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Anti-viral immunity presents a major hurdle for systemically
administered oncolytic viruses (OV). Intratumoral OV therapy
has a potential to overcome this problem through activation of
anti-tumor immune response, with local and abscopal effects.
However, the effects of anti-viral immunity in such a setting
are still not well defined. Using Newcastle Disease Virus
(NDV)as amodel,we explore the effects of pre-existinganti-viral
immunity on therapeutic efficacy in syngeneic mouse tumor
models. Unexpectedly, we find that while pre-existing immunity
to NDV limits its replication in tumors, tumor clearance, absco-
pal anti-tumor immune effects, and survival are not compro-
mised and, on the contrary, are superior in NDV-immunized
mice. These findings demonstrate that pre-existing immunity
to NDV may increase its therapeutic efficacy through potentia-
tion of systemic anti-tumor immunity, which provides clinical
rationale for repeated therapeutic dosing andprompts investiga-
tion of such effects with other OVs.
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INTRODUCTION
Oncolytic viruses (OVs) selectively infect, replicatewithin, and lyse can-
cer cells by exploiting cellular defects inherent to oncogenesis.1–3Oneof
theperceived limitations ofOVs is their inability to sufficiently replicate
and lyse tumors in the setting of neutralizing anti-viral antibodies,
which would preclude treatment of patients with pre-existing immu-
nity to the OV or repetitive dosing with OV after initial treatment.2,4–6

With improved understanding of the mechanisms of action of OVs
came the recognition that in addition to directly lysing cancer cells,
OVs carry a potential to activate systemic anti-tumor immune
response, which likely plays a major role in the efficacy of such agents.
Increasingly, OVs are used as in situ vaccines rather than tumor
debulking agents, best exemplified by talimogene laherparepvec
(T-vec), the first OV-based therapy to obtain FDA approval for intra-
tumoral treatment of advanced melanoma.1,3,7–9 With recognition of
the immunotherapeutic mechanism of action of OVs, the role of
anti-viral immunity has become less clear.We have previously demon-
strated that intratumoral administration of Newcastle Disease Virus
(NDV) leads to activation of systemic anti-tumor immune response
with local and distant (abscopal) immune effects and potentiation of
systemic immune checkpoint blockade, which is apparent even in
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models that do not strongly supportNDV replication.10,11 In prior clin-
ical studies with systemically administeredNDV, repetitive dosingwith
the virus led to durable responses in several patients.12,13 In particular,
one patient with metastatic cervical cancer first developed a response
after 10 months on therapy and went on to have a durable complete
response after therapy completion,12,13 highlighting the potential role
of the immune system in the observed therapeutic activity. In a recent
study by Ribas et al.14 using combination of intratumoral T-vec with
pembrolizumab, there were patients that exhibited responses that
were delayed more than would be expected with PD-1 blockade alone,
including a patient that exhibited a close to a 200% increase in tumor
growth at 24 weeks of treatment, which was subsequently followed by
a marked tumor regression with eventual complete response.

These findings question the potential negative impact of anti-OV
immunity, especially in the setting of intratumoral therapy, where
minimal virus replication could be sufficient to activate anti-tumor
immune response. To formally explore this question, here we use
NDV as a model to examine the effects of pre-existing anti-viral im-
munity on therapeutic efficacy. Unexpectedly, we find that pre-exist-
ing immunity does not reduce but rather potentiates the therapeutic
efficacy of intratumorally administered NDV, which is mediated
through enhanced anti-tumor immune response. These findings
highlight that antiviral immunity in the setting of oncolytic immuno-
therapy may drive therapeutic efficacy, providing rationale for treat-
ment of patients with prior exposure to OV, repetitive therapeutic
dosing, and possibly a design of clinical trials utilizing anti-viral
immunization prior to local OV treatment.
RESULTS
Anti-tumor Efficacy of NDV Is Dependent on the Adaptive

Immune Response

For our studies, we used the non-pathogenic NDV LaSota strain,
which has a poor ability to undergo multi-cycle replication in the
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Therapeutic Efficacy of Intratumoral NDV Is Dependent on Adaptive Immunity

(A) Treatment scheme. Tumors were established by implantation of 1 � 105 (B–F) or 2 � 105 B16-F10 cells in the right flank. (B) Representative luminescence images from

animals treated with NDV-fluc. (C) Quantification of average luminescence from the tumor sites at the indicated time points. Left, average luminescence. Right, area under

curve (AUC) calculated from the curves on the left. (D) Individual tumor growth curves. (E) Average tumor volumes followed until first death in each treatment group. Indicated

statistical comparisons were performed using t test using the average tumor volumes on the last day of measurement before the first death. (F) Overall survival with CD4 or

CD8 depletion. (G) Individual tumor growth curves with NK cell depletion. (H) Average tumor volumes followed until first death in each treatment group. (I) Overall survival with

NK depletion. Data in (A)–(F) and (G)–(I) each represent one of two independent experiments with n = 5–10 per group. Mean ± SEM is shown. ns, not significant; *p < 0.05;

****p < 0.0001.
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absence of efficient proteolytic cleavage of its fusion (F) protein.
Despite the limited replication, this strain has an ability to infect
mouse and human tumor cells both in vitro and in vivo and has a
capacity to express a therapeutic or an imaging transgene.10,15,16

With intratumoral injection in B16-F10 tumor model, NDV treat-
ment can lead to complete tumor rejection in a subset of animals.11

