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ABSTRACT Newcastle disease virus (NDV) is an attractive candidate for oncolytic im-
munotherapy due to its ability to replicate in tumor cells and potentially to overcome
the inherently immunosuppressive nature of the tumor microenvironment. The advent
of checkpoint blockade immunotherapy over the past few years represents a paradigm
shift in cancer therapy. However, the prevalence of severe immune-related adverse
events with CTLA4 and PD1 pathway blockade in clinical studies, especially in combina-
tion therapy groups, is a cause for concern. Immunotherapies with cytokines have also
been extensively explored, but they have been associated with adverse events in
clinical trials. Oncolytic vectors engineered to express checkpoint blockade antibod-
ies and cytokines could provide an avenue for reducing the clinical toxicity associ-
ated with systemic therapy by concentrating the immunomodulatory payload at the
site of disease. In this study, we engineered six different recombinant viruses: NDVs
expressing checkpoint inhibitors (rNDV–anti-PD1 and rNDV–anti-PDL1); superagonists
(rNDV–anti-CD28); and immunocytokines, where the antibodies are fused to an im-
munostimulatory cytokine, such as interleukin 12 (IL-12) (rNDV–anti-CD28 –murine
IL-12 [mIL-12], rNDV–anti-PD1–mIL-12, and rNDV–anti-PDL1–mIL-12). These six engi-
neered viruses induced tumor control and survival benefits in both highly aggressive
unilateral and bilateral B16-F10 murine melanoma models, indicative of an abscopal
effect. The data represent a strong proof of concept on which further clinical evalua-
tion could build.

IMPORTANCE Checkpoint inhibitor therapy has shown tremendous efficacy, but also
frequent and often severe side effects— especially when multiple drugs of the class
are used simultaneously. Similarly, many investigational immunotherapy agents,
which have shown promise in animal models, have failed in clinical trials due to
dose-limiting toxicity when administered systemically. This study utilized a murine
melanoma model to evaluate the efficacy of intratumoral injections of recombinant
NDVs engineered to express multiple immunotherapeutic proteins with well-
documented side effects in humans. Our results indicate that intratumoral administration
of these recombinant NDVs, particularly when combined with systemic CTLA4 check-
point inhibition, exerts a robust effect in treated and nontreated tumors, indicative of a
systemic antitumoral response. The intratumoral delivery of rNDVs expressing immuno-
therapeutic proteins may be an effective method of targeting the immune cell popula-
tions most relevant for antitumoral immunity and allowing us to restrict the use of sys-
temic immunotherapy agents.
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Oncolytic immunotherapy provides a promising new way to activate the immune
system to achieve a therapeutic goal in cancer treatment, especially in combina-

tion with checkpoint blockade (1). To become fully activated, T cells require the
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engagement of the T cell receptor (TCR) with the peptide-major histocompatibility
complex (MHC), as well as costimulatory signals provided by the interaction of CD28 on
T cells with its primary ligands, B7-1 (CD80) and B7-2 (CD86), on the surfaces of
specialized antigen-presenting cells (APCs) (2). In addition to prompting T cell re-
sponses, T cell priming also induces critical negative-feedback loops in the form of
immune checkpoints. One of these proteins, cytotoxic T-lymphocyte-associated antigen
4 (CTLA4), acts by attenuating or preventing CD28 costimulation by competing for B7
binding (3, 4). Another major immune checkpoint, called programmed cell death 1
(PD1), is induced later during T cell activation and attenuates TCR signaling upon
engagement with PDL1 or PDL2 (5–7).

Antibody-mediated release of these immune checkpoints has been shown to induce
significant response rates in multiple types of advanced or metastatic malignancies,
which has led to a paradigm shift in clinical practice (8–13). However, the use of
immune checkpoint inhibitor therapy in the clinic is associated with an increase of
immune-related adverse events (irAEs). Checkpoint blockade can induce minor irAEs in
up to 70% to 90% of patients receiving CTLA4, PD1, or PDL1 blockade, but also major
(grade 3 and 4) irAEs in up to 10% to 15% of patients (14, 15).

