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Oncolytic adenoviruses (OAds) are alternative immune thera-
peutic strategies for tumors. However, liver uptake and anti-
body neutralization are two major barriers for systemic deliv-
ery during the treatment of tumor metastasis. Mesenchymal
stem cells (MSCs) have emerged as potential vehicles to
improve delivery. In this study, we loaded umbilical-cord-
derived MSCs (UC-MSCs) with OAds expressing decorin
(rAd.DCN) or without foreign genes (rAd.Null) to treat breast
cancer lung metastasis. In vivo, rAd.Null, MSCs.Null, and
rAd.DCN exhibited antitumor effects compared with other
groups in a mouse model. Unexpectedly, MSCs.Null showed
much greater antitumor responses than MSCs.DCN, including
improved survival and reduced tumor burden. Compared with
rAd.Null, both MSCs.Null and MSCs.DCN could improve the
viral spread and distribution in metastatic tumor lesions in
the lung. MSCs.DCN produced much more decorin in lungs
than rAd.DCN; however, rAd.DCN reduced the downstream
target genes of decorin much more strongly than MSCs.DCN,
which was consistent with in vitro findings. In addition,
rAd.DCN, MSCs.Null, and MSCs.DCN could reduce The cyto-
kine levels in the lung. In conclusion, MSCs improved oncolytic
adenoviral delivery and spread in tumor tissues and enhanced
therapeutic effects. However, MSCs.DCN reduced OAd-evoked
antitumor responses, possibly via a contact-dependent mecha-
nism.

INTRODUCTION

Breast cancer was the most common tumor and the leading cause of
cancer death among females worldwide in 2018." It has been demon-
strated that distal metastasis is a pivotal and fatal step in the progres-
sion of various solid malignancies, including breast cancer.>” The
bones and lungs are favorite target organs of breast cancer distal
metastasis. Bone and lung metastatic lesions could be detected in
30%-60% and 21%-32% of the population of breast cancer patients
with metastases, respectively.* ® Although a variety of methods are
available for treating breast cancer lung metastasis, such as chemo-
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therapy, radiotherapy, and targeted therapy, the median survival is
still low, and it is estimated that approximately 60%-70% of patients
who die of breast cancer have lung metastatic lesions.”® Therefore, the
development of a novel and more effective approach to treat breast
cancer lung metastasis is an urgent need.

Decorin, a natural inhibitor of transforming growth factor  (TGF-p)
signaling, can negatively target several tumor-growth- and metas-
tasis-associated signaling pathways. For example, it can suppress
Met and vascular endothelial growth factor A (VEGFA) to disrupt
the angiogenic network.”'* Moreover, decorin can improve the anti-
tumor microenvironment by regulating inflammatory responses.'” In
recent years, our group has focused on oncolytic adenoviral therapy
for distal metastasis of breast cancer and found that the oncolytic
adenovirus encoding decorin, rAd.DCN, could significantly inhibit
tumor growth and metastasis by suppressing Met, VEGF, and the
wnt/B-catenin signaling pathway, as well as by activating antitumor
immune responses.'*'>

Mesenchymal stem cells (MSCs) can not only home to injured tissues
and repair them by secreting various bioactivators but can also be re-
cruited to the tumor site.'°2° Therefore, MSCs have emerged as
promising vehicles for therapeutic cytokine gene delivery in cancer
therapy.'”*' ">’ However, some studies also indicate that MSCs can
migrate toward primary tumors and metastatic sites, promoting tu-
mor progression by inhibiting the activities of immune cells.****

Received 8 July 2021; accepted 27 January 2022;
https://doi.org/10.1016/j.0mt0.2022.01.007.

“These authors contributed equally

Correspondence: Hua Wang, MD, Department of Experimental Haematology,
Beijing Institute of Radiation Medicine, 27 Taiping Road, Beijing 100850, P.R.
China.

E-mail: 18511712135@163.com; wanghua@bmi.ac.cn

Correspondence: Yuefeng Yang, MD, Department of Experimental Medical Sci-
ence, HwaMei Hospital, University of Chinese Academy of Sciences, Ningbo
315000, Zhejiang Province, P.R. China.

E-mail: yuefengyang1981@163.com

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.omto.2022.01.007
mailto:18511712135@163.com
mailto:wanghua@bmi.ac.cn
mailto:yuefengyang1981@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2022.01.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

www.moleculartherapy.org

Survival

A B Tumor number

survival(%)
b
|

— MSCsNul

] 515 20 25
Days after 4T1 inoculation
C
L]
Buffer Buffer
A
e m
rAd-Null rAd-Null
L] ]
g Eany
MSCs-Null MSCs-Null

Figure 1. Therapeutic evaluation of oncolytic adenovirus rAd.Null-loaded
mesenchymal stem cells in a breast cancer lung metastasis model

(A) The overall survival of mice. (B) On day 24, mice were euthanized, and the
number of tumor metastatic lesions on the surface of lung was counted. (C)
Representative images of hematoxylin and eosin (H&E) staining (scale bars:
1,000 um). (D) The distribution of oncolytic adenoviruses was detected by immu-
nohistochemistry using mouse anti-human adenovirus antibody, and representative
images are shown (scale bars: 100 um). Data in (B) are the mean + SEM. *p < 0.05
versus the corresponding group.

