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Targeted Delivery of CXCL9 and OX40L
by Mesenchymal Stem Cells
Elicits Potent Antitumor Immunity
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Major obstacles in immunotherapies include toxicities associ-
ated with systemic administration of therapeutic agents, as
well as low tumor lymphocyte infiltration that hampers the ef-
ficacies. In this study, we report a mesenchymal stem cell
(MSC)-based immunotherapeutic strategy in which MSCs spe-
cifically deliver T/natural killer (NK) cell-targeting chemokine
CXCL9 and immunostimulatory factor OX40 ligand (OX40L)/
tumor necrosis factor superfamily member 4 (TNFSF4) to tu-
mor sites in syngeneic subcutaneous and azoxymethane
(AOM)/dextran sulfate sodium (DSS)-induced spontaneous
colon cancer mouse models. This approach generated potent
local antitumor immunity by increasing the ratios of tumor-
infiltrating CD8+ T and NK cells and production of antitumor
cytokines and cytolytic proteins in the tumor microenviron-
ment. Moreover, it improved the efficacy of programmed
death-1 (PD-1) blockade in a syngeneic mouse model and
significantly suppressed the growth of major histocompatibili-
ty complex class I (MHC class I)-deficient tumors. Our MSC-
based immunotherapeutic strategy simultaneously recruits
and activates immune effector cells at the tumor site, thus over-
coming the problems with toxicities of systemic therapeutic
agents and low lymphocyte infiltration of solid tumors.
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INTRODUCTION
Chimeric antigen receptor (CAR)-modified T cells and immune reg-
ulatory checkpoint blockade are at the forefront of immunotherapy
for cancers of various histological types.1,2 Antibodies targeting
T cell inhibitory receptors programmed death-1 (PD-1) or cytotoxic
T lymphocyte-associated protein 4 (CTLA-4) can result in impressive
tumor control in patients. However, in most cases the therapeutic ef-
ficacy is limited by many obstacles such as low infiltration of immune
effector cells in solid tumors.3,4 Weak tumor expression of T helper 1
(Th1)-type chemokines such as CXCL9 and CXCL10 that mediate
effector T cell and natural killer (NK) cell migration may predict a
poor survival rate and/or clinical response to anti-PD-1/programmed
death-ligand 1 (PD-L1) therapy.4–6 These results suggest that use of
Th1-type chemokines may serve as a potential therapeutic strategy
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to overcome the problems of low lymphocyte infiltration or lympho-
cyte exclusion in many tumors. However, a chemotactic gradient
needs to be established from the tumor to achieve therapeutic effects,
and an increase in the plasma concentration of these chemokines im-
pairs the antitumor effects of other immunotherapies,7 implying that
systemic administration of these chemokines would not be an option.
Moreover, intratumoral administration of agents remains a challenge
in routine clinical practice. Additionally, systemic administration of
high-dose immunomodulatory agents may cause serious side effects;
for example, increasing cases of fatal immune checkpoint inhibitor-
associated myocarditis are being reported.8–10 Therefore, efficient im-
munotherapies specifically targeting tumors are urgently needed.

Mesenchymal stem cells (MSCs) are emerging as promising cellular
vehicles that possess an intrinsic preferential migratory ability toward
a number of different tumor types upon systemic administration.11–13

Their availability frommany different adult tissues, ease of expansion
in culture, the ability to avoid immune rejection, and their tumor-
tropic migratory properties and long lifespan at the site of residence
make MSCs a great resource for cell-based therapy. Commonly
used types of MSCs are bone marrow-derived MSCs (BM-MSCs),
umbilical cord blood-derived MSCs (UCB-MSCs), and adipose tis-
sue-derived MSCs (AT-MSCs). However, the isolation procedures
of BM-MSCs and UCB-MSCs are complex and inefficient. Adipose
tissue is a promising alternative to them, since it contains a much
higher frequency of MSCs, and the tissue is more accessible and easier
to collect.14 As compared to BM-MSCs, AT-MSCs can be cultured for
a longer period in vitro14 and express higher levels of chemokine re-
ceptors, implicating a better migration capacity.15 Additionally,
regarding the source of autologous stem cells for personalized cell-
2020 ª 2020 The American Society of Gene and Cell Therapy. 2553

https://doi.org/10.1016/j.ymthe.2020.08.005
mailto:gao.weiqiang@sjtu.edu.cn
mailto:binma@sjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2020.08.005&domain=pdf


Figure 1. AT-MSCs Selectively Migrate to and Reside

in Tumors

(A) Characterization of AT-MSCs isolated from BALB/c

mice by FACS. (B) CT26 tumors and different organs were

collected 1 week after MSC injection (0.5 � 106 cells/

mouse), and MSC-GFP was detected by immunofluores-

cent staining (GFP, green) in tissue sections. Nuclei were

stained with DAPI (blue). Scale bars, 20 mm. (C) Numbers of

CD45�GFP+ MSCs in whole tumors at indicated time

points after MSC injection were measured (n = 3).
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based therapy, AT-MSCs bear minimal risk to the donor and no
ethical concerns.

By utilizing the tumor-homing ability of MSCs, we hypothesize that
targeted delivery of a Th1-type chemokine such as CXCL9 and an im-
munostimulatory factor such as OX40 ligand (OX40L)/tumor necrosis
factor superfamilymember 4 (TNFSF4)16 byMSCs can simultaneously
recruit effector T and NK cells to the tumor microenvironment and
activate them, which generates a more localized and sustained immune
response against tumor cells. In the current study, we address the po-
tentials of AT-MSCs to serve as vehicles of chemokines and immunos-
timulatory factors to treat colorectal cancer in mouse models.

