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Malignant brain tumors are among the most aggressive cancers
with poor prognosis and no effective treatment. Recently, we
reported the oncolytic potential of Zika virus infecting and de-
stroying the human central nervous system (CNS) tumors
in vitro and in immunodeficient mice model. However, trans-
lating this approach to humans requires pre-clinical trials in
another immunocompetent animal model. Here, we analyzed
the safety of Brazilian Zika virus (ZIKVBR) intrathecal injec-
tions in three dogs bearing spontaneous CNS tumors aiming
an anti-tumoral therapy. We further assessed some aspects of
the innate immune and inflammatory response that triggers
the anti-tumoral response observed during the ZIKVBR admin-
istration in vivo and in vitro. For the first time, we showed that
there were no negative clinical side effects following ZIKVBR

CNS injections in dogs, confirming the safety of the procedure.
Furthermore, the intrathecal ZIKVBR injections reduced tumor
size in immunocompetent dogs bearing spontaneous intracra-
nial tumors, improved their neurological clinical symptoms
significantly, and extended their survival by inducing the
destruction specifically of tumor cells, sparing normal neurons,
and activating an immune response. These results open new
perspectives for upcoming virotherapy using ZIKV to destroy
and induce an anti-tumoral immune response in CNS tumors
for which there are currently no effective treatments.

INTRODUCTION
Central nervous system (CNS) tumors are mostly malignant with a
world incidence rate of 3.5 million (GLOBOCAN 2018). Despite
aggressive current therapies, including surgery, radiation, and chemo-
therapy, the most common forms of adult and pediatric primary
brain tumors remain lethal.1 The treatment is not effective and sur-
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viving patients present important side effects that affect their quality
of life.2 Therefore, novel treatment options are urgently needed.

Since the approval of the first oncolytic virotherapy, T-VEC, in 2015,
the search for viruses capable of infecting and destroying cancer cells
has been growing. Recently, the Zika virus (ZIKV) has been reported
as an oncolytic virus that infects and destroys cancer cells from CNS
tumors. In glioblastoma, a study showed that ZIKV can oncolysis mu-
rine brain tumors and infect human glioblastoma (GBM) stem-like
cell lines but at high concentrations of the virus.3

Our group demonstrated for the first time that the Brazilian ZIKV
(ZIKVBR) also has oncolytic activity against human embryonal CNS
tumor cell lines, resulting in a massive tumor cell death 3 days after
infection.4 Furthermore, in a pre-clinical study in BALB/c nude
mice bearing orthotopic human embryonal CNS tumor xenografts,
we showed that a single intracerebroventricular injection of ZIKVBR

significantly increased survival, decreased tumor burden, and reduced
metastasis with a complete remission in some animals.4 However,
before translating this approach to humans, several questions need
to be addressed in particular about safety and ZIKV oncolytic poten-
tial in a larger immunocompetent animal model for CNS tumors.

In cancer research, canine clinical trials have been performed before
or in parallel with human clinical trials to assess safety, novel drug
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Dogs’ Characteristics

Dogs Breed Sex Age Body Weight Diagnosis Prior to ZIKV Treatmenta Tumor Location

PIRATA Pitbull male 13 26 Kg multicentric tumor / Meningioma
right ventrolateral region /Right frontoparietal
lobe

MATHEUS Boxer male 8 32 Kg oligodendroglioma the right intra-axial parietal lobe

NINA Dachshund female 12 6.4 Kg meningioma left intra-axial parietal lobe

aDiagnosis was based on a combination of clinical signs and characteristic appearance on MRI. Tumor biopsy for histopathological diagnosis was confirmed post-mortem.
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efficiency, and pharmacokinetics.5 Canine intracranial malignancies
develop spontaneously in older dogs with an intact immune system.6

Human and canine primary brain tumors present clinical and high
histological similarities, allowing the translation of canine clinical tri-
als into new therapies.7 Furthermore, dogs’ spontaneous gliomas
share key molecular and histopathological features with human
gliomas that are absent in rodents.8 In addition, the significant ho-
mology of the immune system and social environment between
dogs and humans highlights the translational potential of a veterinary
clinical trial using dogs with spontaneous intracranial tumors for a
ZIKV oncolytic therapy.9,10

Intracranial neoplasia in dogs is prevalent in older and larger breed
dogs, such as Boxer, Pug, and Bulldog but can also occur in other
races.11 The wide variability in dogs’ breed, sizes, ages, and type of
CNS tumors turns difficult to design a controlled study with a large
and uniform group of animals. Furthermore, brain tumor diagnosis
by magnetic resonance imaging (MRI) in dogs usually is identified in
advanced stages and the type of tumor confirmed only during the au-
topsy. Despite these difficulties, immunocompetent dogswith naturally
occurring brain tumors represent the best candidates for oncolytic
ZIKV therapy studies because various publications indicate that onco-
lytic viruses can replicate and lyse canine cancer cells in culture.12

Here, we report our observations on the effect of ZIKVBR injections in
dogs severely disabled due to large brain tumors. Intrathecal injec-
tions of ZIKVBR particles showed no side effects associated to ZIKV
infection, reduced tumor size and significantly improved neurological
clinical symptoms, extending survival. Additionally, the high influx of
monocytes and microglia into the tumor microenvironment, as well
as the in vitro activation of monocytes in co-cultures with tumor cells
and ZIKVBR, strongly suggests the immunotherapeutic potential of
ZIKV in brain tumors.

