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Limited therapeutic options are available for patientswithbreast
cancer brain metastases (BCBM), and thus there is an urgent
need for novel treatment approaches. We previously engineered
an effective oncolytic herpes simplex virus 1 (oHSV) expressing a
full-length anti-CD47 monoclonal antibody (mAb) with a hu-
man IgG1 scaffold (OV-aCD47-G1) that was used to treat
both ovarian cancer and glioblastoma. Here, we demonstrate
that the combination of OV-aCD47-G1 and temozolomide
(TMZ) improve outcomes in preclinical models of BCBM. The
combination of TMZ with OV-aCD47-G1 synergistically
increased macrophage phagocytosis against breast tumor cells
and led to greater activation of NK cell cytotoxicity. In addition,
the combination of OV-aCD47-G1 with TMZ significantly pro-
longed the survival of tumor-bearing mice when compared with
TMZ orOV-aCD47-G1 alone. Combination treatment with the
mouse counterpart of OV-aCD47-G1, termed OV-A4-IgG2b,
also enhanced mouse macrophage phagocytosis, NK cell cyto-
toxicity, and survival in an immunocompetent model of mice
bearing BCBM compared with TMZ or OV-A4-IgG2b alone.
Collectively, these results suggest thatOV-aCD47-G1 combined
with TMZ should be explored in patients with BCBM.

INTRODUCTION
Breast cancer holds the title of being the most frequently diagnosed
cancer on a global scale, and its prevalence has shown an upward
trend in recent decades.1 This disease is the leading cause of cancer
mortality in women worldwide.1 Breast cancer brain metastases
(BCBM), the second most common solid tumor to involve the central
nervous system, represent an important cause of morbidity and mor-
tality among breast cancer patients, often leading to a poor prog-
nosis.2,3 With the improvement in developing systemic therapies,
the incidence of brain metastases in metastatic breast cancer patients
is reported to have decreased by 15%–35%.4 Nevertheless, patients
with BCBM have been at a disadvantage in large part by the lack of
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clinical research.4 In fact, such patients are often excluded from clin-
ical trials.5 Presently, the established treatment protocols for individ-
uals newly diagnosed with brain metastases may involve surgical
intervention, stereotactic radiosurgery, whole brain radiotherapy,
chemotherapy featuring agents capable of penetrating the central ner-
vous system, or a blend of these approaches. However, achieving a
cure still remains elusive.4,5 Growing evidence from both preclinical
and clinical data suggests that immunotherapeutic strategies, which
leverage and amplify the activity of anti-tumor effector cells, are
becoming more prominent,6 such as immune checkpoint blockade
and specific monoclonal antibody (mAb) therapy,7–10 may provide
additional benefit for patients with BCBM.

CD47, a transmembrane protein, acts as a “don’t eat me” signal and is
overexpressed in numerous types of tumor cells, including breast can-
cer.6,11 CD47 establishes a signaling axis with its ligand, signal regu-
latory protein alpha (SIRPa), facilitating the evasion of tumor cells
from macrophage-mediated phagocytosis.12,13 Macrophages are
certainly in abundance within a tumor as they can comprise up to
half of a tumor mass,14,15 and therefore anti-CD47 mAb therapy
may provide a promising antitumor strategy for BCBM. Several clin-
ical trials that include CD47-targeting agents are underway and have
achieved impressive preliminary results in both liquid and solid ma-
lignancies.16–18 Furthermore, the efficacy of an oncolytic herpes
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simplex virus 1 (oHSV)-based strategy has been demonstrated in pre-
clinical studies. Our approach involves engineering a transgene that
expresses a full-length anti-CD47 mAb on a human IgG1 scaffold,
previouly reported for the treatment of ovarian cancer and glioblas-
toma.6,12 When delivered systemically, the full-length anti-CD47
mAb on a human IgG1 scaffold was proven to be relatively toxic,
and a full-length anti-CD47 mAb on a human IgG4 scaffold was suc-
cessfully developed to significantly reduce the inflammatory response
presumably caused by the engagement of the IgG1 scaffold with the
FcgR-bearing innate immune effector cells.6,12 While both OV-
aCD47-G1 and OV-aCD47-G4 hindered the macrophage "don’t
eat me" signal, only OV-aCD47-G1 significantly triggered both anti-
body-dependent cellular phagocytosis (ADCP) by macrophages and
antibody-dependent cellular cytotoxicity (ADCC) by NK cells against
these cancer cells.6,12 Re-engineered oHSV is an excellent platform to
deliver OV-aCD47-G1 locoregionally to solid tumors in the brain
because the mAbs are produced beyond the blood-brain barrier
following intratumoral administration of oHSV, thus avoiding the
systemic toxicity, yet allowing for both ADCP and ADCC within
the central nervous system.6,19,20 The three distinct modes of cell
killing used by the re-engineered oHSV combined with chemo-
therapy represents a promising and practical strategy to improve
therapeutic efficacy.21,22

Temozolomide (TMZ), a cytotoxic DNA alkylating agent with muta-
genic potential, is the most commonly used chemotherapeutic agent
for treating glioblastoma.23 TMZ is the current standard of care for
glioblastoma; however, there is potential immune modulation by
TMZ, such as induction of lymphopenia, increased proportion of reg-
ulatory T cells, and enhanced dendritic cell function and proliferation
of antigen-specific T cells.24 Thus, TMZ is reported to either synergize
or antagonize with oHSV.21,25,26 Given the immune stimulating ef-
fects of our constructs,6,19,20 we hypothesized that combination of
systemically administered TMZ and our oHSV construct would
exhibit therapeutic synergy, especially as the latter has a payload to
overcome immune suppression rendered by checkpoints such as
the SIRPa-CD47 axis.

In this study, we paired TMZ with an oncolytic virus (OV) carrying a
full-length, soluble anti-CD47 antibody utilizing a human IgG1 scaf-
fold (OV-aCD47-G1) or IgG4 scaffold (OV-aCD47-G4) to assess our
hypothesis. When compared with OV-aCD47-G1 alone, TMZ com-
bined with OV-aCD47-G1 also activated human NK cell cytotoxicity
and macrophage phagocytosis. Finally, in mouse models intracrani-
ally engrafted with human or mouse breast tumor cells, the adminis-
tration of TMZ with either OV-aCD47-G1 or its mouse counterpart,
OV-A4-IgG2b, significantly inhibited local tumor growth and pro-
longed overall survival.