CD28 receptor is critical for cosimulation of naive T lymphocytes, and anti-CD28
superagonists capable of activating T cells have shown remarkable efficacy in several
preclinical models (16, 17). However, clinical development of this antibody was aban-
doned as a result of adverse events in a phase 1 clinical trial when it was given
systemically (18). Despite this initial failure, localized or targeted use of anti-CD28
monoclonal antibody (MAb) might have great potential for local induction of a pow-
erful immune response within the tumor microenvironment.

Cytokines are either secreted or membrane-bound molecular messengers that can
directly stimulate immune effector cells within the tumor microenvironment or recruit
additional immune cells to enhance antitumor responses by cytotoxic effector cells (19).

Although immunotherapies with cytokines have been extensively explored, they
have been associated with adverse events in randomized clinical trials (20, 21). Targeted
delivery of the cytokine payload to the tumor microenvironment can be achieved by
intratumoral delivery of recombinant oncolytic vectors expressing cytokines, but also
through immunocytokines. Immunocytokines are antibody-cytokine fusion proteins
consisting of a cytokine fused to monoclonal antibodies or to an antibody fragment
(22–25).

Newcastle disease virus (NDV) is an enveloped, negative-sense, single-stranded RNA
virus that is classified as an avian paramyxovirus type 1 (APMV-1) in the genus
Avulavirus of the family Paramyxoviridae (26). NDV has been extensively studied as an
oncolytic vector due to its ability to induce activation of the innate and adaptive
antitumor responses, in addition to prompting immunogenic cell death (27, 28). Here,
we show that NDVs can be engineered to express checkpoint inhibitor molecules and
checkpoint inhibitor-cytokine conjugates (immunocytokines), which allows three dif-
ferent modalities, namely, NDVs, cytokines, and checkpoint blockade antibodies, to be
combined into the same therapeutic platform. We cloned and rescued six different
recombinant viruses: NDVs expressing checkpoint inhibitors (rNDV–anti-PD1 and rNDV–
anti-PDL1); superagonists (rNDV–anti-CD28); and immunocytokines, where the antibodies
are fused to an immunostimulatory cytokine, such as interleukin 12 (IL-12) (rNDV–anti-
CD28–murine IL-12 [mIL-12], rNDV–anti-PD1–mIL-12, and rNDV–anti-PDL1–mIL-12). More
importantly, we show tumor control and survival benefits by combining these recom-
binant NDVs expressing immunocytokines with systemic checkpoint blockade in both
highly aggressive unilateral and bilateral B16-F10 tumor models.

RESULTS
Engineering rNDVs expressing antibody fragments and immunocytokines.

IL-12 is a known T and NK cell-stimulating factor (29, 30) and is a 4-bundle �-helix
heterodimeric cytokine that consists of p35 and p40 subunits (31). Despite its well-
documented role in the antitumor immune response, current clinical development of
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IL-12 has been limited due to toxicities associated with its systemic use (32). However,
given its potent immune-stimulatory properties, limitations to its use for systemic
therapy can be overcome by local delivery of the cytokine via an oncolytic virus
engineered to express it.

Agonistic monoclonal antibodies against CD28 activate T cells both in vivo and in
vitro without the requirement for TCR signaling, holding promise as a potent T
cell-stimulatory platform (33). In addition to anti-CD28 agonistic antibodies (18), check-
point inhibitors induce severe immune-related adverse events with CTLA4 and PD1
pathway blockade, which have been estimated to be as high as 55% with dual-
checkpoint inhibitor therapy (34). One possible avenue to overcome the clinical toxic-
ities associated with the systemic administration of anti-CD28, anti-PD1, and anti-PDL1
would be their delivery into the tumor microenvironment.