To evaluate the role of the immune system in NDV-mediated tumor
rejection, B16-F10 tumor-bearing mice were treated with three intra-
tumoral injections of NDV-expressing firefly luciferase (NDV-Fluc)
in the presence of CD4 or CD8-depleting antibodies (Figures 1A
and S1). While CD4 and CD8 depletion led to enhanced and
prolonged luciferase signal indicative of improved viral persistence
(Figures 1B and 1C), there was a significant reduction in anti-tumor
efficacy with CD8 depletion and to a lesser extent with CD4 depletion
Molecular Therapy Vol. 26 No 4 April 2018 1009
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(Figures 1D–1F). Depletion of NK cells in a similar setting also re-
sulted in an accelerated early tumor outgrowth (Figures 1G and
1H), although this did not lead to a statistically significant survival
detriment (Figure 1I). These findings suggest that while NK cells
may play a role in early tumor control with NDV therapy, the
long-term anti-tumor effect is primarily dependent on CD8+ cells.
The role of CD4+ cells in this setting remains less clear, and the mar-
ginal decrease in anti-tumor efficacy with CD4 depletion suggests that
NDV-induced anti-tumor immunity may be in part CD4 dependent.
Overall, these results indicate that NDV-mediated inflammation and
possibly tumor-specific immune response, rather than direct virus-
mediated lysis, are the primary mechanisms driving the anti-tumor
efficacy in the setting of intratumoral therapy with this virus. We
proceeded to evaluate whether in the setting of pre-existing anti-viral
immunity, which would limit viral persistence, intratumoral NDV
therapy would still be sufficient to induce tumor rejection.

Prior Immunity to NDV Potentiates Its Therapeutic Efficacy with

Intratumoral Administration

To study the effects of pre-existing anti-NDV immunity on anti-tu-
mor immune and therapeutic response, animals were immunized
with NDV using the prime-boost schedule outlined in Figure 2A.
As expected, immunization of mice with NDV led to development
of neutralizing antibodies to NDV, as determined by hemagglutina-
tion inhibition (HI) assay, which assesses for the ability of the serum
to neutralize virus binding to red blood cells (Figure 2B). In this
assay, the titer of 1:8 is considered to be protective against NDV
infection, as reported in the vaccination literature.17–19 Serum
from immunized animals was confirmed to inhibit NDV infection
in a neutralization assay (Figure 2C). To track the effect of immuni-
zation on the viral replication in vivo, NDV-naive and NDV-immu-
nized animals bearing B16-F10 melanoma tumors were treated in-
tratumorally with recombinant NDV-Fluc reporter (Figure 2A).
Prior immunization with NDV diminished but did not completely
abolish viral infection in tumor, as evidenced by reduced lumines-
cence signal with each administration (Figures 2D–2F). To deter-
mine whether the observed reduction of NDV replication within
the tumor of NDV-immunized mice affects therapeutic efficacy,
NDV-naive and NDV-immunized animals bearing B16-F10 mela-
noma were treated intratumorally with NDV and followed for sur-
vival (Figure 2G). Treated NDV-naive mice exhibited delayed tumor
growth and an increase in long-term survival over the two control
groups (Figures 2H–2J). Surprisingly, prior immunization with
NDV did not diminish its therapeutic efficacy but rather led to supe-
rior anti-tumor effects and prolonged animal survival when
compared to the treated NDV-naive mice (Figures 2H–2J). To
ensure the observed results were not limited to one tumor model,
the experiments were repeated with animals bearing MB49 bladder
carcinoma, yielding similar results (Figure S2).

Pre-existing Immunity to NDV Potentiates Local and Systemic

Anti-tumor Immune Responses

Since immunization with NDV was associated with diminished NDV
viral replication in tumors, therapeutic enhancement in the NDV-im-
1010 Molecular Therapy Vol. 26 No 4 April 2018
mune animals was unlikely to be caused by direct virus-mediated lysis,
implicating the potential role of the immune system in the observed
therapeutic efficacy. To distinguish between the effects of local inflam-
matory response to the virus and systemic anti-tumor immune
response, we used a bilateral flank B16-F10 melanoma model with
NDV administered to a single flank tumor (Figure 3A). In this model,
NDV replication is restricted to the treated tumor, and we previously
were unable to detect the virus in distant tumors (Figure S5).11

Following the treatment with NDV, bilateral tumors were collected
and processed for gene expression analysis using NanoString
PanCancer immune profiling gene panel and for flow cytometry. We
initially focused on the NDV-injected tumors to characterize the re-
sponses directly elicited by NDV infection. Gene-expression-based de-
convolution analysesmeasuring relative abundance of specific immune
cell populations demonstrated relative increase in most immune cell
populations in both NDV-naive and previously immunized mice after
intratumoral NDV treatment (Figure S3A). The comparison between
treated NDV-naive and treated NDV-immunized animals revealed a
moreprominent increase in the cell populations related toTh1 response
and a decrease in regulatory T cells (Figures 3B, S3B, and S3C). Flow
cytometry analyses confirmed a prominent increase in CD4+FoxP3�

conventional T cells (Tcon) and a relative decrease in the number of
CD4+FoxP3+ regulatory T cells (Treg) in the treated NDV-immunized
group, compared to the treated NDV-naive controls (Figures 3C and
3D). There was no apparent increase in the tumor-infiltrating CD8+