RESULTS
Both OV-aCD47-G1- and OV-aCD47-G4-infected MDA-MB-231

cells secrete a full-length anti-CD47 antibody

We utilized aCD47-G1, aCD47-G4, and oHSV expressing either of
the full-length antibodies, as reported previously.6,13 Both aCD47-
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G1 and aCD47-G4 in the oHSVs are driven by the immediately early
gene promoter IE4/5 of the virus to achieve a high-level expression
after infection.6,13 The results of a CD47 blocking assay demonstrated
similar dose-dependent CD47 blocking capacity for both aCD47-G1
and aCD47-G4 (Figure 1A). The anti-CD47 antibody yield fromOV-
aCD47-G1- and OV-aCD47-G4-infected human breast cancer
MDA-MB-231 cells was quantified by enzyme-linked immunosor-
bent assay (ELISA) and demonstrated considerable and comparable
quantities of secreted anti-CD47 antibody were observed as early as
12 h post-infection (hpi), reaching nearly maximal levels exceeding
5 mg/mL at 24 hpi, with peak levels achieved (Figure 1B).

We then investigated the cytotoxic effects of TMZ either alone or in
combination with OV-Q1, OV-aCD47-G1, or OV-aCD47-G4 treat-
ment in vitro. First, a dose titration was performed with TMZ and
MDA-MB-231 cells. We measured cell death over 72 h and found
that MDA-MB-231 cells were sensitive to the TMZ treatment (Fig-
ure 1C). We next assessed the viability of MDA-MB-231 cells
following exposure to either OV-Q1, OV-aCD47-G1, or OV-
aCD47-G4 at varying multiplicity of infection (MOI). We did not
observe any differences in viability among viruses (Figure 1D). To
evaluate the effect of treatment with both oHSVs and TMZ, MDA-
MB-231 cells were pre-treated with 40 mM TMZ for 6 h as reported
previously.27 Next, cells were either exposed to OV-Q1, OV-
aCD47-G1, or OV-aCD47-G4 at an MOI of 0.1 or treated with
both TMZ and each respective virus for 12 h. The combination of
an oHSV and TMZ resulted in superior lysis of MDA-MB-231 cells
compared with single treatments (Figure 1E). Finally, we evaluated
the impact of TMZ treatment on the viral production of OV-Q1,
OV-aCD47-G1, and OV-aCD47-G4. To do so, we treated cells
with their respective combinations alongside TMZ for 48 h. The viral
production of treated cells was measured by a plaque assay with Vero
cells. Our data showed that TMZ had no effect on viral production
(Figure 1F).

TMZ augments phagocytosis induced by aCD47-G1 released

from breast cancer cells infected with OV-aCD47-G1, which

impeds “don’t eat me” signaling in macrophages

We next compared the capacity of aCD47-G1 and aCD47-G4 to
modulate the phagocytosis of human MDA-MB-231 cells by both
mouse and human macrophages, in the presence or absence of
TMZ. We used mouse bone marrow-derived macrophages
(BMDMs) isolated from BALB/c mice as effector cells.6,12 Flow cyto-
metric analysis showed that TMZ alone enhanced the BMDM phago-
cytosis against MDA-MB-231 cells (Figures S1A and S1B). Moreover,
when combined with TMZ, both aCD47-G1 and aCD47-G4 purified
from transduced CHO cells resulted in significantly higher levels of
BMDM phagocytosis against MDA-MB-231 cells compared with
their respective individual treatments (Figures S1A and S1B).

The phagocytosis assessement with BMDMs was also repeated with
unconcentrated supernatants obtained from OV-aCD47-G1-, OV-
aCD47-G4-, or OV-Q1-infected MDA-MB-231 cells. aCD47-G1 in
the supernatant from infected cells exhibited over a 2-fold increase
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Figure 1. Characterization of OV-Q1, OV-aCD47-G1, and OV-aCD47-G4 and their combinational effect with TMZ

(A) Blocking of anti-CD47 monoclonal antibody (mAb) binding by aCD47-G1 and aCD47-G4 mAbs. MDA-MB-231 cells were exposed to increasing concentrations of

aCD47-G1 or aCD47-G4mAbs obtained from CHO cell culture. Subsequently, the cells were treated with a conjugated anti-human CD47 antibody and analyzed using flow

cytometry. (B) Determination of aCD47-G1 and aCD47-G4 yields from supernatants of OV-aCD47-G1- and OV-aCD47-G4-infected MDA-MB-231 cells through ELISA

assay. (C) Assessment of TMZ cytotoxicity against MDA-MB-231 cells at specified doses using the CellTiter-Glo 2.0 assay. (D) Analysis of cell lysis in MDA-MB-231 cells

infected with OV-Q1, OV-aCD47-G1, or OV-aCD47-G4 at the indicated multiplicity of infection (MOI) levels at 48 h post infection, measured by the CellTiter-Glo 2.0 assay. (E)

Evaluation of cell lysis in MDA-MB-231 cells, treated with or without TMZ, and subsequently infected with OV-Q1, OV-aCD47-G1, or OV-aCD47-G4. Cell lysis was assessed

using the CellTiter-Glo 2.0 assay. (F) Viral replication in MDA-MB-231 cells treated with or without TMZ and infected with OV-Q1, OV-aCD47-G1, or OV-aCD47-G4 at anMOI

of 2. The supernatants were collected 48 h post-infection for viral reproduction analysis using a plaque assay in Vero cells. Error bars indicate the standard deviations (SD). All

data are presented as mean ± SD. ****p % 0.0001.
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in macrophage phagocytosis against breast cancer cells compared
with the aCD47-G4 supernatant, consistent with the earlier observa-
tion. Finally, the combination of supernatant from OV-aCD47-G1
infection and TMZ yielded the highest levels of macrophage phagocy-
tosis compared with either single treatment alone or compared with
TMZ plus supernatants from either OV-Q1 or OV-aCD47-G4 infec-
tion (Figures S1C and S1D).

