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Breast cancer has a high risk of metastasis; however, no effec-
tive treatment has been established. We developed a novel
immunotherapy for breast cancer to enhance cytotoxic T lym-
phocytes against cancer cells using N1-type neutrophils with
anti-tumor properties. For this purpose, we combined
CXCL2 (CXC chemokine ligand 2) plasmid DNA with inacti-
vated Sendai virus (hemagglutinating virus of Japan)-envelope
(HVJ-E). The combination of CXCL2 DNA and HVJ-E (C/H)
suppressed the growth of murine breast cancers in orthotopic
syngeneic models by enhancing cytotoxic T lymphocytes and
inhibited lung metastasis of breast cancer from primary le-
sions. N1-type neutrophils (CD11b+ Ly6G+ FAS+) increased
in the tumor microenvironment with C/H treatment, and tu-
mor suppression and cytotoxic T lymphocyte activation from
C/H was blocked after administrating anti-neutrophil anti-
bodies, which indicates the role of N1-type neutrophils in can-
cer immunotherapy.We also demonstrated that the anti-tumor
activities of C/H treatment were enhanced by the administra-
tion of anti-PD-1 antibodies through neutrophil-mediated
cytotoxic T lymphocyte activation. Thus, the triple combina-
tion of C/H and anti-PD-1 antibody C/H treatment may pro-
vide an improvement in cancer immunotherapy.

INTRODUCTION
With the advancements of medical technology, the cure rate of breast
cancer is continually increasing. However, although the 5-year sur-
vival rate of breast cancer was as high as 99% for local cancer from
2001 to 2007 in the United States, this rate drops to 23% if distant
metastasis occurs.1 Thus, breast cancer remains the second most
deadly cancer in women and determining a treatment for metastatic
breast cancer is a significant challenge.

Recently, immune therapy has become the fourth most common can-
cer treatment in addition to surgery, chemotherapy, and radio-
therapy. Immune checkpoints such as PD-1/PD-L1 and CTLA-4
play important roles in cancer immune therapy. In an immunosup-
pressive microenvironment, tumors or immune cells can overexpress
checkpoints, resulting in immune tolerance and escape.2 Therefore,
blocking immune checkpoints is a new immunotherapy for cancer.
Lately, some studies have reported that anti-PD-1/PD-L1 is effective
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against melanoma,3–5 non-small cell lung carcinoma (NSCLC),4,5

renal cancer,5,6 Hodgkin lymphoma,5,7,8 etc. However, the efficacy
of immune checkpoint inhibitory therapy is not as high as expected
in several types of cancers. For example, approximately 70% of mel-
anoma patients who received anti-PD-1 antibodies displayed stable
disease (SD) or progressive disease (PD).9 Thus, cancer immuno-
therapy is currently focused on how to prevent resistance to immune
checkpoint antibody therapy. In some solid cancers, such as breast
cancer, which is not highly sensitive to anti-PD-1 antibodies, Bertucci
et al.10 suggest using anti-PD-1/PD-L1 in combination with other
checkpoint inhibitors or chemotherapy, targeted therapy, radio-
therapy, or with novel immunotherapies to increase the efficacy of
immunotherapies in breast cancers.

We have reported multiple anti-tumor activities of inactivated Sendai
virus (hemagglutinating virus of Japan; HVJ)-envelope (HVJ-E), such
as the activation of anti-tumor immunity and the induction of cancer-
specific cell death.11–14 Various combinations of cancer treatments
with HVJ-E have been tested to enhance its anti-tumor activities.15,16

Among them, the combination of poly I:C with HVJ-E synergistically
increased anti-tumor immunity, and CXCL2 upregulation by poly I:C
was a key molecule for enhancing the anti-tumor immunity of HVJ-
E.16

CXCL2 (CXC chemokine ligand 2) is produced by mast cells and
macrophages and can recruit neutrophils.17,18 Some studies have
shown that neutrophils play anti-tumor or pro-tumor roles in the tu-
mor microenvironment (TME).19–21 Similar to tumor-associated
macrophages, which have a classic (M1) and alternative (M2) form,
tumor-associated neutrophils (TANs) also have anti-tumorigenic
N1 neutrophils and pro-tumorigenic N2 neutrophils.22–25 Recent
research has noted that the N2 phenotype can cause transforming
growth factor (TGF)-b to block tumor inhibition and decrease
CD8+ T cell activation.26 TANs are associated with tumor progression
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Figure 1. CXCL2 in combination with HVJ-E treatment suppressed tumor

growth and induced a 4T1 tumor-specific INF-g response

(A and B) 4T1 (A) or BALB-MC.E12 (B) cells were intradermally implanted on the

back of BALB/c mice. Those mice were treated intratumorally (IT) with CXCL2

plasmid DNA (pCXCL2), HVJ-E, or pCXCL2 in combination with HVJ-E (C/H) at day

0, followed by five additional treatments of HVJ-E at days 2, 4, 6, 8, and 10. C/H

(s.c.) indicates a subcutaneous injection of C/H following HVJ-E. The specific

comparison was C/H (s.c.), pCXCL2, and HVJ-E treatment with C/H treatment. The

means ± SD of tumor volumes calculated from the diameter of the tumor mass are
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of angiogenesis and metastasis.25,27 Although Eruslanov et al.28

showed that TANs can stimulate T cell responses in the early stages
of lung cancer, another study reported that neutrophils can inhibit tu-
mor growth and delay metastases by directly suppressing or regu-
lating the immune system.29 Therefore, properly stimulated TANs
are expected to inhibit tumor growth.