lymphocytes (Figures 3C and S3B). The decrease inTregs resulted in sig-
nificant enhancement in Tcon/Treg ratios in the NDV-immunized ani-
mals (Figure 3E).With understanding that the enhanced T cell infiltra-
tion in the treated tumors were likely to represent anti-viral rather than
anti-tumor response,wenext turnedour attention to thedistant tumors
from the same animals, where the T cells are less likely to be influenced
by the presence of virus antigens. Similar to the results in virus-injected
tumors, cell type deconvolution analyses revealed a prominent increase
of cell populations related to Th1 and cytotoxic T cell response in both
NDV-naive and NDV-immunized mice treated with NDV when
compared to the respective untreated control animals (Figure S4A).
Additionally, a relative global increase of immune-related genes was
observed in the tumors of treated NDV-immunized mice compared
to those of treated NDV-naive mice (Figure S4B). Further comparison
between NDV-immunized and NDV-naive tumors of NDV-treated
mice demonstrated relative increase in cell type gene scores ofmost im-
mune cell populations in theNDV-immunizedgroup,withmost prom-
inent increases in CD8, Th1, and NK cells, as well as a concomitant
decrease in Tregs (Figures 3F and S4C), with specific increases in genes
related to CD8 and Th1 response (Figure 3G). In concordance with
gene expression analyses, flow cytometry analyses confirmed a promi-
nent increase inCD8+T cells andTcons and a relative decrease inTregs in
the treated NDV-immunized group compared to those of the treated
NDV-naive mice (Figures 3H–3J), leading to enhanced Tcon to Treg ra-
tios in the NDV-immunized group (Figure 3K).

Previous studies with reovirus have demonstrated that pre-existing
immunity to the virus could improve its systemic targeting through
uptake bymyeloid cells.20,21 To determine whether pre-immunization
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Figure 2. Prior Immunity to NDV Potentiates Its Therapeutic Efficacy with Intratumoral Administration

(A) Prime-boost immunization scheme. Tumors were established by implantation of 2� 105 B16-F10 cells in the right flank. (B) Anti-NDV antibody serum titers determined by

hemagglutination inhibition (HI) assay at 21 and 36 days after immunization. The y axis indicates the dilution factor at which HI is no longer seen. (C) Neutralization of NDV by

day 21 serum, as determined by infectivity of A549 cells. The y axis indicates the dilution factor at which NDV neutralization is no longer seen. (D) Representative luminescence

images from animals treated with NDV-fluc. (E) Quantification of average luminescence from the tumor sites 24, 48, 72, and 96 hr after initial treatment. (F) AUC calculated

from the data in (D). (G) Survival experiment treatment scheme. Tumors were established by implantation of 2 � 105 B16-F10 cells in the right flank. (H and I) Growth

of individual injected tumors (H) and average B16-F10 tumor growth until first death in each group (I). (J) Overall survival of the treated B16-F10 tumor-bearing mice. Data for

(D)–(F) represent one of two experiments with n = 5 per group. Data for (G)–(J) show representative results from one of four experiments with n = 10 per group. Mean ± SEM is

shown. ns, not significant; *p < 0.05; **p < 0.01; ****p < 0.0001. R, right.
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increasedNDV trafficking to the distant tumors, bilateralflank tumor-
bearing mice were treated intratumorally with NDV-Fluc. There were
no detectable luciferase signal (Figure S5A) and no detectable NDV
RNA at 24 and 72 hr post-infection in the distant tumors in any of
the groups (Figure S5B), suggesting that the observed enhancement
in abscopal inflammatory effect with pre-immunizationwas notmedi-
ated by improved virus trafficking to these sites.
The enhanced abscopal immune effects with increased CD8+ T cell
infiltration imply that pre-existing immunity to NDV may in
fact potentiate systemic cytotoxic anti-tumor immune response
following intratumoral NDV treatment. To test this, splenic CD8+

cells isolated from the treated B16-F10 tumor-bearing mice
were co-cultured with non-infected irradiated B16-F10 cells or
irradiated NDV-infected MB49 bladder carcinoma cells to measure
Molecular Therapy Vol. 26 No 4 April 2018 1011
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Figure 3. Pre-existing Immunity to NDV Potentiates Local, Abscopal, and Systemic Anti-tumor Immune Responses

(A) Treatment scheme. Tumors were established by implantation of 2� 105 B16-F10 cells in the right and left flanks. (B) Relative cell type gene signature scores from the NDV-

treated tumors of NDV-naive and NDV-immunized mice (all n = 5). (C) Absolute number of tumor-infiltrating CD8+ and CD4+FoxP3� (Tcon) cells per gram of tumor calculated

from flow cytometry of treated tumors. (D) Representative flow cytometry plots of percentages of Tcon and Treg cells (left) and average percentages of Treg cells (right). (E)

Calculated CD8+:Treg and Tcon:Treg ratios in the treated tumors. (F) Relative cell type gene signature scores from the distant tumors of NDV-naive (n = 9) and NDV-immunized

(n = 5) mice treated with NDV. (G) Relative expression of genes related to T cell response in the distant tumors of NDV-treated NDV-naive and NDV-treated NDV-immunized

mice. (H) Absolute number of tumor-infiltrating CD8+ and Tcon cells per gram of tumor calculated from flow cytometry of distant tumors. (I and J) Representative flow cytometry

plots with percentages of Tcon and Treg cells (I) and average percentages of Treg cells calculated from flow cytometry in distant tumors (J). (K) Calculated CD8+:Treg and

(legend continued on next page)
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Figure 4. Therapeutic Efficacy of NDV Is Dependent

on CD8+ Cells and NK Cells but Not CD4+

Lymphocytes

Mice immunized and treated with NDV were depleted for

CD4 or CD8 lymphocytes (B and C) or NK cells (D and E).