In this study, we will evaluate the therapeutic responses of
MSCs.DCN and MSCs.Null oncolytic adenovirus-loaded umbilical-
cord-derived MSCs (UC-MSCs) in a breast cancer lung metastatic
model.

RESULTS

Oncolytic adenoviruses could slightly replicate in UC-MSCs,

lyse MSCs, and release viruses

To detect the replication of virus in UC-MSCs, 50% tissue culture
infective dose (TCID50) was used to measure the viral titer of
rAd.DCN collected from infected UC-MSCs. Replication of oncolytic
adenoviruses, rAd.Null and rAd.DCN, was controlled by the TERT
promoter. Here, we confirmed that oncolytic adenoviruses could
slightly replicate in UC-MSCs and finally lyse MSCs and release vi-
ruses, and the viral titer increased with increasing time and the orig-

inal infection titer (see also Figure S1). Therefore, UC-MSCs might be
an ideal vehicle to deliver oncolytic adenovirus.

rAd.Null and rAd.DCN infection induces no changes in the
immune phenotype of MSCs

The phenotype of MSCs infected with rAd.Null or rAd.DCN was
analyzed by flow cytometry after staining with specific antibodies.
The results showed that MSCs had characteristics of an immune
phenotype, including the negative markers CD34 and human leuko-
cyte antigen-DR (HLA-DR) and the positive markers CD73, CD90,
and CD105, and oncolytic adenovirus infection did not change the
immune phenotype of MSCs (see also Figure S2).

rAd.Null and rAd.DCN infection induces cytotoxic effects in
breast cancer cells

Three cultured breast cancer cell lines, human MCF-7, MDA-MB-
231, and murine 4T1, were infected with different titers of rAd.Null
and rAd.DCN for 7 days, and crystal violet staining was performed
to evaluate cytotoxic effects. The results demonstrated that human
MCEF-7, MDA-MB-231, and murine 4T1 cells were susceptible to
killing by rAd.Null or rAd.DCN, and the killing efficiency was
enhanced by increasing the virus infection titer. The cytotoxic effects
were more robust in human MCF-7 and MDA-MB-231 cells than in
4T1 cells, and the cytotoxic effects were not significantly different be-
tween rAd.Null and rAd.DCN infection (see also Figure S3).

MSCs loaded with oncolytic adenovirus rAd.Null (MSCs.Null)
could produce better antitumor effects than rAd.Null in a lung
metastatic model

In this study, we used UC-MSCs as carriers to systemically deliver the
oncolytic adenovirus rAd.Null in a mouse breast cancer lung metas-
tasis model. We found that both MSCs.Null and rAd.Null improved
the survival of 4T'1-bearing mice; however, much more impressive re-
sponses could be observed in the MSCs.Null-treated group (Fig-
ure 1A). Importantly, hematoxylin and eosin (H&E) staining showed
that both the MSCs.Null and rAd.Null groups had significantly fewer
metastatic lesions in the lung than the buffer group (Figures 1B and
1C).

Moreover, the distribution of oncolytic adenoviruses in the lung was
analyzed by immunohistochemistry. The results indicated that
obvious oncolytic adenoviruses could be detected in tumor sites after
treatment with MSCs.Null and rAd.Null. Compared with rAd.Null,
MSCs.Null could enhance the load of oncolytic adenovirus in tumor
tissues, suggesting that MSCs could target tumor tissues and deliver
oncolytic adenoviruses effectively (Figure 1D). We also found rAd.-
Null could penetrate into the tumor tissues, while MSCs.Null could
just reach the tumor periphery. In addition, the uptake of oncolytic
adenoviruses in the liver was analyzed by immunohistochemistry.
The results indicated that, compared with rAd.Null, MSCs.Null could
significantly reduce the distribution of oncolytic adenovirus in the
liver (see also Figure S4). Overall, MSCs might be an ideal vehicle
to deliver oncolytic adenovirus.
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Figure 2. MSCs.Null and rAd.Null enhanced
antitumor responses in peripheral blood
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(A) The CD4*CD44M9"CD62L* memory T cells were
analyzed by flow cytometry on days 14 and 19. (B) The
statistical results of flow cytometry detection. (C) The
protein concentrations of mouse interleukin-6 (IL-6), TNF-
a, and IFN-y were measured using the CBA Mouse Flex
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MSCs.Null and rAd.Null evoked obvious antitumor responses in
peripheral blood

To evaluate the activation of antitumor immune responses, we
analyzed the immune phenotypes of T lymphocytes and cytokine
levels in peripheral blood by flow cytometry. On day 14, rAd.Null
could increase the percentage of CD44"CD62L" memory T cells
among CD4" T lymphocytes, which might be attributed to the abil-
ity of rAd.Null to induce an anti-virus response. On day 19, both
rAd.Null and MSCs.Null treatments improved the percentage of
memory T cells, suggesting the activation of antitumor responses
induced by rAd.Null or MSCs.Null (Figures 2A and 2B). Moreover,
both rAd.Null and MSCs.Null treatments effectively promoted the
expression and secretion of Th1 inflammatory cytokines, such as tu-
mor necrosis factor alpha (TNF-a), interferon y (IFN-v), and inter-
leukin-6 (IL-6) (Figure 2C). These results indicated that rAd.Null
and MSCs.Null could evoke obvious antitumor responses in periph-
eral blood.
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MSCs-Null Decorin, a natural inhibitor of TGF-f, could

