Thamm et al. BMC Veterinary Research
https://doi.org/10.1186/512917-020-02317-3

(2020) 16:97

BMC Veterinary Research

RESEARCH ARTICLE Open Access

Phase-I trial of survivin inhibition with EZN-
3042 in dogs with spontaneous lymphoma

Check for
updates

Douglas H. Thamm'**", Jenette K. Joseph'? Barbara J. Rose', Travis K. Meuten'” and Kristen M. Weishaar'

Abstract

oligonucleotide EZN-3042 in dogs with lymphoma.

and other cancers.

Keywords: birc5, Canine, Cancer, Antisense, Apoptosis

Background: Lymphoma is a common cancer in dogs. While most dogs receiving chemotherapy experience
remission, very few are cured, and median survival times are generally in the 12-month range. Novel approaches to
treatment are unquestionably needed. The Inhibitor of Apoptosis Protein (IAP) family member survivin, which is one
of the most commonly overexpressed proteins in human cancer, plays a key role in apoptosis resistance, a major
cause of drug-resistant treatment failure. Survivin targeting therapies have shown promise preclinically; however,
none have been evaluated in dogs to date. The goal of the current study was to determine the safety and
pharmacodynamic effects of systemic administration of the anti-survivin locked nucleic acid antisense

Results: We performed a prospective phase-I clinical trial in dogs with biopsy-accessible peripheral nodal
lymphoma. Eighteen dogs were treated with EZN-3042 as a 2-h IV infusion at 5 dose levels, from 3.25 to 8.25 mg/kg
twice weekly for 3 treatments. No dose-limiting toxicities were encountered. Reduction in tumor survivin mRNA
and protein were observed in 3 of 5 evaluable dogs at the 8.25 mg/kg dose cohort.

Conclusions: In conclusion, reduced survivin expression was demonstrated in lymphoma tissues in the majority of
dogs treated with EZN-3042 at 8.25 mg/kg twice weekly, which was associated with minimal adverse effects. This
dose may be used in future studies of EZN-3042/chemotherapy combinations in dogs with spontaneous lymphoma

Background

Non-Hodgkin lymphoma (NHL) is the 7th most common
cancer in humans, accounting for approximately 65,000
cases per year [1]. It is the fifth most common, and second
fastest growing, cause of human cancer mortality [2]. Like-
wise, lymphoma is one of the most common cancers en-
countered in dogs [3]. Both human and canine NHL are
characterized by a high likelihood of response to CHOP
(cyclophosphamide, doxorubicin, vincristine, prednisone)
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based chemotherapy; however, 30% of humans and 95% of
dogs and will eventually die as a result of drug-resistant
relapse, [1, 4-7] demonstrating that new therapeutic ap-
proaches are needed.

The dog is a very useful model for the study of human
NHL, given remarkable similarities in histology, biology and
gene-expression. This includes very similar gross and histo-
logical appearance, conserved patterns of organ involvement,
comparable prognostic factors, and analogous dysregulation
of cell signaling and growth regulation pathways [3, 8-12].
Owing to the relatively compressed time course of disease
progression of lymphoma (and cancer in general) in dogs
versus humans, the immunocompetence of these patients,
and the spontaneous nature of the disease, the study of strat-
egies for chemosensitization can be accomplished
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expediently in dogs and may more closely mimic the human
clinical situation than any other cancer model.

Resistance to apoptosis (programmed cell death) is a
hallmark of cancer [13]. The inhibitor of apoptosis pro-
teins (IAP) are a family of conserved inhibitors of cell
death with analogs in yeast, vertebrates and inverte-
brates. Survivin, the product of the Birc5 gene, is an im-
portant anti-apoptotic IAP family member that is unique
in that its expression peaks during mitosis, [14] and has
a critical role in normal cell division [15]. Although sur-
vivin is highly expressed in fetal tissues, expression is
nearly undetectable in most terminally differentiated
adult cells [15, 16]. Notably, an analysis of 3.5 million
transcripts from 19 normal and diseased human tissues
identified survivin as one of the most commonly upregu-
lated genes in cancer versus normal tissues [17]. Mul-
tiple studies suggest that high survivin expression is an
important survival mechanism in cancer cells, and can
be associated with inferior clinical outcome in humans
and dogs with cancer [18-21]. Importantly, high expres-
sion of survivin is a negative prognostic factor in both
dogs and humans with lymphoma [18, 20, 22—-24]. Survi-
vin also appears to regulate tumor vasculature in a vas-
cular endothelial growth factor-dependent fashion, [25]
and may have apoptosis and proliferation-independent
roles in tumor cell invasion and metastasis [26]. Survivin
is thus an encouraging clinical target.

