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ABSTRACT

Background Inflammatory mammary cancer (IMC), the
counterpart of human inflammatory breast cancer (IBC),
is the deadliest form of canine mammary tumors. IMC
patients lack specific therapy and have poor outcomes.
This proof-of-principle preclinical study evaluated the
efficacy, safety, and effect on survival of neoadjuvant
intratumoral (in situ) empty cowpea mosaic virus
(eCPMV) immunotherapy in companion dogs diagnosed
with IMC.

Methods Ten IMC-bearing dogs were enrolled in

the study. Five dogs received medical therapy, and

five received weekly neoadjuvant in situ eCPMV
immunotherapy (0.2—-0.4 mg per injection) and medical
therapy after the second eCPMV injection. Efficacy

was evaluated by reduction of tumor growth; safety by
hematological and biochemistry changes in blood and
plasma; and patient outcome by survival analysis. eCPMV-
induced immune changes in blood cells were analyzed by
flow cytometry; changes in the tumor microenvironment
were evaluated by CD3 (T lymphocytes), CD20 (B
lymphocytes), FoxP3 (Treg lymphocytes), myeloperoxidase
(MPO; neutrophils), Ki-67 (proliferation index, Pl; tumor cell
proliferation), and Cleaved Caspase-3 (CC-3; apoptosis)
immunohistochemistry.

Results Two neoadjuvant in situ eCPMV injections
resulted in tumor shrinkage in all patients by day 14
without systemic adverse events. Although surgery for
IMC is generally not an option, reduction in tumor size
allowed surgery in two IMC patients. In peripheral blood,
in situ eCPMV immunotherapy was associated with a
significant decrease of Treg*/CD8" ratio and changes in
CD8*Granzyme B* T cells, which behave as a lagging
predictive biomarker. In the TME, higher neutrophilic
infiltration and MPO expression, lower tumor Ki-67 PI,
increase in CD3* lymphocytes, decrease in FoxP3*/CD3*
ratio (p<0.04 for all comparisons), and no changes in
CC-3* immunostainings were observed in post-treatment
tumor tissues when compared with pretreatment tumor
samples. eCPMV-treated IMC patients had a statistically
significant (p=0.033) improved overall survival than
patients treated with medical therapy.
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Gonclusions Neoadjuvant in situ eCPMV immunotherapy
demonstrated anti-tumor efficacy and improved survival
in IMC patients without systemic adverse effects. eCPMV-
induced changes in immune cells point to neutrophils

as a driver of immune response. Neoadjuvant in situ
eCPMV immunotherapy could be a groundbreaking
immunotherapy for canine IMC and a potential future
immunotherapy for human IBC patients.

INTRODUCTION

Inflammatory breast cancer (IBC) is a rare,
aggressive, and highly metastatic form of
human breast cancer (BC). At time of diag-
nosis, all IBC patients have lymph node
involvement and ~40% have distant identifi-
able metastases.' > IBC accounts for roughly
2.5% of all newly diagnosed BC in the US,
but is responsible for ~10% of BC-related
deaths,?’ 4 making it the deadliest form of
BC. Anthracycline-taxane-based = chemo-
therapy, with targeted therapy when appro-
priate, remains the backbone of neoadjuvant
therapy for IBC® % and its efficacy is mini-
mally effective as shown by a 15-year survival
rate of ~20%-30%.° The inability to iden-
tify effective therapy has multiple factors,
but two major contributing factors are the
absence of optimal models to identify mech-
anisms involved in the aggressive behavior of
IBC, and the associated lack of knowledge
of in vivo IBC biology. The limited knowl-
edge we do have has been obtained from
in vitro studies using cell lines and patient-
derived xenograft models using immunode-
ficient mice.” While cell lines are useful for
drug sensitivity studies, and published data
reveal a remarkable correlation between
drug responses in patient-derived xenograft

.. . 89
models and clinical patient outcomes,” ~ a
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direct extrapolation of useful data obtained from these
models into human clinical trials is not always possible.
This is particularly true for immunotherapy studies since
human xenografts can only be studied in vivo using
immunodeficient mice.

Rodent cancer immunotherapy studies usually use
syngeneic cell lines in inbred mice, but there is no rodent
cell line model of IBC or canine inflammatory mammary
cancer (IMC). Canine cancer patients, however, can bridge
rodent lab studies and human clinical trials.'”""* Cancers
in dogs occur spontaneously, have clinical and pathophys-
iological presentation equivalent to human cancers, and
share genomic and immune features. Canine patients
are outbred, have intact immune systems and a tumor
that, like spontaneous human tumors, is predominantly
‘self” immunologically, making them a uniquely valuable
model for immunotherapy studies. The progression of
disease in dogs recapitulates disease course in humans
to a much greater extent than rodent cancer models.'*"?
Canine mammary tumors are the most frequent neoplasia
in sexually intact female dogs." '* The annual incidence
of mammary tumors within all canine tumors is ~17%,"*
and the frequency of malignant tumors varies from 48%
to 70% of the overall mammary tumor patients."'* Strik-
ingly, dogs are also affected by IMC which, as in human
IBC, is the most aggressive type of mammary tumors,
with a reported incidence of 18% of all canine malignant
mammary tumors.'” IMC dogs live an average of 1 month
post diagnosis in absence of specific treatment."”” As we
have recently reviewed, canine IMC represents a unique
and excellent therapeutic model to evaluate the clinical
efficacy of new anticancer agents, approaches or combi-
nations, including immunotherapy.'®