RESULTS
Case One

The study included three dogs with different characteristics as sum-
marized in Table 1. The first case was a 13-year-old male Pitbull dog
presenting with seizure and total decubitus. A neurological examina-
tion revealed stupor consciousness levels, left decubitus position, total
absence of locomotion, left nasal sensitive deficiency, bilateral papille-
dema, and postural reaction deficits indicating a lesion involving the
left thalamo cortex and the brain stem. The MRI images confirmed
two lesions, the first a possible multicentric tumor in the brain white
matter in the left frontoparietal lobe region and the second a possible
meningioma in the right ventrolateral side of the brain stem (Data S1).
The complete blood count (CBC) showed low levels of leukocytes indi-
cating an immunodeficiency clinical condition (Data S2).

First, we tested ZIKVBR infection in the Pitbull dog by intrathecal in-
jection of 1� 106 viral particles. In adult humans, the main symptoms
of ZIKV systemic infection are arthralgia, fever, myalgia, and gener-
alized weakness.13 We expected to see in the dogs the same symptoms
as observed in the adult humans, as well as unspecific symptoms asso-
ciated with other pathogens infection, namely vomiting, joint pain,
and diarrhea. However, the dogs did not show any of these or other
new clinical symptoms after ZIKV injection. On the contrary, all
dogs improved their clinical neurologic symptoms. No clinical symp-
toms of viral infection were observed, and the Pitbull dog restored its
capability to eat independently, raise and support the head 1 week af-
ter ZIKVBR infection, and stand with support (Video S1). 18 days after
the ZIKV injection, the Pitbull dog showed a sudden clinical
worsening, pneumonia, and complications secondary to prolonged
decubitus and was submitted to euthanasia, as requested by the
owners. The necroscopic examination confirmed a left ventricle
hypertrophic cardiomyopathy as its major disease. Importantly, an
X-ray exam performed 2 days before ZIKV injection showed an
increased cardiac silhouette suggesting cardiomegaly and therefore
unlikely to be caused by ZIKV injection.

ZIKVBR RNA quantified by RT-PCR in peripheral blood was found at
day 3 in a decreased amount (4.446 copies/mL) when compared to the
injected concentration of ZIKV at day 0 (1 � 106 particles) and it
decreaseduntil zero viral copies 9days afterZIKV injection (Figure 1A).
Viral titer in cerebrospinal fluid (CSF) was positive (182.18 copies/ mL)
1week after ZIKV injection anddecreased to zero at day 14 (Figure 1B).
However, we observed higher levels of viral RNA in urine (1,357.56
copies/mL), kidney (4,636.44 copies/mL), and prostate (1,357.82
copies/mL) but particularly in testicles (1.08 � 108 copies/mL), which
has been described before in human andmicemodels supporting a sex-
ual transmission of ZIKV (Figure 1B).

Post-mortem confocal immunofluorescence (IF) analysis confirmed
ZIKVBR-positive immunolabeling in two CNS regions, the frontal
lobe and the medulla (Figures 1C and 1D). Importantly, a more
refined histopathological analysis on slides stained by hematoxylin
and eosin (H&E), as well as immunohistochemistry (IHC) and IF,
showed no ZIKVBR infection in neurons from all CNS regions
Molecular Therapy Vol. 28 No 5 May 2020 1277

http://www.moleculartherapy.org


Figure 1. Safety of ZIKVBR Intrathecal Injection in

Dogs

(A) Viral RNA copies of peripheral blood serum at 3, 6, and

9 days after ZIKVBR intrathecal injection in Pitbull im-

munosuppressed dog. (B) Viral titer in testicle, kidney,

prostate bladder, and CSF samples at euthanasia in Pitbull

dog, 18 days after ZIKVBR injection (****p < 0.0001). (C and

D)Representative images of frontal lobe (C) andmedulla (D)

CNS tissues IF immunolabeling for ZIKVBR (red), and nuclei

DAPI (blue). Scale bar, 20 mm. (E) Representative images of

neurons from CNS tissues IF immunolabeling for ZIKVBR

(red), b3-tubulin cytoplasmatic (green) protein, and nuclei

DAPI (blue). Yellow staining in neuron image (E) shows

unspecific staining for lipofuscin accumulation. Scale bar,

20 mm. (F) H&E representative images of urologic tissues:

prostate (Fʹ) and testicle (Fʹʹ). Scale bar, 100 mm. (G)

Representative spleen tissue of H&E (Gʹ) and IHC im-

munolabeling for ZIKVBR (brown) and hematoxylin (blue)

(Gʹʹ). Scale bar, 100 mm. (H) Representative lymph node

tissue of H&E (Hʹ) and IHC immunolabeling for ZIKVBR

(brown) andhematoxylin (blue) (Hʹʹ). Scale bar, 500mm.The

brown areas in H&E preparation of spleen (Gʹ) and lymph

node tissue (Hʹ) suggests a hemosiderin accumulation.

Canine ZIKV-IgG and ZIKV-IgM quantification by ELISA in

peripheral blood serum (I) and CSF (J) dog samples.