Several survivin-directed therapeutics have been or are cur-
rently undergoing human clinical evaluation. These include
the small molecule YM155 (sepantronium bromide), [27-32]
and the oligo-based therapeutics 1Y2181308, [33-37] and
EZN-3042, the subject of this study [18, 38—41]. Knockdown
of survivin expression using RNA interference, antisense,
dominant-negative or pharmacologic approaches has been as-
sociated with significant inhibition of proliferation and induc-
tion of apoptosis in lymphoma in vitro and in murine
xenografts [42—46]. Furthermore, multiple studies have re-
ported enhancement of chemotherapy and rituximab sensitiv-
ity in human lymphoma/leukemia cells and xenografts when
combined with survivin inhibition [18, 39, 47]; however, trials
of survivin inhibition in dogs with neoplasia have yet to be re-
ported in the peer-reviewed literature.

EZN-3042 (Enzon Pharmaceuticals, Piscataway, NJ) is a
locked nucleic acid antisense oligonucleotide (LNA-
AsODN) that targets and reduces expression of survivin
mRNA and protein [38-40]. LNA-AsODNs are single-
stranded nucleic acids with locked nucleic acid structures
attached, which provides protection against degradation
and enhances mRNA binding [48]. EZN-3042 is con-
structed of 16 nucleic acid monomers; seven of these are
replaced with LNAs [40]. Its sequence is 5'-CTCAatc-
catggCAGc-3’, with capital letters representing LNAs and
lower case letters representing DNA monomers [40]. Im-
portantly, the sequence of EZN-3042 has 100% homology
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with the canine survivin sequence. EZN-3042 has been
shown to down-regulate survivin in two different murine
lung cancer xenografts, [38] and in a canine osteosarcoma
(OSA) model [21]. EZN-3042 down-regulated survivin in
human prostatic carcinoma cells, which induced cell cycle
arrest and increased apoptosis and paclitaxel sensitivity
both in vitro and in vivo [40]. Furthermore, a phase I clin-
ical trial of EZN-3042 has been completed in humans;
treatment was generally well tolerated [41].

We previously evaluated survivin expression in dogs
with untreated, World Health Organization stage III-IVa
B-cell lymphoma, a population of dogs where few other
established prognostic factors exist. A majority of cases
expressed survivin protein, and high survivin expression
was a negative prognostic factor, as has been observed in
humans [20]. We demonstrated similarly that survivin is
also commonly expressed in canine OSA tissues, and
that elevated expression is associated with a worse clin-
ical outcome [21]. Furthermore, incubation of canine
OSA and lymphoma cells with anti-survivin small inter-
fering RNA or EZN-3042 significantly reduced survivin
mRNA and protein expression, increased apoptosis,
inhibited proliferation, and enhanced chemotherapy sen-
sitivity in canine OSA and lymphoma cells in vitro, [49]
and with survivin reduction and increased chemotherapy
efficacy in a canine OSA xenograft [21].

The objective of the current study was to evaluate the
safety and pharmacodynamic effects of EZN-3042 ad-
ministration to dogs with spontaneous multicentric
lymphoma. This was accomplished through the perform-
ance of an open-label, prospective phase-I clinical trial.