We discovered that HVJ-E directly and indirectly increased the N1
neutrophil population, which enhanced cytotoxic T lymphocyte
(CTL) activation against cancers in the TME.16 We then developed
a new gene therapy against cancers by combining CXCL2 plasmid
DNA and HVJ-E (C/H).

Here, we examined the anti-tumor activities of C/H in murine breast
cancer syngeneic models, including an orthotopic model; we also
examined the inhibition of spontaneous lungmetastasis of breast can-
cer from a primary tumor mass. C/H enhanced the tumor suppres-
sion effect of anti-PD-1 antibody treatment in a breast cancer model.
Our findings indicated that the triple combination of C/H and anti-
PD-1 antibodies may be an improvement in cancer immunotherapy.

RESULTS
CXCL2 in combination with HVJ-E treatment suppressed tumor

growth and induced a tumor-specific interferon (IFN)-g

response

To prove whether CXCL2 combined with HVJ-E treatment affects
breast cancer tumor growth, we first used a 4T1 tumor-bearing
mouse model that was treated intratumorally (IT) or subcutaneously
(s.c.) with CXCL2 plasmid DNA (pCXCL2), HVJ-E, or pCXCL2 in
combination with HVJ-E once, followed by five additional treat-
ments of HVJ-E every other day. Although we have reported that
HVJ-E can incorporate plasmid DNA via treatment with low con-
centrations of Triton X-100,30 in the current protocol, C/H is the
mixture of pCXCL2 and HVJ-E that is not being incorporated in
clinical trials.

C/H was more effective for tumor reduction than either CXCL2 or
HVJ-E alone (Figure 1A). However, the subcutaneous injection of
C/H was not as effective at tumor suppression as the IT injection (Fig-
ure 1A). In the treatment of other cancer models using the same ther-
apeutic protocol, C/H was the most effective in a mouse xenograft
model of BALB-M.EC12 murine breast cancer cells (Figure 1B).
When CXCL2 protein expression was examined in the tumor mass,
CXCL2 was detected in tumors by both pCXCL2 and C/H, with C/
H resulting in expression levels more than twice as high. No
CXCL2 was detected in the blood (Figure S1).

Previous studies have suggested that HVJ-E plays an important role in
T cell activation,13,14 and pCXCL2-incorporated HVJ-E suppressed
B16-F10 melanoma.16 Our result showed C/H suppressed 4T1 tumor
presented (n = 4 per group). (C) Tumor-specific INF-g-secreting T cells were

measured with an ELISpot assay. Values are stated as the mean ± SD (n = 4 per

group). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.



Figure 2. The optimum conditions of C/H treatment

for tumor suppression

(A) 4T1 tumor-bearing mice were treated with C/H once,

followed by HVJ-E or PBS five times (six total injections)

every other day. (B) 4T1 tumor-bearingmice were treated IT

with PBS or pCXCL2 (40 or 200 mg) in combination with

HVJ-E at day 0, followed by five additional treatments of

HVJ-E at days 2, 4, 6, 8, and 10. (C) 4T1 tumor-bearing

mice were IT treated with PBS, C/H, or pCY4B/H. (D) Tu-

mor treatment protocol. 4T1 cells were implanted on the

back of BALB/c mice. The mice were treated IT with PBS,

pCXCL2 (200 mg), HVJ-E (1,000 HAU), or pCXCL2 (200 mg)

in combination with HVJ-E (C/H) at day 0, followed by five

additional treatments of HVJ-E at days 2, 4, 6, 8, and 10.

Tumor volumes were measured every 2–3 days. Tumor

volumes are presented as the mean ± SD (n = 4 per group).

*p < 0.05 and **p < 0.01.
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growth, so we speculated that C/H treatment might have involved
T cell activation. The IFN-g enzyme-linked immune absorbent spot
(ELISpot) assay revealed that mice treated with C/H had significantly
increased IFN-g-producing splenocytes compared with other treat-
ments (Figure 1C).

Together, these results show that C/H treatment inhibited 4T1 tumor
growth and activated tumor-specific IFN-g-secreting T cells.

The optimumconditions of C/H treatment for tumor suppression

First, to determine whether five HVJ-E injections were necessary after
C/H treatment (for a total of six HVJ-E injections), the effect of HVJ-
E injections after C/H treatment was evaluated and compared with
PBS injections. As shown in Figure 2A, tumor growth was signifi-
cantly suppressed following HVJ-E injection. We did not alter the
procedure involving five HVJ-E injections after C/H because our clin-
ical trials had already determined the efficacy of six total HVJ-E injec-
tions. The amount of HVJ-E used in the mice was also determined
based on the protocol of our melanoma clinical trials using HVJ-E
alone.
Molecula
Next, to determine the optional dosage of
pCXCL2 in combination with HVJ-E (1,000 he-
magglutinating unit [HAU]), we compared 40
or 200 mg of pCXCL2 combined with HVJ-E.
Although 200 mg of pCXCL2 appeared to be
more effective than 40 mg, there was no statisti-
cally significant difference in the suppression of
tumor growth between 200 and 40 mg of pCXCL2
(Figure 2B).

