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SUMMARY

Mesenchymal stem cells (MSCs) hold potential in cancer therapy; however, insufficient tumor homing ability
and heterogeneity limit their therapeutic benefits. Obviously, the homogeneous induced pluripotent stem cell
(iPSC)-derived mesenchymal stem cells (iMSCs) with enhanced ability of tumor targeting could be the solu-
tion. In this study, a CAR containing the NKG2D extracellular domain was targeted at the B2M locus of iPSCs
to generate NKG2D-CAR-iPSCs, which were subsequently differentiated into NKG2D-CAR-iMSCs. In vitro,
NKG2D-CAR significantly enhanced migration and adhesion of iMSCs to a variety of solid tumor cells ex-
pressing NKG2D ligands. RNA sequencing (RNA-seq) revealed significant upregulation of genes related to
cell adhesion, migration, and binding in NKG2D-CAR-iMSCs. In A549 xenograft model, NKG2D-CAR-
iMSCs demonstrated a 57% improvement in tumor-homing ability compared with iMSCs. In conclusion,
our findings demonstrate enhanced targeting specificity of NKG2D-CAR-iMSCs to tumor cells expressing
NKG2D ligands in vitro and in vivo, facilitating future investigation of iIMSCs as an off-the-shelf living carrier

for targeted delivery of anti-tumor agents.

INTRODUCTION

Preclinical and clinical cancer research increasingly highlights
the therapeutic potential of cell-based strategies. Genetically en-
gineered mesenchymal stem cells (MSCs) exhibiting tumor
tropism are now frequently utilized in both regenerative medicine
and oncology.'** Human induced pluripotent stem cell (hiPSC)-
derived MSCs (iMSCs) surpass tissue-derived MSCs in terms
of homogeneity, quality consistency, and in vitro expansion po-
tential,® and it was confirmed that iMSCs closely mimic tissue-
derived MSCs in morphology, immunophenotype, multilineage
differentiation, and tumor-targeting ability.* However, the limited
tumor-targeting efficacy of MSCs hinders broader clinical appli-
cation.® Enhancing MSC tumor targeting for precision drug deliv-
ery is thus one of the critical research priorities.

The chimeric antigen receptor (CAR) technology is a potent
tool for endowing immune cells with specific targeting ability.
NKG2D, a receptor whose ligands are broadly expressed in solid
tumors, such as ovarian, cervical cancer, lung cancer et al., but
minimally in normal cells, emerges as an exceptionally promising
target.®® The NKG2D receptor is a member of the NK-activated
receptor family, and its ligand (NKG2D-L) consists of two families
in human, including MICA, MICB, and ULBP1-6.” NKG2D
expression on immune cells, such as natural killer (NK) and
T cells, enhances their proliferation, cytotoxicity, and cytokine

release upon binding to NKG2D-L on malignant cells, thereby
augmenting antitumor responses.” To date, NKG2D-CAR,
comprising an artificial transmembrane and intracellular
signaling domain, has primarily been applied in T and NK cells
to bolster tumor targeting and antitumor effects, demonstrating
the potent antitumor activity of the NKG2D/NKG2D-L axis.'°
Yet, CAR-T and CAR-NK cell therapies confront challenges like
cell dysfunction, cytokine release syndrome, tumor microenvi-
ronment (TME)-induced immunosuppression, and poor tumor
infiltration.”'~'® MSCs are recognized for their innate immune-
modulating functions and their ability to penetrate the TME effec-
tively,* suggesting that MSCs are ideal carriers for NKG2D-CAR
with promising prospects for precise drug delivery to tumor sites
and immunomodulation.