In our previous studies, we extensively documented
the ability of in situ vaccination using cowpea mosaic
virus (CPMV) nanoparticles and empty CPMV (eCPMV)
virus-like nanoparticles to stimulate antitumor immune
responses and improve outcomes in various syngeneic
murine tumor models, including BC,”_19 and canine oral
melanoma.”’ In this proof-of-principle study, we evaluated
the clinical efficacy of the highly immunogenic eCPMV
nanoparticles against canine IMC. CPMV and eCPMYV are
identical in their protein content, but eCPMV lacks RNA
and, therefore, is non-infectious toward plants, offering
safety from an agricultural perspective. Our results
demonstrated robust clinical efficacy of neoadjuvant in
situ eCPMV immunotherapy (eCPMV immunotherapy
from here on) leading to tumor reduction in all treated
IMC dogs and improved survival of dogs treated with this
agent. eCPMV immunotherapy induced a strong neutro-
philic tumor infiltration associated with necrosis and
supported neutrophils as a driver of tumor cell death.
This study is the first step towards human clinical trials
using eCPMV to treat IBC which therapeutically remains
an orphan disease.

MATERIALS AND METHODS

Canine patient recruitment and selection criteria

Inclusion criteria at diagnosis, histopathological and
histological grade classification are described in detail in
online supplemental file 1. Diagnosis of IMC was based
on the presence of characteristic clinical signs including
erythema, edema, warmth, pain, and histopathological
confirmation of neoplastic invasion of superficial dermal
lymphatic vessels.”” *! The characteristics of the 10 IMC
patients included in this study are summarized in table 1.
All patients’ owners signed an informed consent. For this
study, we followed the ARRIVE guidelines 2.0.%

eCPMV immunotherapy protocol and follow-up

A pretreatment incisional biopsy of the target tumor was
taken from all patients followed by intratumoral eCPMV
injection immediately after obtaining the biopsy sample.
Collection of the tumor biopsy is described in online
supplemental file 1. Incisional biopsies from two patients
with confirmed IMC status referred from a different insti-
tution were not available. eCPMV production, dosage,
number of the tumor injections, and the tumor injection
procedure are described in online supplemental file and
figure S1. In situ eCPMV vaccination was administered
once a week (day 0 (D0) and day 7 (D7)). Reduction in
tumor volume (Tv) was observed by D14 and a few owners
of IMC patients agreed to additional eCPMV immuno-
therapy (table 2). The IMC patients treated in this study
presented one (patients P3, P4 and P5) or two individual
tumor masses (patients P1 and P2). For P1, only the larger
tumor was injected during the first two treatments, and
both tumors were injected in the subsequent treatments.
For P2, both tumors were always injected.

IMC patients are not eligible for a surgical procedure.”
The medical therapy*! (described in online supple-
mental file) was added to eCPMV immunotherapy after
the second eCPMV injection. Patient P1 had severe
adverse events to toceranib and was taken off medical
therapy after 23 days of administration. After diagnosis,
all IMC control dogs not treated with eCPMV received
the medical therapy until death (table 1).

When eCPMV-induced tumor reduction allowed
surgery, the tumor was resected with collection of a
surgical biopsy, and the medical therapy was main-
tained as adjuvant treatment. Surgical procedures were
performed per institutional standard of care protocol
(described in online supplemental file). After surgery,
follow-up was performed once a month until death or
euthanasia. Thoracic radiographs and abdominal ultra-
sound were performed every 2months to search for
distant metastases.

Quality of life and tumor response evaluation

Each canine patient was closely observed by the attending
veterinarian in the clinic for 4hours after each injection
and subsequently by the owner on a daily basis to eval-
uate the potential adverse events induced by eCPMV
vaccination. The quality of life (QOL) of each patient was
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Table 1 Epidemiological and clinicopathological characteristics of eCPMV-treated and control canine IMC patients
Age, Weight, TS,* TS,t Histo. Histo. 0sS,

Patient . kg cm cm® Breed Type grade type sdLVI LNI Therapy days

eCPMV-treated IMC patients

P1 11.0 103 151 74.8 Mixed Primary 1]l Special Yes Yes +FCT 174

type

P2 135 25.6 15.7 45.7 Mixed Secondary Il Simple Yes Yes +FCT 156

P3 10.7 8.2 19.6 104.2 Poodle Secondary Il Simple  Yes Yes +FCT 109

P4 10.7 17.0 17.3 52.7 Kerry Blue Secondary |l Simple Yes Yes +FCT 165
Terrier

P5 11.9 2.7 3.9 4.3 Bichon Frise Secondary Il Simple  Yes Yes +FCT 67

Control IMC patients

P6 13.0 26.2 14.0 252.0 Mixed Secondary Il DA Yes Yes FCT 27

P7 14.2 7.6 7.0 14.0 Maltese Secondary Il Simple  Yes Yes FCT 40

P8 9.7 103 4.0 32.0 Mixed Secondary Il Simple Yes Yes FCT 132

P9 13.0 9.3 5.0 30.6 Miniature Secondary Il Simple Yes Yes FCT 63
Schnauzer

P10 8.9 7.7 3.0 9.4 Poodle Secondary Il Simple  Yes Yes FCT 73

Age at diagnosis in years.