Results

Patient demographics

Patient information is summarized in Table 1. The me-
dian number of prior chemotherapy regimens was 0.5,
with a range of 0 to 5. In pre-treated dogs, the median
time from last treatment to first EZN-3042 dose was 29
days (range 14—155). Drugs given immediately prior to
study enrollment included rabacfosadine (4), doxorubi-
cin (3) and vincristine (1). All pre-treated dogs had doc-
umented progressive disease prior to inclusion. Eighteen
dogs were enrolled over 5 dose levels (3.25, 4.5, 5.75, 7.0
and 8.25 mg/kg). Seventeen of the 18 dogs completed
the planned 3 EZN-3042 infusions: one dog was with-
drawn following the first infusion owing to measurable
progressive disease (PD).

Adverse effects and clinical response

Treatment-related adverse effects (AEs) higher than grade 1
were limited to a single episode of grade 3 thrombocytopenia,
which occurred at the 8.25mg/kg dose. This patient had a
history of previous thrombocytopenic episodes which could
not be attributed to chemotherapy administration. However,
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Table 1 Summary of patient population (n=18)

Age (years) Median (range) 8 (4-13)
Weight (kg) Median (range) 33.8 (5.2-433)
Sex Male castrated 9 (50%)
Female spayed 6 (33%)
Male intact 3 (17%)
Breed Mixed breed 4 (22%)
Golden retriever 3 (17%)
Labrador retriever 2 (11%)
Boxer 2 (11%)
Other (1 each) 7 (39%)
Immunophenotype B 11 (61%)
T 6 (33%)
NA 1(6%)
Lines of Previous Treatment 0 9 (50%)
1 3 (17%)
2 3(17%)
>2 3 (17%)

NA Not available

per protocol this dose cohort was expanded to 6 dogs and no
additional AEs were noted. No changes in modified ECOG
performance status or owner reported quality of life assess-
ments were noted during the study period. A full list of ob-
served AEs is presented in Table 2. The grade 1 AEs noted
were relatively equally distributed across EZN-3042 dose co-
horts. Seventeen of 18 dogs experienced stable disease (SD)
as their best response during the 8-day duration of this trial.
PD was noted in 1 patent.

Seventeen of 18 dogs received additional lymphoma
treatment after completion of EZN-3042. The median
time from EZN-3042 study completion and initiation of
the next lymphoma-specific therapy was 1 day (range 0 to
7). A variety of additional therapies were employed; 16
dogs received cytotoxic chemotherapy and 1 dog was en-
rolled in another clinical trial. Although not prospectively
assessed, retrospective evaluation of AEs associated with
the agent/regimen received immediately following EZN-
3042 completion suggested an expected incidence of AEs.
One dog experienced grade 3 neutropenia and 3 dogs had
grade 1-3 elevations in alanine aminotransferase, all fol-
lowing lomustine administration. One dog treated in the
8.25 mg/kg cohort died 7 days following administration of
lomustine; however, the dog’s owner did not seek veterin-
ary attention and thus the cause of death (AE versus PD
versus other) could not be determined.

Postmortem findings

Postmortem evaluations were performed in 5 patients at 3
dose levels (3.25, 4.5 and 5.75 mg/kg). In addition to gen-
eralized lymphoma in 4 of the 5 patients, other findings
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Table 2 Summary of Adverse Events. Numbers refer to the
number of study patients experiencing an adverse event of a given
grade

VCOG-CTCAE v1.1 Grade
1 2 3
ALP Elevation 1

Anemia 2
AST Elevation 1
Creatinine Elevation 1
GGT Elevation 1
Hypercalcemia 1
Hypercholesterolemia 1

Hyperproteinemia 1

Hypochloremia 2
Hypokalemia 1
Hypomagnesemia 2
Lymphocytosis 1
Neutrophilia 3

Monocytosis 1
Proteinuria 1

Thrombocytopenia 1

VCOG-CTCAE v1.1 Veterinary Co-operative Oncology Group Common
Terminology Criteria for Adverse Events Following Antineoplastic Therapy v1.1.
ALP Alkaline phosphatase. AST Aspartate aminotransferase,

GGT Gamma-glutamyltransferase

reported in more than 1 dog included regional pulmonary
fibrosis in 3, lymphoplasmacytic enteritis in 2, and hepato-
cellular hydropic change in 3. Time of postmortem exam-
ination following EZN-3042 treatment initiation ranged
from 51 to 443 days, and additional therapy was employed
in all patients; thus, attribution of any postmortem find-
ings to EZN-3042 administration is challenging.