also target and inhibit tumor distal metastasis-
related signaling pathways, such as Met, wnt/
B-catenin, and VEGF. In our previous studies,
we have reported that rAd.DCN can inhibit tu-
mor growth and lung metastasis of breast cancer
in both a bone metastatic model and an ortho-
topic model.'*'> Here, in the 4T1 lung metas-
tasis model, we also showed that rAd.DCN
treatment improved the survival of mice and
reduced metastatic lesions in the lung. As
described above, MSCs.Null also evoked
obvious antitumor responses, such as an in-
crease in overall survival and inhibition of tu-
mor dissemination. Interestingly, MSCs.DCN
only slightly improved the survival (Figure 3A).
Compared with MSCs.Null, MSCs.DCN signifi-
cantly increased the number of tumor lesions in
the lung (Figures 3B and 3C).
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MSCs.DCN effectively produces decorin, delivers oncolytic
adenovirus, recruits immune cells, and downregulates the
expression of Th2 cytokines in the lung

The biological effects of MSCs loaded with oncolytic adenovirus in
metastatic tumor sites were analyzed. Compared with intravenous in-
jection of rAd.DCN, MSC-mediated delivery of rAd.DCN
(MSCs.DCN) improved decorin expression in the lung (Figure 4A).
As expected, rAd.DCN significantly reduced CTNNBI, a pivotal
molecule of B-catenin signaling, and VEGFA in the lung. However,
MSCs.DCN only slightly downregulated VEGFA expression. More-
over, both MSCs.DCN and MSCs.Null treatments improved Met
expression (Figure 4A). These results suggested that oncolytic adeno-
viruses delivered by MSCs significantly blocked the inhibitory effects
of decorin on the Met and wnt/B-catenin signaling pathways.
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Aggregation of lymphocytes in tumor lesions is crucial for evoking
effective antitumor immune responses. Immunohistochemical
analysis indicated that rAd.DCN, MSCs.Null, and MSCs.DCN
significantly increased the recruitment of CD3" T lymphocytes
(Figure 4B, middle panel) and CD68" macrophages (Figure 4B,
right panel) in the tumor microenvironment.

Furthermore, both MSCs.DCN and MSCs.Null obviously in-
hibited the expression of Th2 cytokines, such as TGF-f, IL-6,
and IL-10, consistent with our previous reports showing that
intravenous administration of rAd.DCN could reduce the expres-
sion of Th2 cytokines. These findings indicated that MSC-medi-
ated delivery of oncolytic adenovirus could improve the tumor
microenvironment. However, MSCs.Null inhibited TGF-B and
IL-10 expression much more strongly than MSCs.DCN in the
lung (Figure 4C).

MSCs.DCN inhibits the activation of antitumor immune
responses via various mechanisms in peripheral blood

Then, the immune phenotypes of T lymphocytes in peripheral blood
were analyzed. Our data showed that rAd.DCN slightly downregu-
lated the percentage of CD25"FoxP3" regulatory T cells (Treg cells),
while MSCs.DCN and MSCs.Null treatments increased Treg cells
(Figure 5A). Moreover, rAd.DCN treatment could upregulate T
memory cells in peripheral blood, but MSCs.DCN treatment slightly
reduced the percentage of these cells (Figure 5A). These results
implied that MSCs might inhibit antitumor immune responses in pe-
ripheral blood.

Figure 3. Therapeutic evaluation of oncolytic
adenovirus rAd.DCN-loaded mesenchymal stem
cells in a breast cancer lung metastasis model

(A) Overall survival of mice. (B) On day 24, mice were
euthanized and the number of tumor metastatic lesions on
the surface of lung was counted. (C) The tumor size was
observed by histopathological analysis, and the repre-
sentative images of H&E staining are shown (scale bars:
left panel1,000 um;right panel 100 pm). Data in (B) are the
mean = SEM. *p < 0.05 versus the corresponding group.
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We also analyzed the expression of cytokines
in peripheral blood by flow cytometry. The
results showed that rAd.DCN treatment effec-
tively improved the expression of Thl cyto-
kines (Figure 5B), such as IL-2, IL-9, and IL-
12, as well as the Th2 cytokine IL-10. In
contrast, compared with rAd.DCN treatment,
MSC-mediated delivery of oncolytic adenovi-
ruses, especially MSCs.DCN, could not only
suppress the levels of Thl cytokines (Fig-
ure 5B) but also significantly increased the
levels of Th2 cytokines (Figure 5C). Our find-
ings suggested that, in peripheral blood, MSCs
played a negative role in activating antitumor immune responses,
and overexpression of decorin in MSCs could enhance these inhib-
itory effects.

MSCs.Null

MSCs.DCN

MSCs.DCN promotes the migration of 4T1 cells by upregulating
Met, B-catenin, and VEGF signaling

To explore the mechanisms under failure of MSCs.DCN in the treat-
ment of the 4T1 lung metastasis mouse model, we cocultured 4T1
cells with oncolytic-adenovirus-loaded MSC or MSC lysates and de-
tected the expression of decorin and its target genes. Surprisingly, we
observed that these two different coculture methods caused
completely contrary results. The MSCs.DCN lysate significantly
downregulated the expression of Met, CTNNBI1, and VEGFA
compared with the MSCs.Null lysate, which might be due to the
high concentration of decorin protein in the lysate (Figure 6A). How-
ever, compared with the treatment with cocultured MSCs.Null,
MSCs.DCN clearly increased the expression of Met, CTNNBI, and
VEGFA (Figure 6B). Therefore, we hypothesized that the activation
of some cell-contact-dependent signaling mechanisms might be
attributed to unexpected inhibitory effects of MSCs.DCN on tumor
growth and metastasis.