Then, to examine the effect of CXCL2 cDNA on
tumor suppression when combined with HVJ-E,
we compared C/H with the combination of
empty plasmid vector, pCY4B, and HVJ-E
(pCY4B/H). C/H was more effective for tumor
suppression than pCY4B/H without CXCL2
cDNA. Compared with HVJ-E combined with the control plasmid
without CXCL2 cDNA, C/H significantly reduced tumor volume,
indicating the need for CXCL2 cDNA (Figure 2C). Based on these re-
sults, the treatment protocol (C/H protocol) was established as shown
in Figure 2D using a mixture of pCXCL2 (200 mg) and HVJ-E (1,000
HAU) once followed by five additional HVJ-E (1,000 HAU) treat-
ments every other day for a total of six treatments.

CXCL2 in combination with HVJ-E treatment induces N1 TANs,

suppresses 4T1 tumor growth, and elevates CTL activation

CXCL2 functions mainly in the recruitment of neutrophils from the
blood and in the activation and promotion of neutrophil function.31

In tumors, neutrophils can be polarized into anti-tumorigenic N1 or
more pro-tumorigenic N2 subtypes.22,23 Our previous study showed
that HVJ-E can polarize neutrophils to N1 neutrophils.16 To investi-
gate whether C/H can polarize neutrophils in 4T1 tumor-bearing
mice, the N1 TAN population was analyzed using flow cytometry
24 h after the treatments. Our results showed that both the number
of N1 TANs and the ratio of N1 TANs to total TANs increased signif-
icantly after treatment with the C/H protocol compared with the
r Therapy: Oncolytics Vol. 20 March 2021 177
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Figure 3. C/H treatment induced N1 TANs

suppressing 4T1 tumor growth and elevated CTL

activation

(A) The number of N1 neutrophils (CD11b+, Ly-6G+, Fas+)

and total neutrophils (CD11b+, Ly-6G+) in tumors 24 h after

the final treatment was measured by flow cytometry. The

left figure shows the number of N1 TANs and total TANs,

and the right figure shows the ratio of N1 TANs to total

TANs. (B) 4T1 tumor-bearing mice that were intraperito-

neally injected with neutrophil-neutralizing antibodies (anti-

Ly6G antibodies) or control IgG were IT treated with PBS,

pCXCL2, HVJ-E, or C/H. We specifically compared C/H

treatment using anti-Ly6G antibodies to using control IgG.

The tumor volumes are shown as the mean ± SD (n = 3 per

group). (C) Mice from (B) were sacrificed 1 week after the

last treatment, and CD8+ T cells were isolated from spleens

that were co-cultured with 4T1 cells at a 50:1 ratio for 24 h.

Then, cell survival was measured by an MTS assay. The

mean ± SD (n = 3 per group) was shown. **p < 0.01 and

****p < 0.0001. NS, not significant; Control, 4T1 without

treatment.
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treatment using PBS, pCXCL2, or HVJ-E (Figure 3A; Figure S5A).
Some studies have shown that N1 TANs can suppress tumor
growth.16,27,28 To confirm whether neutrophils were involved in the
inhibition of tumor growth, a neutrophil-blocking experiment was
performed using anti-Ly6G antibodies based on the protocol shown
in Figure S2. The results indicated that anti-Ly6G administration
significantly abolished the tumor suppression effect of the treatment
with the C/H protocol using control immunoglobulin G (IgG)
(Figure 3B).

Next, we examined whether the tumor-killing activity of CTLs from
splenocytes was affected by anti-Ly6G administration. C/H treatment
178 Molecular Therapy: Oncolytics Vol. 20 March 2021
using control IgG killed significantly more tumor
cells than the other treatments using control IgG.
However, the killing activity of the C/H treatment
was lost with the administration of anti-Ly6G an-
tibodies (Figure 3C; Figure S7A). Moreover, we
also examined the population of CD8+ T cells in
mouse tumor and found depleting Ly6G+ cells
can decrease the population of CD8+ T cells
(Figure S7B).

These results suggest that the tumor suppression
and tumor-killing activities of CTLs during treat-
ment with the C/H protocol weremediated byN1
TANs.

C/H treatment suppressed lung metastasis

in an orthotopic 4T1 tumor model

4T1 breast cancer tumor cells are highly tumori-
genic and invasive, with a high risk of metastasis
from the primary tumor to distant sites such as
the lungs, brain, bone, liver, blood, and lymph nodes.32,33 To prove
whether C/H can affect 4T1 tumor metastasis in mouse lungs, 4T1-
Luc cells were intradermally inoculated into the fourth mammary
gland of BALB/c mice. The primary lesion was treated with pCXCL2,
HVJ-E, or C/H once, followed by five additional treatments of HVJ-E
every 2 days for a total of six treatments. Similar to Figure 1A, mice
receiving the C/H treatment showed significant tumor growth sup-
pression of the primary lesion compared with the other treatments
(Figure 4A). One week after the last treatment, we analyzed luciferase
activity in the lungs of the treatedmice. Luciferase activity in the lungs
of the mice treated with C/Hwas significantly reduced compared with
that in mice receiving other treatments (Figure 4B). The hematoxylin