RESULTS
Specific Migration and Homing of AT-MSCs to Tumor Sites in a

Syngeneic Model

To test whether AT-MSCs can serve as an ideal vehicle for delivery of
therapeutic molecules to tumor sites, we first isolated and character-
ized mouse AT-MSCs. These cells expressed MSC-specific markers,
including CD29, CD44, CD90, and Sca-1, but they lacked myeloid
cell marker CD11b, endothelial cell marker CD31, hematopoietic or
endothelial progenitor cell marker CD34, or leukocyte marker
2554 Molecular Therapy Vol. 28 No 12 December 2020
CD45 (Figure 1A; Figure S1A), indicating a
high purity of the AT-MSCs. The ability of the
isolated MSCs to undergo osteogenic differentia-
tion was also verified (Figure S1B). MSCs of
BALB/c mice origin were transduced to stably
express GFP by lentiviruses, and an injection of
0.5 � 106 GFP-labeled MSCs was given to the
BALB/c mice bearing subcutaneous CT26 tu-
mors systemically via the tail vein. One week af-
ter MSC injection, tumors and other organs were
retrieved and processed for GFP expression by
immunostaining tissue sections. GFP+ cells
were enriched in the subcutaneous CT26 tumor,
but not other organs, including the kidney,
spleen, and liver (Figure 1B). GFP+ MSCs re-
mained detectable in the tumors 2 weeks after
intravenous (i.v.) injection, although there was
a gradual decrease in cell numbers (Figure 1C).
To test the tumorigenicity of MSCs, different
doses of AT-MSCs of BALB/c origin were in-
jected subcutaneously to BALB/c mice. No palpable tumors
were observed for a period of 60 days in mice injected with up to
5 � 106 MSCs (Figure S1C). These results reveal that systemically
administered AT-MSCs are able to specifically migrate to and reside
in tumors without affecting normal organs, supporting their potential
as a safe and efficient drug vehicle to target tumors.

Delivery of CXCL9 and OX40L by AT-MSCs Leads to Tumor

Regression

Tumor lymphocyte infiltration is a crucial factor determining the
outcome of immunotherapy. Th1-type chemokines such as CXCL9
and CXCL10 were shown to be important for the recruitment of
NK and T cells,5 suggesting a therapeutic potential of these chemo-
kines. To assess the antitumor effects of these chemokines, we gener-
ated CT26 mouse colon cancer cell lines overexpressing CXCL9 and
another chemokine, CCL3, by lentiviral transduction17 (Figure S2A).
Tumor cells overexpressing these chemokines did not show any
change in proliferation in vitro (Figure S2B), while tumor growth
in vivo was suppressed by overexpression of these two chemokines,
with CXCL9 showing a more significant inhibition (Figure S2C).
Fluorescence-activated cell sorting (FACS) analysis of tumor lympho-
cyte infiltration showed that CXCL9 overexpression significantly



Figure 2. Delivery of CXCL9 and OX40L by AT-MSCs Leads to Tumor

Regression

(A and B) CT26 (A) and MC38 (B) tumors were established subcutaneously.

0.5 � 106 MSC-Vec, MSC-C9 (CXCL9), MSC-T4 (OX40L), MSC-C9 � T4 cells, or

PBS was administered by i.v. injection every 4 days for a total of four times. Tumor

growth was recorded over time (n = 6 mice per group).
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increased the number of tumor-infiltrating CD8+ T andNK cells (Fig-
ure S2D). CXCL9 elicited a stronger recruitment of major antitumor
effector cells, including CD8+ T and NK cells, as compared to CCL3,
in agreement with its stronger antitumor effect. These data indicate
that the antitumor effect of CXCL9 may depend on the increased im-
mune effector cells rather than a direct inhibition of tumor cell pro-
liferation. We also found a positive correlation between CXCL9
expression and survival rate in human colorectal cancer patients (Fig-
ure S2E) using the PROGgeneV2-Pan Cancer Prognostics Data-
base,18 which is consistent with a previous study.19 Taken together,
these results support the antitumor potential of CXCL9.

To further stimulate the tumor-resident or the newly recruited anti-
tumor lymphocytes, we sought to use another immunostimulatory
factor in addition to CXCL9 for our therapeutic strategy. After initial
screening of several potential antitumor cytokines from the inter-
leukin (IL) and TNF family, we focused on IL-36b and OX40L/
TNFSF4, two factors recently reported to stimulate T and NK
cell-mediated antitumor responses and that hold great therapeutic
promise.16,20,21 CT26 tumor cells overexpressing IL-36b and
OX40L/TNFSF4 were generated by lentiviral transduction (Fig-
ure S3A). Membrane-bound expression of OX40L was also verified
by flow cytometry (Figure S3B). Overexpression of these factors did
not influence tumor cell proliferation in vitro but showed tumor-sup-
pressive effects in vivo, suggesting that their antitumor functions may
depend on the immune system (Figures S3C and S3D). OX40L
showed stronger inhibitory effects on tumor growth than did IL-
36b. Additionally, considering that OX40 agonists have been reported
to exhibit promising potential in many pre-clinical tumor models,16

we used OX40L together with CXCL9 in the following studies.