(*p <0.05; **p<0.01; ***p<0.001; ****p<0.0001, two-way

ANOVA with Bonferroni multiple comparison test. Three

technical replicas for each sample).
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(Figure 1E; Figure S1). Urologic tissue investigation revealed no spe-
cific viral lesion (Figure 1F). Additionally, the testicles’ IHC showed a
degenerated and necrotic tissue, unabling ZIKVBR immune staining
(Figure 1F"). Besides the CNS and the urologic system, spleen and
lymph nodes tissues presented no specific ZIKVBR-positive staining
cells (Figures 1G–1H).

Case Two

Case 2 was a 9-year-old male Boxer dog with a history of three epi-
sodes of generalized tonic-clonic seizures, beginning 2 months prior
to the evaluation, with pacing and behavioral changes (Table 2).
The neurological examination suggested a neoplastic lesion in the
right intra-axial frontal lobe (confirmed by MRI images; Data S1).
1278 Molecular Therapy Vol. 28 No 5 May 2020
As previously observed in the Pitbull dog, no
clinical symptoms of infection were detected af-
ter ZIKVBR intrathecal administration and no
ZIKVBR RNA copies were found in peripheral
blood, CSF, urine, and saliva samples in both
dogs 3, 7, and 10 days after the injection
(1 � 106 particles).

Clinically, the Boxer dog presented a notable
improvement of neurological symptoms after
ZIKVBR treatment (Table 2). The dog was able
to eat independently and recovered the ability
to run, jump, climb stairs, play with a ball, and
interact with owners (Video S2). Before ZIKVBR
injection, brainMRI showed a contrasting and non-contrasting tumor
region of 8.7 and 5.52 cm3, respectively (Figures 2A and 2B; Data S1).
ZIKVBR treatment showed a tumor pseudo-progression by induction
of local inflammation and increase in the contrasting area (Figures 2A
and 2B). Since no adverse effects had been observed, a second ZIKVBR

dose, ten times greater than the first dose, was given intrathecally at
day 21, which led to a substantial tumor remission (Figure 2B).

At day 60, an inflammation was observed in the Boxer right testicle
which was confirmed by ultrasonography examination and the testicles
were surgically removed. The left testis presented normal size and no
signs of inflammation. Microscopic evaluation revealed the presence
of a leydigoma in the right testicle and an intratubular seminoma in



Table 2. Clinical Progression

Neurologic Clinical Symptomsa

Boxer Dachshund

Prior ZIKVBR

Treatment
After 1st ZIKVBR

Dose (106 PFU)
After 2nd ZIKVBR

Dose (107 PFU)
Prior ZIKVBR

Treatment
After 1st ZIKVBR

Dose (106 PFU)
After 2nd ZIKVBR

Dose (107 PFU)

Seizures 3 per day zero 2 events zero zero zero

Altered mental statusb +++ + – +++ + –

Circling to one side +++ + – – – –

Compulsive pacing ++ + + – – –

Abnormal gait and posture
(ataxia and paresis)

– – – +++ + –

Nasal sensitivity deficiency – – – ++ ++ –

Central blindness (cortical) – – – – – –

Pupillary size and symmetry
deficiency

– – – + + +

Pupillary reflexes – – – – – –

Palpebral reflexes – – – – – –

Contralateral menace deficit R+++ R+ R+ L+ L– L–

Contralateral decreased
conscious perception

R +++ R+ R+ L+ L– L–

Contralateral facial sensation
deficit

R+++ R+ R+ L+/R+ L+/R+ L+/R+

aThe score system applied for each neurologic clinical symptom is as follows: (–) normal, (+) mild, (++) moderate, (+++) severe. The letters R and E stand for lateralization in each the
neurologic lesion appear, either to the right or to the left side of the body, respectively.
bDefined by 1 or more of the following clinical signs as follows: behavior change, dementia, dullness, and disorientation.

www.moleculartherapy.org
the left testicle. Despite the presence of tumor and ZIKV in both testes,
just the right one showed severe inflammatory infiltrate, degeneration,
and severe multifocal necrosis. Thus, probably, the presence of leydi-
goma tumor, rather than ZIKV virus, was the cause of the right testis
inflammation.

3 months after the ZIKVBR injection, the non-contrasting tumor area
was reduced to a volume of fewer than 1 cm3 (Figure 1B) and showed
a substantial irregular tumor shape modification with a 1.96 cm3

remission of total tumor area (Figure 2C). The tumor mass stabilized
until day 120. However, an MRI performed at day 150 showed tumor
expansion with increasing intracranial pressure and recapitulating
some neurological symptoms present before the treatment. As re-
quested by the owners and for ethical reasons, the Boxer dog was
euthanized on day 153. Post-mortem histopathological tumor exam
confirmed the diagnosis of oligodendroglioma based on cell markers
profile: positive staining for Olg2, CD56, S100, and Ki67 markers, and
negative staining for GFAP, Sinaptofisin, Neurofilament, and
NSECK-Pan markers14,15 (Figure S2). Extensive necrosis, cellular
debris, and immune-cellular infiltration were observed in tumor
mass histopathological analysis (Figure S3), including a central hole
and macroscopic tissue degeneration (Figure 2D), probably induced
by ZIKV anti-tumoral effect since these features are unexpected in
untreated oligodendroglioma.14 Confocal IF analysis confirmed
consistent ZIKVBR infection in the tumor border tissue (Figures 2E
and 2F). Besides tumor loci, ZIKVBR-positive normal cells were found
restricted to the CNS vessel walls but no persistent infection was
observed in other CNS tissues (Figures 2G and 2H). No evidence of
positive-ZIKVBR staining in neurons from diverse CNS regions was
found (Figure S1). The right testicle revealed a severe inflammatory
infiltrate and neoplastic multi-focal areas in both testicles: a semi-
noma intratubular and a leydigoma in the left and right testicle,
respectively. Although no detection of ZIKVBR RNA by RT-PCR in
the urine sample and testicle tissue was observed, IHC and IF analysis
confirmed the ZIKVBR-positive immunolabeling in the seminiferous
epithelium and tumor cells (Figures 2I–2M).