Figure 4. C/H treatment suppressed lung metastasis in an orthotopic 4T1

tumor model

(A) 4T1-luc bearing mice were treated with C/H, HVJ-E, CXCL2 plasmid DNA, or

PBS at day 0, followed by five treatments with HVJ-E (1,000 HAU) or PBS at days 2,

4, 6, 8, and 10. Tumor volumes are shown as the mean ± SD (n = 4 per group). (B)

Luciferase assay of lungs from mice shown in (A) 1 week after the treatments. The

data are shown as the mean ± SD (n = 4 per group). *p < 0.05, **p < 0.01, ***p <

0.001, and ****p < 0.0001.
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and eosin (H&E) staining also indicated that after receiving C/H
treatment in the primary tumor, there were no visible metastatic
foci in the lung tissue (Figure S3). These results suggest that
CXCL2 in combination with HVJ-E treatment suppressed the pro-
gression of mouse lung metastasis from 4T1 primary lesions.

CXCL2 in combination with HVJ-E treatment induced N1

neutrophil infiltration in a 4T1 metastasis lung model

Some recent studies reported that TANs can stimulate T cell re-
sponses in early-stage human lung cancer.28 To determine the mech-
anism of C/H treatment-mediated lung metastasis suppression, we
investigated whether neutrophil infiltration into the lungs of mice
was affected by C/H treatment. Mouse lungs were harvested 1 week
after the final treatment. We found that C/H treatment increased
the population of neutrophils in the lungs more than the other treat-
ments (Figure 5A). Additionally, the number of N1 TANs per 10,000
lung cells increased significantly with C/H treatment (247) compared
with CXCL2 treatment (13), HVJ-E treatment (80), or PBS treatment
(4) (Figure 5B). We also checked other immune cells in the lungs, and
the result showed C/H treatment increased total all neutrophils
(Figure 5B) and CD4+ T cells in the lungs, while regulatory T cells
(Tregs) and natural killer (NK) cells were not increased (Figure S5B).
CD8+ T cells were specifically increased compared with the CXCL2
treatment group but not with the HVJ-E treatment group
(Figure S5B). Thus, C/H treatment in the primary lesion also induced
N1 neutrophil infiltration into mouse lungs in the 4T1 metastasis
model. This suggests that C/H treatment protected the lungs from
metastasized tumor growth by N1-type neutrophil surveillance.
C/H treatment improved the tumor suppression effect of anti-

PD-1 antibody effectiveness in an orthotopic breast cancer

model

4T1 breast cancer cells are used to create the triple-negative breast can-
cermodel and have a poor prognosis due to complex immunosuppres-
sive mechanisms in the TME.34 The clinical response rates to immune
checkpoint inhibition such as anti-PD-1 treatment remain low.2

Therefore, we attempted to explore whether C/H treatment increased
the tumor suppression activity of anti-PD-1 antibody treatment
(Figure S4A). 4T1 cancer cells were implanted into mouse mammary
glands. The orthotopic model mice were treated with anti-PD-1 anti-
bodies or control IgG along with C/H treatment or PBS treatment. As
shown in Figure 6A, anti-PD-1 antibodies alone had no suppression
effect on tumor growth compared with PBS. However, the combina-
tion of anti-PD-1 antibodies with C/H treatment showed significant
tumor growth inhibition comparedwith anti-PD-1 andPBS or control
IgG and C/H treatment (Figure 6A). PD-1 blocking antibodies inhibit
the interaction of PD-1 with both PD-L1 and PD-L2, resulting in
enhanced T cell cytotoxicity.3 To investigate whether T cell cytotox-
icity was enhanced, we isolated CD8+ T cells from mouse spleens
24 h after the last treatment and co-cultured them with 4T1 cells
in vitro. Tumor cell survival was examined using the CellTiter 96�
AQueous non-radioactive cell proliferation (MTS) assay. Our results
showed that the tumor cell survival rate was significantly reduced
with the combined anti-PD-1 antibody and C/H treatment, indicating
that the anti-PD-1 antibody and C/H treatment enhanced CTL activ-
ity against 4T1 tumor cells (Figure 6B).

Next, to prove whether the tumor suppression effect of the triple com-
bination of anti-PD-1 antibodies and C/H treatment was mediated by
neutrophils, neutrophil-neutralizing antibodies were administered
during the combination treatment (Figure S4B). The results showed
that anti-Ly6G antibodies eliminated neutrophils. The tumor
suppression effect of the combination treatment was significantly
abolished with anti-Ly6G antibody administration (Figure 6C).
Therefore, our results suggest that the enhancement of tumor sup-
pression activity of anti-PD-1 antibody therapy combined with C/H
Molecular Therapy: Oncolytics Vol. 20 March 2021 179
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treatment was mediated by CTL activation, which was a result of the
increase of N1 TANs.

DISCUSSION
We report here that C/H inhibited breast cancer in mouse models and
suppressed lung metastasis by increasing N1-type neutrophils in the
TME. The C/H treatment enhanced the anti-tumor immunity of anti-
PD-1 antibody therapy and anti-PD-1 antibody administration and
increased the tumor suppression activity of C/H. The triple combina-
tion of C/H and anti-PD-1 antibodies provides a breakthrough in
cancer immunotherapy, particularly for patients refractory to anti-
PD-1 antibody therapy.