Theoretical considerations suggest that NKG2D-CAR expres-
sion on MSCs could enhance their tumor-targeting ability,
thereby facilitating the precise release of therapeutic drugs. Ev-
idence supports that CAR technology can improve MSC tumor
targeting,'>'® but traditional MSCs derived from tissues raised
several disadvantages, such as limited ability of proliferation
and heterogeneity arising from different donors or different tis-
sues'’; meanwhile, engineered MSCs with viral vectors intro-
duce heterogeneity and safety risks.'®

In this study, we engineered induced pluripotent stem cells
(iPSCs) derived from a healthy donor by integrating a CAR

oot iScience 28, 112343, May 16, 2025 © 2025 The Author(s). Published by Elsevier Inc. 1

uuuuu

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


mailto:liangdesheng@sklmg.edu.cn
https://doi.org/10.1016/j.isci.2025.112343
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112343&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/

¢ CellPress

OPEN ACCESS

structure, featuring the extracellular domain of NKG2D, into the
widely accepted safe harbor B2M locus using the CRISPR/
Cas9 system. The B2M gene encodes B2-microglobulin, which
is the beta (light) chain of human leukocyte antigen class |
(HLA-I). Multiple studies have demonstrated that insertion at
B2M site does not affect normal cellular functions but rather
helps to reduce immunogenicity.'®' This approach circum-
vents the safety hazards associated with viral gene-editing
methods, facilitating the generation of NKG2D-CAR-iPSCs that
were then differentiated into NKG2D-CAR-iMSCs. This research
provides pioneering evidence of the augmented tumor-targeting
ability of NKG2D-CAR-iMSCs in both cellular and organismal
models, thus laying the groundwork for future studies on the uti-
lization of NKG2D-CAR-iMSCs as a reliable, homogeneous living
carrier system for the precise delivery of antitumor therapeutics.

RESULTS

Engineered iPSCs express NKG2D with targeted
integration of NKG2D-CAR at the B2M locus

The targeting vector B2M-NKG2D-CAR (Figure 1A) was engi-
neered to achieve site-specific expression of NKG2D-CAR at
the B2M locus of B6-iPSCs, which were reprogrammed from
exfoliated renal tubular epithelial cells (urine cells) of a healthy
male donor by our laboratory.?” We utilized primers B2M-up-F/
R and B2M-down-F/R (Table S1) for PCR identification, and
the results confirmed the successful integration of the construct,
yielding PCR products of 1,091 bp and 1,117 bp, respectively
(Figure 1B). Sanger sequencing of these products revealed a
precise alignment with the expected sequence, thereby confirm-
ing the successful targeting of exogenous genes (Figure 1C).
Quantitative reverse transcription polymerase chain reaction
(RT-gPCR) was employed to assess NKG2D-CAR transcript
levels, which were significantly elevated in NKG2D-CAR iPSCs
compared to B6-iPSCs (Figure 1D; Table S1). Flow cytometry
analysis was conducted to evaluate the surface expression of
NKG2D on NKG2D-CAR iPSCs, confirming successful NKG2D
expression (Figure 1E). Given that our target cleavage site is
located on exon 1 of the B2M locus, we utilized flow cytometry
to assess 2-microglobulin expression and found it to be normal,
suggesting that our target gene was integrated as a single copy
(Figures 1F and 1G). Notably, the genetically modified iPSC
clones maintained a normal morphology (Figure 1H), displayed
normal karyotypes, and exhibited no detectable off-target muta-
tions (Figure S1; Table S1).

Generation and characterization of iMSCs derived from
NKG2D-CAR-iPSCs and B6-iPSCs

Using the STEMdiff mesenchymal progenitor kit, we differenti-
ated iPSCs into iIMSCs (Figure 2A). The iMSCs derived
from NKG2D-CAR-iPSCs exhibited a typical spindle-shaped
morphology and a vortex distribution (Figure 2B). Consistent
with previous reports, all IMSC strains were positive for CD90,
CD73, CD44, and CD105 but negative for CD45, CD34, and
HLA-DR (Figure 2C). RT-gPCR results showed that NKG2D
maintained a high level of expression in iMSCs (Figure 2D), and
flow cytometry confirmed this, revealing that NKG2D-CAR-
iMSCs highly expressed NKG2D on the cell surface, which was
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clearly different from B6-iMSCs (Figure 2E). Since 2-microglo-
bulin is the beta (light) chain of HLA-I, its function is crucial for
maintaining HLA-I surface expression. We examined HLA-I
expression on iMSCs and confirmed that the single-copy inte-
gration of NKG2D-CAR at the B2M locus did not disrupt f2-mi-
croglobulin function (Figure 2E). Notably, NKG2D-CAR expres-
sion was not achieved at alternative safe harbor sites, such as
rDNA and AAVST (Figure 2F), even with successful targeting
(Figure S2). This suggested that the B2M site is an ideal locus
for efficient expression. Consequently, we obtained iMSCs
capable of stably expressing NKG2D, with higher homogeneity
and reproducibility than adult stem cells.