(A) Treatment scheme. Tumors were established by im-

plantation of 2 � 105 B16-F10 cells in the right flank. (B)

Individual tumor growth curves after CD4 or CD8 deple-

tion. (C) Overall survival after CD4 or CD8 depletion. (D)

Individual tumor growth curves after NK depletion. (E)

Overall survival after NK depletion. (B and C) Data repre-

sent cumulative results from two experiments with n = 10
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and E) Data represent results of one experiment with n = 5
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tumor-specific and virus-specific immune response, respectively,
using IFNg release as the outcome measure. Enhanced IFNg produc-
tion was observed in response to stimulation with B16-F10 cells
in both NDV-naive and NDV-immunized animals treated with
NDV, with the highest IFNg concentrations observed in the NDV-
immunized group (Figure 3L). Supporting these findings, in the
immunized group there was enhanced IFNg production by splenic
CD8+ lymphocytes in response to stimulation with B16-F10 lysates
using enzyme-linked immunospot (ELISPOT), with trend toward
improved responses to some melanoma-associated peptides (Fig-
ure S6). In contrast, there was no significant difference in IFNg
response to NDV-infected MB49 cells between the NDV-treated
NDV-naive andNDV-treatedNDV-immunized animals (Figure 3M),
although the NDV-immunized animals demonstrated significant in-
crease in anti-NDV antibody titers (Figure 3N). Interestingly, there
Tcon:Treg ratios. (L and M) Production of IFNɣ in response to re-stimulation of splenic CD8+ lymphocytes with (L) B

and non-infectedMB49 cells (right). (N) Anti-NDV antibody serum titers (day 50) determined by HI. Data from (B), (F

(C)–(E) and (H)–(J) represent results from one of three independent experiments with n = 3–5 animals per grou

dependent experiments with 8–14 animals per group. Data from (N) represent results from one of three independ

shown. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. R, right; BL, bilateral.

M

was also a small increase of IFNg secretion in
response to stimulation with non-infected
MB49 cells (Figure 3M), suggesting part of the
immune response could be non-specific second-
ary to persistent activation of CD8+ cells, or
implying a potential cross-reactivity of CD8 cells
with MB49 antigens.

Therapeutic Effect Is Dependent on CD8 but

Not CD4 Lymphocytes

These findings highlighted the potential role of
CD8-mediated tumor-specific immune response
in the NDV-immunized animals. To formally
test this, we proceeded to determine whether
CD8 and/or CD4 cells were required for the
observed anti-tumor effect. NDV-immunized
animals were treated with depleting antibodies to CD8, CD4, or
NK cells and with intratumoral NDV as above (Figure 4A). Treat-
ment with anti-CD8 antibodies resulted in complete abrogation of
NDV-mediated anti-tumor effect, and the animals quickly suc-
cumbed to the tumors (Figures 4B and 4C). These findings suggest
that CD8 cells are indispensible for the observed therapeutic efficacy
of NDV in a setting of pre-immunization. Interestingly, despite the
significant expansion of CD4+ lymphocytes seen in the virus-injected
and distant tumors in NDV-immunized mice, depletion of CD4+

lymphocytes had only a modest effect on the therapeutic efficacy (Fig-
ures 4B and 4C), which was similar to our prior observations with
NDV-based immunotherapy11 and to our observations in the naive
setting (Figure 1). It is possible that the expansion of Tcon may repre-
sent primarily anti-viral rather than anti-tumor helper T cells, which
is further supported by significant enhancement of NDV-specific
16-F10 cells or (M) with MB49 cells infected with NDV (left)

), and (G) represent results from one experiment. Data from

p. Data from (K) represent combined results from two in-

ent experiments with n = 8–10 per group. Mean ± SEM is
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antibody response in serum (Figure 3N). Furthermore, depletion of
CD4 cells results in removal of both effector and regulatory T cell sub-
sets, making it difficult to delineate the true contribution of the con-
ventional CD4 T cells in this setting. We next turned our attention to
the role of NK cells. While the role of NK cells in the setting of treat-
ment of naive mice was marginal (Figure 1G and 1H), depletion of
NK cells in the setting of prior immunization with NDV significantly
decreased therapeutic efficacy (Figures 4D and 4E), albeit to a lower
1014 Molecular Therapy Vol. 26 No 4 April 2018
extent than that seen with CD8 depletion. Furthermore, while the ma-
jority of the animals treated with NK-depleting antibody eventually
succumbed to tumors, they still exhibited tumor growth delay and
prolonged survival, when compared to untreated or CD8-depleted
animals. These findings suggest that the NK-depleted animals are still
able to control the tumor in CD8-dependent manner, albeit with sub-
optimal efficacy. It is thus possible that robust memory responses to
NDV infection generate a more efficient inflammatory response
involving NK cells, which likely play a role in the early tumor clear-
ance and possibly a more effective recruitment and/or activation of
CD8 cells, which in turn mediate long-term tumor control.

Treatment with NDV Is Effective in a Setting of Recurrent Tumor

in NDV-Immune Mice

To determine whether therapeutic efficacy of NDVwould hold true in
the setting of NDV immunity developed during anti-cancer therapy,
animals that completely cleared B16-F10 tumors with frontline NDV
therapy were re-implanted with a lethal dose of B16-F10 cells in the
opposite flank (Figure 5A). In this setting, approximately 70% of an-
imals developed tumors, implying incomplete protection with front-
line NDV therapy against such tumor challenge. Re-treatment of the
animals with NDV led to significant tumor growth delay and long-
term animal survival when compared to treated NDV-naive and un-
treated animals (Figures 5B and 5C). As expected, all of the animals
developed high anti-NDV antibody titers (Figure S7). To characterize
the abscopal immune effects in this setting, an analogous experiment
was performed using the bilateral B16 tumor model (Figure 6A).
Analysis of tumor-infiltrating leukocytes from the distant tumors
demonstrated increase in both innate (CD11b, NK) and adaptive
(CD8, CD4) immune cells (Figures 6B and 6C), with a decrease of
relative percent Tregs (Figure 6D). These findings imply that the devel-
opment of anti-NDV immunity during cancer treatment does not
preclude and may in fact augment its therapeutic efficacy upon re-
treatment for recurrent tumor.