Immune checkpoint inhibitory therapy has been evaluated as an
epoch-making cancer treatment. However, the analysis of many clin-
ical cases has gradually indicated that more than half of patients are
insensitive to this therapy, particularly patients with solid cancers.10

The mechanism of this insensitivity has been investigated, and three
conditions are thought to be necessary for anti-PD-1 antibody ther-
apy to be effective: the infiltration of T cells into tumor tissue, the
presence of immune cells expressing PD-1 and PD-L1 in tumor tis-
sues, and the presence of a T cell population specifically recognizing
tumor antigens.5,35 To break the refractory condition, several combi-
nations with immune checkpoint inhibitors have been evaluated, such
as the combination of anti-PD-1 antibodies with anti-CTLA-4 or
anti-Lag-3 antibodies.5 Those combinations appeared to enhance tu-
mor suppression compared with single antibody administration, but
side effects were more frequent and in some cases more serious.36,37

There may be limitations to accelerating CTL function by direct con-
trol of switches on T cells. Considering how cancers escape from im-
mune surveillance, cancer cells modulate the TME to induce immune
tolerance to themselves in the host immune system. To successfully
provide immunotherapy to cancer patients, the TMEmust be remod-
eled to prevent immune tolerance.

In breast cancer in particular, some studies have shown that “in-
flamed” tumors, which are enriched with dendritic cells (DCs) and
CD8+ T cells, have an effective response to immunotherapy.38 How-
ever, only a small percentage of breast cancers are considered “in-
flamed” tumors compared with other cancers,38,39 because invasive
breast cancer is rich in activated Tregs and has an effective inhibitory
function.39,40 Thus, breast cancers have low response to anti-PD-1 an-
tibodies. This discovery suggests that reducing the activated Tregs or
increasing the activation of DCs and CD8+ T cells in the TMEmay be
an efficient treatment.

We have developed an anti-tumor reagent using HVJ-E and discov-
ered that HVJ-E itself has various anti-tumor activities, including
Figure 5. C/H treatment induced N1 neutrophil infiltration in 4T1 metastatic lun

(A) Immunostaining of neutrophils (Ly-6G) of the mice lungs 1 week after the final treatm

red frames (n = 4 per group). (B) The number of N1 neutrophils (CD11b+, Ly-6G+, Fas+

cytometry 1 week after the final treatment. The numbers in parentheses indicate the ra
the activation of anti-tumor immunity and the induction of cancer-
cell-specific apoptosis.13 To activate anti-tumor immunity, HVJ-E re-
cruits T cells and NK cells to the TME by CXCL10 and activates those
cells with IFN-b and -g.41 HVJ-E also inhibits Treg infiltration into
the TME by IFN-b and suppresses Treg function with IL-6.13 HVJ-
E was originally developed as a gene therapy vector that can incorpo-
rate plasmid DNA into the vesicle via mild detergent treatment.42 To
enhance anti-tumor activity, gene therapy using the HVJ-E vector has
been performed in various tumor models. Among them, we found
that CXCL2 cDNA-incorporated HVJ-E enhanced anti-tumor im-
munity in a mouse melanoma model by increasing N1-type
TANs.16 In this manuscript, we utilized a mixture of HVJ-E and
CXCL2 plasmid DNA without low concentrations of Triton X-100
incorporating plasmid DNA based on Pharmaceuticals and Medical
Devices Agency (PMDA; Japanese Food and Drug Administration
[FDA]) requirements. The mixture of HVJ-E and CXCL2 plasmid
DNA succeeded in enhancing CXCL2 expression in the tumor
mass and displayed anti-tumor activity by enhancing CTL activity
against cancer cells, which resulted from the accumulation of N1-
type TANs.

Some previous reports have described the function of TANs. Gener-
ally, naive neutrophils gradually turn into pro-tumorigenic N2-type
TANs in the TME.26 We have reported that HVJ-E polarizes both
naive and N2-type neutrophils into N1-type neutrophils with anti-
tumorigenic properties.16 In our preliminary experiment, tumor
killing activity was enhanced in CD8+ T cells when mixed with
HVJ-E-treated neutrophils, although the exact mechanism remains
unknown. Thus, C/H treatment modulates the TME by recruiting
neutrophils with CXCL2 and polarizes neutrophils into the N1 type
via HVJ-E, which activates CTLs against cancer cells. Activated
T cells upregulate the T cell-inhibitory signaling pathway and result
in an exhausted state. The combination of C/H with anti-PD-1
antibodies activates CTLs via C/H and inhibits T cell exhaustion by
blocking PD-1, which maintains killer T cell function. HVJ-E inhibits
pro-tumorigenic properties in the TME by modulating both neutro-
phils16 and macrophages (C.Y.C., unpublished data) in addition to
Treg suppression. Moreover, HVJ-E induces the infiltration of T
and NK cells into the TME, which enables CTLs to be easily accessible
to cancer cells.43