We next evaluated the effect of treatments on cytokine expression in
macrophages. We found that, in mouse BMDMs, aCD47-G1
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Figure 2. aCD47-G1 plus TMZ enhances human macrophage ADCP against breast cancer cells

(A) MDA-MB-231 cells, pre-treated with or without TMZ, were labeled with CFSE and co-cultured with human macrophages at an effector to target ratio of 1:2. This co-

culture was conducted in the presence of a vehicle control, aCD47-G1, or aCD47-G4 produced by CHO cells, each at a dose of 5 mg/mL. The flow cytometry assay was

utilized to determine the percentage of human macrophage phagocytosis against MDA-MB-231 cells (CD11b+CFSE+). (B) MDA-MB-231 cells, pre-treated with or without

(legend continued on next page)
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(produced by CHO cells and then purified) when combined with
TMZ dramatically induced the transcription of both typical macro-
phage inflammatory cytokine and chemokine genes such as Il1b,
Il6, Il12, Ccl2, Ccl4, and Nos2 (Figure S2A). These genes were previ-
ously reported to be upregulated in response to IgG1 antibody.28

We observed similar results for aCD47-G1 supernatants from OV-
aCD47-G1-infected MDA-MB-231 cells combined with TMZ (Fig-
ure S2B). However, the combination of aCD47-G4 and TMZ had
no such effect (Figure S2A).

The impact of combining aCD47-G1 with TMZ on the stimulation of
human macrophage phagocytosis was also evaluated. In this regard,
primary human donor-derived macrophages were employed as
effector cells, as documented previously.29 In comparison with vehicle
control, similar to mouse BMDMs, aCD47-G1, purified from trans-
duced CHO cells, combined with TMZ significantly enhanced the
phagocytosis of human macrophages against MDA-MB-231 cells
(Figure 2A). Comparable outcomes were observed with unpuri-
fied supernatants obtained from OV-aCD47-G1- or OV-aCD47-
G4-infected MDA-MB-231 cells. Both aCD47-G1, released by
OV-aCD47-G1-infected cells, and aCD47-G4, released by OV-
aCD47-G4-infected cells, markedly increased the phagocytosis of
MDA-MB-231 cells by human macrophages when combined with
TMZ, in comparison with their respective standalone effects (Fig-
ure 2B). Among all the tested conditions, the combination of
aCD47-G1, secreted by OV-aCD47-G1-infected cells, with TMZ
demonstrated the most pronounced effect. In addition, treatment of
human macrophages with aCD47-G1 also activated the transcription
of typical macrophage cytokine genes such as Il1b, Il6, and Nos2 (Fig-
ure 2C); however, the addition of TMZ to aCD47-G1 resulted in a
more significant transcriptional change. Similar results were obtained
when using aCD47-G1 secreted by OV-aCD47-G1-infected MDA-
MB-231 cells. The addition of TMZ led to the most pronounced acti-
vation of both cytokine and chemokine genes (Figure 2D).

aCD47-G1 released by OV-aCD47-G1-infected breast cancer

cells combined with TMZ triggers robust NK cell-mediated

ADCC

NK cells exert an antitumor function due to their inherent cytotox-
icity and ability to induce ADCC in the presence of specific anti-
bodies. As we reported previously, OV-aCD47-G1 stimulates the
anti-tumor response of human NK cells through ADCC against glio-
blastoma and metastatic ovarian cancer.6,12 To assess the impact of
aCD47-G1 and TMZ on the antitumor activity of human NK cells,
we conducted cytotoxicity assays employing freshly isolated human
TMZ, were labeled with CFSE and co-cultured with human macrophages at an effecto

control, conditioned media from OV-Q1-, OV-aCD47-G1-, and OV-aCD47-G4-infecte

centage of primary human macrophage phagocytosis against MDA-MB-231 cells (CD1

cells, pre-treated with or without TMZ, at a ratio of 1:1. This co-culture was performed in t

followed by gene transcript quantification using RT-qPCR. (D) Primary humanmacropha

ratio of 1:1. The co-culture was conducted in the presence of control medium or con

infected MDA-MB-231 cells for 6 h, followed by gene transcript quantification using R

standard deviations of means of three donors. One-way ANOVA with p values was corr
NK cells as effector cells and MDA-MB-231 breast cancer cells as
target cells, which were either pre-treated with or without TMZ.
The results showed that the combination of aCD47-G1 with TMZ,
but not aCD47-G1 alone or aCD47-G4 combined with TMZ, effec-
tively triggered robust NK cell-mediated ADCC against breast cancer
cells (Figure 3A). There was only baseline cytotoxicity with aCD47-
G4 combined with TMZ presumably. This is because aCD47-G4
does not engage the FcgRIII expression as CD16 on NK cells. This
experiment was repeated with supernatants from OV-Q1-, OV-
aCD47-G1-, and OV-aCD47-G4-infected MDA-MB-231 cells.
Consistent with the findings of macrophage phagocytosis, superna-
tant from OV-aCD47-G1-infected MDA-MB-231 breast cancer cells
induced the strongest NK cell-induced cytotoxicity targeting MDA-
MB-231 cells pre-treated with TMZ (Figure 3B).

Furthermore, in the presence of tumor cells, the combination of pu-
rified aCD47-G1 secreted by CHO cells and TMZ markedly
enhanced the surface expression of the activation markers CD69
and CD107a on NK cells, in comparison with the individual agents.
However, such an effect was not observed in the combination of pu-
rified aCD47-G4, secreted by CHO cells, and TMZ (Figure S3). Puri-
fied aCD47-G1, secreted by CHO cells, combined with TMZ also
significantly increased the production of granzyme B, TNF-a, and
IFN-g beyond that seen by either factor alone (Figure S3). Similar re-
sults were observed when using supernatants released from OV-Q1-,
OV-aCD47-G1-, and OV-aCD47-G4-infected MDA-MB-231 cells
to treat MDA-MB-231 cells that were pre-treated with or without
TMZ (Figure 3C). In addition, TMZ plus OV-aCD47-G1 resulted
in the most significant changes compared with other single and com-
bination therapies (Figure 3C).