NKG2D-CAR functionalization improves the iMSCs
adhesion to NKG2D-L-expressing tumor cells

To assess the enhanced interaction between NKG2D-CAR-
iMSCs and tumor cells expressing NKG2D-L (Figure S8), we
conducted cell interaction experiments as previously described
(Figure 3A)."® The binding strength between iMSCs and tumor
cells was quantified by comparing the percentage of double-
positive cells across different groups. We systematically varied
the ratios of iIMSCs to tumor cells (2:1, 1:1, 1:2) to determine
the optimal conditions for adhesion. Our results demonstrated
a significant improvement in the adhesion ability of NKG2D-
CAR-IMSCs to various solid tumors compared to B6-iMSCs
(p < 0.05). Notably, NKG2D-CAR-iMSCs exhibited a 50% in-
crease in adhesion to A549 cells (p < 0.001), and this enhance-
ment was proportional to the increasing ratio of A549 to iIMSCs
(Figures 3B and 3C). Similar trends were observed in MCF7 cells,
with a significant increase in adhesion (p < 0.01). In contrast, no
significant differences were detected with Hep3B2.1-7 cells,
which do not express NKG2D-L?® (Figure S4), suggesting a spe-
cific interaction between NKG2D-CAR-iMSCs and NKG2D-L-
expressing tumors. Collectively, these findings indicate that
NKG2D-CAR effectively enhances the adhesion of iMSCs to a
broad spectrum of solid tumors, highlighting its potential in tar-
geted cancer therapy. In addition to the 1.5h time point, we es-
tablished experimental groups at 2, 4, and 6 h to investigate
the potential time-dependent effects of the adherence between
iMSCs and tumor cells (Figure S5). Overall, the results presented
that the adhesion of NKG2D-CAR-iIMSCs to tumor cells ex-
hibited an optimal duration, beyond which the adhesion effi-
ciency did not increase with extended time.

NKG2D-CAR-iMSCs display enhanced migration toward
NKG2D-L-expressing tumor cells

To dissect the influence of NKG2D signaling on iMSCs migration,
we executed a series of Transwell migration assays, as pre-
sented in Figure 4A. In the negative control group devoid of tu-
mor cells in the lower chamber, we demonstrated that there
was no significant difference in the baseline migration between
the B6-iMSCs and NKG2D-CAR-iMSCs (Figures S6A and
S6B). Our initial investigations utilized A375 cells and revealed
that NKG2D-CAR-iMSCs exhibited a significantly enhanced
migratory response toward A375 cells, with a migration rate
3.5-fold higher than that of B6-iMSCs (p < 0.0001), as detailed
in Figures 4B and 4C. This experiment was then replicated
with H1299, A549, and MCF7 tumor cells. Consistent with our
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Figure 1. Engineered iPSCs express
NKG2D with targeted integration of
NKG2D-CAR at the B2M locus

= (A) Schematic diagram of B2M targeting vector
B2M-NKG2D-CAR and gene targeting process
flowcharts. Binding sites of primers B2M-up-F/R
and B2M-down-F/R that were utilized to identify

| site-specifically integrated clones are indicated.
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axis shows signal intensity of PE-Cy7-NKG2D.