Survivin expression

Pre- and post-treatment mRNA of sufficient quality for
quantitative reverse transcriptase polymerase chain reac-
tion (qQRT-PCR) was obtained from tumor tissues in 13
of 18 patients. A reduction in relative survivin mRNA
expression in tumor tissues was observed in 3 of 5 dogs
treated at the highest (8.25 mg/kg) dose cohort (Fig. 1a).
Pre-and post-treatment mRNA of sufficient quality for
qRT-PCR was obtained from peripheral blood mono-
nuclear cells (PBMC) in 8 of 9 patients in the highest 2
dose cohorts. A reduction in survivin mRNA expression
in PBMC was observed in 3 of 5 dogs treated at the
highest (8.25 mg/kg) dose cohort (Fig. 1b). Two dogs
had parallel reductions in survivin mRNA in both lymph
node tissue and PBMC. There was no statistical correl-
ation between changes in lymph node and PBMC (r* =
0.22, p = 0.24); however, this analysis was limited by low
statistical power.
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Fig. 1 Changes in relative survivin mRNA expression in tumor tissue and peripheral blood mononuclear cells following EZN-3042 treatment in dogs
with spontaneous lymphoma. a. Changes in tumor tissue. b. Changes in peripheral blood mononuclear cells in dogs treated at the highest 2
dose levels
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to patients treated in the 8.25 mg/kg dose cohort. Tissue tivity (Fig. 2c) in these cases. There was likewise no obvi-
sufficient for immunohistochemistry (IHC) was available  ous correlation between changes in survivin mRNA
in 5 of 6 dogs treated in this cohort. There were no expression and changes in these parameters.
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Fig. 2 Changes in survivin expression, proliferation and apoptosis in tumor tissue from dogs with lymphoma treated with EZN-3042. a Survivin
expression in tumor tissues before and after EZN-3042 treatment as assessed by immunohistochemistry. b Tumor cell proliferation assessed
immunohistochemically via Ki-67 labeling index in tumor tissues before and after EZN-3042 treatment. ¢ Tumor cell apoptosis assessed via
activated caspase-3 immunohistochemistry in tumor tissues before and after EZN-3042 treatment. In all figures, black arrows indicate samples
where reduction in tumor survivin mRNA expression was observed
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Discussion

Concerns regarding the translatability of many murine
tumor models to human cancer patients include differ-
ences in immune status, reduced or absent clonal hetero-
geneity, relative tumor growth rate and tumor burden,
tumor location (orthotopic versus heterotopic), differing
drug distribution/metabolism, and variations in tolerable
drug concentrations. These all may contribute to the ob-
served relatively poor correlation between findings in
many rodent studies and early human clinical trials with
anticancer agents [50]. More predictive animal models
would unquestionably be useful.

Clinical trials in client-owned dogs with spontaneous
cancer are potentially informative and, to date, underuti-
lized translational models, as a result of dogs’ comparatively
large size, relative outbreeding, immune-competence, and
biological/physiological similarity to human cancer patients
[51]. Dogs with spontaneous cancer naturally develop ther-
apy resistance as well as recurrence and metastasis. Tumor
burdens in canine patients are more similar to humans than
their murine counterparts, which may be critical in refer-
ence to important cellular and physiological such as clonal
heterogeneity and hypoxia [3, 52, 53]. The larger size of ca-
nine tumors also facilitates serial tissue sampling and im-
aging over time, as we have demonstrated in previous
studies [12, 54—56]. This is partly due to the fact that chem-
ical restraint is more commonly employed for many proce-
dures, which mitigates owner concerns about patient
discomfort.