+FCT indicates that eCPMV-treated dogs received FCT therapy starting after second eCPMV injection until surgery or death, and P1 and P5

continued on FCT as adjuvant therapy until death.
*TS refers to the largest diameter of the target tumor in cm.

1TS refers to tumor volume in cm3; type, refers to primary and secondary IMC.
DA, ductal associated; eCPMV, empty cowpea mosaic virus; FCT, firocoxib+cyclophosphamide+toceranib; Histo, histologic; IMC,
inflammatory mammary cancer; LNI, regional lymph node involvement; OS, overall survival time; sdLVI, superficial dermal lymphovascular

invasion; TS, tumor size.

evaluated at first eCPMV dose and at D7 and D14 using a
preestablished survey.25

The tumor response to the eCPMV vaccination was evalu-
ated once a week during the treatment period by measuring
the Tv with calipers using the formula Tv=0.5x long axis
x short axis®>. The percentage of tumor growth inhibition
(%TGI) was estimated by the formula %TGI=100x(final
Tv-initial Tv) /initial Tv. All measurements are in cubic centi-
meters (cm®). Although the Response Evaluation Criteria in
Solid Tumors in cancer immunotherapy trials (iRECIST) is
not designed to address in situ vaccination in canine patients
(27), the iRECIST criteria are also provided in online supple-
mental table S1.

Hematological, flow cytometry, biochemical and cytokine
analyses

A blood sample (~10mL) was collected from each patient
at DO, D7, and D14 to evaluate changes induced by eCPMV
immunotherapy. Hematological analyses were done using a
standard hematology analyzer (ADVIA 120, Siemens Health-
care, Madrid, Spain). Samples collected at DO, D14, and at
various time points after surgery were used to isolate periph-
eral blood mononuclear cells (PBMCs) for flow cytometry
using the Lymphocyte Isolation Reagent kit per manufac-
turer’s instructions (Ficoll 1.077g/mL solution, Rafer, Zara-
goza, Spain). Isolated cells were transferred to a freezing
medium (70% RPMI, 20% DMSO and 10% fetal bovine
serum), frozen at —80°C overnight, and then transferred

into liquid nitrogen until sample processing. Flow cytom-
etry analysis was performed using a 14-color panel (online
supplemental table S2) using reagents and procedures as
previously described.”® Stained samples were acquired using
LSR Fortessa II (BD Biosciences, San Jose, California, USA)
equipped with 4 lasers and 16 detectors. Flow cytometric
analysis was performed using FlowJo software (V.10.7.1; BD
Bioscience).

The biochemical panel (glucose, creatinine, urea and
alanine aminotransferase (ALT)) of each patient was
performed by reflection spectrophotometry (Refrovet
Plus, Scil animal care company, Viernhheim, Germany)
and for total proteins by Biuret’s colorimetric test (Brad-
ford Diagnostics, Sigma-Aldrich, St. Louis, MO, USA).
Cytokine measurement in plasma samples was performed
using the MILLIPLEX Canine Cytokine/Chemokine
Magnetic Bead Panel (Merck Millipore, Burlington,
MA, USA). The list of cytokines is provided in online
supplemental file 1. The evaluation of hematological,
biochemical and other adverse events related to eCPMV
immunotherapy was performed according to the Veteri-
nary Cooperative Oncology Group criteria in the v.2.7

Histopathology and immunohistochemistry assays

Single 3pm tumor tissue sections were used for histo-
pathology and immunohistochemistry (IHC). The IHC
assays for Ki-67, CC-3, myeloperoxidase (MPO), IL-8,
CD3, CD20, and FoxP3, and the scoring of all markers are
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Table 2 Tv changes in eCPMV-treated and control dogs

Patient Day eCPMV dose, mg Treatments Tv, cm® %TGI P value
P1 (T1) DO 0.200 8 67.4 0.0

D7 0.200 49.5 -26.5

D19 0.200 36.9 -45.3 0.063

DFU 13.2 -80.4 0.007
P1(T2) DO 6 7.4 0.0

D7 10.0 35.1

D19 0.200 17.8 140.7 0.179

DFU 5.2 -29.7 0.977
P2 (T1) DO 0.350 7 39.6 0.0

D7 0.350 28.6 -27.8

D14 0.350 23.6 -40.4 0.137

DFU 0.350 43.1 8.9 0.920
P2 (T2) DO 0.050 7 6.1 0.0

D7 0.050 2.1 -64.9

D14 0.050 0.7 -89.3 0.163

DFU 0.050 29 -52.3 0.379
P3 DO 0.400 2 104.2 0.0

D7 0.400 25.2 -75.8

D14 24.7 -76.3 0.330
P4 DO 0.400 3 52.7 0.0

D7 0.400 61.4 16.6

D15 0.400 51.0 -3.1 0.907
B5) DO 0.200 2 43 0.0

D9 0.200 4.5 3.5

D17 4.2 -3.5 0.667
Control canine IMC patients
P6 DO 252.0

D25 459.0 82.2
P7 DO 14.0

NA NA
P8 DO 32.0

D73 75.3 124.6
P9 DO 30.6

D35 94.6 209.0
P10 DO 9.4

D39 30.8 228.6

DO, D7, D14, DFU, day 0, 7, 14 and at last follow-up (D92 in P1 and D79 in P2), respectively; T1, target tumor; T2, second tumor treated;
NA, not available; Treatments refer to the total number of eCPMV injections; % TGl, percentage of tumor growth inhibition. P values
obtained by regression analysis as described in Methods. The first P value shows regression analysis from DO to D14; the second, from
DO to last follow-up.
DFU, date of follow-up; eCPMV, empty cowpea mosaic virus; NA, not available; TGI, tumor growth inhibition; Tv, tumor volume.

described in online supplemental file 1 and are reported

following REMARK guidelines.”