Case Three

Case 3 was a 12-year-old Dachshund dog that had been misdiagnosed
as carrying a highly suggestive glioma in the left frontal lobe byMRI im-
age. A neurological examination revealedmany alterations as described
in Table 2. However, the most evident complaints were an ataxic gait,
the inability to recognize the owners and feed independently, and
headpressing.As case 2, theDachshunddogwas included in the clinical
trial protocol to evaluate the safety, the potential oncolytic effect of
ZIKV against CNS canine tumor, and its possible clinical effect.

As observed in the Boxer, the neurological symptoms showed a signif-
icant improvement in the Dachshund dog, (Table 2) and a tumor
regression was also seen by MRI non-contrasting tumor volume
decrease (3.344 cm3) just 14 days after ZIKVBR

first injection (Figures
3A and 3B; Data S1). However, the Dachshund dog developed cerebral
leukoencephalopathy characterized by peritumoral white matter tracts
leading to brain pressure growth. These features were resolved
Molecular Therapy Vol. 28 No 5 May 2020 1279
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Figure 2. Tumor Remission after ZIKVBR Treatment

in Boxer Dog Bearing Oligodendroglioma

(A) Representative transversal tumor MRI at days 0, 14,

21, 35, 60, 90, 120, and 150 after clinical ZIKVBR oncolytic

treatment protocol beginning. (B) Tumor volume growth

kinetics quantified by MRI analysis. (C) Representative 3D

MRI analyses of four different dimensions at day 0 and 60

after ZIKVBR first injection. Scale bar, 1 cm. (D) Post-

mortem macro images of CNS tumor. Scale bar, 1 cm.

(E–M) Representative images of tumor (E and F), cere-

bellum (G), medulla (H), left testicle (I), and right testicle

bearing leydigoma (J–M) tissues. IHC (E, I–K) staining for

H&E and ZIKVBR (brown, white arrowhead), and IF (F–H, L

and M) Immunolabeling for ZIKVBR (red, white arrow-

head), b3-tubulin cytoplasmatic (green) protein and nuclei

DAPI (blue). Scale bar, 100 mm (E, I, and K), 20 mm (F–H, L

and M), and 200 mm (J).
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following the administration of corticosteroids anti-inflammatory
doses and confirmed by contrasting tumor region decrease at day 21
(Figure 3B). After a tumor growth stabilization, we administrated a sec-
ond ZIKVBR dose (1 � 107 particles) at day 42. As seen after the first
dose, the ZIKVBR infection led to non-contrasting tumor regression
of 2,084 cm3 and contrasting area growth by ZIKVBR inflammatory
local response. Between days 60 and 78, the Dachshund dog presented
a significant clinical improvement recovering the lost abilities to climb
stairs, recognize the owners and their instructions, run, and play with
toys (Video S3). Although there was an apparent tumor volume stabi-
lization, the owners decided to stop the treatment after a third episode
of cerebral leukoencephalopathy on day 78. As required by the owners
1280 Molecular Therapy Vol. 28 No 5 May 2020
and following the ethical guidelines, the Dachs-
hund dog was euthanized on day 80. 3D MRI
analysis performed at the end of the treatment
showed a tumor remission of 5.53 cm3 and a sig-
nificant change in the tumor shape (Figure 3C).
The brain macro images showed a necrotic and
very disrupted tumor (Figure 3D). Although
the tumor characteristics and localization sug-
gested a glioblastoma byMRI imaging, the histo-
pathological diagnosis of Dachshund tumor
confirmed a rare intracranial meningioma
showing positive staining for CK-Pan and Vi-
mentin markers and negative staining for
GFAP, Sinaptofisin, Neurofilament, NSE, S100,
Olg2, PGP 9.5, and Ki67 markers16 (Figure S2).
Interestingly, although this was a rare case of
meningioma developed inside the CNS, which
technicallymakes it protected by the blood-brain
barrier (BBB), it showed significant tumor remis-
sion after ZIKV treatment, which we considered
very positive since it may broaden the effect of
ZIKV against brain tumors. As observed in the
Boxer dog, the IF ZIKVBR staining showed viral
presence limited to the tumor but mostly at the
tumor border (Figures 3E and 3F) and no evidence of neuron virus
infection (Figure S1), confirming the brain safety of ZIKVBR therapy.
Immune cell infiltrationwith intensive cell deathwas observed in tumor
mass (Figures 3G and 3H).
ZIKVBR Infection Modulates Immune System Recruitment and

Activation

In an attempt to evaluate the immune response to ZIKVBR, we quanti-
fied canine ZIKV-immunoglobulin G (IgG) and ZIKV-IgM antibodies
in serum and CSF samples by ELISA. The early response of ZIKV-IgG
was observed in the serum of all 3 dogs and presented higher amounts



Figure 3. Tumor Remission after ZIKVBR Treatment in Dachshund Dog Bearing a Rare Intracranial Meningioma

(A) Representative dorsal and transversal tumor MRI at days 0, 14, 21, 42, 52, and 78 after clinical ZIKVBR oncolytic treatment protocol onset. (B) Tumor volume growth

kinetics quantified by MRI analysis. (C) Representative 3D MRI analyses of four different dimensions at day 0 and 14 after ZIKVBR first injection. Scale bar, 1 cm. (D) Post-

mortem macro images of CNS tumor. Scale bar, 1 cm. (E–G) Representative images of tumor positive for ZIKVBR (red), microglia marker (G) (green), and nuclei DAPI (blue).