Aiming for the targeted delivery of these therapeutic regimens, we engineered
recombinant full-length NDVs (rNDVs) expressing soluble single-chain variable frag-
ments (scFvs) for anti-CD28, anti-PD1, and anti-PDL1 with the transgene inserted
between the viral P and M genes (35) (Fig. 1). Furthermore, we fused these scFvs with
mIL-12 via a GS linker, as shown in (Fig. 1). Rescued viruses showed no appreciable
differences in their abilities to induce cell lysis at three different multiplicities of
infection (MOI) in B16-F10 murine melanoma cells using a lactate dehydrogenase (LDH)
release assay (data not shown) compared to wild-type NDV, suggesting that the
different recombinant viruses have comparable levels of replication. In addition, mIL-12
expression from rNDVs expressing immunocytokines was verified using a commercially
available enzyme-linked immunosorbent assay (ELISA) kit (data not shown).

rNDVs expressing immunocytokines enhance tumor control in the treated
tumor. Previous studies have shown that intratumoral delivery of NDV, along with
systemic checkpoint blockade, can potentiate an antitumor response in a poorly
immunogenic B16-F10 tumor model (36, 37). To assess the antitumor efficacy of
combining intratumoral administrations of various rNDVs expressing either anti-CD28,
anti-PD1, or anti-PDL1 scFvs, as well as the immunocytokines anti-CD28 –mIL-12, anti-
PD1–mIL-12, and anti-PDL1–mIL-12 with systemic checkpoint blockade, B16-F10 mel-
anoma cells (100,000) were implanted in only one flank of wild-type C57BL/6 mice.
Tumors were treated 9 days postimplantation once palpable, visible tumors had been
established. Intratumoral injections of rNDV were administered every 2 days with three
intraperitoneal (i.p.) injections of either anti-PD1 or anti-CTLA4 MAbs administered over
the course in which the oncolytic virus was given, and tumor volumes were monitored
(Fig. 2A). The vast majority of mice receiving rNDV–anti-CD28 –mIL-12 plus anti-CTLA4
had a complete response (CR) (77%) on the treated side compared with rNDV–anti-
CD28 plus anti-CTLA4 (20%) or NDV plus anti-CTLA4 (0%). Combining rNDV–anti-CD28 –

FIG 1 Cloning and rescue of recombinant NDVs. (A) Construction of a full-length anti-genomic NDV plasmid containing the
scFv or immunocytokine. The open reading frame (ORF) for the transgene is flanked with NDV-specific transcriptional signals,
followed by the Kozak sequence, and inserted into the SacII site between the P and the M ORFs. (B) Design of scFv and
immunocytokine constructs. VH, variable heavy; VL, variable light.
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mIL-12 with PD1 checkpoint blockade induced a considerably lower CR rate (37%);
however, it was still higher than the CR rates observed with rNDV–anti-CD28 plus anti-
PD1 (20%) or NDV plus anti-PD1 (20%) (Fig. 2B). This tumor control was again consistent
with the overall survival curves, demonstrating the additive effects of combining

FIG 2 Combining rNDVs expressing immunocytokines with checkpoint inhibitor induces an antitumor response in a unilateral-flank tumor model. (A) Mouse
treatment scheme. One hundred thousand B16-F10 melanoma cells were implanted in the right flanks of C57BL/6 mice (n � 5 to 9 mice per group). Nine days
postimplantation, the tumors were treated with five intratumoral injections of rNDVs at 106 PFU every 2 days and three i.p. injections of anti-PD1 (200 �g) or
anti-CTLA4 (100 �g) every 4 days. Tumor volumes were measured until day 28. (B) Individual tumor volume progressions with CR percentages for the
rNDV–anti-CD28 and rNDV–anti-CD28 –mIL-12 treatment cohorts. (C) Overall survival percentages until day 80. (D and E) Individual tumor volume progressions
with CR percentages for the rNDV–anti-PD1/PDL1 and rNDV–anti-PD1/PDL1–mIL-12 treatment cohorts (D), along with the overall survival percentages (E). The
data for survival were analyzed by log rank (Mantel-Cox) tests. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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rNDV–anti-CD28 –mIL-12 with anti-CTLA4. This combination induced the most signifi-
cant effect in terms of overall survival compared to other treatment regimens (Fig. 2C).