OV-aCD47-G1 combined with TMZ improves oncolytic

virotherapy and prolongs survival in a xenograft BCBM model

To evaluate the efficacy of OV-aCD47-G1 combined with TMZ
against BCBM in vivo, we utilized an orthotopic model of human
BCBM by intracranially injecting (i.c.) 1 � 105 MDA-MB-231 cells
into athymic nude mice on day 1.30 One week following tumor im-
plantation, the animals were administered i.c. with OV-aCD47-G1,
OV-aCD47-G4, or OV-Q1 at a dosage of 2 � 105 PFU per mouse,
while the control group received a saline placebo. TMZ (100 mg/
kg) was intraperitoneally injected daily from days 7 to 14, and tumor
progression was monitored. OV-aCD47-G1 and OV-aCD47-G4
notably extended median survival (Figure 4). While TMZ alone did
not significantly prolong median survival, the combination of OV-
aCD47-G1 with TMZ demonstrated superior efficacy compared
r to target ratio of 1:2. The co-culture was carried out in the presence of a vehicle

d MDA-MB-231 cells. The flow cytometry assay was employed to assess the per-

1b+CFSE+). (C) Primary human macrophages were co-cultured with MDA-MB-231

he presence or absence of aCD47-G1 or aCD47-G4 produced by CHO cells for 6 h,

ges were co-cultured with MDA-MB-231 cells, pre-treated with or without TMZ, at a

ditioned medium from the culture of OV-Q1-, OV-aCD47-G1-, or OV-aCD47-G4-

T-qPCR. All experiments were performed with three donors. Error bars represent

ected for multiple comparisons by the Bonferroni test. **p % 0.01, ****p % 0.0001.
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Figure 3. aCD47-G1 plus TMZ increases human NK cell-mediated ADCC against breast cancer cells

(A) Assessment of cytotoxicity exhibited by human primary NK cells against MDA-MB-231 cells treated with aCD47-G1 and aCD47-G4, with or without prior TMZ pre-

treatment. (B) Evaluation of cytotoxicity displayed by human primary NK cells against MDA-MB-231 cells, pre-treated with or without TMZ, in the presence of either control

medium or conditioned medium from the culture of OV-Q1-, OV-aCD47-G1-, or OV-aCD47-G4-infected MDA-MB-231 cells. (C) Investigation into the impact of aCD47-G1

or aCD47-G4 on the expression of NK cell activation markers (CD69, CD107a, granzyme B, TNF-a, and IFN-g) during co-culture with MDA-MB-231 cells pre-treated with or

without TMZ, maintaining an effector to target ratio of 1:1. All experiments were conducted with three donors, and error bars indicate standard deviations of means from the

three donors. One-way ANOVA with p values was corrected for multiple comparisons by the Bonferroni test. ****p % 0.0001.
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with other single treatments and combination therapies in achieving
this effect (Figure 4).

OV-A4-IgG2b combined with TMZ is superior to single

treatments in improving outcome in a fully immunocompetent

BCBM model

We established a fully immunocompetent mouse model by substitut-
ing the anti-human CD47 antibody with the anti-mouse CD47 anti-
body as reported previously.6,13 In brief, we utilized anti-mouse CD47
antibodies (clone A4)31 on mouse IgG2b (equivalent to human IgG1
for Fc receptor binding) and mouse IgG3 (similar to human IgG4 for
Fc receptor binding) scaffolds, termed A4-IgG2b and A4-IgG3,
respectively. The corresponding oHSV constructs were named OV-
A4-IgG2b and OV-A4-IgG3. We found that A4-IgG2b, purified
from transduced CHO cells, induced significantly higher levels of
BMDM phagocytosis against E0771 mouse breast cancer cells that
were pre-treated with TMZ, in comparison with the effects observed
with either reagent alone (Figure 5A). Similar results were observed
when co-culturing macrophages with E0771 cells pre-treated either
with or without TMZ in the unconcentrated supernatants from
OV-A4-IgG2b-, OV-A4-IgG3-, or OV-Q1-infected E0771 cells
(Figure 5B).

To determine the effect of A4-G2b, the mouse equivalent of aCD47-
G1, in combination with TMZ on mouse NK cell antitumor activity,
we employed mouse NK cells isolated from C57BL/6 mice as effector
cells, while E0771 mouse breast cancer cells treated with or without
TMZ were used as target cells. We found that the combination of
A4-G2b, secreted from CHO cells, with TMZ also enhanced the cyto-
toxicity of mouse NK cells in comparison with individual agents alone
(Figure 5C). Similar results were obtained when co-culturing macro-
phages with E0771 cells pre-treated either with or without TMZ in the
unconcentrated supernatants from OV-A4-IgG2b-infected E0771
cells (Figure 5D).
Molecula
To evaluate the antitumor effect of TMZ com-
bined with OV-A4-G2b treatment in vivo, we
used C57BL/6 mice i.c. injected with E0771 cells
in a survival study. Four days after implantation
with 1 � 105 E0771 cells, mice were intratumor-
ally injected with either OV-Q1, OV-A4-IgG2b,
OV-A4-IgG3, or vehicle control. From days 4 to
11, mice received once daily intraperitoneal in-
jections of TMZ (100 mg/kg). The findings indi-
cate a substantial increase in the median survival of mice treated
with OV-A4-IgG2b, OV-A4-IgG3, and TMZ alone. However, the
combination of OV-A4-G2b with TMZ led to the most significant
extension in median survival compared with the other groups
(Figure 6A).

To elucidate the immunological mechanisms contributing to the
therapeutic impact of OV-A4-IgG2b when combined with TMZ,
we conducted a flow cytometry assay to investigate immune cell
recruitment and activation. The findings indicated that, in compar-
ison with individual treatments or other combination groups, the
combination of OV-A4-IgG2b with TMZ resulted in the highest
recruitment of macrophages and NK cells (Figures 6B and 6C). Like-
wise, combining OV-A4-IgG2b and TMZ resulted in the greatest
NK cell activation with a higher CD69 expression, and enhanced
macrophage antitumoral polarization by decreasing CD206 expres-
sion (Figures 6D and 6E).