Scale bar, 10 mm (E) and 20 mm (F andG). (H) H&E representative image of the tumor highlighting the lymphocytes infiltration (white arrowhead) and necrosis area with calcium

accumulation (black arrow). Scale bar, 100 mm.
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7days after thefirst ZIKVBR injection (Figure 1I). In the twodogs (Boxer
and Dachshund) the presence of ZIKV-IgG was more evident in CSF
samples when compared to the Pitbull dog (Figure 1J). The production
of ZIKV-IgMwas also observed but at low levels in serumandCSF sam-
ples (Figures 1I and 1J).

Given the substantial involvement of the immunologic system in onco-
lytic virotherapy, we further investigated the concentration of the im-
mune cytokine measured by multiplex assays in peripheral blood and
CSF samples from the three dogs afterZIKVBR injection.Despite the dif-
ference in time points of each sample, all three dogs commonly showed
high levels of interleukin-8 (IL-8), KC-like, and MCP-1 in both serum
and CSF samples after intrathecal ZIKVBR injection (Figures 4A–4C).
Since these three proinflammatory cytokines are required to initiate
an effective inflammatory response bymonocytic infiltration andactiva-
tion,17 we performed a non-contact co-culture with canine tumor cell
line and canine monocyte to evaluate the paracrine effect of cytokine
signaling after ZIKVBR infection (Figure 4D) by a multiplex array.

First, we confirmed ZIKVmodulatory properties in canine cells by in-
fecting canine mesenchymal stem cell (ADSC) and a dog GBM cell
line (D-GBM) in monolayer cultures against various multiplicity of
infection (MOIs: 0.01, 0.1, 1, and 2). Figure S4 show that 72 h post-
infection (hpi), ZIKVBR induced significant growth reduction in
D-GBM cell line at MOI 1 andMOI 2, but we did not detect cell death
caused by direct ZIKVBR infection in this cell line using until MOI 100
(Figures S4, 4C, and 4J). Interestingly, although immunostaining
showed that 72 hpi the virus was capable of entering the cytoplasm
of both canine cell lines (Figures S4D–S4F), only D-GBM produced
viral genomic copies 72 hpi (Figures S4G and S4H). D-GBM cell
infection was also demonstrated at MOIs 0.1, 1, and 2 by detection
of E ZIKVBR protein in the intracellular compartment after staining
with 4G2 monoclonal antibody (mAb), using flow cytometry tech-
nique (Figure S4I). These viral genomic and protein detection assays
indicate that ZIKVBR had no effect in the normal canine cell line but
supported its modulatory properties in glioblastoma tumor cell line as
observed by the clinical improvement in the Boxer andDachshund, as
well as tumor remission.

After confirming D-GBM susceptibility to ZIKVBR, we performed a
non-contact co-culture assay with canine monocyte. In the absence
of monocytes, multiplex assay in supernatant samples from
Molecular Therapy Vol. 28 No 5 May 2020 1281
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Figure 4. Canine Cytokine Profile Generated by Brain Tumors in the Presence of ZIKVBR in Both In Vivo and In Vitro Models

(A–C) Cytokine profile in the serum and CSF of Pitbull (A), Boxer (B), and Dachshund (C) dogs at different time points after ZIKVBR injection. (D) Schematic representation of

canine monocyte and D-GBM non-contact co-culture assay. (E–L) Cytokines concentration in non-contact co-culture groups normalized by respective day mock condition.

(M) Schematic representation of canine monocyte and D-GBM contact co-culture. (*p < 0.05, t test in comparison with correspondent MOCK group. Two technical replicas

for each two biologic replica). (N–P) Evaluation of monocytes activation with CD80 (N), CD83 (O), and CD64 (P) positive cell quantification by flow cytometer. Gating strategy

for the evaluation of caninemonocytes in the co-culture assay detailed in Figure S5. (Q) qRT-PCR analysis of Boxer and Dachshund tumor tissue for lymphocyte T cells (MHC,

GRANZYME B, and PD1), tumor cell receptor PDL-1, inflammatory monocyte (CCR2), microglia (CX3CR1), macrophage M1 (CXCL10, CCR7, GATA3, STAT1, NOS2, and

IDO1), macrophage M2 (ARG1 and SOC3), and NK cells (NKP30 and NK2D), normalized by endogenous expression (Beta-Actin).
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co-culture assay showed a significant increase of IL-2, IL-6, IL-7,
IP-10, and IL-15 concentrations in D-GBM culture after ZIKVBR

(MOI 2) infection (Figures 4E–4I). In the presence of monocytes,
IL-8, KC-like, and MCP-1 cytokine presented a significant upregula-
tion after ZIKVBR infection of the D-GBM cell line (Figures 4J–4L).