DOWN
Ll ”'«\/\AMW\/WW
‘
NKG2D Expression Cassettes
D ?2 %k k E
] Z 300
S NKG2D- NKG2D+
S E 888 911
F: é 15000
- 2004
33 .
& 9 10000 z
<8 8
2%
& & s000 100
©
SE
2 0
= s & o,
Qé\ vg-;\ 100 102 IDA 105
'19'0 Comp-PE-Cy7-A
g
E S H
w0 oo | M Be-iPSC
0.13 99.9
I nke2p-cAR-PSC
200+
3 G
1004 CGGGCCGAGATGTCTCGCTCCGTGG
o] Al v\“\[\n/\/‘/\/\ﬂmm\ i

Cut PAM

Comp-APC-A

findings in A375 cells, NKG2D-CAR-iMSCs showed a significant
increase in migration, with a range of 1- to 2-fold higher
compared to B6-iMSCs (p < 0.05 for all comparisons), as illus-
trated in Figures 4B and 4C. These results suggest that
NKG2D signaling plays a pivotal role in the interaction between
iMSCs and tumors, augmenting not only the adhesion of iIMSCs
to tumor cells but also their migratory ability.

RNA-seq revealed a significant upregulation of the
genes related to cell adhesion, migration, and binding in
NKG2D-CAR-iMSC

To confirm whether there are other factors involved in interact-
ing between NKG2D-CAR-iIMSCs and tumor cells, we per-
formed RNA-seq. Compared to B6-iMSCs, we identified 678
genes that were significantly upregulated (p < 0.05) and 528
genes downregulated (p < 0.05) (Figure 5A). These differentially
expressed genes underwent Gene Ontology (GO) enrichment

I Bs-iPsC

I nkG2p-cAR-PSC

(F) Flow cytometric analysis for the surface
expression of B2-microglobulin in iPSCs. The
horizontal axis shows signal intensity of APC-
B2M.

(G) Sanger sequencing results of the NKG2D-
CAR-iPSCs of B2M locus.

(H) Morphology of representative NKG2D-CAR-
iPSCs (scale bar: 200 pm).

analysis, revealing significant associa-
tions with binding and alterations in cell
membrane and extracellular matrix com-
ponents, including terms related to
membrane, membrane part (p < 0.05)
(Figure 5B). These findings suggest that
NKG2D overexpression modulates the
cell membrane and extracellular matrix
of iIMSCs, thereby enhancing their tar-
geting ability. Volcano plot analysis iden-
tified several upregulated genes impli-
cated in cell adhesion and migration,
such as fibulin-2 (FBLN2), C-type lectin
domain family 14 member A (CLEC14A),
cadherin EGF LAG seven-pass G-type receptor 1 (CELSR1),
leucine-rich repeat-containing protein 15 (LRRC15), and laminin
subunit alpha-2 (LAMA2), along with genes related to cell mem-
branes and the extracellular matrix, such as Thy-1 cell surface
antigen (THY1) and sulfatase 2 (SULF2) (Figure 5C). The clus-
tering heatmap clearly delineated the distinct expression pro-
files between NKG2D-CAR-iMSCs and B6-iMSCs (Figure 5D).
Subsequent RT-gPCR validation confirmed the significant up-
regulation of CADM1, LAMA2, FBLN2, CELSR1, CLEC14A,
and LRRC15 in NKG2D-CAR-iIMSCs (p < 0.05) (Figure 5E)
(please check Table S1 for sequences of the primers of genes
mentioned above). Collectively, these results demonstrate that
NKG2D-CAR expression induces substantial alterations in the
cell membrane, extracellular matrix, and adhesive properties
of iIMSCs, which may have significant implications for their tar-
geting ability. It is worth noting that the downstream molecules
associated with the intracellular domain of our CAR, including
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Figure 2. Generation and characterization
of iMSCs

(A) Flowcharts of iIMSCs differentiation procedure.
(B) Morphology of the iIMSCs derived from
NKG2D-CAR-iPSCs (scale bar: 200 pum).