We then assessed the efficacy of intratumoral delivery of rNDV expressing inhibitors
of the PD1 axis (anti-PD1/anti-PDL1) and their mIL-12 immunocytokine conjugates. We
found that rNDV–anti-PDL1 and rNDV–anti-PDL1–mIL-12 in particular enhanced sys-
temic CTLA4 checkpoint blockade and induced up to 50% and 70% CR rates, respec-
tively (Fig. 2D). In addition, rNDV–anti-PD1–mIL-12 plus anti-CTLA4 potentiated a better
antitumor response (30% CR) than rNDV–anti-PD1 with systemic anti-CTLA4 (12% CR)
(Fig. 2D). This was again reiterated with the overall survival percentages showing that
both rNDV–anti-PD1–mIL-12 and rNDV–anti-PDL1–mIL-12 provided a statistically sig-
nificant survival benefit over NDV as a monotherapy. With systemic CTLA4 blockade,
rNDV–anti-PD1–mIL-12, rNDV–anti-PDL1, and rNDV–anti-PDL1–mIL-12 provide a sur-
vival benefit over NDV plus anti-CTLA4 (Fig. 2E).

rNDVs expressing anti-CD28 –mIL-12 intratumorally potentiate the efficacy of
checkpoint blockade in a bilateral-flank tumor model. NDV treatment has been
shown to induce tumor control in the treated tumor with an abscopal effect in the
nontreated tumor by inducing tumor infiltration of effector T cell populations. This is
further enhanced in combination with checkpoint blockade (37, 38). To assess the
abilities of rNDV–anti-CD28 and rNDV–anti-CD28 –mIL-12 to induce an abscopal effect
with and without systemic checkpoint blockade, the highly aggressive B16-F10 mela-
noma tumor model was used. B16-F10 cells (200,000 and 100,000) were implanted on
the right and left flanks of C57BL/6 mice 4 days apart. Nine days after the final
implantation, they were treated with five intratumoral administrations of various rNDVs
at 106 PFU every 2 days and three i.p. injections of either anti-CTLA4 or anti-PD1 MAbs
every 4 days. Tumor volumes were measured until the humane endpoint (Fig. 3A).

rNDV–anti-CD28 –mIL-12 induced therapeutic control on the treated tumor, with
about 10% CR observed both as a monotherapy and with PD1 checkpoint blockade.
Systemic CTLA4 blockade further potentiated the antitumoral efficacy of rNDV–anti-
CD28 –mIL-12, inducing up to 25% CR on the treated tumor side (Fig. 3B). On the

FIG 2 (Continued)
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nontreated tumor side, while rNDV–anti-CD28 did seem to exert some control with
anti-PD1 and anti-CTLA4 (5% CR), rNDV–anti-CD28 –mIL-12 plus anti-PD1 and rNDV–
anti-CD28 –mIL-12 plus anti-CTLA4 induced a 10% CR rate (Fig. 3C).

The survival benefit provided by rNDV–anti-CD28 –mIL-12 was further evident both
as a monotherapy (compared with NDV and phosphate-buffered saline [PBS] control
groups) and when combined with PD1 checkpoint blockade (relative to anti-PD1 alone)
and with CTLA4 checkpoint blockade (compared to anti-CTLA4 alone) (Fig. 3D).

rNDVs expressing checkpoint inhibitor immunocytokines intratumorally en-
hance tumor control and survival benefits in a bilateral-flank model. Localized
delivery of both anti-CTLA4 and anti-CD40 antibodies have been shown to activate
tumor-specific CD8 T cells (39, 40). Here, we asked whether localized delivery of
anti-PD1 and anti-PDL1 via a virus engineered to express them induces an effect on

FIG 3 Combining rNDVs expressing immunocytokines with checkpoint inhibitor induces an antitumor response in a bilateral-flank tumor model. (A)
Mouse treatment scheme. Two hundred thousand and 100,000 B16-F10 melanoma cells were implanted in the right and left flanks of C57BL/6 mice 4
days apart. Nine days postimplantation, the tumors were treated with five intratumoral administrations of various rNDVs at 106 PFU every 2 days and
three i.p. injections of anti-PD1 (200 �g) or anti-CTLA4 (100 �g) every 4 days. Tumor volumes were measured until day 60. (B and C) Individual tumor
volume progressions for the treated tumor (B) and the nontreated tumor (C), along with the CR percentages, for the rNDV–anti-CD28 and
rNDV–anti-CD28 –mIL-12 treatment cohorts. (D) Overall survival percentages for the different treatment cohorts. The data for survival were analyzed by
log rank (Mantel-Cox) tests. The data represent cumulative results from 2 experiments with 8 to 20 mice per group. **, P � 0.01; ***, P � 0.001.
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both the treated and nontreated sides. More importantly, we also sought to address
whether the therapeutic armament could be further enhanced by packaging an
immunostimulatory cytokine along with the oncolytic virus and checkpoint inhibitor.
To characterize the antitumor repercussions of combining rNDV–anti-PD1/PDL1 and
rNDV–anti-PD1/PDL1–mIL-12 with and without systemic CTLA4 blockade, B16-F10 cells
were implanted on the right (200,000) and left (100,000) flanks of C57BL/6 mice 4 days
apart. Nine days postimplantation, once palpable tumors were formed, they were
treated with five intratumoral administrations of various rNDVs at 106 PFU every 2 days
and three i.p. injections of anti-CTLA4 MAb every 4 days. Tumor volumes were mea-
sured until the humane endpoint (Fig. 4A).