We further evaluated juxtracrine signaling by the evaluation of
phenotypic changes in contact co-culture with D-GBM (Figure 4M).
A significant increase of CD80- and CD63-positive cells were
observed in co-cultured assay indicating activation of inflammatory
monocytes in contact with infected D-GBM tumor cells (Figures
4N–4P). In order to combine these in vitro data with the results
observed in treated dogs, we analyzed RNA expression of diverse im-
mune mediators in post-mortem tumor samples by RT-PCR
(Figure 4Q). PD-1 receptor was found expressed in the tumor micro-
1282 Molecular Therapy Vol. 28 No 5 May 2020
environment. All transcripts analyzed were found less expressed in
Dachshund tumor when compared to Boxer tumor. The T cell pro-
teins (MHC1 and Granzyme B), as well as tumor receptor PDL-1,
were not expressed in both dogs. Among the others immune cell
markers tested, we found high expression of macrophage transcrip-
tion factor STAT1, the chemokines CCR7 and CCR2, and the NK
cell marker NKP30. These cytokines and chemokine networks indi-
cate a prevalence of monocyte/macrophage infiltrate pattern.

DISCUSSION
The main aspects that contribute to a poor prognosis in people with
brain tumors are: (1) BBB physiologic isolation, (2) presence of cancer
stem cells resistance to conventional therapy, and (3) the immune-
privileged isolation of the brain.18 Unfortunately, current therapies
are not effective and cause important negative side effects.1 Here we
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show for the first time that intrathecal ZIKVBR injections of 1 to 10
million virus particles in dogs represent a safe procedure since it
did not trigger any negative clinical side effects in injected animals.
More importantly, at autopsy, mature neurons from CNS regions
showed no damage or any specific ZIKVBR-positive staining either.
Furthermore, ZIKVBR intrathecal injections in two dogs bearing
intracranial tumors showed a tropism toward the tumor border, in-
fecting the neoplastic cells without spreading to other brain regions,
inducing immune cell recruitment and resulting in substantial tumor
remission. Despite the differences in races, sizes, age, and tumor kind
between the two immunocompetent dogs treated here, both dogs
improved clinical neurologic symptoms and had an overall survival
with good quality of life of 80 and 150 days. This observation repre-
sents a significant increase of survival rate since the literature reports a
survival of 24–33 days for dogs diagnosed with brain tumor.19,20 It is
also noteworthy that they had very large tumors and were in an
advanced stage of the disease when brought to the veterinary clinic.

Current intracranial human tumors in animal models are limited to
immunosuppressed mice that are less representative of human dis-
ease features and the response to the treatment.21 On the other
hand, immunocompetent dogs that spontaneously develop brain tu-
mors are more similar to human gliomas and represent a stronger
platform for validating successful therapeutic strategies when
compared to mice models.22 To our knowledge, the dogs reported
here are the first to demonstrate the oncolytic effects of ZIKVBR

against brain tumor cells in a canine model and presented clinical
symptoms similar to human clinical trials using other oncolytic virus
against brain tumors.21 The apparent observed tumor growth is actu-
ally an immune reaction in the tumor bed called pseudoprogression.23

This inflammatory condition requires a fine adjustment between the
repression of the intracranial pressure increment and the anti-tu-
moral effect of immune cells tumor infiltration caused by the viral
presence. However, the possible leukoencephalopathy observed in
the Dachshund dog represents no critical side effects since it can be
treated with very low doses of corticoids. In competent mice models,
the generated microgliosis is totally reversible 60 days after ZIKV in-
jection or after anti-inflammatory drug administration.24

Based on these observations and the recently created Immunotherapy
Response Assessment in Neuro-Oncology (iRANO) human
criteria,25 we identified contrasting and non-contrasting tumor areas.
Immediately after ZIKVBR administration, the contrasting region
growth and the immune cell markers expression profile seem to
reflect an anti-tumoral immunity response.26 The interactions be-
tween oncolytic viruses and the immune system affect therapeutic
outcomes by inducing an antitumoral immune response in most du-
rable and late responses.27 This antitumoral late response was
observed in the Dachshund and Boxer dogs leading to clinical
improvement and tumor remission up to 40 and even 100 days after
the last ZIKVBR injection, respectively.

Since ZIKVBR prominently infects neural stem and progenitor cells
(NPCs), as well as embryonal CNS tumors closely resembling NPCs
at a molecular level,4,28 it is not known whether the oncolytic virus
anti-tumoral potential would be efficient in glial tumors and menin-
giomas. However, the significant observed tumor remission of
5.53 cm3 in the meningioma Dachshund dog confirmed ZIKVBR

anti-tumoral immune regulation. As future approaches, a possible
co-administration of ZIKVBR and immune checkpoint inhibitors
targeting PD-1, STAT1, and CCR2, found overexpressed in both
Boxer and Dachshund tumors tissues, could enhance the anti-tu-
moral immune response.29,30

In the present study, our data suggest a general trend in the establish-
ment of a prevalent cytokine/chemokine cluster led by increase of
IL-8, KC-like, and MCP-1 at serum and CFS samples. It confirms
the evolution of the inflammatory response after ZIKVBR administra-
tion since these cytokines and chemokines constitute a family of
secretory proteins that drive and control leukocyte migration.31,32

Besides, the in vitro model more specifically paracrine effect shows
a similar cytokine/chemokine pro-inflammatory pattern while the
juxtracrine effect showed a mature phenotype of canine macrophage
in contact with infected D-GBM cells (increase of CD80, CD83, and
CD64).