Using lentiviral transduction, we generated mouse AT-MSCs overex-
pressing the immunomodulatory factors CXCL9 (MSC-C9), OX40L/
TNFSF4 (MSC-T4), or both (MSC-C9 � T4) or empty vector (MSC-
Vec). Protein expression was first confirmed by western blotting (Fig-
ure S4A). Secretion of CXCL9 and membrane-bound expression of
OX40L were further evaluated by enzyme-linked immunosorbent
assay (ELISA) and flow cytometry, respectively (Figures S4B and
S4C). Production of CXCL9 or OX40L by MSCs overexpressing
both genes was equivalent to that of cells overexpressing either factor
alone. The amount of secreted CXCL9 was always within the range of
4,500–6,500 pg/106 cells after 48-h culture for all experiments as
determined by ELISA (Figure S4B). Consistent with the observation
with wild-type MSCs (Figure S1C), lentivirally transduced MSCs
did not show any tumorigenic ability even after 120 days upon subcu-
taneous inoculation (Figure S4D). BALB/cmice bearing CT26 tumors
or C57BL/6 mice with MC38 tumors received four i.v. injections of
0.5 � 106 engineered MSCs from corresponding strains or PBS.
MSCs carrying CXCL9, OX40L, and both all significantly reduced tu-
mor growth compared to the PBS and MSC-Vec treatments (Figures
2A and 2B). In both tumor models, MSC-C9� T4 treatment resulted
in at least 70% tumor growth inhibition (TGI), which was higher than
MSC-C9 orMSC-T4. During the experiments, we did not observe any
MSC treatment-associated side effects in mice, including body weight
changes, fatigue, and loss of appetite.

To examine the effects of MSC therapy on tumor immunity, we per-
formed FACS analysis of the major immune cells in CT26 and MC38
tumor models treated with engineered MSCs. The percentages of
CD4+ T cells in total live cells were not changed byMSCs overexpress-
ingCXCL9,OX40L, or both (Figure 3A; Figure S5A).As comparedwith
PBS orMSC-Vec controls, the ratios of both CD8+ T andNK cells were
elevated in tumors treated withMSC-C9,MSC-T4, andMSC-C9� T4,
with the MSC-C9 � T4 group exhibiting the highest level. Moreover,
higher proportions ofCD8+T andNKcells were positive for the expres-
sion of the cytolytic enzyme granzymeB (Gzmb) in tumors treatedwith
MSCs overexpressing CXCL9, OX40L, or both, suggesting an enhance-
ment of antitumor capacity by these cells (Figure 3B; Figure S5B). In
general, MSC-C9� T4 therapy showed a higher ability to promote tu-
mor infiltration of CD8+ T and NK cells as well as Gzmb expression in
these cells than didMSC-C9 andMSC-T4 treatments, althoughnot sta-
tistically significant in all cases. Accordingly, quantitative PCR (qPCR)
analysis revealed an upregulation of mRNA expression of other anti-
tumor cytokines, including interferon (IFN)-b1 (Ifnb1), IFN-g (Ifng),
IL-2 (Il2), and IL-15 (Il15) in the MC38 tumors treated with MSCs
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Figure 3. Delivery of CXCL9 and OX40L by AT-MSCs

Shapes CT26 Tumor Immune Microenvironment

(A) Tumor-infiltrating CD4+ T, CD8+ T, and NK cells were

analyzed by flow cytometry 3 days after the last injection of

MSCs in CT26 tumor model (gate on CD45+) (n = 5). (B)

Expression of granzyme B (Gzmb) in CD8+ T and NK cells

was analyzed by flow cytometry (n = 5). *p < 0.05, **p <

0.01. ns, not significant.
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Figure 4. MSC-C9 � T4 Therapy Inhibits AOM/DSS-

Induced Colorectal Tumor Progression

(A) Scheme of AOM/DSS administration and treatment

schedule. 0.5 � 106 MSCs were given for each injection.

(B) Representative images of gross appearance of mouse

colon tumors. Scale bar, 5 mm. (C) Statistics of tumor

numbers in different size ranges (n = 3–4 mice per group).

(D) H&E staining and Ki67 immunohistochemistry of

mouse colons. (E) Statistics of Ki67+ cell numbers on

tissue sections (n = 8). (F) Immunostaining of CD8+ cells

(anti-CD8), NK cells (anti-NKp46), and MSCs (anti-GFP) in

colorectal tumors. Scale bar, 50 mm. (G) Statistics of CD8+

and NK cell ratios (n = 5). *p < 0.05, **p < 0.01, ***p <

0.001. ns, not significant.
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overexpressing immunomodulatory factors (Figure S6). Furthermore,
MSC-C9� T4 also attenuated the presence of immune inhibitorymol-
ecules, including PD-1 and Tim-3 on CD8+ T cells, indicating a less ex-
hausted phenotype (Figure S7). As opposed to the observations in the
tumors, T cells were not significantly affected in the spleens (Figure S8).
Interestingly, therewas a decrease inNK cells in the spleens ofmice that
received MSC-C9� T4 therapy, possibly due to an induced migration
of NK cells from the spleens to tumors. Taken together, these results
indicate that MSC-C9 � T4 treatment triggers a local antitumor im-
mune response mainly through upregulation of both infiltration and
activity of CD8+ T and NK cells.

MSC-C9 � T4 Therapy Suppresses Colitis-Associated Cancer

Progression

It is well accepted that individuals with chronic intestinal inflamma-
tory disease are at high risk for developing colorectal cancer.22,23

We further tested the therapeutic effects of our MSC-based immuno-
therapy in a spontaneous model of colitis-associated cancer.24,25 A
Molecular
mouse colorectal tumor model was established
using azoxymethane (AOM) and dextran sulfate
sodium (DSS) (Figure 4A). MSC therapy started
from the last week of the DSS treatment cycle
when apparent tumors had formed,24,25 in order
to explore the therapeutic rather than prophy-
lactic effects, and a total of six injections of
0.5 � 106 MSCs each were given during a
4-week therapeutic period (Figure 4A). MSC-
C9 � T4 exhibited a drastic inhibition of
colorectal tumor formation, and almost no iden-
tifiable tumors were observed in one of the
treated mice (Figures 4B and 4C). As compared
to the syngeneic models of CT26 or MC38, the
therapeutic effects were more remarkable in this
clinically relevant spontaneous tumor model
with a TGI rate of 80%. In sharp contrast, treat-
ment with a combination of anti-PD-1 and anti-
CTLA-4 antibodies did not show any significant
therapeutic effects in this AOM/DSS-induced
tumor model (Figure S9). Histology and immu-
nohistochemistry also showed that the structure of colonic crypts was
largely preserved, and the dysplastic grade and the number of Ki67+

proliferating epithelial cells (MSC-C9 � T4 versus PBS, p = 0.0011;
MSC-C9 � T4 versus MSC-Vec, p = 0.0285) were both reduced in
treated mice (Figures 4D and 4E). The presence of GFP+ MSCs in
the colorectal tumors was confirmed by immunofluorescence (Fig-
ure 3F). Consistent with previous findings in the subcutaneous tumor
model, MSC-C9 � T4 therapy increased the numbers of CD8+ cells
and NK cells in the spontaneous colorectal tumors (Figures 4F
and 4G).