Combining rNDV–anti-PD1/PDL1 and rNDV–anti-PD1/PDL1–mIL-12 with anti-CTLA4
provides a statistically significant survival benefit over systemic CTLA4 blockade alone.
Furthermore, rNDV–anti-PD1–mIL-12 and rNDV–anti-PDL1–mIL-12 also provide a sig-
nificant added benefit over NDV with systemic checkpoint blockade, indicative of the
added immunostimulatory advantage of the immunocytokine over the inherently
immunogenic nature of the oncolytic virus itself (Fig. 4B). Individual tumor volume
progressions showed that rNDV–anti-PD1, rNDV–anti-PD1–mIL-12, and rNDV–anti-
PDL1–mIL-12 in combination with systemic CTLA4 were able to induce 37% to 62% CR
rates on the treated side (Fig. 4C). On the nontreated side, which represents the

FIG 3 (Continued)
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abscopal response, rNDV–anti-PD1–mIL-12 and rNDV–anti-PDL1–mIL-12 were able to
induce up to 50% and 62% CR rates, respectively (Fig. 4D).

Immunocytokine-expressing rNDVs combined with systemic CTLA4 blockade
enhance immune stimulation within the tumor microenvironment. To delineate
the immune landscape that mediates the antitumor effects in response to the different
treatment cohorts, we performed quantitative reverse transcription (qRT)-PCR analysis

FIG 4 rNDVs expressing checkpoint inhibitor immunocytokines intratumorally enhance tumor control and survival benefits in a bilateral-flank tumor model. (A)
Mouse treatment scheme. Two hundred thousand and 100,000 B16-F10 melanoma cells were implanted in the right and left flanks of C57BL/6 mice 4 days apart.
Nine days postimplantation, the tumors were treated with five intratumoral administrations of various rNDVs at 106 PFU every 2 days and three i.p. injections
of anti-CTLA4 (100 �g) every 4 days. Tumor volumes were measured until the humane endpoint. (B) Overall survival percentages for the different treatment
cohorts. (C and D) Individual tumor volume progressions for the treated tumor side (C) and the nontreated side (D), along with the CR percentages, for the
rNDV–anti-PD1/PDL1 and rNDV–anti-PD1/PDL1–mIL-12 treatment cohorts. The data for survival were analyzed by log rank (Mantel-Cox) tests. *, P � 0.05; **,
P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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on both the treated and nontreated tumors. Three hundred thousand and 150,000 cells
were implanted on the right and left flanks of C57BL/6 mice to guarantee adequate
tumor size for RNA extraction at the time of tumor harvest. Nine days postimplantation,
once palpable tumors were formed, they were treated with three intratumoral admin-
istrations of various rNDVs at 106 PFU every 2 days and three i.p. injections of either
anti-PD1 or anti-CTLA4 MAbs. Tumors were harvested on day 6, and gene expression
analysis was performed on extracted RNA (Fig. 5A).

rNDV–anti-CD28 –mIL-12 with anti-CTLA4 induced significant upregulation of CD4-
positive cell populations in both the treated and nontreated tumors (Fig. 5B). Interest-
ingly, previous studies have shown that treatment with both CTLA4 checkpoint block-
ade and anti-CD28 antibody is associated with the expansion of CD4 effector T cells (41,
42), which is what we have observed. Significant enhancements of CD8-positive cell
populations, as well as of granzyme B (GzmB) and tumor necrosis factor alpha (TNF-�)
expression in nontreated tumors, were also observed when combining rNDV–anti-
CD28 –mIL-12 with anti-CTLA4. This might be indicative of the mechanisms underlying
the enhanced survival benefit observed with this combination cohort.