DISCUSSION

Oncolytic viruses have become an alternative immune therapy
for tumors. Oncolytic viruses can not only directly lyse tumor
cells via viral replication but also activate antitumor immune re-
sponses by releasing a large amount of tumor antigens and regu-
lating the tumor microenvironment. Talimogene laherparepvec
(T-Vec), an oncolytic herpes simplex virus type 1 expressing
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granulocyte-macrophage colony stimulating factor (GM-CSF),
was approved by the USA Food and Drug Administration
(FDA) for treating advanced melanoma in 2015.2%” In recent
years, our group has focused on the application of TGEF-
B-signaling-targeted oncolytic adenoviruses, such as oncolytic
adenovirus overexpressing soluble TGF-B receptor II-Fc fusion
protein (sTGFbRIIFc) or decorin,'*'>**%° to treat distal tumor
metastasis. The ideal mode of oncolytic viral delivery to reach
the distal tumor metastasis area is systemic administration via
vein injection. However, liver uptake and immune neutralization
are two major barriers to utilizing Ad5-based oncolytic adenovi-
ruses in vivo.”’*> Some studies, including our group’s former
research, have reported that modification of the hexon gene of
Ad5 can reduce liver uptake and neutralize the immune sys-
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Figure 4. MSCs.DCN effectively produces decorin,
delivers oncolytic adenovirus, recruits immune
cells, and downregulates the expression of Th2
cytokines in the lung

(A) The expression levels of human decorin, mouse Met,
mouse CTNNB1, and mouse vascular endothelial growth
factor A (VEGFA) in lung were detected by real-time
reverse-transcriptase polymerase chain reaction (RT-
PCR) on day 24. (B) The lung tissues were processed for
histopathological analysis. The distribution of oncolytic
adenoviruses was detected by immunohistochemistry
using mouse anti-human adenovirus antibody (left panel).
The infiltration of CD3* T lymphocytes (middle panel) and
CD68" macrophages (right panel) was also analyzed by
immunohistochemistry using anti-CD3 and anti-CD68,
respectively. Representative images are shown (scale
bars: 100 um). (C) The expression of Th2 cytokines, such
as transforming growth factor p (TGF-B), IL-6, and IL-10,
in lung was also analyzed by real-time PCR. Data are the
mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001
versus the corresponding group.

tem.>? ™ further

are needed before application to clinical
therapy.

However, improvements

In recent years, MSCs have emerged as effec-
tive carriers for gene delivery in the treatment
of various diseases, including cancer ther-
apy.'”*"*® However, MSCs have multiple bio-
logical functions, and the effect of MSCs on
the growth and metastasis of tumors is
controversial. Some studies have reported
that MSCs can improve antitumor
sponses,””*® and the delivery of oncolytic vi-
ruses by MSCs not only can prevent potential
promotive effects on tumor growth and
metastasis by lysing MSCs but also abate anti-
body neutralization, increase intratumoral
accumulation of oncolytic viruses, and finally
enhance antitumor responses.”” *' Some research has reported
that MSCs can support tumor growth and progression by secreting
growth factors and inhibiting antitumor immune and inflamma-
tory responses.“’43
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Decorin is a member of the small leucine-rich proteoglycan family,
which was initially identified as an inhibitor of the TGF- signaling
pathway.** TGF-B is a pivotal molecule that can regulate the tumor
microenvironment and play a negative role in antitumor responses;
for example, it can suppress the maturation of dendritic cells
(DCs), T helper lymphocytes (Th), and natural killer cells (NK); facil-
itate M2 polarization of macrophage cells; and induce the Th1/Th2
balance toward the Th2 immune phenotype.*> *” We have previously
reported that an oncolytic adenovirus encoding decorin can motivate



www.moleculartherapy.org

A Regulatory T cells (Day 14) Memory T cells (Day 24)
20 15
0 "3
Q Q
T s g
Q o
g g"
10 >
- -
> 4 -4 5
Q05 a
o o
X X
0.0 0
& & S g & & &
< & %(ﬁ‘ N < & %(ﬁ‘ I
< K ‘{.; A\ K
B IL-2 L9 IL-12p70
5. 80 = 5.
4 '_g 4 B3 Buffer
g £ > B8 rAd.DCN
e S 3 B3 MSCs.Null
2 £ = @B MSCs.DCN
a2 Q g2
= 2 5 g
1 a1
[ [\ o ‘
11 18 11 18 1 18
Days after 4T1 cell incubation Days after 4T1 cell incubation Days after 4T1 cell incubation
Cc L4 L5 IL-10
8 - 60
L) —_—
L] E@ Buffer
* L | —
=° = £ EE rAd.DCN
) ) 2 B3 MSCs.Nul
a4 -] = @B MSCs.DCN
0 o
b} ? 50 -
= ] |