DISCUSSION
CD47 exhibits elevated expression on the surface of various tumor
cells, including those associated with breast cancer.11 We have shown
that CD47 binds to its receptor SIRPa on the surface of macrophages
in in vivo models of glioblastoma and metastatic ovarian cancer.6,12

This interaction leads to a "don’t eat me" signal to macrophages, aid-
ing in shielding the tumor cells from elimination. Consistent with this
concept, we demonstrated that the use of anti-CD47 antibodies with
TMZ enhances the phagocytosis of cancer cells, which is consistent
with work by Gholamin et al.32 who also found that combining
CD47 blockade with TMZ results in a significant pro-phagocytosis ef-
fect. TMZ is a cytotoxic DNA alkylating agent with mutagenic poten-
tial and one of only a few systemically delivered chemotherapy op-
tions proven to improve survival in patients with glioblastoma.33–35

Unfortunately, previous studies36,37 have shown disappointing activ-
ity for TMZ as a single-agent therapy in BCBM.38
r Therapy: Oncology Vol. 32 September 2024 7
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Figure 5. A4-IgG2b plus TMZ promotes mouse macrophage and NK cell activation

(A) E0771 cells, treated with or without TMZ, were labeled with CFSE and co-cultured with mouse BMDMs at an effector to target ratio of 1:2. This co-culture was conducted

in the presence of a vehicle control, A4-IgG2b, or A4-IgG3 produced by CHO cells, each at a dose of 5 mg/mL. The flow cytometry assay was employed to determine the

percentage of BMDM phagocytosis against E0771 cells (CD11b+CFSE+). (B) E0771 cells, pre-treated with or without TMZ, were labeled with CFSE and co-cultured with

mouse BMDMs at an effector to target ratio of 1:2. The co-culture was carried out in the presence of a vehicle control, or conditioned media from OV-Q1-, OV-A4-IgG2b-, or

OV-A4-IgG3-infected E0771 cells. The flow cytometry assay was utilized to assess the percentage of BMDM phagocytosis against E0771 cells (CD11b+CFSE+). (C)

Evaluation of cytotoxicity displayed by mouse primary NK cells against E0771 cells treated with A4-IgG2b and A4-IgG3, with or without prior TMZ pretreatment. (D)

Assessment of cytotoxicity exhibited bymouse primary NK cells against E0771 cells, pre-treated with or without TMZ, in the presence of either control medium or conditioned

media from the culture of OV-Q1-, OV-A4-IgG2b-, or OV-A4-IgG3-infected E0771 cells. All experiments were conducted with three donors, and error bars indicate standard

deviations of means from the three donors. One-way ANOVA with p values was corrected for multiple comparisons by the Bonferroni test. *p % 0.05, **p % 0.01, ***p %

0.001, ****p % 0.0001.
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Figure 6. OV-A4-IgG2b plus TMZ is superior to the single treatments in improving outcomes in a fully immunocompetent BCBM model

(A) Assessment of the survival of C57BL/6 immunocompetent mice bearing E0771 tumors following treatment with vehicle control, OV-Q1, OV-A4-IgG2b, or OV-A4-IgG3,

either alone or in combination with TMZ. (B and C) Flow cytometry analysis of intracranial infiltration of NK cells (CD3�NKp46+) (B) and macrophages

(legend continued on next page)
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Herpes simplex type I is a neurotropic DNA virus, which, left un-
checked, can result in a lethal encephalitis.39 We have previously re-
ported on the use of a modified oncolytic herpes simplex virus
(oHSV) termed rQNestin34.5 and, using this as a backbone, created
a number of constructs each of which secreted various forms of Ig,
described within the methods. In this study, we used a novel combi-
nation to treat experimental BCBM: an OV expressing a full-length
aCD47 mAb that is secreted to provide an innovative antibody deliv-
ery system designed to augment anti-tumor responses when delivered
in combination with TMZ.We created both OV-aCD47-G1 and OV-
aCD47-G4 constructs, which were designed to regionally secrete an
aCD47-G1 and aCD47-G4 antibody, respectively, directly into the
breast cancer brain metastasis tumor microenvironment after a single
intratumoral injection of the virus. We integrated these constructs
with the FDA-approved chemotherapeutic agent TMZ to create a
novel treatment approach for breast cancer patients with brainmetas-
tases. When OV-aCD47-G1 was paired with TMZ, the aCD47 anti-
body regionally generated by OV-infected cells effectively inhibited
the heightened "don’t eat me" signal facilitated by the interplay be-
tween SIRPa on macrophages and CD47 on breast tumor cells.
Furthermore, we found that our engineered OV-aCD47-G1 not
only directly lysed tumor cells but also activated NK cell ADCC
and macrophage ADCP function in in vitro models for glioblastoma
and metastatic ovarian cancer.6,12 Moreover, TMZ enhanced OV-
aCD47-G1’s ability to further activate NK cell ADCC. Hence, the
combination of TMZ with OV-aCD47-G1 markedly enhanced the
effectiveness of virotherapy against breast tumors in vivo.

Previous research has investigated the combination of aCD47 and
TMZ in cancer treatment. For instance, a study highlighted that
TMZ countered oncolytic immunovirotherapy (G47D-mIL12, a her-
pes oncolytic virus with the deletion of the ICP47 viral gene while ex-
pressing mouse IL-12) in glioblastoma.21 In addition, another
research showcased the synergistic inhibition of breast cancer cell
tumorigenesis through the combination of oncolytic herpes simplex
virus (G47D) and TMZ.26 Furthermore, a separate study emphasized
the synergistic effect of oncolytic virus (G47D) and TMZ in targeting
glioblastoma stem cells by manipulating DNA damage responses.25

However, the specific approach of blocking CD47 using an antibody
produced by an OV-infected tumor cell, along with using IgG1 from
an aCD47 antibody to regulate FcR-mediated effects in both macro-
phages and NK cells, has never been discussed previously in the
setting of BCBMs. In our study, we not only investigated the phago-
cytic activity of macrophages but also delved into the functional role
of NK cells. It is worth noting that a recent study demonstrated the
upregulation of SIRPa in NK cells upon IL-2 stimulation, high-
lighting the existence of a SIRPa-CD47 immune checkpoint that exits
in NK cells.40 Thus, like macrophages, IgG1 aCD47 antibodies in the
setting of NK cells can play a role in both triggering Fc receptors and
blocking the “don’t eat me” signal.
(F4/80+CD45highCD11b+) (C) in E0771-bearing mice 3 days after virus injection (n = 4

expression in macrophages (E) subsequent to combination therapy. For (B)–(E), one-w

