 3 1
Grade 2 0 1
Lethargy
Grade 1 1 1
Grade 2 1 0
Vomiting
Grade 1 1 1
Skin ulceration 0 1
Constipation 0 1
Elevated BUN, ALT, AST, CPK 1 0
Hypokalemia 0 1

*Tumor stage not evaluable in one cat as primary tumor was diffuse in
nature, precluding repeatable measurements.

®Cranial nerve Ill and V denervation left side (possibly tumor related),
herpes keratitis, keratoconjunctivitis sicca.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN,
blood urea nitrogen; CKD, chronic kidney disease; CPK, creatine phospho-
kinase; DSH, domestic short hair; DLH, domestic long hair.
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could have been either tumor- or drug-related.
In one cat that vomited during the first nano-
capsule treatment, antihistamine (diphenhydra-
mine, 2mg/kg intramuscularly) was administered
before subsequent treatments.

Systemic administration of nanoencapsulated
RNA.I is safe in cats with oral squamous
cell carcinoma

Six cats were treated at 2 ug/kg and three cats
were treated at 20 ug/kg. The first cohort was ex-
panded because of a grade 4 adverse event in one cat
(cat 3). Treatment was discontinued after five
treatments in five cats (three in the 2-ug/kg group
and two in the 20-ug/kg group) because of perceived
progressive disease and/or worsening clinical signs.

Adverse events are summarized in Table 1. Most
adverse events were grade 1-2 and considered ac-
ceptable. The most common were anorexia and
weight loss, which were considered possibly related
to the experimental drug in all cases. In the cats
where vomiting was noted, it was considered likely
to be related to the experimental drug in one cat,
where it happened at the time of the first treat-
ment, and unlikely to be related in one cat (proba-
ble reaction to sedation). Lethargy was considered
unrelated to the experimental drug in one cat (re-
lated to a secondary infection that resolved with
antibiotics) and possibly related in the remaining
two. Anemia was considered possibly related to the
experimental drug, and developed at various times
during the study, from day 10 (at the time of third
treatment) to posttreatment evaluation on days
23-24. Three cats experienced grade 3 or grade 4
adverse events. One of these cats had grade 4 ele-
vations in aspartate transaminase (AST) and
creatine phosphokinase (CPK) along with grade 2
elevations in alanine aminotransferase (ALT) and
blood urea nitrogen (BUN) at the posttreatment
evaluation. This cat had milder elevations on day
17 (i.e., after four treatments). The second of these
cats had grade 3 hypokalemia (2.5 mmol/L) at the
time of posttreatment evaluation, which had not
been noted during the rest of the study. These were
considered possibly related to the experimental
drug. There were no clinical signs associated with
these metabolic changes in either cat. The third cat
had grade 3 skin ulceration associated with objec-
tive tumor response at the time of posttreatment
evaluation (Fig. 2A), and this adverse event was
considered definitely drug-related. In this case,
less severe changes were noted starting on day 13.
There were several other transient, asymptomatic
grade 1 metabolic adverse events in one cat each,
including increased BUN, increased CPK, increased

creatinine, hypocalcemia, and hyperglycemia, and
these were considered possibly drug-related.

Objective tumor response is seen in cats
with oral SCC treated with systemic
nanoencapsulated RNAi-CK2

Objective tumor response (using RECIST [Re-
sponse Evaluation Criteria in Solid Tumors] crite-
ria) and changes in CK2« in tumor and normal
tissue are summarized in Table 2, and examples
are shown in Fig. 2. One cat had a partial response
to treatment (40% decrease in longest diameter),
with associated grade 3 skin ulceration and an
open wound (Fig. 2A). There was no apparent cor-
relation between tumor response, based on RE-
CIST criteria, and change in tumor CK2x IHC
score. An example of decreased CK2o IHC score in
tumor posttreatment is shown in Fig. 2B.

DISCUSSION

Feline oral SCC has been proposed as a general
model for human HNC,*>* and we have demon-
strated the relevance of the feline model in the
specific case of CK2 as a therapeutic target.” Here,
we extended that study and showed that target-
ing CK2 with nanoencapsulated RNAi-CK2 was
equally effective in feline and human SCC cells;
and that in cats with FOSCC the therapy is safe,
and an efficacy signal (objective tumor response) is
present even in the small number of cats treated and
with the short duration of treatment. TBG na-
noencapsulated anti-CK2 RNAi has shown promise
in preclinical studies of human HNC and other
cancers™®3; however, anti-CK2 RNAi has not pre-
viously been evaluated in naturally occurring cancer
in any species. We have, for the first time, demon-
strated that this novel therapeutic strategy can be
safely applied in a relevant large-animal model of
human head and neck cancer.