Statistical analyses

Primary outcomes were efficacy, measured by reduction
in Tv; biosafety, measured by evaluation of hematolog-
ical and biochemistry changes in blood and plasma;

and, survival of treated patients, measured by tracking
clinical status of patients. The Kaplan-Meier method
with the log-rank test was used to estimate survival.
Unpaired Student’s t-test, Mann-Whitney U test, Fisher’s
exact test, and the 2 test were used as appropriate. Two-
tailed p values less than 0.05 were considered statistically
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Figure 1 Neoadjuvant in situ eCPMV immunotherapy induced tumor regression in canine IMC patients. IMC patients were

treated and followed up as described in the Methods. (A, B) Tumor growth inhibition (TGI) as percentage of growth relative

to DO. (A) % TGl in control canine IMC patients treated with medical therapy from DO, but no eCPMV therapy. Tumor volume
changes in P7 during follow-up were not available. (B) % TGl in eCPMV-treated IMC patients. Dx refers to measurements done
at D7 (P1, P2, P3, P4) and D9 (P5). Dy refers to measurements at D14 (P2, P3); D15 (P4), D17 (P5) and D19 (P1). Black arrows
indicate eCPMV immunotherapy for all dogs; blue, for P1, P2 and P4. (C, D) Tumor growth kinetics in P1 (C) until surgery at D92
indicated by a red arrowhead, and P2 (D) until last day of follow-up at D79. Large black arrow in C indicates start of anti-COX2
therapy (15 days before eCPMV immunotherapy). Black arrows in C indicate eCPMV immunotherapy given to T1 and *, medical
therapy as described in the Methods section. P1 and P2 patients have a second tumor mass (black broken line) (C, D). Blue
arrows indicates treatment provided to the largest (T1; solid red line) and smallest (T2; interrupted black line) tumors in P1 (C)

and both tumors in P2 (D). eCPMV, empty cowpea mosaic virus; IMC, inflammatory mammary cancer.

significant. Statistical analyses were carried out using
IBM SPSS Statistics program (V.25) and GraphPad Prism
(V.7.02; GraphPad San Diego, California, USA) software.
Full details of statistical analysis are provided in online
supplemental file 1.

RESULTS

eGPMV immunotherapy vaccination induces tumor shrinkage
in IMC patients

Of the 10 enrolled IMC patients, 5 did not receive the
eCPMV immunotherapy because the owners declined
treatment. These patients were used as control cases
(figure 1A; table 2). The remaining five IMC patients were
treated with eCPMV immunotherapy: Patients P3 and P5
received two injections, P4, three injections (figure 1B),
P1, eight injections (figure 1C), and P2, seven injections
(figure 1D). Owners of patients P3 and P4 refused addi-
tional treatment for personal reasons. P3 died at D109
of unknown cause and P4 was euthanized at D165 due
to disease progression (table 1). P1 and P2 are described
in detail below. Treatment response evaluated by %TGI
demonstrated shrinkage of Tv at D7 in three patients
(P1, P2, and P3, figure 1B and table 2) and tumor growth
(pseudoprogression) in patients P4 and P5 with tumor
shrinkage by D14 (figure 1B and table 2). The eCPMV
immunotherapy resulted in tumor reduction sufficient
to enable surgery in P5 and P1 after 2 and 8 injections,
respectively (figure 1B,C). Regression analyses indicate
that all patients had a reduction in tumor burden after
two eCPMV injections (table 2).

Patients P1 and P2 received more treatments and were
followed up in more detail. P1 presented two concur-
rent large masses classified as special type carcinoma
located in different mammary chains (table 2). Before
eCPMV treatment, this patient was on anti-COX-2 (firo-
coxib) therapy for 15 days without responding to that
therapy. As shown in figure 1C, the tumor growth kinetics

demonstrate that eCPMV immunotherapy resulted in an
immediate response that was sustained following each
weekly eCPMV injection. At D20, medical therapy was
added for 3weeks to the eCPMV immunotherapy, but
due to toxicities, toceranib was removed (at D42, after
23 days of toceranib treatment), and the dog received
only firocoxib and metronomic cyclophosphamide along
with eCPMV immunotherapy for three additional treat-
ments. With regards to durability of treatment response,
a rapid tumor growth was observed during the time the
patient was receiving firocoxib and metronomic cyclo-
phosphamide, but not eCPMV immunotherapy because
the owners and the dog were not available (D54-D82 in
figure 1C). However, as soon as the eCPMV injections
were resumed, a sharp decrease in tumor growth was
observed to the point that the patient underwent bilateral
radical mastectomy to remove the tumor masses (D92 in
figure 1C). Of note, treatment of a second IMC mass was
also started on D19 and the clinical response was similar
to the largest mass treated at the same time (figure 1B).
This patient lived ~6 months and died of noncancer-
related renal failure.