Data are presented as mean values ± SD. **p % 0.01, ****p % 0.0001.
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Macrophages play key roles in tumor progression and can even
comprise half the tumor mass within the brain or breast.14,15,41 By
secreting various cytokines or growth factors, they are capable of
inducing angiogenesis, promoting tumor cell invasion, and even
enhancing immune cell infiltration into the tumor microenviron-
ment. We found that TMZ combined with OV-aCD47-G1 not only
improves phagocytosis but can also increase the expression of several
cytokines, chemokines, or growth factors such as IL-1b, IL6, IL12,
CCL2, CCL4, and NOS2. It has been reported that TMZ can induce
tumor cell ER stress.42 The tumor cells with increased ER stress might
activate macrophages compared with normal tumor cells.43 However,
it is possible that unidentified additional multiple mechanisms might
also contribute to the heightened therapeutic impact resulting from
the combination of anti-CD47 with TMZ. For instance, increasing
pro-phagocytic signals might improve anti-CD47 effects. Chao
et al. demonstrated pro-phagocytic "eat me" signals (such as calreticu-
lin) can enhance macrophage-mediated tumor phagocytosis medi-
ating by anti-CD47 antibodies and potentially enhance patient
outcomes.36

ADCC is widely recognized as a major mechanism of action for many
anti-cancer antibody therapies, with NK cells playing a significant
role in mediating cytotoxicity.44 Supporting this notion, clinical
data have shown a positive correlation between intratumoral NK
cell presence and patient outcomes including survival.37,45 ADCC re-
lies on the interactions between the antibody Fc domains and Fc re-
ceptors expressed by specific leukocyte populations. Our results
demonstrated that OV-aCD47-G1 and OV-A4-IgG2b, are more
effective in prolonging the survival of mice carrying BCBM tumors
compared with OV-aCD47-G4 and OV-A4-G3. Some studies have
shown that combination therapies with TMZ improve ADCC, which
allows for lower doses of TMZ to be used without compromising ther-
apeutic efficacy.44,46 In the current study, we found that breast cancer
cells pre-treated with TMZ improved the ADCC mediated by OV-
aCD47-G1 and OV-A4-IgG2b.

In summary, we have utilized a novel and effective oHSV-based
approach to treat BCBM via engineering a transgene expressing a
full-length anti-CD47 mAb on an IgG1 scaffold in combination
with TMZ. This is a unique approach for improving control of breast
cancer brain metastasis treatment via enhancing anti-tumor innate
immunity.

METHODS
Ethics statement

Experiments and handling of mice were conducted under federal,
state, and local guidelines and with an approval from the City of
Hope Institutional Animal Care and Use Committee. Peripheral
blood cones were collected from healthy donors to isolate human
monocytes and NK cells, after written informed consent in the City
animals). (D and E) Quantification of CD69 expression in NK cells (D) and CD206

ay ANOVA with p values corrected for multiple comparisons by the Bonferroni test.
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of Hope Michael Amini Transfusion Medicine Center under institu-
tional review board-approved protocols.

Cells

Vero cells were obtained from the laboratory of E. Antonio Chiocca.
MDA-MB-231, E0771, and CHO cells were originally purchased
from ATCC. MDA-MB-231 human breast cancer cell lines and
E0771 mouse breast cancer cells were cultured with DMEM supple-
mented with 10% FBS, penicillin (100 U/mL), and streptomycin
(100 mg/mL). Monkey kidney epithelium-derived Vero cells used
for viral propagation and plaque-assay-based viral titration were
maintained with DMEM supplemented with 10% FBS, penicillin
(100 U/mL), and streptomycin (100 mg/mL). No further authentica-
tion of these cell lines was performed. Cell morphology and growth
characteristics were monitored during the study and compared with
published reports to ensure their authenticity. All cell lines used in
this study were determined to be negative for mycoplasma prior to ex-
periments using the MycoAlert Mycoplasma Detection Kit (Lonza,
cat. no. LT07-318). All cell lines were used within 10 passages after
thawing.

Production of aCD47-G1, aCD47-G4, A4-IgG2b, and A4-IgG3

CHO cells were used to produce aCD47-G1, aCD47-G4, A4-IgG2b,
and A4-IgG3 for functionality tests. The light chain and heavy chain
coding genes of human aCD47-G4 were reconstructed into the lenti-
virus system, as reported previously.47 To generate human aCD47-
G1, the light chain coding gene of aCD47-G4 was employed,
maintaining the variable region identical to that of human aCD47-
G4. The IgG4 constant region was substituted with the IgG1 constant
region. For A4-IgG2b and A4-IgG3, the DNA sequences encoding the
anti-mouse CD47 VHH nanobody (clone A4) were fused with mouse
IgG2b or IgG3, respectively. Lentiviral vectors were utilized to trans-
duce CHO cells for expressing aCD47-G1, aCD47-G4, A4-IgG2b, or
A4-IgG3.

In the case of aCD47-G1 and aCD47-G4, distinct lentiviral vectors
carrying the light chain and heavy chain coding genes were used.
GFP and mCherry served as selection markers, facilitating the sorting
of double-positive CHO cells using a FACS Aria II cell sorter (BD Bio-
sciences, San Jose, CA). For A4-IgG2b and A4-IgG3, the fusion pro-
tein was carried by the pCDH lentiviral vector with a GFP selection
marker, transduced into CHO cells, and subsequently purified using
a FACS Aria II cell sorter (BD Biosciences). The conditioned super-
natants of lentivirus-infected CHO cells were employed to purify
aCD47-G1, aCD47-G4, A4-IgG2b, and A4-IgG3 by utilizing a pro-
tein G column (Thermo Fisher Scientific, 89927).

CD47 binding and blocking assays

MDA-MB-231 cells, pre-treated with 2% BSA, were exposed to
aCD47-G1 or aCD47-G4 antibodies purified from transduced
CHO cells at concentrations ranging from 0 to 10,000 ng/mL for
30 min. Following this, the cells underwent two washes and were
then stained with BV786-conjugated anti-human CD47 antibody
(clone B6H12, BD Biosciences, 563758) for 20 min. Subsequently,
flow cytometry analysis was performed using a Fortessa X20 flow cy-
tometer (BD Biosciences).