Overall, TBG-RNAi-fCK2uxo” was well tolerated
in cats with FOSCC, with severity of adverse
events in line with other novel systemic therapies
assessed for this disease.?*2% Most adverse events
seen in our study were considered acceptable. Be-
cause anorexia and weight loss are common clinical
signs in feline SCC and were noted before treatment
in many cats in this study, the effect of tumor is im-
possible to distinguish from the effect of treatment,
as noted by other investigators of FOSCC.>* The
grade 3 and grade 4 adverse events are more con-
cerning. The metabolic changes (hypokalemia, and
elevated CPK, AST, ALT, and BUN) were not asso-
ciated with obvious clinical signs. The other grade 3
adverse event (skin ulceration) was associated with
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Figure 2. Clinical and molecular response to treatment in feline oral SCC treated with TBG-RNAi-fCK20.c”. (A) Clinical response in one cat (cat 8; see Table 2).
Panels i and ii: Pretreatment, tumor affecting right maxilla and facial soft tissues. Panels iii and iv: Posttreatment. There has been a 40% reduction in longest
tumor diameter, which has resulted in an open wound externally on the right lateral muzzle (arrow, iii) and progression of the defect in the maxilla (arrow, iv).
(B) CK20o IHC in oral SCC pretreatment (panel i) and posttreatment (panel ii) in one cat (cat 4; see Table 2). There is reduced CK2« labeling in the posttreatment
(score 1) sample compared with the pretreatment (score 2) sample. In the pretreatment sample, CK20: labeling is present in both the nucleus and cytoplasm of
tumor cells (*). In the posttreatment sample, CK2o labeling is present only in scattered nuclei (arrow shows example) and is of lower intensity overall. Color

images available online at www.liebertpub.com/humc

tumor response and necrosis, as has been previously
shown in nanoencapsulated anti-CK2 RNAi-treated
mice.! The dramatic nature of the partial response
causing skin ulceration and necrosis is not desirable.
It would be preferable in tumors such as this to aim
for a more gradual reduction to allow normal tissue
healing and prevent defects such as that seen in this
patient, which would require significant manage-
ment. The authors suggest that if rapid response
is noted in future studies, dose and frequency of

administration should be modified to try to prevent
such an outcome. Hypokalemia has been noted as a
DLT of CX-4945, a small-molecule inhibitor cur-
rently in early-phase clinical trials in people.?®
Diarrhea, the other DLT of CX-4945, was not noted
in cats in this study. In future studies of longer du-
ration, close monitoring for adverse events will be
necessary to identify new or more severe adverse
events that were not seen in the relatively short du-
ration of treatment in this study.
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Table 2. Tumor response and change in IHC scores (tumor and normal tissue)

Cat Dose level (pg/kg) Treatments Tumor response

Percent change in tumor LD

Change in tumor IHC score Change in normal IHC score

PD
PD
ND®
SD
SD
PD
SD
PR
PD

N NN NN

2
20
20
20

O o0 N Ol s W N —
o1 o)y OO O U1 01 O O) U1

+71 +1 0
+81 ND? —1

ND® -1 +1
-24 -1 +1
+18 0 -1
+32 ND? 0

+5 ND? 0
—40 +1 -1
+12.9° 0 -1

aChange in tumor IHC was not determined in three cats because of insufficient pretreatment biopsy samples.

®Tumor response was not determined in one cat, as the tumor could not be accurately measured to permit RECIST evaluation.
CAlthough the change in tumor diameter did not meet criteria for PD, this cat developed a new lesion (metastatic lymph node).

IHC, immunohistochemistry; LD, longest diameter; ND, not determined; PD, progressive disease; PR, partial response; SD, stable disease.

Of eight cats in which tumor response was eva-
luable, PR was seen in one (12.5%) and stable dis-
ease in three (37.5%). Stable disease is often a
clinically relevant end point for targeted thera-
pies,?”®® and achieving stable disease or better im-
proves survival in cats with FOSCC.3* Given the
aggressive nature of FOSCC,® any objective tumor
response is encouraging. We were unable to dem-
onstrate consistent downregulation of the target in
tumors. In vitro, CK20 and CK2o’ expression is re-
duced by about 90% in feline SCC when using siR-
NA,” and CK2« immunostaining in our study was
highly variable even within individual samples, so
the small differences between pre- and posttreat-
ment IHC scores in tumor and normal oral mucosa
in this study could conceivably reflect inherent var-
iability rather than an effect of treatment. We sus-
pect that this is because our selected time point for
posttreatment evaluation might be inappropriate.
We have documented that in mice with xenograft
prostate tumors that responded to TBG-RNAi-CK2,
significant downregulation of CK20 and o proteins
was detectable only 24 hr after intravenous treat-
ment.>? In future, if we can identify the correct time
point to detect suppression of CK2x expression in
feline SCC tumors, using TBG-RNAi-fCK2u0’, eval-
uation of CK20 expression as well would be ideal to
determine whether results in cats with oral SCC
recapitulate what has been found in feline SCC
in vitro and in rodent xenograft models, that is, that
both CK2x and CK2« can be effectively suppressed.

In conclusion, we achieved the primary objective
of the study, showing that TBG nanoencapsulated
RNAI targeting CK2 can be safely administered to
cats with FOSCC. Further, we found that there is
some evidence of efficacy in cats with advanced dis-
ease. Future studies in larger groups of cats may be
done to more fully explore the dose, route, and fre-
quency of administration to inform human clinical

trials as well as to assess TBG-RNAi-fCK20o" as a
possible new treatment for oral SCC in domestic cats.
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