There is considerable evidence that overexpression of
survivin plays a critical role in the outcome in human pa-
tients with lymphoma. In multiple studies, high survivin
expression has been identified as an independent negative
prognostic factor and/or has been associated with an in-
ferior response to chemotherapy [19, 22-24, 57, 58]. Fur-
thermore, knockdown of survivin expression using RNAi,
antisense, dominant-negative or pharmacologic ap-
proaches has been associated with significant induction of
apoptosis and proliferation inhibition in vitro and in mur-
ine xenografts [42—46]. Despite this encouraging preclin-
ical activity, and the fact that some objective responses in
human NHL patients were observed in early clinical evalu-
ation of the small molecule inhibitor YM155, [28] re-
sponse rates were disappointingly low in a subsequent
single-agent phase-2 investigation [27]. This may have
been due to the fact that enrolled patients were heavily
pre-treated with large disease burdens, and the conclu-
sions of the investigators were that combinatorial therapy
approaches held more promise [27].

In support of combinatorial treatment, multiple studies
have reported enhancement of chemotherapy and/or rituxi-
mab sensitivity in lymphoma/leukemia cells and xenografts
when combined with survivin inhibition [18, 39, 47, 59].
Furthermore, a recent phase-II trial of combined YM155
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and rituximab demonstrated durable responses and good
tolerability in human patients with relapsed high grade B
cell NHL [31]. The goal of the current study was to
establish a biologically effective dose of EZN-3042 in
lymphoma-bearing dogs, as a precursor to future prospect-
ive combinatorial studies.

In this study, EZN-3042 was well tolerated at all doses;
a MTD was not reached in dogs with spontaneous
lymphoma. A putative biologically effective dose was
established at 8.25 mg/kg, based on reduction in survivin
mRNA expression in both PBMC and tumor tissue in 3
of 5 dogs treated at this dose level. Surprisingly, there
was no correlation between changes in survivin mRNA
as assessed by qRT-PCR and changes in protein expres-
sion as assessed immunohistochemically. However, the
semi-quantitative assessment of survivin expression by
IHC may be less sensitive than qRT-PCR, as appears to
be the case for several other measured targets in human
cancer [60—62]. Despite our previous observations of sig-
nificant reductions in proliferation and induction of
apoptosis in canine lymphoma cells treated with EZN-
3042 in vitro, [49] we observed no correlation between
alterations in proliferation/apoptosis assessed immuno-
histochemically and changes in survivin mRNA expres-
sion. This could be due to the relatively modest
reductions in survivin observed in this trial versus what
was observed in vitro, and/or differences in timing be-
tween in vitro and clinical assessment. Importantly,
EZN-3042 plasma pharmacokinetics were not deter-
mined in the present study, so exposure/pharmacody-
namic correlations could not be made. In human
patients receiving EZN-3042, a terminal plasma half-life
of 5.3 h was reported; however, correlations between ex-
posure and biologic effects were not made due to small
case numbers (41).

Objective antitumor effects were not observed following
EZN-3042 treatment in any dog. This is not unexpected
given the very short (8-day) duration of evaluation, and
the fact that significant changes in tumor cell proliferation
and apoptosis were not observed in tumor biopsies. How-
ever, the fact that stable disease was observed in 17 of 18
patients could be indicative of some degree of biologic ef-
fect: canine lymphoma is generally a rapidly proliferative
disease, with a reported median survival time of only 1
month following diagnosis without treatment.

The ultimate goal of the work reported here was to pave
the way for subsequent studies evaluating combinations of
survivin inhibition and cytotoxic therapy in canine lymph-
oma, as a model for the human disease. Although post-
EZN-3042 chemotherapy was not standardized, the majority
of dogs in this study received cytotoxic chemotherapy soon
after the final EZN-3042 dose. There was no obvious po-
tentiation of chemotherapy-associated AEs in those dogs that
were pre-treated with EZN-3042, which bodes well for the
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tolerability of future combinatorial studies. Importantly,
probable potentiation of chemotherapy-associated adverse
effects was observed in a human study with EZN-3042 [41].

Conclusions

In conclusion, this is the first study to evaluate the safety
and biologic effects of a survivin-inhibiting strategy in
dogs with spontaneous cancer, which may represent a
very useful model for bridging the observed gap between
murine preclinical and human clinical studies. We have
defined a safe and biologically effective dose of EZN-
3042 which can be employed in future combinatorial tol-
erability/efficacy trials, as well as defining a suite of
pharmacodynamic assays that can be applied to future
studies of novel survivin inhibitors.