P2 with two tumor masses classified as simple carci-
nomas in different mammary chains was enrolled from
an external clinic at D57 of her diagnosis. For simplicity,
the first eCPMV injection is represented here as D0. This
tumor showed fluctuation in the response to eCPMV
immunotherapy with a decrease in tumor size followed
by tumor growth up to D70, and again, a decrease in
tumor size up to D79 (figure 1D). Shortly after that visit
the patient was euthanized in a different clinic at about
D99 due to dyspnea and metastatic lung disease. Similar
to patient P1, tumor growth was observed during the time
the patient was not on treatment because the Hospital
was closed due to COVID-19 lockdown (D21 to D62 in
figure 1D). Interestingly, a second eCPMV-treated mass
in this patient was more responsive to the therapy and
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after a decrease in the Ty, it never significantly grew again
and remained almost unchanged during the observation
period (figure 1D; table 2). This patient lived ~5 months.

eCPMV immunotherapy is not toxic

No adverse reactions at injection site or systemic reac-
tions were observed during the 4-hour period after each
e¢CPMV administration. eCPMV immunotherapy did not
induce significant fluctuations in hematocrit and hemo-
globin levels in any dog over the 14-day period. Fluctu-
ations remained within the normal range in all eCPMV
treated dogs (online supplemental figure S2). Further, no
significant changes in total proteins (albumin and glob-
ulins levels) were observed during the treatment period
(online supplemental table S3 and figure S3A). Despite
fluctuations in the levels of glucose, urea, creatinine,
and ALT during eCPMV immunotherapy, these changes
remained within the normal ranges (online supple-
mental figure S3B-E). Hence, these findings indicate that
e¢CPMV immunotherapy with this dosing does not nega-
tively affect hepatic, renal and digestive functions in the
vaccinated dogs. No changes were observed in blood cell
numbers, and protein levels in the control patients not
treated with eCPMV (online supplemental table S4).

Per our QOL questionnaire, QOL was improved in
three dogs (P1, P2, and P3) and two dogs reported no
changes in QOL during the 14-day observation time (P4
and P5; data not shown).

eGPMV immunotherapy induces changes in immune blood cell
populations

White blood cell analysis indicates a decrease in lympho-
cyte, monocyte, and mature neutrophil numbers at D7 in
three dogs (P3, P4, and P5), with a subsequent increase
close to pretreatment levels in lymphocytes and mature
neutrophils, and a further decrease in the monocyte
levels (online supplemental figure S4A-C). Immature
neutrophils in these three cases remain close to or

A B
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slightly higher than pretreatment levels (online supple-
mental figure S4D). In the other two eCPMV-treated
dogs (P1 and P2), lymphocytes and monocytes remained
increased at D14. An increase in mature and immature
neutrophils was observed in both dogs, with P1 showing a
large increase in immature neutrophils without reaching
statistical significance (online supplemental figure S4D).
Change in blood cell numbers during treatment in all
treated dogs is shown in online supplemental table S3.
These findings suggest that eCPMV immunotherapy
induces an increase in peripheral blood inflammatory
cells.

Immunophenotyping by flow cytometry on canine
PBMC:s collected at DO and after eCPMV immunotherapy
detected a decrease of the regulatory T cells (Treg) /CD8"
ratio in treated IMC patients to various degrees (figure 2A;
p=0.019; gating strategy is shown in online supplemental
figure S5). Individual changes in CD8', Treg®, Treg’/
CDS8" cells ratio, and CD8" granzyme B (GZMB)" cells
numbers is presented in online supplemental table S5.
Individual analysis of immune cell changes in patients P1,
P2, P4, and P5 over time during eCPMV immunotherapy
revealed a general trend of decreased Treg’/CD8" ratio
in the various patients with some fluctuations in P1 and
P5 (figure 2B). Of note, as we observed for the %TGI, an
increase in Treg+/ CDS8" ratio was observed in P1 around
the time when eCPMV immunotherapy was interrupted
(D54 to D82 in figure 2B). However, as soon as the treat-
ment was restarted at D82, a subsequent sharp decrease in
Treg’/CD8" ratio was observed in P1 (figure 2B). In addi-
tion, a sharp increase in Treg’/CD8" ratio postsurgery
was observed in P1 and P5 patients, the only two dogs that
underwent surgery (figure 2B).