Measurement of antibody concentration

MDA-MB-231 cells, either treated with or without TMZ, were
exposed to OV-Q1, OV-aCD47-G1, or OV-aCD47-G4 at an MOI
of 2. Two hours post-infection, the media were replaced with fresh
media. Supernatants from each group were collected at 6, 12, 24,
48, and 72 hpi for antibody concentration measurement via ELISA.
Standard amounts of aCD47-G1 and aCD47-G4 antibodies, purified
from transduced CHO cells and with known concentrations, were
used as references. ELISA was performed with slight modification.48

oHSV generation, expansion, and titration

OV-aCD47-G1 and OV-aCD47-G4, along with OV-A4-IgG2b and
OV-A4-IgG3, were produced as reported previously.6,12 In brief,
the antibody sequences were inserted into pT-oriSIE4/5 following
the HSV pIE4/5 promoter to construct the shuttle plasmids. The shut-
tle plasmids were recombined with fHsvQuik-1 for engineering the
oHSVs. Vero cells were utilized for the propagation and titration of
the viruses. Virus titration was conducted through plaque assays. In
brief, monolayer Vero cells were seeded in a 96-well plate. After 12
h, these cells were infected with gradient-diluted viral solutions.
Following a 2-h infection, the infection media were replaced with
DMEM supplemented with 10% FBS. GFP-positive plaques were
observed and counted using a Zeiss fluorescence microscope (AXIO
observer 7) 2 days after infection to determine the viral titer.

For the concentration and purification of viral particles, the culture
media containing viruses were harvested and centrifuged at
3,000 � g for 30 min. Subsequently, the supernatants were collected
and subjected to ultra-centrifugation at 100,000 � g for 1 h. The re-
sulting virus pellets were resuspended with saline as needed.

Oncolysis and viral production assay

The in vitro oncolysis assay was measured by the CellTiter-Glo 2.0
assay with slight modification. The viral replication assay was per-
formed by plaque assay.49 In brief, monolayers of MDA-MB-231 cells
treated with or without TMZ were seeded on 96-well plates and in-
fected with OV-Q1, OV-aCD47-G1, or OV-aCD47-G4 at an MOI
of 2. Two hours after infection, the infection medium was replaced
with fresh medium. The supernatants from each group were then har-
vested at 72 hpi, and viral titers were determined by plaque assays.

Isolation and culture of macrophages

For isolating and culturing mouse BMDMs, BALB/c mice were sacri-
ficed at the time of bone marrow harvest. Bone marrow cells were ex-
tracted from the tibias and femurs by flushing with culture medium
using a 25-G needle. The cells were then passed through a 70-mm
nylon mesh (BD Biosciences) and washed three times with PBS. Ex-
tracted BM cells were implanted with 2.4 � 107/100 mm culture dish
(BD Falcon) and cultured for 7 days in the presence of mouse M-CSF
(PeproTech, 315-02) medium (replacing culture medium on days 3
and 5).
Molecular Therapy: Oncology Vol. 32 September 2024 11
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For isolating and culturing human primary macrophages, peripheral
blood was collected from healthy donors. Human monocytes were
isolated and enriched by using the RosetteSep Human Monocyte
Enrichment Cocktail kit (STEMCELL, cat. no. 15068) from periph-
eral blood. The enriched human monocytes were cultured with
RPMI 1640 medium containing 20 ng/mL human M-CSF
(PeproTech, cat. no. 300-25-50UG) and 2% human serum for
7 days to induce macrophage differentiation (replacing culture me-
dium on days 3 and 5).

Flow cytometry-based phagocytosis assay

For the phagocytosis assay of mouse BMDMs, MDA-MB-231 cells
pre-treated with or without TMZ and stained with CFSE (Thermo
Fisher Scientific, C34554) were used as target cells for 6 h. BMDMs
and pre-treated target cells were co-cultured at a ratio of 1:2 for 2 h
in the presence of vehicle control, aCD47-G1, or aCD47-G4 at a
dose of 5 mg/mL in a humidified 5% CO2 incubator at 37�C in ul-
tra-low-attachment 96-well U-bottom plates (Corning) in serum-
free RPMI 1640 (Life Technologies). Then the cells were harvested
by centrifuging at 400 � g for 5 min at 4�C and stained with anti-
mouse CD11b (BD Biosciences, 552850) to identify macrophages.
To detect the effect of A4-IgG2b and A4-IgG3 on phagocytosis of
BMDMs against mouse breast cancer cells we pre-treated the mouse
breast cancer cell line E0771 with or without TMZ for 6 h. The pre-
treated E0771 target cells were then incubated with PBS vehicle con-
trol, A4-IgG2b, or A4-IgG3 produced by CHO cells at a concentration
of 5 mg/mL, following the similar procedures mentioned above. All
flow cytometry data were collected using a Fortessa X20 flow cytom-
eter (BD Biosciences). Phagocytosis was measured as the number of
CD11b+CFSE+ macrophages, quantified as a percentage of the total
CD11b+ macrophages.

For the phagocytosis assay of human primary macrophages, MDA-
MB-231 cells pre-treated with or without TMZ and stained with
CFSE (Thermo Fisher Scientific, C34554) were used as target cells.
Human macrophages and target cells were co-cultured at a ratio of
1:2 for 4 h in the presence of vehicle control, aCD47-G1, or
aCD47-G4 produced by CHO cells at a dose of 5 mg/mL in a humid-
ified 5% CO2 incubator at 37�C in ultra-low-attachment 96-well
U-bottom plates (Corning) in serum-free RPMI 1640 (Life Technol-
ogies). Then the cells were harvested by centrifuging at 400 � g for
5 min at 4�C and stained with anti-human CD11b (BD Biosciences,
552850, 5 mL/sample) to identify macrophages. All flow cytometry
data were collected using a Fortessa X20 flow cytometer (BD Biosci-
ences) with BD FACSDiva v.6 software (BD Biosciences). Phagocy-
tosis was measured as the number of CD11b+CFSE+ macrophages,
quantified as a percentage of the total CD11b+ macrophages.