»

o

1 18 1 18

Days after 4T1 cell incubation

Days after 4T1 cell incubation

Days after 4T1 cell incubation

Figure 5. Oncolytic adenovirus-loaded MSCs regulate immune activation in peripheral blood
(A) On day 14, EDTA-anticoagulated peripheral blood samples were collected. In addition, CD4+*CD25"FoxP3* regulatory T cells (Treg cells) were labeled and analyzed by

flow cytometry on day 14. The percentage of Treg cells among CD4* T lymphocytes was
were analyzed by flow cytometry on day 24, and the statistical results are shown (right p
mouse IL-9, and mouse IL-12p70, were measured on days 11 and 18 using the mouse Tl

calculated and is presented (left panel). The CD4*CD44™9"CD62L* memory T cells
anel). (B) The protein concentration of Th1 cytokines in sera, including mouse IL-2,
h1/Th2/Th9/Th17/Th22/Treg cell cytokine panel 1 and analyzed by MagPix. (C) The

protein concentration of Th2 cytokines, such as IL-4, IL-5, and IL-10, were measured and analyzed using the same method as described for the Th1 cytokines. Data are the

mean + SEM. *p < 0.05, **p < 0.01, and **p < 0.001 versus the corresponding group.

antitumor immune responses by increasing Th1 cytokines and down-
regulating Th2 cytokines.'**

In this study, we delivered the oncolytic adenovirus rAd.Null
and rAd.DCN by UC-MSCs to treat breast cancer lung metas-
tasis in a mouse model. The experiments were mainly composed
of two parts: evaluating the biological effects of using MSCs as
oncolytic adenovirus carriers and loading decorin in oncolytic
adenoviruses.

In the first part, we found that both naked oncolytic adenoviruses
rAd.Null and MSCs.Null could achieve positive therapeutic effects
by evoking antitumor responses in peripheral blood, including
increasing the percentage of memory T cells and promoting the
expression of inflammatory cytokines, such as TNF-o, IFN-v, and
IL-6. More importantly, in comparison to directly injecting oncolytic
adenoviruses intravenously, MSCs.Null improved the viral quantity

and distribution in tumor tissues on day 24, indicating that MSCs
could be used to load and deliver oncolytic adenovirus. This method
of delivery can overcome the shortcomings of the traditional intratu-
moral injection route, significantly improving infection efficiency and
tumor targeting.

In the second part, we found that oncolytic adenoviruses encoding
decorin (rAd.DCN) delivered by MSCs (MSCs.DCN) exerted
complicated biological effects. MSCs.Null, but not MSCs.DCN,
induced significant antitumor responses by activating tumor im-
mune responses. Although both MSCs.Null and MSCs.DCN
reduced the expression of Th2 cytokines, such as TGF- and IL-
10, MSCs.Null caused a much more impressive downregulation of
TGEF-pB and IL-10 in the lung. These results suggested that the inhib-
itory effects of decorin on Th2 cytokine expression were abolished
when tumor cells contacted MSCs.DCN by activating contact-
dependent mechanisms.
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In addition to immune regulatory function, decorin could also inhibit
tumor growth and metastasis by targeting and blocking pivotal mol-
ecules, such as Met, wnt/B-catenin, and VEGF,”'? which are associ-
ated with cancer metastasis. Some studies have shown that, in meta-
static models of breast cancer or colorectal cancer, oncolytic
adenovirus encoding decorin (rAd.DCN) obviously downregulated
the expression of Met, CTNNBI, and VEGFA.'*'>*° Furthermore,
due to the lysis effect on tumor cells, the oncolytic adenovirus itself
could reduce the expression of Met, CTNNBI, and VEGFA.

Intriguingly, in our in vitro experiment, treatment with lysates from
MSCs.DCN inhibited the expression of Met, CTNNB1, and VEGFA
in 4T1 cells. However, no obvious decrease in Met and CTNNB1 was
detected in 4T1 cells after coculture with MSCs.Null or MSC.DCN.
Moreover, coculture with MSCs.DCN even upregulated their expres-
sion in 4T1 cells. These results were consistent with the regulatory ef-
fect of MSCs.DCN in the tumor immune microenvironment, suggest-
ing that the contact of MSCs.DCN with tumors could cause adverse
effects on antitumor responses.

As described in the materials and methods, the replication of onco-
lytic adenoviruses, rAd.Null and rAd.DCN, was controlled by the
TERT promoter. Our in vitro experiments showed that oncolytic ad-
enoviruses could replicate slightly in umbilical-cord-derived MSCs
and finally lyse MSCs to release viruses (see also Figure S1). In conclu-
sion, MSCs might be an ideal vehicle to deliver the oncolytic adeno-
virus rAd.Null and rAd.DCN-loaded MSCs, and MSCs.Null and
MSC.DCN could improve the delivery efficiency of oncolytic adeno-
viruses. However, MSCs loaded with the oncolytic adenovirus car-
rying DCN could play negative roles in antitumor immune responses,
and the contact of breast cancer cells with MSCs.DCN not only abol-
ished the inhibitory effects of decorin and oncolytic adenoviruses on
Th2 cytokine expression but also reversed the regulatory roles of Met,
CTNNBI, and VEGFA, which are pivotal molecules in tumor-metas-
tasis-associated signaling pathways.