Gene expression analysis of the treated tumors also showed significant upregulation
of CD8 and TNF-� in the rNDV–anti-PDL1–mIL-12 plus anti-CTLA4 treatment cohort (Fig.
5C). We did not observe a similar effect in the nontreated tumor (data not shown).

DISCUSSION

The goal of any immunotherapy, such as checkpoint blockade, is to augment local
and systemic responses to cancer (38). However, a primary mode of resistance to
checkpoint inhibitor therapy is the inherently immunosuppressive, or “cold,” nature of
a nonresponsive tumor (43–45). Oncolytic virotherapy using either a naturally occurring
virus or a genetically modified virus to enhance tumor selectivity or immunogenicity
provides an avenue to convert a cold, or nonresponsive, tumor into a “hot,” or
immunologically sensitive, tumor (46). Previous studies have shown that intratumoral
NDV can potentiate checkpoint blockade in a B16-F10 tumor model, leading to
long-term survival and tumor rejection with an abscopal effect compared to checkpoint
inhibitor monotherapy. Importantly, no virus was detected in the contralateral non-
treated tumor in this model system (37).

In this study, we engineered recombinant NDVs to express checkpoint inhibitors and

FIG 4 (Continued)
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immunocytokines, allowing different therapeutic modalities to be packaged into one
immunostimulatory platform. Notably, we utilized a very aggressive, poorly immuno-
genic B16-F10 murine melanoma model (36) to assess the antitumor effects of these
recombinant viruses in both unilateral and bilateral tumor models. We demonstrated
that combining rNDV–anti-CD28 –mIL-12 with CTLA4 checkpoint blockade is particu-
larly efficacious in inducing tumor control with an added survival benefit, which is
significant over NDV with either anti-PD1 or anti-CTLA4 MAbs in a unilateral-flank
model. Comparable improvements in antitumor and overall survival benefits were also
observed for rNDV–anti-PDL1 and rNDV–anti-PDL1–mIL-12 with anti-CTLA4.

A bilateral tumor model was used next to assess the abilities of these recombinant
viruses to induce an antitumor effect in the nontreated tumor (abscopal response),
thereby enhancing the survival benefit (47–49). The right tumor flanks in these mice
were treated as indicated, while the left tumor flanks were kept naive to virus inocu-
lation. Reiterating the observations in the unilateral-flank studies, rNDV–anti-CD28 –
mIL-12 was efficacious in inducing statistically significant long-term survival as both
monotherapy (compared with the PBS or NDV treatment group) and with PD1 and

FIG 5 rNDVs expressing immunocytokines enhance immune stimulation intratumorally. (A) Mouse treatment scheme. Three hundred thousand and
150,000 B16-F10 melanoma cells were implanted in the right and left flanks, respectively, of C57BL/6 mice 4 days apart. Nine days postimplantation, the
tumors were treated with three intratumoral administrations of various rNDVs at 106 PFU and three i.p. injections of anti-CTLA4 (100 �g) or anti-PD1
(200 �g) every 2 days. Tumors were harvested on day 6, and gene expression analysis was performed on extracted RNA. (B) Gene expression for the
treated and nontreated tumors for rNDV–anti-CD28 and rNDV–anti-CD28 –mIL-12. (C) Gene expression for the treated tumor for rNDV–anti-PD1/PDL1 and
rNDV–anti-PD1/PDL1–mIL-12. The data were analyzed by one-way analysis of variance (ANOVA). *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001