Methods

Study population / entry criteria

This study was conducted with the approval of the Colorado
State University Institutional Animal Care and Use Commit-
tee and Clinical Review Board. Informed owner consent was
obtained prior to study entry. Dogs with biopsy accessible,
cytologically confirmed multicentric lymphoma presenting
as patients to the Colorado State University Flint Animal
Cancer Center were enrolled. Immunophenotype was estab-
lished via flow cytometry as described [63, 64]. Dogs were
free of other complicating concurrent disease conditions as
assessed by physical examination and owner history, and
needed to weigh at least 5kg. They needed acceptable la-
boratory and clinical values to safely undergo therapy; specif-
ically, (1) Total bilirubin not greater than 1.5x the upper
limit of normal (ULN); (2) Creatinine not exceeding 2x
ULN; (3) At least 2000 neutrophils/ul, 75,000 platelets/ul,
hematocrit at least 30%; (4) Modified Eastern Cooperative
Oncology Group (ECOG) performance status of 0 or 1 [65].
Pretreatment with chemotherapy was allowed with at least a
14-day washout from their most recent treatment, including
corticosteroids. Dogs of any clinical stage were eligible; how-
ever, they needed to be substage A for inclusion. Dogs were
not re-staged prior to study entry.

Initial evaluation

Prior to treatment, dogs underwent a complete physical
examination and laboratory assessment including body
temperature, pulse and respiration; complete blood
count, serum biochemistry profile, coagulation profile
(prothrombin time, activated partial thromboplastin
time) and urinalysis. A cytologically affected peripheral
lymph node was biopsied under sedation. One biopsy
sample was immediately snap-frozen in liquid nitrogen
then stored at -80 °C, and one was placed in formalin for
routine histologic processing.
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EZN-3042 treatment
EZN-3042 was generously provided by Enzon Pharmaceu-
ticals (Bridgewater, NJ). Dogs received 3 twice-weekly
doses of EZN-3042, administered as a 2-h intravenous in-
fusion. Starting dosage was 3.25mg/kg, approximately
50% of the single-agent maximum tolerated dose (MTD)
as established in humans (Personal Communication, Y.
Zhang, Enzon) [66]. Escalation occurred in 1.25 mg/kg
dose levels, via a conventional 3 +3 design. Escalations
were performed with 3 dogs per dose level. If a dose-
limiting toxicity (DLT) was observed in one dog in a dos-
ing group, then the cohort would be expanded to 6 dogs
at that dose level. Escalation to the next higher dose co-
hort occurred if 0/3 dogs in a cohort experienced a DLT
or if only 1/6 dogs in an expanded cohort experienced a
DLT. If a DLT attributable to treatment was observed in
more than 1 dog at a dose level, then the MTD was con-
sidered exceeded, and dose-escalation terminated. The
MTD was defined as the highest dose where no more than
1/6 dogs developed a DLT. A total of 5 dose cohorts were
planned. Following treatment initiation, dogs were
rechecked according to the schedule outlined in Table 3.
Lymph node biopsies were repeated 1day following
the third EZN-3042 treatment. After this biopsy, dogs
were considered off-study and eligible to receive add-
itional treatment as recommended by the veterinarian in
charge. In dogs treated at the 2 highest dose cohorts,
PBMC were collected at the same time points as lymph
node biopsy. Approximately 20 mL of heparinized per-
ipheral blood was collected. PBMC were separated using
density gradient centrifugation as described, [7] and cell
pellets were snap-frozen and stored at -80 °C until qRT-
PCR for survivin mRNA expression.

Response and adverse effect assessment

Clinical responses were assessed according to the Veter-
inary Cooperative Oncology Group Response Evaluation
Criteria for Peripheral Nodal Lymphoma in Dogs (v1.0),
[67] and classified as complete response (CR), partial re-
sponse (PR), SD, or PD.