DISCUSSION
To date, clinical efficacy of systemically administered OVs has been
limited, with neutralizing anti-viral antibodies presenting a major
challenge for the delivery and replication of such agents at the tumor
site.2,5,6,22,23 Moreover, systemic administration of OVs, while logisti-
cally attractive, requires large therapeutic doses to ensure for adequate
delivery to the tumor site and carries obvious safety implications,
including systemic inflammatory response and off-target toxicity.5,6

To this end, several studies have now demonstrated that intratumoral
OV therapy can lead to abscopal therapeutic effects and control of
distant tumors not directly affected by the virus. Trials using intratu-
morally administered OVs are currently ongoing, with T-vec already
FDA-approved for metastatic melanoma and several additional
agents demonstrating the ability to regress both treated and distant
tumors (Andtbacka et al., 2014, J. Clin. Oncol., abstract).9 With an
assumption that neutralizing antibodies are detrimental even in the
setting of intratumoral therapy, many of the ongoing clinical trials
follow the schedule of frequent OV dosing upfront, followed by a
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Figure 6. In a Setting of Recurrent Tumor, Prior

Immunity to NDV Potentiates Immune Infiltration in

Distant Tumors

(A) Treatment scheme in the bilateral flank tumor model.

Primary tumors were established by implantation of

1� 105 B16-F10 cells in the right flank. Recurrent tumors

were modeled by implantation of 4� 105 B16-F10 cells in

the bilateral flanks. (B) Absolute number of tumor-infil-

trating CD45+, CD11b+, NK, and CD3+ cells in distant

tumors, calculated from flow cytometry. (C) Absolute

number of tumor-infiltrating CD8+, Tcon, and Treg cells per

gram of tumor in distant tumors, calculated from flow

cytometry. (D) Relative percentages of tumor-infiltrating

Tregs out of CD4
+ cells. Data represent one of two inde-

pendent experiments with n = 5, n = 5, n = 5, and n = 6,

as above. Mean ± SEM is shown. ns, not significant;

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. R,

right; L, left; BL, bilateral.
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less-frequent maintenance schedule. The question remains, however,
whether pre-existing or newly developed anti-viral immunity could
adversely impact the efficacy of intratumoral approaches.

In the current study, we used NDV as a model to determine the
impact of pre-existing immunity to the virus on its therapeutic effi-
cacy with intratumoral administration. Contrary to our expectations,
pre-existing immunity to the virus did not negatively impact the viral
anti-tumor efficacy, and in fact the anti-tumor efficacy was superior
Mo
to that observed in NDV-naive mice. Moreover,
NDV was effective in a model of “recurrent” tu-
mor that previously responded to NDV, result-
ing in long-term tumor control and significant
enhancement in abscopal immune effects.
While this model is unlikely to fully recapitulate
the biology of a recurrent tumor and its im-
mune escape mechanisms, such as loss of tumor
antigens and establishment of additional immu-
nosuppressive pathways, it nevertheless sug-
gests that the virus could still incite an inflam-
matory response that could lead to both local
and systemic tumor control.

While the current study suggests that prior
exposure to an OV does not diminish its thera-
peutic efficacy in the setting of intratumoral
administration, neutralizing antibodies likely
still present a challenge with systemic virus
administration. Since NDV LaSota strain has
only a modest replicative capacity, it exhibits
poor delivery to systemic sites11 and thus pre-
existing immunity to the virus would likely be
detrimental if the virus were used systemically.
Interestingly, in prior studies with systemically
administered reovirus, pre-existing neutralizing
antibodies to reovirus also enhanced viral therapeutic efficacy, which
was thought to be mediated by enhanced rather than diminished viral
delivery to tumors by myeloid cells.20,21 The mechanisms underlying
the therapeutic enhancement by pre-existing antiviral immunity with
intratumoral administration remain to be elucidated. In the treated
tumors, it is possible that the robust memory response to the virus
could mediate a strong inflammatory response with recruitment of
NK cells and additional innate and adaptive immune cells mediating
bystander effect against the neighboring cells.24,25 The enhanced local
lecular Therapy Vol. 26 No 4 April 2018 1015
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inflammatory response generated by the virus could also potentially
result in epitope spreading and a systemic immune response against
a broader range of tumor antigens, as was reported byWoller and col-
leagues26 with oncolytic adenovirus. It is also possible that limited
viral replication in the setting of pre-existing immunity may be bene-
ficial for anti-tumor immunity by limiting anti-viral adaptive im-
mune responses, which may otherwise act in an immunodominant
fashion.27 Indeed, prior studies with other viruses indicate that
immune-mediated anti-tumor activity of OVs appears to be indepen-
dent of lytic efficacy.28,29 Finally, we cannot fully rule out that the
immune activity found by pre-immunization could be against a
post-translational modification (e.g., glycosylation) that is shared be-
tween the virus and the tumor.We consider this to be an unlikely pos-
sibility, given that the virus is produced in embryonated chicken eggs
and the finding that pre-immunized untreated animals did not exhibit
evidence of improved tumor control or tumor-specific CD8 activity.