A rather recent report dealing with MSC-mediated intravenous deliv-
ery of oncolytic viral constructs in mice bearing melanoma lung le-
sions obtained some similar results to our research: using MSCs as
carriers to deliver oncolytic viruses can increase the accumulation
and persistence of viruses in the lungs of lesion-bearing mice;** more-
over, this therapy can enhance the therapeutic effect in vivo to some
extent, suggesting that MSCs would be safe and efficient for therapeu-
tic oncolytic viruses. A discrepancy is that IL-15-expressing MYXV
delivered by MSCs can reduce tumor burden and obtain some posi-
tive effects; however, DCN-expressing oncolytic adenoviruses deliv-
ered by MSCs cause adverse effects on antitumor responses, possibly
via a contact-dependent mechanism. This discrepancy may result
from the difference in loaded genes, which play a distinct function
in the regulation of the antitumor response. For instance, the IL-
15-expressing MYXV construct has been reported to dramatically
increase the accumulation of NK cells in tumors. But MSCs.DCN
obviously increased the expression of Met, CTNNBI, and VEGFA
and inhibited the activation of antitumor immune responses via
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various mechanisms in peripheral blood. We hypothesized that the
activation of some cell-contact-dependent signaling mechanisms
might be attributed to the unexpected inhibitory effects of
MSCs.DCN on tumor growth and metastasis.

The interaction between MSCs and oncolytic adenoviruses encoding
some genes is complicated, so further investigations should be con-
ducted to clarify the underlying mechanisms and explore a more
beneficial MSC-mediated oncolytic adenoviral therapy.

MATERIALS AND METHODS

Ethics statement

BALB/c mice were purchased from Beijing Vital River Laboratory
Animal Technology (Beijing, China). Animal experiments were
approved by the Institutional Animal Care and Use Committee of
Laboratory Animal Center (IACUC-DWZX-2020-706).

Cell lines

The mouse breast cancer cell line (4T1) was obtained from American
Type Culture Collection (ATCC) (Manassas, VA, USA). The lentivi-
ral vector encoding luciferase was transduced into 4T1 cells to
generate 4T1-Luc cells. Both 4T1 and 4T1-Luc cells were maintained
in RPMI-1640 (Gibco, Gaithersburg, MD) supplemented with 10%
fetal calf serum (FCS) (HyClone, Logan, UT).

Human umbilical cords were obtained from the Fifth Medical Center
of PLA General Hospital with written informed consent from the
parturient. UC-MSCs were isolated as described previously* and
maintained in o-minimum essential medium (a-MEM) (Gibco, Gai-
thersburg, MD) supplemented with 10% FCS (HyClone, Logan, UT),
and their immune phenotypes (positive for CD73, CD90, and CD105
and negative for CD34, CD45, and HLA-DR) were identified by flow
cytometry. Moreover, multidifferentiation characteristics of MSCs,
including adipocytic and osteogenic differentiation, were also de-
tected (data not shown). Cells were collected at passages 4 to 5 for
the study experiments.

Adenoviruses

Oncolytic adenovirus expressing decorin (rAd.DCN) and control on-
colytic adenovirus (rAd.Null), of which viral replication was
controlled by the telomerase reverse transcriptase (TRET) promoter,
were prepared as described previously.”” The oncolytic adenoviruses
were purified by CsCl density gradient ultracentrifugation. Viral par-
ticle (vp) numbers and viral infectious titers (infectious units [IUs]
per milliliter) were determined by spectrophotometry and the
TCID50, respectively, as previously described.” The infection inten-
sity multiplicity of infection (MOI) was calculated from the infectious
titers.

UC-MSCs were infected with rAd.Null or rAd.DCN at 10 MOI to
generate  oncolytic-adenovirus-loaded MSCs (MSCs.Null or
MSCs.DCN). Three hours after infection, the culture media were dis-
carded, the cells were washed twice with PBS, and fresh culture media
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were added. Twenty-four hours postinfection, the cells were collected
for therapy in animal models.

Analysis of viral replication in MSCs

To detect the replication of oncolytic adenovirus in MSCs, UC-MSCs
were seeded into 6-well plates at a density of 4 x 10 cells per well and
infected with rAd.DCN at different titers (MOI = 0, 5, 10, and 20).
Four hours later, the inoculum was removed, the cells were washed
twice with PBS, fresh medium was added for further incubation
(5% CO2, 37°C), and the cells and supernatant were collected at 2,
5, and 7 days after infection. Then, cells or supernatants were frozen
and thawed three times between 37°C and —80°C to release the virus.
Following centrifugation (10,000 rpm, 5 min), the supernatant was
collected and titrated back to 293 cells (1 x 10* cells per well of a
96-well plate) by serial dilutions. Cytopathic effects (CPEs) were
observed using an inverted microscope (Olympus, Japan) at
10 days after infection. Titers (IU per milliliter) were calculated ac-
cording to the following equation:

virus titres =

relative values vs B -actin

relative values vs  -actin

VEGFA Figure 6. Effects of oncolytic-adenoviruses-loaded
8 MSCs on the expression of metastatic-related
molecules in 4T1 cells in vitro
The 4T1 cells were seeded on MSCs.DCN or MSCs.Null
(A) or their lysates (B) were added to 4T1 cells. After co-
2 culturing or stimulating for 5 days, the mRNA expression
levels of human decorin, mouse Met, mouse CTNNB1,
and VEGFA were analyzed by real-time RT-PCR. Data are
the mean = SEM. ***p < 0.001 versus the corresponding
group.
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PBS, followed by incubation with appropriate antibodies against
CD73-phycoerythrin (PE), CD90-antigen-presenting cell (APC),
CD105-PECY7, CD34-fluorescein isothiocyanate (FITC), and HLA-
DR-FITC (Thermo Fisher Scientific, CA) for 40 min at room temper-
ature. Ultimately, the cells were washed twice with 2 mL PBS,
suspended in 400 puL PBS, and analyzed on a BD FACSCanto II
flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA). Nonin-
fected cells were used as a control, and cells without antibody staining
were used as a blank.