Clearly, the presence of ZIKVBR modulate tumor immune profiling
and recruited immune cells to the tumor microenvironment in the
two dogs. However, before translating this promising oncolytic/
immunomodulatory therapy to humans, a concern to be taken in
the application of ZIKVBR as oncolytic therapy against brain tumors
is the virus capability to infect and replicate in the testicle cells.
Although some studies have reported flavivirus infection in domestic
dogs, like dengue virus,33 until now there is no scientific evidence that
dogs could be a reservoir for ZIKV.34 Here we report for the first time
the ZIKVBR capability to infect and replicate in canine urologic or-
gans. In humans, ZIKV particles were detected in blood, saliva, urine,
and semen up to 150 days after the initial symptoms, preserving the
integrity and infectivity during replication in the male reproductive
system.35 Although the present canine pre-clinical study confirms
the ZIKVBR replication and shedding in the male reproductive
system, this result does not represent a barrier to human oncolytic
therapy since the virus sexual transmission can be physically pre-
vented and ZIKV does not cause infertility in male patients.35

In short, here we show for the first time significant CNS tumor remis-
sion following ZIKVBR intrathecal injections in two dogs bearing
spontaneous intracranial tumors with an absence of clinical side ef-
fects associated with ZIKV infection. We also show that the two
dogs followed for a longer time had a positive response following a
second ZIKV injection, which opens the possibility of a protocol
with multiple injections. Furthermore, the present results confirm
the ZIKVBR safety in a larger animal model and most importantly
its potential as oncolytic virotherapy in different CNS tumors. Alter-
native treatment protocols involving multiple injection schemes,
dose-escalation, and combination with drugs, may now be envisioned
in further preclinical studies aiming at higher therapeutic efficacy.
Our results open new perspectives for upcoming oncolytic
Molecular Therapy Vol. 28 No 5 May 2020 1283
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virotherapy using ZIKV strains to destroy CNS tumors as well as to
induce an anti-tumoral immune response in CNS tumors for which
there are currently no effective treatments.
MATERIALS AND METHODS
The Canine Clinical Trial Protocol

This clinical trial followed the International Ethical Guideline for
Biomedical Research (CIOMS/OMS, 1985) and was approved by
the Institutional Animal Experimentation Ethics Committee. Dogs
were considered eligible for the oncolytic therapy if they were diag-
nosed by a veterinary neurologist with advanced CNS primary tumor
with neural origin, excluding meningioma and other non-neural tu-
mors (based on neurological symptoms and brain MRI), had
adequate organs function (hematocrit >25% and renal/hepatic func-
tion), with no neural infection diseases, and whose owners were not
pursuing chemotherapy or immediate euthanasia and consented to
include the dogs in the clinical trial. Pre-treatment primary tumor
size and location were obtained by brain MRI (Hitachi - Airis 0.3T
Elite model) to establish a baseline for assessing tumor response. A
3D tumor reconstruction was carried out in 3 dimensions using a
medical image reader program (Dicom - Radiant Viewer). Dogs
received one intrathecal injection containing 1� 106 PFU of ZIKVBR

donated by Dr. Pedro Vasconcelos, Instituto Evandro Chagas, Brazil,
established as described in Faria et al.36 Viral titer in urine, saliva and
peripheral blood sample were analyzed at 3, 7, and 9 days after
ZIKVBR injection. 2 and 3 weeks after the oncolytic treatment, the
dog was submitted to MRIs and clinical neurological symptoms ana-
lyses to evaluate the tumor response of the therapy. CSF viremia was
performed at 14 and 21 days after ZIKVBR injection. Dogs’weight was
monitored weekly along with the immunologic system and end-organ
function by blood sample exams. A second ZIKVBR dose of 1 � 107

PFU was intrathecally injected when observed clinical neurological
symptoms recurrence confirmed by tumor growth. More details
about the clinical protocol and methodologies are described in the
Supplemental Information.
Viral Burden Measurement

Blood serum, urine, saliva, and CSF samples were collected at speci-
fied time points after ZIKVBR treatment. Testicle, prostate, kidney,
and bladder were recovered following euthanasia. Viral RNA extrac-
tion, cDNA synthesis, and viral RNA copies were quantified by
qRT-PCR were performed as described in Kaid et al.4 The viral
burden is expressed as viral RNA equivalents per microliter of total
RNA. RNA copy numbers in tissues were normalized per ng of total
RNA. A comparison with a standard curve run in parallel as described
above for qRT-PCR of in vitro assays was used.
Histopathology and IHC

Immediately after controlled euthanasia, all tissues were fixed with a
4% paraformaldehyde solution for 24 h at room temperature and
paraffin sections with 4 um thickness were processed for H&E stain-
ing. Sections were deparaffinized for enzyme IHC and IF. All proced-
ures for ZIKV IHC were performed using the anti-ZIKV NS2B
1284 Molecular Therapy Vol. 28 No 5 May 2020
antibody (Genetex) diluted at 1:100 and Vector Laboratory solutions
following fabricant instructions.