In summary, our studies indicate that with intratumoral therapy, pre-
existing immunity to NDV does not prevent but may potentiate its
therapeutic efficacy through induction of a more robust anti-tumor
immune response. These findings are not necessarily generalizable
to all OVs, as the viruses differ in their mechanisms in activation of
innate immune response and reliance on CD8, CD4, NK, and anti-
body responses for viral clearance, which may offset the balance be-
tween the anti-viral and anti-tumor immunity. Clinical studies using
oncolytic T-vec employed an initially low dosing of the virus to sero-
convert the patients to improve tolerance, followed by subsequent in-
trapatient dose escalation.9 Based on our findings, one may speculate
that this strategy may have actually augmented rather than inhibited
therapeutic efficacy. These findings carry obvious clinical implica-
tions, suggesting that pre-existing immunity to an OV should not pre-
clude therapy with intratumoral administration and provide justifica-
tion for treatment in the setting of prior anti-OV immunity and
possibly repeated intratumoral therapeutic dosing, as each adminis-
tration may drive a stronger tumor inflammatory response and
anti-tumor immunity.

MATERIALS AND METHODS
Mice

C57BL/6J mice were purchased from Jackson Laboratory. All mice
were maintained in microisolator cages and treated in accordance
with the NIH and American Association of Laboratory Animal
Care regulations. Animals that had evidence of non-specific derma-
titis prior to initiation of treatment were excluded to remove the po-
tential confounding variable that could influence the results.

Cell Lines

The murine cancer cell line for melanoma (B16-F10) was originally
obtained from I. Fidler (MD Anderson Cancer Center); the cell line
for bladder cancer (MB49) was originally obtained from Dr. James
Allison (MD Anderson Cancer Center). B16-F10 and MB49 cells
were maintained in RPMI medium supplemented with 7.5% fetal
calf serum and penicillin with streptomycin. A549 cells were obtained
from American Type Culture Collection (ATCC) and maintained in
1016 Molecular Therapy Vol. 26 No 4 April 2018
DMEM medium supplemented with 10% fetal calf serum and peni-
cillin with streptomycin. All of the cell lines have been tested and
were found to be negative for mycoplasma contamination.

Antibodies

Therapeutic anti-CD8+ (clone 2.43), anti-CD4+ (clone GK1.5), and
anti-NK1.1 (clone PK136), antibodies were produced by BioXcell.
Antibodies used for flow cytometry were purchased from the
following sources (dilutions are indicated in parentheses): eBioscience
(CD45.2 Alexa Fluor 700, cat. 56-0454 [1:200]; CD3 PE-Cy7, cat.
25-0031 [1:200]; CD4 ef450, cat. 48-0041 [1:200]; CD4 APC-
efluor780, cat. 47-0041 [1:400]; CD8 PerCP-efluor710, cat. 46-0083
[1:200]; CD11b APC-efluor 780, cat. 47-0112 [1:600]; NK 1.1 PE,
cat. 12-5941 [1:200]; FoxP3 APC, cat. 17-5773 [1:200]); and Invitro-
gen (Granzyme B PE-Texas red, cat. GRB17 [1:125]).

Viruses

Recombinant lentogenic NDV LaSota strain was generated from
cDNA and used for all non-luminescence experiments. To generate
NDV virus expressing firefly luciferase, a DNA fragment encoding
the firefly luciferase flanked by the appropriate NDV-specific RNA
transcriptional signals was inserted into the SacII site created between
the P and M genes of pT7NDV/LS. Generation of recombinant NDV
has been described previously.30 All generated viruses were propa-
gated in embryonated 9-day-old specific pathogen-free chicken
eggs. Virus titers were determined by serial dilution and infection
of A549 cells, followed by immunofluorescent detection of viral
antigens.

Bioluminescence Imaging

Mice were imaged every 24 hr over a 96-hr period starting on day 44,
24 hr post-infection. Mice were injected retro-orbitally with 50 mL
of 40 mg/mL D-luciferin (Caliper Life Sciences). Gray-scale photo-
graphic images and bioluminescence color images were superim-
posed using The Living Image, version 4.0 (Caliper Life Sciences) soft-
ware overlay. A region of interest (ROI) was manually selected over
the tumor and the area of the ROI was kept constant.

Hemagglutination Inhibition Assay

Post-immunization sera were collected at day 21 (after single immu-
nization), day 36 (after boost), and day 50 (after intratumoral treat-
ment). Isolated sera were stored at�80�C. Hemmaglutination inhibi-
tion assay was performed following the World Health Organization
protocol.31

NDV Neutralization Assay

The assay for NDV infectivity neutralization was adopted from the
influenza literature32 and was modified by detection by fluorescent
microscopy. Sera from control or NDV-immunizedmice were serially
diluted in PBS and incubated for 1 hr at 37�C with NDV encoding
GFP (NDV-GFP) at a final concentration of 1 � 104 plaque-forming
units (pfu)/mL in a 40 mL volume. Following the incubation, 20 mL of
the virus/serum mixture was used to infect A549 cells plated in 96-
well plates, at a final MOI of 0.005 in DMEM supplemented with
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10% fetal calf serum. Twenty-four hours post-infection, presence or
absence of GFP signal was determined for each well, and the highest
dilution resulting in infection inhibition was determined for each
sample.