NK cell cytotoxicity and activation assay

MDA-MB-231 and E0771 cells were used as target cells. Primary hu-
man NK cells isolated from leukocyte cones of healthy donors using
an NK cell isolation kit (MACSxpressMiltenyi Biotec, SanDiego, CA)
and an erythrocyte depletion kit (Miltenyi Biotec) were used as
effector cells. The target cells were labeled with 51Cr for 1 h. MDA-
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MB-231 cells treated with TMZ were co-cultured with 1 mg/mL
aCD47-G1 or aCD47-G4 antibodies or vehicle for 30 min. Then
the target cells were co-cultured with isolated human primary NK
cells at different effector to target ratios at 37�C for 4 h. 51Cr release
was measured with a MicroBeta2 microplate radiometric counters
(PerkinElmer, Waltham, MA). Target cells incubated in complete
medium or 1% SDS medium were used for spontaneous or maximal
51Cr release control, respectively. The cell lysis percentages were
calculated using the standard formula: 100 � (cpm experimental
release – cpm spontaneous release)/(cpm maximal release – cpm
spontaneous release). The assays were performed in at least three
technical replicates with NK cells from different donors. Following
a 4-h co-culture of NK cells and MDA-MB-231 cells at a ratio of
1:1, the expression of NK cell activation markers CD69 and
CD107a was measured with a flow cytometer using the following an-
tibodies: anti-CD56 (BD Biosciences, 557919, 5 mL/sample), anti-
CD69 (BD Biosciences, 562883, 5 mL/sample), and CD107a (BD Bio-
sciences, 555800, 10 mL/sample) antibodies. The granzyme B, TNF-a,
and IFN-g expression of NK cells was measured using the anti-gran-
zyme B antibody (Invitrogen, 25-7349-82, 5 mL/sample), anti-TNF-a,
and anti-IFN-g (BD Biosciences, 554551, 5 mL/sample) antibodies.

qPCR

To assess the impact of aCD47-G1, aCD47-G4, OV-aCD47-G1, or
OV-aCD47-G4 on activating the transcription of typical mouse
macrophage cytokine genes, mouse BMDMs and MDA-MB-231
cells, treated with or without TMZ, were co-cultured at a ratio of
1:1 for 6 h. This was done with or without the presence of 5 mg/mL
aCD47-G1, 5 mg/mL aCD47-G4, or the conditioned medium of
OV-aCD47-G1 or OV-aCD47-G4. Subsequently, total RNA was ex-
tracted for reverse transcription to generate cDNA, enabling the
detection of relative mRNA transcription levels of mouse Ccl2,
Ccl4, Il1b, Il6, Il12b, and Nos2 genes using corresponding primers.
The internal control used was 18s rRNA.

For evaluating the effect of aCD47-G1 or aCD47-G4 produced by
CHO cells or supernatants of OV-aCD47-G1- or OV-aCD47-G4-in-
fected MDA-MB-231 cells on activating transcription of typical hu-
man macrophage cytokine genes, human macrophages and MDA-
MB-231 cells, pre-treated with or without TMZ as described above,
were co-cultured at a ratio of 1:1 for 6 h. This was performed with
or without the presence of 5 mg/mL aCD47-G1, 5 mg/mL aCD47-
G4, or the conditioned medium of OV-aCD47-G1 or OV-aCD47-
G4. The total RNA was then extracted for reverse transcription to
generate cDNA for detecting relative mRNA transcription levels of
human Il1b, Il6, and Nos2 genes using corresponding primers. 18s
rRNA served as the internal control. Information about the primers
used is provided in Table S1. The real-time PCR data were collected
using the Applied Biosystems StepOnePlus real-time PCR system and
QuantStudio 12K Flex software v.1.2.4.

Animal study

All animals in this study were accommodated at the City of Hope An-
imal Facility, adhering to a 12-h light/12-h dark cycle, andmaintained
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at temperatures ranging from 65�F to 75�F (�18�C–23�C) with hu-
midity levels between 40% and 60%. Female athymic nude mice,
aged 6–8 weeks, were procured from Jackson Laboratory (Bar Harbor,
ME). In the survival studies, mice underwent anesthesia and were
stereotactically injected with 1 � 105 MDA-MB-231 cells into the
right frontal lobe of the brain (2 mm lateral and 1 mm anterior to
bregma at a depth of 3 mm) on day 1. Subsequently, mice were
randomly assigned to groups for i.c. injection on day 4, receiving
either 2 � 105 PFU oHSV (OV-Q1, OV-aCD47-G1, or OV-
aCD47-G4) in 3 mL of saline or saline alone as a control. From day
4 to 11, mice were intraperitoneally injected with TMZ. Disease
progression was closely monitored through frequent weight measure-
ments. Moribund mice, exhibiting neurological impairments and sig-
nificant weight loss, were euthanized.

For establishing the immunocompetent mouse BCBM model, 6- to
8-week-old female andmale C57BL/6mice were purchased from Jack-
son Laboratory and housed at the City of Hope Animal Facility. Mice
were anesthetized and stereotactically injectedwith 1� 105 E0771 cells
into the right frontal lobe of the brain (2mm lateral and 1mm anterior
to bregma at a depth of 3 mm). The cells grew for 3 days, and animals
were randomly divided into groups that were i.c. injected with 2� 105

PFU oHSV (OV-Q1,OV-A4-IgG2b, orOV-A4-IgG3) in 3mL of saline
or saline alone as control. Mice were intraperitoneally injected with
TMZ from day 3 to 10. Mice were subsequently monitored and
weighed frequently for BCBM disease progression.

Flow cytometry

Mononuclear cells in the brain were extracted with Percoll and
stained with anti-NKp46 (BioLegend, 137618, 5 mL/sample), anti-
CD3 (BD Biosciences, 553066, 5 mL/sample), anti-CD45 (BD Biosci-
ences, 559864, 5 mL/sample), anti-CD11b (BD Biosciences, 552850,
5 mL/sample), anti-F4/80 (Thermo Fisher Scientific, 12-4801-82,
5 mL/sample), anti-CD206 (BioLegend, 141734, 5 mL/sample), and
anti-CD69 (BD Biosciences, 564683, 5 mL/sample) antibodies for
flow cytometric analysis of immune cell brain infiltration and activa-
tion. The flow cytometric assessments of mouse immune cells were
performed with at least four independent animals. All flow cytometry
data were collected using the Fortessa X-20 flow cytometer.

Statistical analysis

Descriptive statistics (means, standard deviations, median, counts,
etc.) are used to summarize data. Continuous endpoints that are nor-
mally distributed with or without prior log transformation were
compared between two or more independent conditions by Student’s
t test or one-way ANOVA, respectively. For data with repeated mea-
sures from the same subject/donor, a linear mixed model was used to
compare matched groups by accounting for the underlying variance
and covariance structure. p values were adjusted for multiple compar-
isons by Holm’s procedure or the Bonferroni method. For survival
data, survival functions were estimated by the Kaplan-Meier method
and compared by log rank test. All tests were two sided. A p value of
0.05 or less was defined as statistically significant. Statistical software
GraphPad, R.3.6.3., and SAS 9.4 were used for the statistical analysis.
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