MSC-C9 � T4 Treatment Enhances the Efficacy of PD-1

Blockade

Since lymphocyte exclusion is one of the most important factors
limiting the response to immune checkpoint blockade and our MSC
therapy was able to efficiently increase T and NK cell numbers in tu-
mors, we next explored whether MSC-C9 � T4 could improve the ef-
ficacy of immune checkpoint blockade. In the CT26 tumor model that
Therapy Vol. 28 No 12 December 2020 2557
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Figure 5. MSC-C9� T4 Treatment Enhances the Efficacy of PD-1 Blockade

(A) Scheme of MSC-C9 � T4 and anti-PD-1 antibody (aPD-1) treatment schedule.

(B) Growth of CT26 tumors following treatments was recorded (n = 7–8 mice per

group). (C) Survival rate of CT26 tumor-bearing BALB/c mice treated with

engineered MSCs and aPD-1. *p < 0.05, **p < 0.01.
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was the least sensitive to MSC therapy (Figures 2 and 4C), we treated
the mice with anti-PD-1 antibody, MSC-C9 � T4, or a combination
of both (Figure 5A). Both anti-PD-1 antibody andMSC-C9� T4 treat-
ment repressed tumor growth (Figure 5B) and improved mouse sur-
vival (anti-PD-1 versus immunoglobulin G [IgG], p = 0.0114; MSC-
C9� T4 versus PBS, p = 0.0131) (Figure 5C). As compared with single
therapies, combination therapy indeed resulted in a significantly higher
tumor regression grade (combination versus anti-PD-1, p = 0.0025;
combination versusMSC-C9� T4, p = 0.0060) and survival rate (com-
bination versus anti-PD-1, p = 0.0300; combination versus MSC-C9�
T4, p = 0.0192) (Figures 5B and 5C), indicating that MSC-C9 � T4
treatment improved the antitumor efficacy of PD-1 blockade.

MSC-C9 � T4 Therapy Restrains the Growth of MHC Class I-

Deficient Tumors

Loss of major histocompatibility complex class I (MHC class I)
expression on the tumor cell surface promotes tumor escape
2558 Molecular Therapy Vol. 28 No 12 December 2020
from adaptive immune system-dependent surveillance or immuno-
therapy.26,27 In this case, the NK cell-mediated innate immune
response seems to be an appropriate way to eliminate the MHC
class I-deficient tumor cells. It was observed that our MSC therapy
stimulated NK cells in the tumors. Therefore, we further sought to
examine whether this treatment could also exhibit antitumor activ-
ity against MHC class I-deficient tumor cells. We generated MHC
class I-deficient MC38 cells using CRISPR-mediated knockout
(KO) of b2-microglobulin (B2m) followed by cell sorting. The con-
trol MC38 cells transduced with single-guide RNA (sgRNA) against
the LacZ gene (sgLacZ) were positive for H-2Kb/H-2Db (MHC
class I), whereas the B2m-KO cells were MHC class I-negative
in vitro even in the presence of IFN-g (Figure S10A) as well as
in vivo (Figure 6A). The proliferation of these two cell lines showed
no difference in vitro (Figure S10B), but the B2m-KO MC38 tu-
mors showed a much higher growth rate in mice than did the con-
trol sgLacZ MC38 tumors (Figure 6B). MSC-C9 � T4 significantly
restrained MHC class I-deficient MC38 tumor growth (Figures 6C
and 6D). Depletion of NK cells by anti-NK1.1 antibody abrogated
the antitumor effect of MSC therapy (Figure 6D), indicating that
NK cells are the downstream effector cells for the MSC-C9 �
T4-mediated immune response against MHC class I-deficient tu-
mors. Surprisingly, depletion of CD8+ cells also eliminated the
therapeutic effect on these MHC class I-deficient tumor cells, which
might be partly due to the outgrowth of the very few MHC class
I-positive cells (Figure 6E) and/or elimination of CD8+ NK cells be-
sides CD8+ T cells upon anti-CD8 antibody treatment. Notably,
mRNA expression of cytolytic enzyme Gzmb and antitumor cyto-
kines, including IFN-b (Ifnb1), IFN-g (Ifng), and IL-15 (Il15), in
the MHC class I-deficient tumors was elevated by MSC-C9 � T4
treatment, but abrogated by anti-CD8 or anti-NK1.1 antibody (Fig-
ure S11), implying that loss of antitumor cytokines might
contribute to the depleting antibody-induced loss of the antitumor
effect. Another antitumor cytokine IL-2 (Il2) was downregulated by
the depleting antibodies, although not influenced by MSC therapy,
while expression of the immunosuppressive cytokine IL-10 (Il10)
did not change in all conditions. These data suggest that the
above-examined antitumor proteins are involved in the antitumor
actions of MSC-C9 � T4 and counteractive effects of CD8 and
NK cell-depleting antibodies.