As shown in Figure 4B, C/H treatment inhibited spontaneous lung
metastasis from the primary tumor mass. Luciferase-expressing 4T1
tumor cells were used to quantitatively evaluate lung metastasis. To
evaluate lungmetastasis over time, IVIS imaging (in vivo imaging sys-
tem) was conducted, but it was difficult to detect microscopic meta-
static foci. There are two possibilities why luciferase expression indi-
cating the presence of 4T1 tumor cells in the lungs was significantly
gs

ent. The images in white frames represent a four-fold magnification of the images in

) and total neutrophils (CD11b+, Ly-6G+) in the mouse lungs was measured by flow

tio of N1 neutrophils to total neutrophils.
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Figure 6. C/H treatment improved the tumor

suppression effect of anti-PD-1 antibody therapy in

an orthotopic breast cancer model

(A) 4T1 tumor-bearing mice were treated with an IT injection

of PBS or C/H, followed by five injections of HVJ-E alone

and an intraperitoneal injection of anti-PD-1 antibodies or

control IgG. Tumor volumes were measured every other

day, and the data are presented as the mean ± SD (n = 4

per group). (B) Mice from (A) were sacrificed 1 week after

the final treatment to isolate CD8+ T cells from the spleen,

which were co-cultured with 4T1 cells at a 50:1 ratio for 24

h. Then, the killing activity of CD8+ T cells was evaluated by

4T1 cell survival using an MTS assay. The data are shown

as the mean ± SD (n = 4 per group). (C) To investigate the

contribution of neutrophils to the enhancement of tumor

suppression by combining C/H and anti-PD-1 antibodies,

anti-Ly6G antibodies or control IgG were intraperitoneally

administered to the mice treated with the combination

therapy. Tumor volumes were measured every 2 days. The

data are shown as the mean ± SD (n = 3 per group). *p <

0.05 and **p < 0.01. NS, not significant; Control, 4T1

without treatment.
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reduced after C/H treatment compared with the other treatments.
First, C/H may reduce the number of 4T1 cells scattering from the
primary lesion. Second, CTLs activated by C/H may kill metastasized
foci in the lungs. Our results showed that N1-type neutrophils
increased in both the primary tumor mass and lungs (Figures 3A
and 5B) and CTLs were activated systemically, because CD8+

T cells from the spleen had tumor killing activity (Figure 3C, left).
Thus, we speculate that C/H activated CTLs against cancer cells,
which suppressed tumor growth in both the primary lesion and
metastasized lung lesions.

Surprisingly, C/H treatment of the primary tumormass increased N1-
type neutrophils in the lung (Figure 5B). Both neutrophils and the N1
neutrophil population were decreased in total tumor and lung with C/
H treatment using anti-Ly6G antibody (Figure S6). C/H treatment also
decreased the fas� population in the tumors but not in the lungs
(Figure S6). Although we have not observed neutrophil accumulation
in other organs, N1-type neutrophils may have increased systemically.
If that is possible, C/H might inhibit the systemic metastasis of cancer
cells by activating CTLs in various organs. It is curious that HVJ-E
alone increased N1-type neutrophils in the lung, while CXCL2
plasmid DNA failed to accumulate neutrophils in the lung even
though both HVJ-E and CXCL2 plasmid DNA increased neutrophils
in primary tumor masses. We confirmed that HVJ-E did not induce
CXCL2 secretion from the tumormass, as shown in Figure S2.One pa-
per showed thatCXCL1 can induce IL-17 secretion from the activation
of CD8+ T cells. Then, IL-17 induces CD4+ T cells secreting CXCL2,
which causes neutrophil recruitment.44 We found that 4T1 cells pro-
duced CXCL1, and HVJ-E treatment enhanced the secretion of
CXCL1 from 4T1 cells (data not shown). We also found C/H treat-
ment can increase the population of CD4+ T cells in the lungs
(Figure S5B). Based on these results, we may suppose that IL-17
from activated CD8+ T cells induces CXCL2 secretion from CD4+

T cells, which contributes to neutrophil infiltration into metastatic
lesions.

Because HVJ-E itself has various anti-tumor activities, clinical trials
are ongoing on melanoma, prostate cancer, and malignant mesothe-
lioma regarding the approval of HVJ-E as an anti-cancer biomedicine.
The next step will be cancer gene therapy using HVJ-E. C/H will be
the first candidate, and the triple combination with anti-PD-1 anti-
bodies will become a cancer immunotherapy of great promise.

MATERIALS AND METHODS
Cell lines and mice

The 4T1 mammary carcinoma cell line was acquired from the Amer-
ican Type Culture Collection (Manassas, VA, USA), maintained in
RPMI 1640 medium (Nacalai Tesque, Kyoto, Japan) with 10% fetal
bovine serum (FBS) (BioWest, Nuaille, France) and 0.1 mg/mL peni-
cillin-streptomycin (Nacalai Tesque), and incubated at 37�C in a hu-
midified atmosphere of 5% CO2. The 4T1-lucifrease cell line was
received from the Japanese Collection of Research Bioresources
(Osaka, Japan), and the BALB-MC.E12 cell line was obtained from
the Japanese Collection of Research Bioresources Cell Bank (Osaka,
Japan); the culture conditions were the same as those of the 4T1mam-
mary carcinoma cell line. No mycoplasma contamination was de-
tected in any of the cell lines. Six- to eight-week-old female BALB/c
mice (CLEA Japan, Tokyo, Japan) were housed in a temperature-
controlled, pathogen-free room. All animal procedures were per-
formed in accordance with the approved protocols and guidelines
of the Animal Committee of Osaka University (Suita, Japan).