Changes in CD8 T cells expressing cytotoxicity
marker GZMB were also evaluated in four patients
(figure 2C and online supplemental table S5). A fluctu-
ation in CD8'GZMB' T cells was observed in the treated
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Figure 2 Neoadjuvant in situ eCPMV immunotherapy induced changes in T cell populations in canine IMC patients. PBMCs
were processed for flow analysis as described in Methods. (A) Change of Treg*/CD8" ratio in IMC patients before (D0) and at
first isolation after eCPMV treatment (Dx). Asterisk (*) indicates p<0.05 in a paired t-test. (B) Individual changes in Treg*/CD8*
ratio in IMC patients treated with eCPMV. Black arrows indicate eCPMV therapy for all dogs; blue for P1, P2, and P4; red for P1,
and brown for P2. (C) Percentage change in CD8"GZMB" T cell population during eCPMV treatment; values are represented as
percentage change over DO. Red arrowheads in the x-axis indicate surgery time on D17 for P5 and D92 for P1. eCPMV, empty
cowpea mosaic virus; IMC, inflammatory mammary cancer; PBMCs, peripheral blood mononuclear cells.
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IMC patients, with an initial decrease in circulating
CD8'GZMB" T cells in patients P2, P4, and P5 and a
subsequent increase in patients P2 and P5. Patient P1
showed increases in CD8'GZMB' T cells from the start of
eCPMV immunotherapy up to D84 when the levels started
decreasing until D92 when surgery was performed. Then,
a sharp postsurgery increase in CD8"GZMB™ T cells was
observed until the last follow-up on D117 (figure 2C).
This increase pattern was significant over the treatment
period (figure 2C; p=0.007 (data not shown)).

eGPMV immunotherapy induces changes in IL-8 plasma levels
Of the 13 cytokines analyzed, no significant eCPMV-
induced changes were observed at D7 and D14 when
compared with D0, except for IL-8 which increased at D7
in P1, P4, and P5. The IL-8 levels decreased by D14 in
all dogs, except in P1 where the levels showed a 10-fold
increase when compared with pretreatment levels (online
supplemental figure S6; P = 0.039). Average changes in
IL-8 plasma levels in all patients during treatment are
shown in online supplemental table S3.

Neoadjuvant in situ eCPMV immunotherapy is associated with
a strong neutrophilic infiltration and tumor cell death in tumor
tissues and tumor emboli

eCPMV immunotherapy induced a large neutrophilic infil-
tration and associated tumor cell death (necrosis) in post-
treatment as compared with pretreatment tumor samples
(table 3; figure 3; H&E staining) and emboli (figure 3;
H&E staining). The percentage of total necrosis area and
neutrophil-associated necrosis area was significantly higher
in posttreatment as compared with pretreatment tumor
tissues (p=0.024, for both; online supplemental table
S6; table 3). Furthermore, MPO expression, an enzyme
secreted by neutrophils during inflammation, was signifi-
cantly higher in post-treatment than in pretreatment tumor
specimens (p=0.032; online supplemental table S6; figure 3;
table 3). In addition, tumor Ki-67 proliferation index (PI)
was lower in post-treatment than in pretreatment tumor
samples (figure 3; table 3; online supplemental table S6;
P=0.038). The percentage of tumor cells undergoing apop-
tosis (CC-3") was not different between pretreatment and
post-treatment tumor samples (figure 3; table 3; online
supplemental table S6), indicating that apoptosis is not
the mechanism of tumor cell death. Of note, although it
was not possible to quantify the CC-3 expression in tumor
emboli due to insuficient number of cells in emboli to apply
the scoring system, a similar pattern of neutrophil influx,
changes in MPO, CC-3, and Ki-67 immunostaining as in
the tumor tissue were observed in tumor emboli from post-
treatment samples as compared with pretreatment samples
(figure 3). Further, a significant increase in CD3" T lympho-
cyte density was observed in post-treatment compared with
pretreatment samples (p=0.024; online supplemental table
S6; table 3; online supplemental figure S7). An increase in
CD20" B lymphocytes in post-treatment was observed in two
of three IMC patients (table 3; online supplemental table S6
and figure S7), and a decrease in FoxP3" lymphocytes was

observed in two of three post-treatment samples (table 3;
online supplemental table S6 and figure S7). In addition, the
FoxP3"/CD3' ratio decreased significantly in post-treatment
samples (p=0.012; online supplemental table S6).

eCPMV immunotherapy is associated with improved survival
in treated patients

The mean survival time of dogs treated with eCPMV was
significantly higher than the mean survival time of the
control group which received the medical therapy but
not eCPMV immunotherapy (134 days vs 67 days (data
not shown); figure 4, p=0.033). All patients, except Pl
(who died of unrelated renal failure), were euthanized
due to tumor progression.

DISCUSSION

This study established the potential clinical utility of
eCPMV nanoparticles as a novel immunotherapy against
canine IMC, a highly aggressive and metastatic disease.
Given the extensive local involvement, the presence of
coagulopathies and distant metastatic disease, surgery is
not recommended for IMC.* To our knowledge, this is
the first report of an immunotherapy-based approach to
treat canine IMC patients, and the first time a treatment
allowed surgical intervention in IMC patients.

The translational value of our findings relates to tumor
regression in response to eCPMV immunotherapy. All
IMC patients enrolled in this study who received just two
injections of eCPMV immunotherapy within a ~2-week
period had tumor regression. The positive response to
eCMPV therapy translated into a survival of ~6 months
for patient P1 who died of renal failure with no evidence
of metastatic disease in the kidneys. Necropsy analysis
showed that renal failure was probably caused by COX
inhibitors and kidney infarcts, which could be associated
with tumor-related coagulopathies.23 2 Further, overall
survival benefit was statistically significant in IMC patients
treated with eCMPV therapy compared with IMC control
patients who lived an average of 1 month without treat-
ment.'® % Although an excellent survival of ~6 months
was reported for IMC patients receiving more aggressive
medical therapy (piroxicam, thalidomide, and tocer-
anib) plus radiation therapy,” to our knowledge, reports
of improved survival in IMC patients receiving medical
therapy and just a single agent as demonstrated in this
study are very limited.** * Collectively, our results support
the beneficial effect of eCPMV immunotherapy on
survival in companion dogs diagnosed with spontaneous
IMC, as previously reported in metastatic canine oral
melanoma tumors.