Immunofluorescence

Tissue sections were blocked with 10% FBS, 5% bovine serum albumin
(BSA), and 0.1% Triton X-100 in PBS for 1 h at room temperature and
incubated at 4�C overnight with primary antibodies anti-Zika virus
NS2B (GTX133308, Genetex, 1:500), anti-alpha-tubulin (NB100-690,
Novus Biologicals, 1:200), anti-IBA1 (ab107159, Abcam, 1:200), and
anti-CD14 (MCA1042, Serotec/BioRad, 1:500). Fixed mesenchymal
and glioblastoma cells (3.7% formaldehyde for 30 min) were permea-
bilized (0.1% Triton X-100 in 1 PBS for 2 h) and blockaded (5% BSA in
PBS) before primary antibody 4�C overnight incubation. Tissue and
cell culture were incubated with secondary antibodies goat anti-rabbit
IgG (A11037, Thermo Fisher Scientific) Alexa Fluor 594 and goat anti-
mouse IgG Alexa Fluor 488 (A11001, Thermo Fisher Scientific) at a
1:1,000 dilution for 1 h at room temperature. Tissues and cell culture
were counterstained with 1 mg/mL DAPI (40,6-diamidino-2-phenylin-
dole) for 2min andmicroscope slidesmounted in Vectashieldmedium
(Vector Laboratories). All images were taken in a confocal microscope
(Zeinss LSM 800).

ELISA Quantitative Canine ZIKV IgG and IgM Assay

ZIKV-IgG and ZIKV-IgM analysis were performed using the Canine
Zika IgG/IgM ELISA kit (MyBioSource). Blood serum and CSF sam-
ples were collected at specified time points after ZIKVBR treatment.
The blood serum was prepared after coagulation at 37�C/30 min
and 2,000 RPM/8�C/10 min centrifugation. The protocol was fol-
lowed according to the fabricant’s instructions. Cut-off values were
calculated as the average optical density (O.D.) of the negative control
well plus 0.15 in samples (cut-off: ZIKV-IgG = 0.217333; ZIKV-IgM=
0.344333).

Canine Cell Culture

D-GBM37 canine glioblastoma cell line was kindly provided by Dr.
Michael Empl from the University of Veterinary Medicine Hannover,
Germany. Mesenchymal stem cell-derived from normal canine adi-
pose tissue (ADSC) were isolated and characterized as previously
described.38 All cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) low glucose supplemented with 10% fetal bovine
serum (FBS, Thermo Fisher Scientific), 100 U/mL Penicillin,
100 mg/mL Streptomycin, and 250 ng/mL Fungizone (Thermo Fisher
Scientific) at 37�C at 5% CO2 atmosphere.

Co-Culture Assay

For the non-contact co-culture, we used the 24 transwell cell culture
plate (Corning) with 0.8 mm pore size. Briefly, 2 � 104 D-GBM cells
were placed on the lower side and incubated for 24 h. Then, canine
monocytes were isolated following the laboratory standard proto-
col.39 On day 2, D-GBM were infected or not with ZIKVBR (MOI
2) on the lower side, and then canine 4 � 104 monocytes were placed
on the upper side of the transwell. Cells were incubated for 48 h, and
then supernatants (up and down) were removal for cytokines
analysis.
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For the contact co-culture, 1 � 105 D-GBM cells, ZIKVBR (MOI 2),
or/and 2 � 105 canine monocytes were cultured in 6 well plates
and incubated for 48 h. Next, the supernatants were separated for
cytokine analysis, and the total cells were recovered for the evaluation
of monocytes activation. For that, cells were stained with fluorescein
isothiocyanate (FITC) anti-human CD14 (Biolegend), BV605 anti-
human CD80 (Biolegend), PE anti-human CD83 (Biolegend), and
PerCP-Cy5.5 anti-human CD64 (BD Biosciences) for 30 min at
4�C, followed by cell washings with PBS, 2% FBS. Cells were acquired
by LSR Fortessa (BD Biosciences) flow cytometer and data were
analyzed using the FlowJo software. Multicolor flow cytometry was
performed using specific gating strategies (Figure S5), and the
CD80, CD83, and CD64 mean fluorescence intensity (MFI) analyzes
were performed within the CD14 gate.

Canine Cytokines Profile by Multiplex Assay

Peripheral blood serum and CSF samples were collected and centri-
fuged at 1,200 rpm for 10 min at room temperature. Supernatant
samples isolated from co-culture assay were diluted two times. Cyto-
kine profiles were determined using the MILLIPLEX MAP Canine
Cytokine Magnetic Bead Panel (CCYTOMAG-90K Millipore) with
an automated analyzer (Luminex 200, Luminex Corporation, Austin,
TX, USA). The protocol was followed according to themanufacturer’s
instructions. The analytes were measured in technical and biological
duplicate.

Immune Markers RT-PCR Profiling

Total RNA was extracted from tumor tissue using the RNeasy Mini
Kit (QIAGEN), according to the manufacturer’s instructions. A total
of 1 mg of RNA was reverse transcribed with SuperScript IV Reverse
Transcriptase Kit (Invitrogen) according to the manufacturer’s in-
structions. Quantitative PCR was performed in a 7500 Real-Time
PCR System Thermal Cycler (Applied Biosystems). Expression anal-
ysis of immune markers was performed with Platinum SYBR Green
qPCR SuperMix-UDG (Life Technologies), using b-ACTINA as an
endogenous control. Primer sequences are described in Table S1.

SUPPLEMENTAL INFORMATION
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