Virus production and inactivation

HVJ (VR-105 parainfluenza Sendai/52 Z strain) was acquired from
the American Type Culture Collection (Manassas, VA, USA) and pre-
pared as previously described.16 The HVJ seed solution was injected
into embryonated eggs that were 10–14 days old and cultured in a
37�C incubator for 3 days. After 3 days, chorioallantoic fluid was har-
vested from the eggs injected with HVJ. The purified virus (live HVJ)
was inactivated by UV irradiation (189 mJ/cm2) to become HVJ-E.

Tumor treatment

A total of 1 � 106 viable 4T1 breast cancer cells or BALB-MC.E12
mouse mammary tumor cells (in 50 mL of PBS) were intradermally
injected into the backs (experiments in Figures 1 and 2) or the fourth
mammary gland to create on orthotopic model (experiments in
Figures 3, 4, and 6) using BALB/c mice. Four days later, when the tu-
mor was 3–5 mm in diameter, the mice were IT injected once with
HVJ-E (1,000 HAU), CXCL2 plasmid DNA (200 mg), or HVJ-E
(1,000 HAU) combined with CXCL2 (40 mg or 200 mg) or pCY4B vec-
tor (200 mg) in 50 mL of PBS or with PBS (50 mL); they were then IT
injected five times with HVJ-E (1,000 HAU) or PBS (50 mL) every
other day. The tumor volume was measured in a blinded manner us-
ing slide calipers and was calculated using the following formula: tu-
mor volume (mm3) = length � (width)2 /2.

ELISpot assay

The 4T1 tumor-bearing mice were treated IT with CXCL2 plasmid
DNA, HVJ-E, or CXCL2 in combination with HVJ-E once, followed
by five additional treatments of HVJ-E every other day for a total of
six treatments. The spleens were isolated from the mice 14 days after
the last treatment. Splenocytes were isolated from the spleens, filtered
through a 40-mmmesh sieve, and hemolyzed in hemolysis buffer (Im-
muno-Biological Laboratories). The 4T1 cells were treated with mito-
mycin C (15 mg/mL) for 45 min. The splenocytes and mitomycin
C-treated 4T1 cells were mixed at a ratio of 10:1 and incubated at
37�C in a humidified atmosphere of 5% CO2. After 48 h, nonadherent
splenocytes were collected, and an ELISpot assay was performed us-
ing the Mouse IFN-gamma Development Module (R&D Systems,
Minneapolis, MN, USA) and the ELISpot Blue Color Module (R&D
Systems, Minneapolis, MN, USA). The numbers of IFN-gamma-
secreting cells were subsequently counted.

Flow cytometry analysis of the tumors and lungs

Tumors were collected from the mice and minced into fine pieces in a
digestion buffer containing 2% FBS and 2.5 mg/mL collagenase A
(Roche, Basel, Switzerland). The samples were incubated in the diges-
tion buffer at 37�C for 1 hwith a shaker,filtered through a 70-mmfilter,
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and washed twice with PBS. The lungs were collected from the mice
and minced into fine pieces in a digestion buffer containing 2% FBS
and 1.5mg/mL collagenase B (Roche, Basel, Switzerland). The samples
were incubated in the digestion buffer at 37�C for 45minwith a shaker,
filtered through a 70-mm filter, hemolyzed in hemolysis buffer (Im-
muno-Biological Laboratories), and washed twice with PBS. The
collected cells were stained with the following fluorescent labeled an-
tibodies: CD45 (Clone: 30-F11, 103134, Biolegend, San Diego, CA,
USA), CD11b (Clone: M1/70, 101216, Biolegend), Ly6G (Clone:
1A8, 127614, Biolegend), and FAS (Clone: Jo2, eBioscience, SanDiego,
CA, USA). All flow cytometry was performed on a BD FACSCanto II
(Becton Dickinson, USA), and the analyses were performed using
FlowJo software (FlowJo, Ashland, OR, USA).
Anti-Ly6G antibodies and CXCL2 plasmid DNA in combination

with HVJ-E 4T1 tumor model mouse treatment

For the neutrophil-blocking experiment, 4T1 tumor-bearing mice
were pretreated with an intraperitoneal injection of Ultra-LEAF Pu-
rified anti-mouse Ly-6G antibodies (100 mg in 50 mL of PBS, 1A8,
127649, Biolegend) or IgG from rat serum (100 mg in 50 mL of PBS,
14131, Sigma-Aldrich, Japan) six times 24 h before being IT injected
with CXCL2 plasmid DNA (200 mg in 50 mL of PBS), HVJ-E (1,000
HAU in 50 mL of PBS), CXCL2 in combination with HVJ-E
(200 mg and 1,000 HAU in 50 mL of PBS), or PBS (50 mL) once, fol-
lowed by five additional treatments of HVJ-E (1,000 HAU in 50 mL of
PBS) or PBS (50 mL) treatment. After the final injection, the tumor
size was measured every 2 days.
CTL activation experiment by MTS assays