Analysis of cytotoxic effects of rAd.Null and rAd.DCN infection

To detect the cytotoxic effects of oncolytic adenovirus on breast can-
cer cell lines, three cultured breast cancer cell lines (human MCEF-7,
MDA-MB-231, and murine 4T1) were infected with oncolytic adeno-
virus at different titers of rAd.Null (MOI = 20, 10, 1, 0.1, 0.01, and 0)
or rAd.DCN (MOI = 20, 10, 1, 0.1, 0.01, and 0), and the cytotoxic ef-
fects were evaluated by crystal violet staining. Briefly, cells in medium
were seeded into 96-well plates at a density of 1 x 10* cells per well

the number of well occuring CPEs at the highest dilution factor x the dilution factor

volume of the supernatant at this dilution

Flow cytometry analysis of the immune phenotype of MSCs after
infection with oncolytic adenovirus

To detect the immune phenotype change of MSCs caused by onco-
lytic adenovirus infection, cultured MSCs (4 x 10° cells per well of
a 6-well plate) were infected with rAd.Null or rAd.DCN (MOI =
10). Four hours later, the inoculum was removed with fresh medium
or not removed, and the cells were further incubated (5% CO2, 37°C)
for 48 h. Next, the cells were trypsinized and washed twice with 2 mL

and then infected with oncolytic adenovirus at different titers (in
quintuplicate) for 7 days. The cells were then fixed with 1% glutaral-
dehyde for 2 h and stained with 0.1% crystal violet solution (Service-
bio, Wuhan, China) for 1 h at room temperature. Subsequently, the
crystal violet solution was removed, and the cells were washed twice
with distilled water and dried in air. Then, the samples were dissolved
in 1% Triton X-100, and the fluorescent signal (emission = 570 nm)
was measured using a Varioskan Flash plate reader (Thermo Fisher
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Scientific, US). The killing efficiency of a virus was calculated accord-
ing to the following formula:

Killing efficiency 1 — A570nm of virus infected well

volume of the supernatant at this dilution

The data are presented as the means + SD for individual time points.

Establishment of the breast cancer lung metastasis model

To establish a breast cancer lung metastasis model, 2 x 10° 4T1-Luc
cells per 100 pL PBS were injected intravenously into 6- to 8-week-old
female BALB/c mice. Seven days after injection, tumor lung metas-
tasis was confirmed by real-time bioluminescence imaging (BLI)
(see also Figure S5).

Therapy with oncolytic adenovirus and MSCs

First, to assess the therapeutic effects of oncolytic adenovirus
delivered by MSCs, tumor-bearing mice were divided into three
groups without significant differences (n = 12/group). In addition,
2.5 x 10" vps rAd.Null per 100 pL PBS (rAd.Null group), 1.0 x
10° MSCs.Null (MSCs.Null group) per 100 uL PBS, and 100 uL
PBS (buffer group) was administered intravenously for therapy.
The survival of the mice was monitored daily, and the mice
were euthanized to analyze lung metastatic lesions 24 days after
model establishment.

Second, to assess the therapeutic effects of the oncolytic adenovirus
encoding decorin, tumor-bearing mice were divided into four groups
without significant differences (n = 15/group). In addition, 2.5 x 10'°
vps rAA.DCN per 100 uL PBS (rAd.DCN group), 1.0 x 10°
MSCs.Null (MSCs.Null group) or MSCs.DCN (MSCs.DCN group)
per 100 uL PBS, and 100 pL PBS (buffer group) were administered
intravenously for therapy. The survival of mice was monitored daily,
and the mice were euthanized to analyze lung metastatic lesions
24 days after model establishment.

Histopathological analysis and immunohistochemistry

On day 24, mice from each group were euthanized. The lungs and
livers were harvested, and the tumor metastatic lesions in the lung
were counted. Then, the lung tissues were processed and stained
with H&E. Moreover, the distribution of oncolytic adenoviruses in
the lung was analyzed by immunohistochemistry using a mouse
anti-adenovirus antibody (Abcam, Cambridge, MA) and a goat
anti-human decorin antibody (R&D Systems, Minneapolis, MN).
Furthermore, the infiltration of lymphocytes, including CD3* T lym-
phocytes and macrophages, was also detected by immunohistochem-
istry using rabbit anti-mouse CD3 (Abcam, Cambridge, MA) and
rabbit anti-mouse CD68 (Servicebio, Wuhan, China), respectively.
Horseradish peroxidase (HRP)-conjugated rabbit anti-goat immuno-
globulin G (IgG) (Servicebio, Wuhan, China) or HRP-conjugated
goat anti-rabbit IgG was used as the secondary antibody (Servicebio,
Wuhan, China).
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Immune phenotypes of T lymphocytes in peripheral blood

On days 14, 19, and 24, EDTA-anticoagulated peripheral blood sam-
ples were collected to analyze subtypes of T lymphocytes, including
Treg cells and memory T cells.