DISCUSSION
Recent breakthroughs in cancer immunotherapies have dramati-
cally strengthened our fight against cancer. However, the inconsis-
tent responsiveness and limitations of current therapeutic strategies
are leading us to develop more specific and efficacious immuno-
therapies. One major concern is the toxicity associated with
systemic administration of immunotherapeutic agents such as cyto-
kines and antibodies. For example, increasing cases of myocarditis-
caused death in cancer patients treated with immune checkpoint
inhibitors are being reported.9,10 Therefore, targeted delivery of
immunomodulatory agents to tumors may be a potential solution
to solve this problem. By taking advantage of the tumor-homing
ability of MSCs, we demonstrated clearly that specific chemokines



Figure 6. MSC-C9 � T4 Therapy Inhibits the Growth

of MHC Class I-Deficient Tumors

(A) FACS analysis of MHC class I (H-2Kb/H-2Db)

expression on control (sgLacZ) and B2m-KO (sgB2m)

MC38 cells (CD31�CD45�) isolated from subcutaneous

tumors (n = 4). (B) C57BL/6 mice were inoculated withWT

or B2m-KO (MHC class I�) MC38 cells. Tumor growth

was measured over time (n = 4 mice per group). (C)

Scheme of MSC-C9 � T4 and anti-CD8/anti-NK1.1

(aCD8/aNK1.1) depleting antibody treatment. (D)

C57BL/6 mice bearing B2m-KO (MHC class I�) MC38

tumors were treated with MSC-C9 � T4 and aCD8/

aNK1.1 depleting antibody. Tumor growth was recorded

over time (n = 5–7 mice per group). (E) FACS analysis of

MHC class I expression on MC38 cells (CD31�CD45�)
isolated from subcutaneous tumors on day 27 after

treatment (n = 4). *p < 0.05, **p < 0.01, ****p < 0.0001.
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and immunostimulatory factors can be successfully delivered to tu-
mor sites in both syngeneic and spontaneous AOM/DSS-induced
colon cancer mouse models via a systemic route and generated a
potent localized antitumor immune response without affecting
other organs.

Our MSC-based immunotherapy actively inflames tumors with im-
mune effector cells, including T and NK cells, and shows promising
therapeutic effects in colorectal tumors, one of the least immunogenic
cancer types.28 Analysis of tumor samples from patients treated with
immunotherapeutic agents such as checkpoint inhibitors and/or cancer
vaccines in previous studies shows that patients with pre-existing
T cells were more likely to exhibit clinical responses.29,30 This finding
implies that reactivation of T cells or other immune effector cells
already present within the tumor immunemicroenvironment is critical
for better efficacy of many immunotherapies.31 However, many solid
tumors do not show a T cell-inflamed phenotype.28 Tumors may
develop barriers for T cell homing through various mechanisms,
such as reduction of effector cell-recruiting chemokines by oncogenic
pathways or epigenetic silencing, and recruitment of immunosuppres-
sive cells, including MDSCs that in turn inhibit the infiltration of
effector cells.3,4,32 Targeting the oncogenic or epigenetic pathways or
immunosuppressive cells might restore T cell infiltration, but the treat-
ments may be individual patient-dependent and require complicated
molecular diagnosis. In this study, by using chemokine-overexpressing
MSCs, we provide a straightforward strategy to shape the tumor im-
mune microenvironment into the T and NK cell-infiltrated state
regardless of mechanisms responsible for the non-T cell-inflamed
phenotype. The beauty of this method is that it may potentially benefit
a much broader range of cancer patients pursuing immunotherapy.
Molecular
The current study also shows that use of immu-
nostimulatory OX40L further adds up to the
antitumor effects of MSCs overexpressing
chemokine CXCL9. In addition to the more
widely used immune checkpoint inhibitors
such as anti-PD-1/PD-L1 and anti-CTLA-4
antibodies to relieve the immunosuppression, an alternative way to
enhance antitumor activity is the activation of costimulatory recep-
tors, among which one of the most promising targets is the TNF
receptor superfamily member TNFRSF4/OX40.16,33 Several OX40-
stimulating monoclonal antibodies have undergone clinical trials.33,34

The expression of surface-bound immunostimulatory ligands such as
OX40L in MSCs provides more localized and specific effects than us-
ing agonistic antibodies that exert diffusive actions.

Our established MSC system may serve as a versatile platform to
deliver any therapeutic genes. In a recent study, CAR-T cells were en-
gineered to secrete PD-1-blocking single-chain variable fragments
(scFvs) to improve the therapeutic effects.35 MSCs can also serve as
an ideal vehicle for such secreted immune checkpoint blocking scFvs,
which will enhance the antitumor effects of other chemokines and im-
munostimulatory factors. The synergistic effects of cytokines and
agonistic and blocking antibodies have been extensively stud-
ied.16,36,37 By defining the optimal combinations of targets, we will
be able to express selected transgenes in our MSC-based platform
to achieve maximum therapeutic outcomes.

Another striking advantage of our MSC-based therapy is its ability
to suppress the growth of MHC class I-negative tumors that are
notorious for their resistance to adaptive immunity-mediated
treatment such as cancer vaccines and CAR-T cells. Downregula-
tion of membrane MHC class I expression on tumor cells allows
tumor cells to escape from T cell killing.26,27 Strategies such as
IFN-g treatment to increase tumor MHC class I expression would
result in an enhanced T cell response in cancer patients.38 However,
it would be challenging to regain normal antigen presentation by
Therapy Vol. 28 No 12 December 2020 2559
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MHC class I when irreversible genetic aberrations/mutations in
relevant genes such as B2M occur. In this regard, our MSC-
based immunotherapy represents a promising and more direct
strategy to eradicate MHC class I-negative tumors by mobilizing
NK cells and bypassing the MHC class I/T cell-mediated adaptive
immunity.