Adverse effects (AEs) were graded according to the Vet-
erinary Co-operative Oncology Group Common Termin-
ology Criteria for Adverse Events Following Antineoplastic
Therapy v1.1 [65]. A dose-limiting toxicity (DLT) was de-
fined as a Grade 3 or higher toxicity in any category, except
neutropenia, where asymptomatic grade 3 toxicity was not
considered dose-limiting. A Quality of life questionnaire
was completed by the owner at the time of each visit, and a
modified ECOG performance status assigned.

Survivin expression

Expression of survivin mRNA was assessed in pre and
post-EZN-3042 snap-frozen biopsy samples and PBMC
utilizing qRT-PCR and IHC. qRT-PCR was performed
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Table 3 Clinical Trial Evaluation Schedule

Time Point
Procedure Day 0 Day 3-4 Day 7 Day 8
Lymph node biopsy (qRT-PCR, IHC) +/— PBMC collection X X
History, physical exam, response assessment X X X X
CBC, Biochemistry, PT, PTT, Urinalysis X X X
QOL Questionnaire X X X X
Body Weight X X X X
EZN-3042 Administration X X X

IHC Immunohistochemistry. PBMC Peripheral blood mononuclear cells, CBC Complete blood count. PT Prothrombin time. APTT Activated thromboplastin time. QOL

Quality of life

essentially as we have previously described [21]. Briefly,
RNA was extracted using the Qiashredder and RNeasy
Kit (Qiagen, Chatsworth, CA) and quality assessed using
a NanoDrop spectrophotometer (ThermoFisher, Wal-
tham, MA). RNA was reverse-transcribed using the
Omniscript® RT Kit (Qiagen). SYBR Green PCR reac-
tions using canine survivin and HPRT-specific primers
were performed in duplicate on an Mx3000P™ thermal
cycler (Stratagene, San Diego, CA). Average threshold
(Ct) values were calculated to evaluate changes in survi-
vin gene expression relative to HPRT using the Relative
Expression Software Tool (REST) v2.0.13 (Qiagen).

Expression of survivin protein was assessed semi-
quantitatively in formalin fixed paraffin embedded
lymphoma biopsy samples utilizing IHC as we have de-
scribed, [20, 21] with a validated polyclonal rabbit anti-
human survivin antibody (Novus Biologicals, Centennial,
CO), utilizing an automated stainer (Discovery, Ventana
Systems, Harvard, MA). Paraffin sections of normal ca-
nine lymph node served as both positive and negative
controls, and omission of the primary antibody was as a
secondary negative control in each run. Both nuclear
and cytoplasmic survivin immunoreactivity were scored
by 1 individual (TYM), who was blinded to patient iden-
tity and biopsy timing. Briefly, the proportion of cells
demonstrating positive immunoreactivity in each sample
was scored according to a semi-quantitative approach
where tumors were grouped into 5 classes (0=0%, 1=
1-10%, 2 = 10-25%, 3 =25-50%, 4 > 50%). The intensity
of survivin staining (0 = negative, 1 = weak, 2 = moderate,
3 =strong, 4 = intense) was also assessed. A final immu-
noreactivity score was then determined by multiplying
the percentage score by the intensity grade, with a range
of possible scores of 0—16.

Proliferation and apoptosis assessment

Tumor cell proliferation and apoptosis was assessed in
pre- and post-EZN-3042 samples in a blinded fashion by
one investigator (TYM) utilizing IHC for Ki-67 and acti-
vated caspase-3, as we have described previously in ca-
nine tumor tissues [55, 68]. Images were obtained using

an Axioplan 2 microscope coupled with an AxioCam
HRc camera (Zeiss, Oberkochen, Germany) and results
were determine by enumerating the number of Ki67-
positive nuclei or activated caspase-3 positive cells per
20x field in 7 random fields per tissue section.

Statistical analysis

Descriptive statistics were used to summarize demographic
information and AEs. Correlation between changes in sur-
vivin expression in paired biopsy and PBMC samples was
assessed using linear regression. Statistical analysis was car-
ried out using commercial software (Prism 8, GraphPad
Software, La Jolla, CA).
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PCR: Quantitative reverse-transcriptase polymerase chain reaction; SD: Stable
disease; ULN: Upper limit of normal
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