.
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CTLA4 blockade. rNDV–anti-PDL1–mIL-12, rNDV–anti-PD1–mIL-12, and rNDV–anti-PD1
with CTLA4 checkpoint blockade were more efficacious than both NDV plus anti-CTLA4
and anti-CTLA4 treatment alone. Interestingly, rNDV–anti-PDL1–mIL-12 with anti-CTLA4
induced the highest number of complete remissions on both the treated and non-
treated sides. Finally, we have shown that enhancement in CD4- and CD8-positive cell
populations might meditate the antitumor effects seen with the rNDV–anti-CD28 –mIL-
12 plus anti-CTLA4 and rNDV–anti-PDL1–mIL-12 plus anti-CTLA4 cohorts. It is important
to note that CTLA4 and PD1 immune checkpoints attenuate T cell responses through
distinct mechanisms that are spatially and temporally separated, with CTLA4 acting
during the priming phase of T cell activation and PD1 attenuating T cell responses in
peripheral tissues. Therefore, it makes sense that the irAEs observed with CTLA4 and
PD1 checkpoint blockade vary, with one study showing a correlation between irAEs and
the overall response rate in patients with non-small-cell lung cancer (NSCLC) treated
with anti-PD1 (9, 15, 50, 51). It is tempting to speculate that expansion of the CD4
effector populations with an rNDV–anti-CD28 –mIL-12 plus anti-CTLA4 treatment regi-
men enhances the antitumor response by enhancing CD8 infiltration and cytolytic
activity, as well as T cell memory formation.

Primary resistance to CTLA4 blockade has been shown to correlate with loss of
gamma interferon (IFN-�) signaling, as well as with PDL1 expression on CD4 and CD8
T cells (52, 53). Furthermore, the additive effects of combining anti-PD1 or anti-PDL1
with anti-CTLA4 have been explored in previous studies, and the combination has been
found to be clinically more efficacious than monotherapy (54, 55). This has been shown
to be mediated by enhanced T cell infiltration (54, 56). The enhancement in the overall
response rate by combining anti-CTLA4 and anti-PD1 therapies is associated with
increased prevalence of drug-related toxicity, with 53% of patients experiencing grade
3 or 4 irAEs compared to 18% in the monotherapy group (57). One possible avenue to
circumvent this is to deliver one of the checkpoint modalities locally via a viral vector
while the other modality is administered systemically, which is what we have shown in
this study.

This multipronged approach should instigate a coordinated migration of cytotoxic
T cells, as well as other immune cell populations, such as dendritic cells, into the tumor
microenvironment, which might be key to achieving an abscopal effect. While it is
difficult to compare the various oncolytic platforms, NDV offers some unique advan-
tages, such as a lack of seroprevalence (58, 59), making it an attractive agent for further
exploration as an immunotherapeutic modality (60, 61). Several clinical trials have
demonstrated the safety of these viruses in humans, even with systemic exposure to
large doses (62, 63). Moreover, the ubiquitous nature of the NDV receptor (sialic acid),
as well as its ability to induce type I IFN, makes it an ideal candidate for a wide array
of immunologically cold tumors (27). Finally, the ability to genetically engineer the virus
to express immunostimulatory ligands directly into the tumor microenvironment while
avoiding recombination or integration into the host genome also makes it an attractive
candidate. Taken together, these results stand to substantially improve NDV as an
oncolytic candidate and an intratumoral delivery platform for checkpoint inhibitors.

MATERIALS AND METHODS
Cell lines and antibodies. The murine melanoma cell line (B16-F10) and Vero cells were obtained

from the ATCC. BSRT7 cells (BHK-21 cells transduced to constitutively express T7 RNA polymerase) were
a kind gift from Benhur Lee (Icahn School of Medicine at Mount Sinai). The B16-F10 cells were maintained
in Dulbecco’s modified Eagle medium (DMEM)–F-12 medium supplemented with 10% fetal bovine serum
and 1% penicillin with streptomycin. The BSRT7 cells were maintained in DMEM supplemented with 10%
fetal bovine serum and 1% penicillin with streptomycin. Therapeutic anti-PD1 (clone RMP1-14) and
anti-CTLA4 (clone 9H10) antibodies were purchased from BioXcell (catalog no. BE0146 and BE0131).