One major safety issue related to stem cell-based therapy is the
incidence of cell transformation and tumor formation. However,
there has not been enough evidence for the tumorigenicity of
MSCs expanded in vitro. We did not observe any tumor formation
by mouse AT-MSCs upon subcutaneous implantation in syngeneic
mice (Figures S1C and S4D), which is consistent with a previous
report showing that subcutaneous implantation of human
UC-MSCs in immunodeficient mice did not lead to any tumor for-
mation 2 months following implantation.39 When given systemi-
cally via tail veins, AT-MSCs did not show any tumor-promoting
effects in the subcutaneous tumor models (Figures 2A and 2B).
More importantly, based on current clinical trial outcomes, MSC
therapy appears to be safe in the treatment of disease other than
cancer.40,41 With regard to the potential use of MSCs for cancer
treatment, caution needs to be taken, as both inhibiting and pro-
moting effects of AT-MSCs on tumor cell growth and migration
have been reported depending on cancer types,42,43 although the
predominant action of the engineered AT-MSCs might be anti-tu-
mor. Especially in our AOM/DSS-induced spontaneous colorectal
cancer model, AT-MSCs transduced with empty vector showed
moderate but significant tumor-inhibiting effects (Figure 3C).
This might be due to the growth-inhibiting or anti-angiogenic
function of MSCs either through paracrine factors or cell-cell con-
tact,44–46 rather than an immunomodulating effect since neither
CD8+ nor NK cells were affected by MSC-Vec (Figure 3G).
More efforts are warranted in the future to verify the safety of
AT-MSCs before applying them for the treatment of a specific
type of cancer. One potential approach to further guarantee the
safety of stem cell-based therapy in the future is the use of an
inducible suicide system to eliminate the engineered stem cells af-
ter therapy.47

Taken together, in addition to current popular immunotherapies
such as CAR-T cell and checkpoint inhibition, we have established
a versatile and efficacious MSC-based platform combining specific
antitumor chemokines and immunostimulatory factors. This MSC-
based immunotherapy could break the lymphocyte-excluding bar-
rier of tumors and holds great promises for the treatment of a broad
range of cancers, regardless of the tumor lymphocyte infiltration
conditions.

MATERIALS AND METHODS
Cell Lines

CT26 andMC38 cells are murine colon adenocarcinoma cells derived
from BALB/c and C57BL/6 mice, respectively. CT26 and MC38 cells
were cultured in RPMI 1640 and DMEM, respectively, supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
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Cell lines were authenticated by Shanghai Biowing Applied Biotech-
nology using short tandem repeat analysis and routinely tested for
mycoplasma.

MHC class I-deficient tumor cells were generated by CRISPR-medi-
ated KO of B2m. Briefly,MC38 cells were transduced with lentiviruses
expressing Cas9 and two sgRNA sequences targeting B2m (sgB2m #1,
50-ATTTGGATTTCAATGTGAGG-30; #2: 50-ACTCACTCTGGA
TAGCATAC-30). Lentiviral vectors used for Cas9 and sgRNA expres-
sion were lentiCas9-Blast (Addgene plasmid #52962) and lentiGuide-
Puro (Addgene #52963).48 After antibiotic selection, MC38-sgB2m
was stimulated with recombinant mouse IFN-g (BioLegend) for
24 h and then sorted using FACSAria II (BD Bioscience) for three
rounds to enrich H-2Kb/H-2Db (MHC class I)-negative MC38 cells.

Antibodies

The antibodies used for flow cytometry were purchased from BD
Biosciences, BioLegend, or eBioscience. Antibodies used for western
blotting were anti-CCL3 (R&D Systems), anti-CXCL9 (Abcam),
anti-Myc-tag (Cell Signaling Technology), anti-OX40L (Abcam),
and anti-GAPDH (Abcam). Antibodies used for immunofluores-
cence were anti-GFP (Abcam), anti-CD8a (BioLegend), and anti-
NKp46 (CD335) (BioLegend).

The immune checkpoint blocking antibodies anti-PD-1 (clone
RMP1-4) and anti-CTLA-4 (clone 9D9), and antibodies against
CD8 (clone 2.43) and NK1.1 (clone PK136) for in vivo depletion of
CD8 and NK cells, were purchased from Bio X Cell. All of these an-
tibodies (anti-PD-1, 200 mg/mouse; anti-CTLA-4, 100 mg/mouse;
anti-CD8, 200 mg/mouse; anti-NK1.1, 200 mg/mouse) were adminis-
tered via the intraperitoneal (i.p.) route.

Isolation, Culture, and Identification of MSCs from Mouse

Adipose Tissue

AT-MSCs were isolated from the mouse subcutaneous adipose tissue
using collagenase type I (Thermo Fisher Scientific) digestion and
plastic adherence technique as described,49 Cells were plated in
a-minimum essential medium (a-MEM) supplemented with 10%
FBS and 1% penicillin/streptomycin.

To ascertain the in vitro differentiation ability, MSCs of the third pas-
sage were cultured in osteogenic differentiation medium (Cyagen Bio-
sciences). To observe the calcium deposition, the differentiated cells
were fixed with 4% paraformaldehyde and stained with alizarin red S.

Lentivirus Production and Transduction in MSCs

cDNAs were cloned into lentiviral vectors. Lentiviruses were pro-
duced and titrated by OBiO Technology (Shanghai). MSCs were in-
fected with lentiviruses at a multiplicity of infection (MOI) of 60 in
the presence of 8 mg/mL polybrene (Sigma-Aldrich). All lentivectors
contained GFP, and a transduction efficiency of >90% in MSCs was
validated by GFP expression under microscopy before use. Successful
expression of CXCL9 and OX40L in MSCs was regularly validated by
ELISA and FACS, respectively.
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In Vitro Cell Proliferation Assay

Tumor cell proliferation was assessed by Cell Counting Kit-8
(CCK-8) (Dojindo, Japan) according to the manufacturer’s in-
structions. Absorbance was measured using a microplate reader
(Tecan).

qPCR

mRNA was isolated using the RNeasy mini kit (QIAGEN). The
cDNAwas synthesized using the PrimeScript RT reagent kit (Takara).
qPCR was conducted using a SYBR Green PCR master mix kit
(Takara) and an ABI 7900HT fast real-time PCR system (Applied
Biosystems). mRNA expression levels of target genes were normalized
to GAPDH and calculated by the DDCt method.