Tumor Implantation Survival Experiments

All mouse procedures and experiments for this study were approved
by the Memorial Sloan Kettering Cancer Center Institutional Animal
Care and Use Committee. Treatment schedules and cell doses were
established for each tumor model to achieve 10% to 30% tumor clear-
ance by NDV. For pre-existing immunity survival experiments, mice
were immunized with 5� 106 pfu NDV diluted in PBS in a total vol-
ume of 50 mL or PBS alone as a control in the right hind footpad, and
at day 20–21 mice were boosted with NDV or PBS into the right hind
footpad with the same concentration. Cell implantation quantities
were experiment specific and are indicated in the figure legends.
Tumors were measured on a regular basis, and the animals were
euthanized for signs of distress or when the tumor volume reached
1,000 mm3. For depletion of immune cells, mice were injected intra-
peritoneally with 500 mg of monoclonal antibodies to CD8+ or CD4+

1 day before and 2 days after tumor implantation, followed by intra-
peritoneal injection with 250 mg of antibodies every 5 days throughout
the remainder of the experiment. For tumor re-implantation experi-
ments, mice were implanted intradermally with 1� 105 B16-F10 cells
into the right flank. On days 7, 9, and 11, mice were treated intratu-
morally with 100 mL NDV (1 � 107 pfu). Mice that cleared their tu-
mors were boosted on day 27 with NDV, and 4 � 105 B16-F10 cells
were implanted on day 43 into the left flank, for survival experiments,
and bilateral flanks, for measurement of abscopal effects in the tumor
microenvironment. Mice were then treated intratumorally on days
50, 52, and 54 with 100 mL PBS or NDV (1 � 107 pfu).

Isolation of Tumor-Infiltrating Lymphocytes

For experiments that utilized flow cytometry analysis, mice were
euthanized on day 50, and bilateral tumors were removed using for-
ceps and a scalpel and then weighed. Tumors from each group were
minced with scissors prior to incubation with 1.67 Wünsch U/mL
Liberase and 0.2 mg/mL DNase for 30 min at 37�C shaking at
225 rpm. Tumors were further homogenized by filtering through a
70-mm nylon filter, and the homogenized samples were transferred
to 15 mL centrifuge tubes. Cell suspensions were washed once with
complete RPMI, resuspended in blocking buffer (fluorescence-acti-
vated cell sorting [FACS] buffer with 1:500 2.4G2 antibody), and
transferred to a V-bottom 96-well plate to be stained for flow
cytometry.

Flow Cytometry

Cells isolated from tumors were processed for surface labeling with
appropriate antibodies. Fixable viability dye eFluor506 (eBioscience)
was used to separate dead and live cells. Cells were further permeabi-
lized using FoxP3 fixation and permeabilization kit (eBioscience) and
stained for Ki-67, FoxP3, Granzyme B, and CD3. Data were acquired
using the LSRII flow cytometer (BD Biosciences) and analyzed using
FlowJo software (Treestar).
IFNg Release Assay, Analysis of Cytokine Production, and IFNɣ

Enzyme-Linked Immunospot Assay

For measurement of cytokine production, mice were euthanized on
day 50 and spleens were dissected, passed through a 70-mm nylon fil-
ter, subjected to red blood cell (rbc) lysis, and enriched for CD8+

T cells using a Miltenyi CD8a (Ly-2) purification kit. Isolated CD8+

cells were counted and co-cultured for 48 hr in 24-well plates with
irradiated B16-F10, MB49, or MB49 cells infected with NDV
(MOI = 2) at a 10:1 effector to target ratio (5 � 105:5 � 104) in the
presence of 20U/mLmurine IL-2 (R&D). After 48 hr of restimulation,
supernatants were collected from each well and analyzed for inter-
feron ɣ (IFNɣ) concentration using the mouse IFNɣ simplex kit in
conjugation with the ProcartaPlex mouse basic kit (eBioscience)
and detected with a Magpix (Luminex) machine and analyzed with
Luminex xPONENT software. For ELISPOT assay, 1 � 105 isolated
CD8+ T cells were stimulated with irradiated B16-F10 cells or with
CD11b+ splenic antigen presenting cells (APCs) loaded with the indi-
cated peptides at 1:1 ratio. IFNɣ-producing CD8 cells were quantified
using a Mouse IFNɣ ELISPOT Set (BD PharMingen, cat. 551083)
according to the manufacturer’s instructions. Spots were quantified
using Immunospot Analyzer.

NanoString Gene Expression Analyses

Immunization and tumor implantation were performed according to
the schedule described above. On day 50, the animals were eutha-
nized, and the tumors were excised, placed in TRIzol reagent (Invitro-
gen), and homogenized. The samples were flash-frozen in dry ice and
ethanol and stored at�80�C. RNA was later purified from TRIzol us-
ing the Direct-zol RNAMiniPrep kit (Zymo Research). Isolated RNA
was hybridized with the NanoString nCounter PanCancer Immune
Profiling mouse panel codeset and quantified using the nCounter
Digital Analyzer at the MSKCC Genomics Core Facility. Raw data
were processed and normalized with NanoString’s nSolver Analysis
Software using the Advanced Analysis module, and GSVA scores
for cell types and immune response categories were generated in
the R Statistical Environment using gene signatures provided by the
NanoString panel. Heatmaps representing these scores were gener-
ated using the gplots/heatmap.2 package.

Real-Time PCR

To detect NDV-specific RNA within a tumor, a set of primers and
a TaqMan probe specific for NDV NP transcript was generated
(forward, AGGAGATAATGCGCCGTACA; reverse, TGCTCA
TAAAGTCCCTGGCA; probe, TGCGCCTGCCGAGAATGCACA).
Real-time PCR was prepared with 1 mL cDNA according to the man-
ufacturer’s instructions. All amplifications were done using the ABI
7500 Real Time PCR system (Applied Biosystems). Gene expression
levels were normalized toGapdh (DCt =CtNDV-NP�CtGapdh) and
reported as relative mRNA expression (2�(DCt)).