Cell viability was determined using the Cell Titer 96 Aqueous One So-
lution Cell Proliferation Assay kit (Promega, WI, USA). Briefly, after
treatment, CD8+ T cells were isolated from all the treated mice sple-
nocytes using the Mojo Sort mouse CD8 T cell Isolation Kit (480035,
Biolegend) following the manufacturer’s protocol. The isolated CD8+

T cells (5 � 104 cells in 50 mL of culture medium/well) were co-
cultured with 4T1 cells at a ratio of 50:1 and incubated at 37�C in a
humidified atmosphere of 5% CO2. After 24 h, 20 mL of Cell Titer
96 Aqueous One Solution reagent was added to each well, and the
plates were incubated at 37�C in 5% CO2 for 2 h. After transferring
100 mL of incubationmedium from each well into a new 96-well plate,
the absorbance was measured at 490 nm.
Immunostaining of immune cells in 4T1 lung tissues

After the 4T1 cancer cell mouse model was treated with CXCL2
plasmid DNA (pDNA) in combination with HVJ-E treatment,
HVJ-E treatment, CXCL2 pDNA treatment, or PBS treatment for
3 weeks, lung sections were fixed with 4% paraformaldehyde solution
and blocked with 5% BSA. The sections were stained with Ultra-LEAF
Purified anti-mouse Ly-6G antibodies (1A8, 127649, Biolegend). The
secondary antibodies included an Alexa Fluor 488-conjugated rabbit
anti-rat IgG (Life Technologies, Carlsbad, CA, USA). The sections
were mounted in Vectashield mounting medium (Vector Labora-
tories, Burlingame, CA, USA) and imaged with a confocal laser
184 Molecular Therapy: Oncolytics Vol. 20 March 2021
scanning microscope (LSM880 with Airyscan, Zeiss, Jena, Germany)
equipped with the ZEN software program.

Luciferase assay

A luciferase assay was performed after 1 week of treatment. The lungs
were harvested from 4T1 tumor-bearing mice and minced into fine
pieces in a digestion buffer containing 2% FBS and 1.5 mg/mL colla-
genase B (Roche, Basel, Switzerland). The samples were incubated in
the digestion buffer at 37�C for 45 min with a shaker, filtered through
a 70-mm filter, hemolyzed in hemolysis buffer (Immuno-Biological
Laboratories), and washed twice with PBS. The collected cells were
analyzed with a Luciferase Assay System (Promega, Fitchburg, WI,
USA) following the manufacturer’s protocol. A 96-well Mithras LB
940 Multimode Microplate Reader (Berthold Technologies, Bad
Wildbad, Germany) was used to measure the result with a lumines-
cence program.

Anti-PD-1 antibodies and CXCL2 plasmid DNA in combination

with HVJ-E 4T1 tumor model mouse treatment

A total of 5� 105 viable 4T1 breast cancer cells (in 50 mL of PBS) were
intradermally injected into the right fourthmammary gland of BALB/
c mice. Tumor-bearing mice were treated with an intraperitoneal in-
jection of InVivoPlus anti-mouse PD-1 (CD279) (250 mg in 50 mL of
PBS, RMP1-14, BP0146, BioXcell), IgG from rat serum (250 mg in
50 mL of PBS, 14131, Sigma-Aldrich, Japan), or PBS (50 mL) and IT
injected with C/H or PBS (50 mL), followed by treatments of HVJ-E
(1,000 HAU in 50 mL of PBS) or PBS (50 mL). The tumor volume
was measured every 2 days.

Anti-Ly6Gantibodyneutralization of neutrophils inC/Hplus anti-

PD-1 antibody treatment

A total of 1� 106 viable 4T1 breast cancer cells (in 50 mL of PBS) were
intradermally injected into the right fourthmammary gland of BALB/
c mice. Tumor-bearing mice were pretreated with an intraperitoneal
injection of Ultra-LEAF Purified anti-mouse Ly-6G antibodies
(100 mg in 50 mL of PBS, 1A8, 127649, Biolegend), IgG from rat serum
(100 mg in 50 mL of PBS, 14131, Sigma-Aldrich, Japan), or PBS (50 mL)
24 h before tumor treatment. Then, the mice were treated with an
intraperitoneal injection of InVivoPlus anti-mouse PD-1 (CD279)
(250 mg in 50 mL of PBS, RMP1-14, BP0146, BioXcell), control IgG
from rat serum (250 mg in 50 mL of PBS, 14131, Sigma-Aldrich,
Japan), or PBS (50 mL) and one IT injection of C/H, followed by
HVJ-E (200 mg and 1,000 HAU in 50 mL of PBS) or PBS (50 mL), fol-
lowed by treatments of HVJ-E (1,000 HAU in 50 mL of PBS) or
PBS (50 mL) treatment. The tumor volume was measured every
2 days.

Statistical analysis

The results are shown as the mean ± SD. The statistical analysis
was performed using Prism GraphPad 9.0 and Microsoft office
Excel. Differences between two groups were evaluated by two-tailed
Student’s t tests, multiple groups were compared with one-way
analysis of variance (ANOVA), and tumor volume groups were as-
sessed by the Tukey-Kramer test. Results were considered
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statistically significant when *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
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