Western Blotting

Total cell lysates were harvested using radioimmunoprecipitation
assay (RIPA) buffer (Thermo Fisher Scientific) supplemented with
protease inhibitor cocktail (Roche). Protein concentrations were
determined by a Pierce bicinchoninic acid (BCA) protein assay kit
(Thermo Fisher Scientific). 15–30 mg of proteins were subjected to
SDS-PAGE and immunoblotting.

ELISA

Cell-free supernatants of lentivirus-transduced mouse AT-MSCs
were collected and kept in a refrigerator at�80�C until measurement.
CXCL9 secreted into the supernatants was quantified using a
mouse CXCL9 ELISA kit (Abcam) according to the supplier’s
instructions.

Syngeneic Mouse Models and Administration of MSCs

CT26 and MC38 (wild-type, MHC class I-deficient sgB2m, and con-
trol sgLacZ) (0.5 � 106/mouse) cells were injected subcutaneously at
the right lower flank of 8- to 8-week-old BALB/c and C57BL/6 mice,
respectively. Tumors were treated when their size reached 0.5–0.7 cm
in the largest diameter. Suspension of 5� 105 AT-MSCs in 250 mL of
PBS or 250 mL of PBS per animal was injected i.v. into the lateral tail
vein for systemic administration. Tumors were measured every 3 days
using a digital caliper, and the tumor volume was calculated using the
following formula: V = L � W2/2, where L and W are the long and
short diameters of tumor, respectively. TGI was calculated using
the following formula:50 [(Ct – C0) – (Tt – T0)]/(Ct – C0) � 100%,
where Ct represents the mean tumor volume of the control group
at a specific time (t), C0 represents the mean tumor volume of the
control group at t0, Tt represents mean tumor volume of the treat-
ment group at t, and T0 represents the mean tumor volume of the
treatment group at t0. Mice were sacrificed when tumors reached
2 cm3 in volume or tumors became ulcerated or when mice became
moribund.

Flow Cytometry

To characterize AT-MSCs, the adherent cells at the third to fourth
passages were detached using 10 mM EDTA, then washed with
PBS and stained with antibodies for FACS analysis.
To analyze tumor-infiltrating immune cells, subcutaneously im-
planted tumors were dissected and transferred into RPMI 1640
medium, disrupted mechanically with scissors, digested using a
mouse tumor dissociation kit and a gentleMACS Octo Dissociator
(Miltenyi Biotec) at 37�C, and dispersed through a 40-mmcell strainer
(BD Biosciences). Single cells were further washed and stained with
antibodies. Dead cells were excluded by staining with a Zombie
fixable viability kit (BioLegend). To detect intracellular cytokine
expression, separated cells were stimulated for 6 h with cell activation
cocktail (BioLegend). Fluorescence data were acquired on a BD
LSRFortessa cell analyzer (BD Biosciences) and analyzed using
FlowJo software.

AOM/DSS-Induced Colorectal Tumor Model

Colitis-associated colon cancer was induced as previously
described.24,25 BALB/c mice were injected i.p. with the procarcino-
gen AOM (12.5 mg/kg of body weight; Sigma-Aldrich). After
1 week, mice received drinking water supplemented with 2.5%
DSS (MP Biomedicals) for 7 days, followed by 2 weeks of regular
water. The DSS treatment was repeated for two additional cycles,
and mice were sacrificed after six injections of 0.5 � 106 AT-
MSCs each in the tail vein, starting from the last week of the
DSS treatment cycle. After treatment, colons were removed from
mice, flushed with cold PBS, and opened longitudinally. Tumor
size was measured using a digital caliper. Colon tissues were
then fixed in 4% formalin solution (Sigma-Aldrich) and paraffin
embedded. TGI was calculated using the following formula:
(Cn – Tn)/Cn � 100%, where Cn represents the mean tumor
number of the control group, and Tn represents the mean tumor
number of the treatment group.

Immunohistochemistry and Immunofluorescence

Expression of Ki67 was assessed by immunohistochemistry using
anti-Ki67 (Abcam) and detected using a diaminobenzidine (DAB)
peroxidase substrate kit (Gene Tech, Shanghai). GFP, CD8a, and
NKp46 were detected by immunofluorescence using anti-GFP
(Abcam), anti-mouse CD8a (clone 53-6.7), and anti-mouse NKp46
(CD335) (clone 29A1.4) (BioLegend). Slides were mounted in anti-
fade mounting medium with DAPI (Thermo Fisher Scientific) and
visualized under a Nikon fluorescence microscope.

Statistical Analysis

All results are expressed as mean ± SEM. Differences were assessed by
the Student’s t test or, when means of more than two groups were
compared, by two-way ANOVA followed by a Bonferroni multiple
comparison test. Comparisons of survival curves were made using
the log-rank (Mantel-Cox) test. Data analyses were performed with
Prism software (GraphPad). Statistical significance was set at the level
of p < 0.05.

Study Approval

All animal procedures were approved by the Institutional Animal
Care and Use Committee of Shanghai Jiao Tong University
(Shanghai, China).
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Figure S1. AT-MSCs exhibit osteogenic differentiation ability but no tumorigenic potential.

(A) Characterization of AT-MSCs isolated from C57BL/6 mice by FACS. (B) The ability of

mouse AT-MSCs to differentiate into osteocytes was determined by Alizarin Red S staining.