Although the blood analysis in eCPMV-treated IMC
dogs demonstrated individual fluctuations in the levels of
lymphocytes, monocytes, mature and immature neutro-
phils, immature neutrophils always remained above the
pretreatment levels. Similar fluctuations within normal
ranges were observed in blood biochemistry analysis.
Hence, eCPMV immunotherapy does not induce toxic
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Figure 3 Neoadjuvant in situ eCPMV immunotherapy induced a high neutrophilic infiltration in tumor samples and tumor
emboli. Representative histopathology and immunostaining of tumor tissues from pretreatment/control and post-treatment
samples. A strong neutrophilic infiltration is seen in post-treatment tumor tissues and emboli than in pretreatment tissues
and tumor emboli as indicated by H&E and myeloperoxidase (MPO) expression. Higher Ki-67 proliferation index is observed
in pretreatment tumor tissues and emboli than in post-treatment tumor tissues and emboli. There is no difference in cleaved
caspase 3 (CC-3) immunolabeling between pretreatment tumor tissues and emboli than in post-treatment tumor tissues and

emboli. eCPMV, empty cowpea mosaic virus.

events. Of note, of the 13 cytokines analyzed, IL-8 was the
only cytokine showing notable changes in the blood of
eCPMV-treated IMC patients. IL-8 is secreted by blood
monocytes, alveolar macrophages, fibroblasts, endo-
thelial cells, and epithelial cells.” The pleiotropic func-
tions of IL-8 include varied effects such as recruitment
of neutrophils, stimulation of angiogenesis and stimu-
lation of tumor-cell proliferation.” While high systemic
IL-8 levels are associated with adverse cancer prognosis,
resistance to immunotherapy in human tumors,”** and
worse outcome in canine mammary tumors,” changes
in plasma IL-8 levels did not correlate with response
in eCPMV-treated IMC dogs. These findings suggest a
different role of IL-8 in the biology of IMC patients or
in the response to a potent immunogenic agent such as
eCPMV nanoparticles.

In previous syngeneic murine tumor models, including
the breast 4T1 model, we demonstrated that eCPMV

particles were rapidly taken up by and activate neutrophils
in the tumor microenvironment (TME) as an important
part of the antitumor immune response.'” In this canine
model, we observed that eCPMV immunotherapy induced
an increase in blood mature and inmature blood neutro-
phils, transient increases in IL-8 in the blood, and a strong
neutrophilic infiltration in the tumor mass. Of note,
neutrophil infiltration was predictive of treatment benefit
in murine mastocytomas treated with intratumoral injec-
tion of Complete Freund’s adjuvant (CFA, containing
killed mycobacteria).”” Mycobacteria triggers an immune
response by activating toll-like receptors (TLR) 2 and 4.%
Furthermore, intratumoral CFA injections resulted in
high neutrophil influx accompanied by extensive tumor
necrosis in human renal, prostate, bladder and cervical
carcinomas; and an increased B and T cell infiltration was
observed in treated canine mastocytomas,” providing
evidence of a systemic immune response to the in situ
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Figure 4 Neoadjuvant in situ eCPMV immunotherapy is
associated with improved survival in canine IMC patients.
Canine patients treated with eCPMV injections (continuous
line) showed longer survival than dogs treated only with
medical therapy (broken line), but not eCPMV therapy. Y-
axis denotes the survival probability and x-axis the number
of days after first treatment with eCPMV therapy. Kaplan-
Meier analysis was performed as described in Materials
and Methods. eCPMV, empty cowpea mosaic virus; IMC,
inflammatory mammary cancer; SOC, standard of care.

treatment similar to what we observed in our eCPMV-
treated dogs.

We have previously demonstrated that eCPMV induced
immune response in mice by activating TLR2 and TLR4
to generate a high level inflammatory response.'” * This
leads to phagocyte activation and switching their immune
suppressive status to become antigen presenting cells
carrying tumor antigens to the draining lymph nodes
where effector T cells are generated. These activated T
cells, along with the activated myeloid cells, are respon-
sible for the anti-tumor response and systemic effects
which result in elimination of circulating and distant
tumor deposits. While we cannot be sure that details of
responses to eCPMV do not vary between mice and dogs,
it is reasonable to assume that they are quite similar
overall.

The lower Ki-67 PI of cancer cells and the absence of
an increase in the percentage of tumor cells undergoing
apoptosis suggest that apoptosis is not the mechanism
of cell death, and that eCPMV-activated neutrophils are
potentially responsible for tumor cell death. Importantly,
the fact that post-treatment tumor emboli show strong
neutrophilic activity and similar staining of MPO, Ki-67,
and CC-3 as in post-treatment tumor samples is of clin-
ical relevance. Tumor emboli in human IBC are associ-
ated with metastatic behavior of IBC.**! Induction of cell
killing in tumor emboli could explain delayed metastatic
formation and better survival in eCPMV-treated patients.
Although significant and promising, a higher number of
IMC cases treated with eCPMV are necessary to confirm
these results.