For Treg cells, blood samples were labeled with FITC-conjugated
mouse CD4 antibody and PE-conjugated mouse CD25 antibody
(Thermo Fisher Scientific, CA) for 20 min. After lysis in 1x red blood
cell (RBC) lysis buffer, fixation and permeabilization procedures were
conducted. Then, the cells were labeled with APC-conjugated mouse
Foxp3 antibody and analyzed by flow cytometry.

For memory T cells, blood samples were stained with APC-conju-
gated rat anti-mouse CD44 antibody (APC-CD44), FITC-conjugated
rat anti-mouse CD4 antibody (FITC-CD4), PE-conjugated rat
anti-mouse CD62L antibody (PE-CD62L), and PerCP-Cyanine5.5-
conjugated rat anti-mouse CD3e antibody (PerCP-Cy5.5-CD3e; Pe-
proTech, Rocky Hill, NJ). The percentages of memory T cells were de-
tected by flow cytometry after RBC lysis.

Inflammatory cytokine levels in peripheral blood

On days 10 and 17, peripheral blood samples were treated as
described previously. The concentrations of IL-6, IFN-y, and TNE-
o were measured using a CBA Mouse Flex Set for IL-6, IFN-vy, and
TNF-a. (BD Biosciences). Briefly, 50 pL of the mixed capture beads
and 50 pL of serum were incubated for 1 h at room temperature,
and after adding 50 pL of the mixed PE detection reagent to the
mixture, it was incubated for 2 h at room temperature. The beads
were then washed with wash buffer and analyzed with FACSCalibur
(BD Biosciences). The CBA data were analyzed with FlowJo software
version 10.

On days 10, 14, 17, 18, and 21, peripheral blood samples were
collected from each group. The sera were collected by centrifugation
after incubation at 37°C for 30 min and at 4°C for 60 min. The protein
concentrations of mouse IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL12p70
(IL-12p70), TNF-a, and IFN-y were measured using the mouse
Th1/Th2/Th9/Th17/Th22/Treg cell cytokine panel 1 (17 plex;
Thermo Fisher Scientific, CA) and analyzed by Multi Sciences (Hang-
zhou, China).

Analysis of decorin and its target genes and Th2 cytokine
expression in lung tissues

On day 24, the mice were euthanized and the lungs were removed.
Total RNA was isolated, and complementary cDNA was synthesized.
The mRNA expression of decorin, decorin target genes (Met,
CTNNBI, and VEGFA), and Th2 cytokines (TGF-f, IL-6, and IL-
10) was analyzed by real-time RT-PCR.

Analysis of decorin and its target gene expression in vitro

Oncolytic-adenovirus-loaded MSCs, MSCs.DCN and MSCs.Null,
were generated by transducing UC-MSCs with 10 MOI rAd.DCN
and rAd.Null, respectively. Lysates of MSCs.DCN and MSCs.Null
were prepared by repeated freezing and thawing three times. The
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Table 1. Real-time RT-PCR primers
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Gene Direction Sequence (5'-3')

forward AGGCCAACCGTGAAAAGATG
Actin-mouse

reverse TGGCGTGAGGGAGAGCATAG

forward GGGATAGGCCCAGAAGTT
Decorin-human

reverse TGGCATTGACAGCGGAAG

forward CCGTAGACTCTGGGTTGC
Met-mouse

reverse ATCTGGCTTGCTTTGTGC

forward GGGTGCTATTCCACGACT
CTNNBI1-mouse

reverse CCCTTCTACTATCTCCTCCAT

forward CTGCCGTCCGATTGAGACC
VEGFA-mouse

reverse CCCCTCCTTGTACCACTGTC

forward CTCCCGTGGCTTCTAGTGC
TGEF-B-mouse

reverse GCCTTAGTTTGGACAGGATCTG

forward GCTACCTGGAGTACATGAAGAACA
IL-6-mouse

reverse GGTCCTTAGCCACTCCTTCTG

forward AGTGGTATAGACAGGTCTGTTGG

IL-10-mouse

reverse GCAGCTCTAGGAGCATGTGG

4T1 cells were seeded at a density of 1.5 x 10> cells per well per
mL media and then cocultured with MSC lysates from 3 x 10°
MSCs.Null and MSCs.DCN or cocultured with 3 x 10> MSCs.Null
and MSCs.DCN cells. After coculture for 5 days, the cells were
collected and total RNA was extracted. After cDNA was synthe-
sized, the mRNA expression levels of human decorin, mouse
Met, mouse CTNNBI, and VEGFA were analyzed by real-time
RT-PCR.

Real-time RT-PCR

The mRNA expression of various genes was quantified using 2 x Real-
Star Green Fast Mixture with ROX II (Genstar, China) on a 7500 Fast
Real-Time PCR System (Applied Biosystems S/Life Technologies,
Foster City, CA). The relative expression level was calculated by
272€T using mouse B-actin as a control. The primers used are listed

in Table 1.

Statistical analysis

All data were analyzed using GraphPad Prism software v.5 (Graph-
Pad Software, San Diego, CA) and expressed as the mean + standard
error of the mean. Longitudinal data (cytokine levels in sera) were
analyzed using two-way repeated-measures ANOVA followed by
Bonferroni post hoc tests. Others were analyzed by one-way
ANOVA followed by Bonferroni post hoc tests. Differences were
considered significant at a two-sided p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.0mt0.2022.01.007.
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