Viruses. The recombinant lentogenic (low-pathogenicity) NDV strain LaSota L289A was used for all
experiments. Generation of recombinant NDV LaSota L289A viruses expressing anti-CD28, anti-PD1, and
anti-PDL1 scFvs, as well as anti-CD28 –mIL-12, anti-PD1–mIL-12, and anti-PDL1–mIL-12, was done by
cloning DNA fragments encoding the respective murine scFv and scFv–mIL-12 transgenes into the SacII
cloning site between the P and M genes, flanked by NDV-specific transcriptional signals. The IL-2 signal
sequence (IL-2ss) (MYRMQLLSCIALSLALVTNS) was used to target the translation of the anti-PD1 and
anti-PDL1 scFvs, as well as the anti-PD1–mIL-12 and anti-PDL1–mIL-12 polypeptides, into the secretory
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pathway. Recombinant viruses were then rescued as previously described (35). rNDV–anti-CD28, as well
as the anti-CD28 sequence, was a kind gift from Dmitriy Zamarin (Memorial Sloan Kettering Cancer
Center). The anti-PD1 and anti-PDL1 scFv sequences were obtained from the respective patent applica-
tions (64, 65). The p35 and p40 subunits of mIL-12 were fused with a GS linker, and the sequence for the
mIL-12 transgene was obtained from Dmitriy Zamarin. Rescued viruses were grown in embryonated
9-day-old chicken eggs, and viral titers were determined by serial dilution and immunofluorescence in
Vero cells.

LDH cytotoxicity assay. B16-F10 cells in culture were infected with NDV at MOI of 0.1, 1, and 3
or mock infected. At 24 h, 48 h, 72 h, and 96 h postinfection, the cells were washed with 1 ml PBS and
incubated with 1% Triton X for 20 min at 37°C. LDH activity was measured using a CytoTox 96
nonradioactive cytotoxicity assay kit (Promega; catalog no. G1780) according to the instructions
provided by the manufacturer. The mean values of 3 replicates were plotted, with error bars
depicting standard deviations.

Mice. Female C57BL/6 mice were purchased from Jackson Laboratory. All animal experiments
were performed in accordance with the Icahn School of Medicine at Mount Sinai Animal Care and
Use Committee guidelines. For melanoma tumor studies, 4- to 6-week-old female mice were
anesthetized by i.p. injections of ketamine/xylazine (K/X). For unilateral tumor experiments, mice
were implanted intradermally with approximately 1 � 105 B16-F10 cells on the right flank. For
bilateral tumor experiments, mice were implanted intradermally with approximately 2 � 105 and
1 � 105 B16-F10 cells on the right and left flanks, respectively. On day 9, the mice were checked for
successful tumor implantation and rehoused at random to ensure homogeneous tumor populations.
Tumors were then treated with five intratumoral administrations of NDV and rNDVs at 106 PFU/dose
every 2 days and three i.p. injections of anti-PD1 (200 �g) or anti-CTLA4 (100 �g) every 4 days.
Tumor volumes were measured until the humane endpoint of 1,000 mm3. The animals were
euthanized following signs of distress or when the total tumor volume reached 1,000 mm3. For gene
expression analysis, 300,000 and 150,000 cells were implanted on the right and left flanks of C57BL/6
mice. Nine days postimplantation, once palpable tumors were formed, they were treated with three
intratumoral administrations of various rNDVs at 106 PFU every 2 days and three i.p. injections of
either anti-PD1 or anti-CTLA4. Tumors were harvested on day 6, and gene expression analysis was
done on the extracted RNA.

qRT-PCR. Tumor-bearing mice were euthanized, and the tumors were immediately excised and
stored in RNAlater stabilization solution (Thermo Fisher Scientific; catalog no. AM7021). RNA was isolated
with TRIzol reagent (Thermo Fisher Scientific; catalog no. 15596) with the protocol supplied by the
manufacturer. cDNA was synthesized from the extracted RNA with a high-capacity cDNA reverse
transcription kit (Applied Biosystems; catalog no. 4368814) according to the instructions provided by the
manufacturer. mRNA was quantified in a Roche LightCycler 480 according to the manufacturer’s
instructions using a LightCycler 480 SYBR green I master kit (Roche; catalog no. 04707516001). The
primers used are listed in Table 1.

Statistical analysis. Statistical analyses were conducted using Prism software (GraphPad), and the
details of the analyses are provided in the figure legends.
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