Statistics

The overall study design included a sequence of controlled laboratory
experiments as described above. In all experiments, animals were
randomly assigned to experimental groups. For survival experiments,
Molecular Therapy Vol. 26 No 4 April 2018 1017

http://www.moleculartherapy.org


Molecular Therapy
5 to 15 mice per group were used. The experiments were replicated
two to four times as noted, and the final analysis included either
pooled data or representative data where indicated. Data were
analyzed by two-tailed unpaired Student’s t test (for comparisons of
two groups) and ANOVA (for comparison of multiple groups).
Data for survival were analyzed by log-rank (Mantel-Cox) test.
Two-sided p < 0.05 was considered statistically significant (*p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). The numbers of ani-
mals included in the study are discussed in each figure and in parts
of the Materials and Methods section. All outliers were included in
the analyses. In the survival experiments, animals that died early sec-
ondary to other reasons (e.g., anesthesia) were not included in the an-
alyses (one animal in anti-CD4 group in Figure 1). In the tumor
lymphocyte isolation experiments, animals that completely cleared
the tumors were not included.
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Figure S1. Antibodies to CD4 and CD8 lymphocytes deplete the cells of interest in vivo. Animals were treated 
as specified in Figure 1. Peripheral blood was collected 5 days after the initial injection and processed by flow 
cytometry for CD4+ and CD8+ cells with non-crossreactive antibodies. Gate percentages in red (bottom) and blue 
(top) represent the percentages of cells in non-depleted and depleted animals, respectively. Representative plots 
from 1 of 2 independent experiments with 5 mice per group are shown. 
  



 

 
Figure  S2.  Effect  of  pre-existing immunity  to  NDV  on  anti-tumor efficacy  in  the  MB49 bladder tumor 
model. (A) Treatment scheme. tumors were implanted by injection of 2 x 105 cells into the right or bilateral flanks 
on day 35 intradermally (100 µl). On days 43, 45 and 47, right tumors were injected with 100 µl PBS or NDV (1 x 
107 pfu). (B) Growth of injected tumors. (C) Overall survival. Data represent results from one of two independent 
experiments  with n = 4 (NDV-naïve PBS), n = 4 (NDV-immunized PBS), n = 8 (NDV-naïve NDV) and n = 7 
(NDV-immunized NDV). 
 
  



 
Figure S3. NDV induces inflammatory effects in the microenvironment of the treated tumors. Animals were 
treated according to the schema in Figure 2A. Gene expression analyses were performed using NanoString 
PanCancer immune profiling gene panel focusing on over 760 immune response-related genes. (A) Relative cell 
type gene signature scores in the virus-treated tumors compared to their respective controls. (B) Normalized gene 
expression for CD8a, CD4, and FoxP3 from the NDV-treated tumors of NDV-naïve and NDV-immunized mice. (C) 
Heat map displaying GSVA signature scores across immunological cell types for immunized and non-immunized 
NDV treated tumors. Data represent results from one experiment with n = 3 (NDV-naïve PBS), n = 3 (NDV-
immunized PBS), n = 5 (NDV-naïve NDV) and n = 5 (NDV-immunized NDV). Mean ± SEM is shown. ns, not 
significant. 
 
  



 
Figure S4. Anti-NDV immunity potentiates abscopal inflammatory effects. Animals were treated according to 
the schema in Figure 2A. Gene expression analyses were performed using NanoString PanCancer immune profiling 
gene panel focusing on over 760 immune response-related genes. (A) Relative cell type gene signature scores in the 
distant, non-injected tumors compared to their respective controls. (B) Global expression of immune-related genes 
in distant tumors of NDV-treated NDV-immunized vs. NDV-treated NDV-naïve animals. (C) Heat map displaying 
GSVA signature scores across immunological cell types for immunized and non-immunized NDV treated tumors. 
Data represent results from one experiment with n = 3 (NDV-naïve PBS), n = 3 (NDV-immunized PBS), n = 9 
(NDV-naïve NDV) and n = 5 (NDV-immunized NDV). 
 
  



 
Figure S5. Pre-existing immunity to NDV does not enhance viral spread to distant tumors. Bilateral flank B16-
F10 melanoma-bearing animals were treated with NDV expressing luciferase administered to a single flank tumor. 
A) Luminescence measured from the virus-treated and distant tumors. B) Levels of NDV NP RNA detected in the 
virus-treated and distant tumors measured by quantitative RT-PCR. ns, not significant; *p < 0.05; **p < 0.01 
  



 
Figure S6. Pre-existing immunity to NDV potentiates CD8 response to B16-F10 melanoma antigens. 
Animals were treated as in Figure 3A, and splenic CD8+ lymphocytes were isolated and co-cultured with stimulator 
CD11b+ APCs loaded with the indicated peptides or irradiated B16-F10 cells at 1:1 ratio. IFNγ production was 
assessed at 24 hours by ELISPOT assay. 
  



 
Figure S7. Intratumoral NDV therapy leads to neutralizing anti-NDV antibodies. Anti-NDV antibody serum 
titers from tumor-bearing animals after initial treatment and day 21 boost with NDV (n = 9) or PBS (n = 8) were 
determined by hemagglutination inhibition (HAI) of the serum samples collected at the specified time points. **p < 
0.01; ****p < 0.0001. 
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