Blood samples from canine cancer patients have an
increased Treg'/CD8" T cell ratio compared with healthy

dogs* and a higher ratio was associated with short survival
in canine osteosarcoma.” Our analysis demonstrated
a steady decrease of the peripheral blood Treg’/CD8"
ratio in all dogs during treatment with a sharp increase
observed in both surgically treated dogs (P1 and P5) after
surgery. Although both metronomic cyclophosphamide
and toceranib decrease Treg in dogs,” * we consider
that eCPMV immunotherapy was the driving factor in
decreasing the Treg'/CD8" ratio because it was the only
therapy given to all dogs for 2weeks. Further, during
the time the patient was not undergoing treatment, a
sharp increase in the Treg’/CD8" ratio in patient P1 was
observed. At that time, the patient was on anti-COX-2
and cyclophosphamide therapy without eCPMV immuno-
therapy. The postsurgery sharp increase in Treg’/CD8"
ratio in patients P1 and P5 is likely surgery related. Of
note, a post-treatment decrease in FoxP3*/CD3" ratio was
also observed in P1, P2, and P3 tumor samples (table 3),
indirectly indicating a decrease in immunosuppressive
Treg lymphocytes. Our results extend previous findings
that CPMV therapy induced Treg depletion in 4T1 BC
model." Similar to the impressive response shown in
IMC dogs, in situ CPMV vaccination in mice combined
with systemic low-dose cyclophosphamide chemotherapy
significantly inhibited tumor growth and substantially
improved survival of mice bearing 4T1 tumors."

Changes in CD8'GZMB" T cells in peripheral blood
induced by eCPMV immunotherapy behave as a lagging
biomarker of response to therapy. While the effect is
clearly observed in patient P1, the most responsive patient
to eCPMV immunotherapy, studies with more patients
are needed to draw definitive conclusions.

Efficacious therapies combining treatments like chemo-
therapy with radiation therapy are associated with adverse
events like cutaneous, hematologic, and gastrointestinal
toxicities in dogs.” * Blood plasma biochemistry studies
did not show abnormal changes in any of the indicators
used to track potential adverse events caused by eCMPV
therapy. In agreement with previous studies,” we did not
observe adverse reactions at the injection site or systemic
reactions after any eCPMV administration, and QOL
was even improved in three out of five patients. Hence,
eCMPV therapy appears to be safe and well tolerated.

The strengths of this proof-of-principle study are: (1)
This novel in situ eCPMV vaccination approach was
highly effective and resulted in significant tumor reduc-
tion; it was safe, without adverse events; and it improved
QOL and survival in treated IMC patients. (2) While
immune changes observed in blood and tumor biopsies
are still hypothesis-generating, changes in blood Treg'/
CDS8" ratio and CD8'GZMB' T cells, and tumor FoxP3*/
CD3" ratio tracked tumor reduction and could be poten-
tial predictors of response to eCPMV immunotherapy.
(3) Neutrophils are potentially responsible for tumor cell
death. However, a higher number of IMC cases treated
with eCPMV and more analysis of neutrophil effector
functions are necessary to confirm these results. (4)
eCPMV immunotherapy resulted in significant tumor
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reduction allowing surgery in two patients. Collectively,
these findings have clinical relevance and translation
value for human IBC. The exceedingly high efficacy of
neoadjuvant in situ eCPMV vaccination in IMC patients
opens the possibility of employing in situ eCPMV vaccina-
tion as a potential novel and effective neoadjuvant immu-
notherapy against IBC, a therapeutically orphan disease
with poor outcome.

This proof-of-principle study has limitations such as
low patient numbers and lack of randomization because
IMC patients are rare. A potential bias in survival analysis
may result by allocating sicker dogs in the control group
than in the treatment arm. However, as indicated in
table 1, high-risk factors were similar in both groups and
all owners of dogs in either group of the study expressed
interest in experimental treatment. Dog owner refusal
to participate in the trial was primarily related to their
inability to return for planned eCPMV injections on the
required schedule, rather than lack of interest in aggres-
sive treatment.

Going forward, future studies will focus on expanding
the therapy to a larger number of IMC patients with an
in-depth analysis of tumor samples to generate insights
into mechanisms of action of eCPMV nanoparticles in
IMC. Further, we intend to expand our studies to eval-
uate combinations of eCMPV therapy with chemotherapy
and/or immune checkpoint inhibitors.

Most canine tumors express PD-L1 constitutively and
both innate and adaptive immune stimuli can further
upregulate PD-L1 explression.47 ® We expect that
combining in situ eCPMV immunotherapy with cross-
functional human anti-PD-L1 inhibitors*’ or canine anti-
PD-1/PD-L1 inhibitors, as they become available,® % will
result in higher efficacy than single agent used as mono-
therapy. We have demonstrated that in situ eCPMV syner-
gizes with systemic checkpoint immunotherapy in various
mouse models.”!

CONCLUSION

Our findings support the implementation of neoajuvant
in situ eCPMV immunotherapy as a novel and safe immu-
notherapy against IMC and suggest that neutrophils are
drivers of tumor cell death. We envision neoadjuvant in
situ eCPMV immunotherapy as a future treatment for
IBC patients.
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