Scale bar = 200 µm. (C) Different numbers of AT-MSCs isolated from BALB/c mice were

injected subcutaneously to BALB/c mice and tumor formation was evaluated for 60 days.
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Figure S2. Tumoral expression of CXCL9 results in tumor regression.

(A) Detection of CCL3 and CXCL9 mRNA expression in CT26 by qPCR, and CXCL9 protein

levels by Western blotting (n = 3). (B) Proliferation of CT26-Vector, CT26-CCL3 and CT26-

CXCL9 cells was measured using CCK-8 assay (n = 3). (C) CT26-Vector, CT26-CCL3 or

CT26-CXCL9 cells were injected subcutaneously into BALB/c mice, and the size of the tumor

was monitored (n = 5 mice per group). (D) Percentages of the CD8+ T and NK cells within

total live cells were shown (n = 3). (E) Correlation of CXCL9 mRNA expression and survival

rate in colorectal cancer patients (Datasets: GSE24551 and GSE28722). * P < 0.05, *** P <

0.001, **** P < 0.0001, ns = not significant.
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Figure S3. Tumoral expression of OX40L inhibits tumor growth.

(A) Expression of IL36β and OX40L proteins in CT26 was detected by Western blotting. (B)

Expression of membrane-bound OX40L in CT26 was detected by FACS. (C) Proliferation of

CT26-Vector, CT26-CCL3 and CT26-CXCL9 cells was evaluated using CCK-8 assay (n = 3).

(D) CT26-vector or CT26-IL36β or CT26-OX40L cells were injected subcutaneously into

BALB/c mice. The size of the tumor was recorded (n = 4 mice per group). * P < 0.05, ** P <

0.01.
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Figure S4. CXCL9 and OX40L are successfully overexpressed in AT-MSCs.

(A) Expression of CXCL9 and OX40L in AT-MSCs was detected by Western blotting. (B)

Secretion of CXCL9 by transduced AT-MSCs was determined by ELISA (n = 4). (C)

Expression OX40L on cell membranes was detected by flow cytometry. (D) AT-MSCs

isolated from BALB/c mice were lentivirally transduced and injected subcutaneously to

BALB/c mice and tumor formation was evaluated for 120 days. **** P < 0.0001, ns = not

significant.
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Figure S5. Delivery of CXCL9 and OX40L by AT-MSCs shapes MC38 tumor immune

microenvironment.

(A) Tumor-infiltrating CD4+ T, CD8+ T, and NK cells were analyzed by FACS three days after

the last injection of MSCs in MC38 tumor model (n = 5). (B) Expression of granzyme B

(Gzmb) in CD8+ T and NK cells was analyzed by flow cytometry (n = 5). * P < 0.05, ** P <

0.01, ns = not significant.
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Figure S6. qPCR analysis of cytokine expression in MC38 tumors treated with engineered

AT-MSCs.

Cytokine mRNA expression of MC38 tumors treated with MSC-Vec, MSC-C9, MSC-T4,

MSC-C9×T4 or PBS was quantified using qPCR (n = 5). * P < 0.05, ns = not significant.



Figure S7. Expression of immune inhibitory molecules on tumor CD8+ T cells upon MSC

therapy.

Expression of PD-1, Tim-3 and CTLA-4 on CD8+ T cells in MC38 tumors was analyzed by

FACS (n = 5). ** P < 0.01, *** P < 0.001, ns = not significant.



Figure S8. FACS analysis of splenic T and NK cells upon MSC therapy.

Splenic CD4+ T, CD8+ T, and NK cells were analyzed by FACS in MC38 mouse tumor

models received MSC therapy (n = 5). * P < 0.05, ns = not significant.
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Figure S9. Checkpoint inhibitors do not impair colitis-associated cancer progression.

(A) Scheme of AOM/DSS administration and antibody treatment schedule. (B) Average

number of tumors in different size ranges (n = 5 mice per group). ns = not significant.
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Figure S10. Absence of MHC-I on MC38 cells does not influence cell proliferation in vitro.

(A) FACS analysis of H2Kb/H2Db (MHC-I) on B2m-KO (sgB2m) and control (sgLacZ) MC38

cells in vitro with or without recombinant mouse IFN-γ stimulation. (B) Proliferation of MC38-

sgB2m and MC38-sgLacZ cells in vitro was measured using CCK-8 assay (n = 4).
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Figure S11. qPCR analysis of cytokine expression in MHC-I-deficient MC38 tumors treated

with MSC-C9×T4.

Cytokine mRNA expression of MHC-I-deficient MC38 tumors treated with MSC-C9×T4 and

αCD8/αNK1.1 depleting antibodies was quantified using qPCR (n = 4). * P < 0.05, ** P <

0.01, *** P < 0.001, ns = not significant.


	Targeted Delivery of CXCL9 and OX40L by Mesenchymal Stem Cells Elicits Potent Antitumor Immunity
	Introduction
	Results
	Specific Migration and Homing of AT-MSCs to Tumor Sites in a Syngeneic Model
	Delivery of CXCL9 and OX40L by AT-MSCs Leads to Tumor Regression
	MSC-C9 × T4 Therapy Suppresses Colitis-Associated Cancer Progression
	MSC-C9 × T4 Treatment Enhances the Efficacy of PD-1 Blockade
	MSC-C9 × T4 Therapy Restrains the Growth of MHC Class I-Deficient Tumors

	Discussion
	Materials and Methods
	Cell Lines
	Antibodies
	Isolation, Culture, and Identification of MSCs from Mouse Adipose Tissue
	Lentivirus Production and Transduction in MSCs
	In Vitro Cell Proliferation Assay
	qPCR
	Western Blotting
	ELISA
	Syngeneic Mouse Models and Administration of MSCs
	Flow Cytometry
	AOM/DSS-Induced Colorectal Tumor Model
	Immunohistochemistry and Immunofluorescence
	Statistical Analysis
	Study Approval

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