(C) Flow cytometric analysis for detection of B6-
iMSCs and NKG2D-CAR-iMSCs surface markers
CD34, CD45, HLA-DR, CD44, CD73, CD90, and
CD105. a, blank control; b, B6-iMSCs; ¢, NKG2D-
CAR-iMSCs.

(D) Quantitative RT-PCR analysis of NKG2D
mRNA transcription levels in NKG2D-CAR-iMSCs
and B6-iMSCs. (Data are mean + SEM; n = 3 ;
****p < 0.0001 determined by Student’s two-tailed
t test).
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NKG2D-CAR engineering enhances
the pro-inflammatory phenotype of
iMSCs and promotes tumor cell
apoptosis in vitro

To investigate the impact of NKG2D-
CAR-iMSCs on immune cell function
and their subsequent tumor-killing effi-
cacy, we conducted co-culture experi-

Comp-PE-A
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ments involving iIMSCs, A549 tumor
cells, and peripheral blood mononu-
clear cells (PBMCs). The experimental
results demonstrated that NKG2D-

10*

PE-Cy7-NKG2D

10
PE-Cy7-NKG2D

4-1BB and CD3-¢, such as Zeta-chain-associated protein ki-
nase 70 (ZAP70), nuclear factor of activated T cells 5
(NFAT5), and tumor necrosis factor (TNF)-receptor-associated
factor 2 (TRAF2) were not activated in NKG2D-CAR-iMSCs
(Figure S7A). Notably, ZAP70, the {-chain-associated protein
kinase 70 that is directly related to CD3-¢, exhibited very low
or undetectable expression levels in both MSCs and NKG2D-
CAR-iMSCs. Therefore, we propose that the current signaling
changes in NKG2D-CAR-iMSCs are not due to the signal trans-
duction of the CAR intracellular domain but are more likely
influenced by the engineering process of iIMSCs themselves.
Additionally, we observed that genes associated with angio-
genesis were downregulated in NKG2D-CAR-iMSCs through
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CAR-iMSCs significantly increased the

apoptosis rate of A549 cells induced

by PBMCs compared with B6-iMSCs,

and the total apoptosis rate was
elevated by nearly 50% (Figures 6A and 6B). By comparing
the RNA-seq data, we observed that relative to B6-iMSCs,
the expression levels of several pro-inflammatory cytokines,
such as, interleukin-33 (IL-33), IL-18, IL-12 were significantly
upregulated in NKG2D-CAR-iMSCs. In contrast, immunosup-
pressive cytokines, with the exception of a slight upregulation
of transforming growth factor g (TGF-B), exhibited downregu-
lation, including IL-6, IL-10, and prostaglandin-endoperoxide
synthase 2 (PTGS2), and nearly undetectable expression of in-
doleamine 2,3-dioxygenase 1 (IDO1) (Figure 6C). These find-
ings are consistent with the co-culture results, suggesting
that NKG2D-CAR enhances the pro-inflammatory phenotype
of iIMSCs.
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Figure 3. Detection of iMSCs adherence
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Subsequently, we employed flow cytometry to analyze the
proliferation, activation, and exhaustion of T cells within the
co-culture system. We observed that both B6-iMSCs and
NKG2D-CAR-iMSCs increased the proportion of CD4* T cells
(Figure 6D) and regulatory T cells (Tregs) (Figure 6E), consistent
with previous literature reports.”*>” However, we also noted a
significant upregulation of the T cell activation marker CD69 in
both B6-iMSCs and NKG2D-CAR-iMSCs (Figure 6F), which
was consistent with our previous findings,”® as well as a
modest increase in the proliferation marker Ki67, although the
latter did not reach statistical significance (Figure 6G). Notably,
compared with B6-iMSCs, NKG2D-CAR-iMSCs enhanced the
proportion of CD8*CD25" cells, which is associated with
CD8"* T cell activation (Figure 6H). Meanwhile, no significant
changes were observed in the cytotoxicity markers Granzyme
B (GZMB) and CD107a (LAMP-1) of CD8" T cells (Figure S8),

%
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*
*
*
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} ﬁ PI ﬂ|
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>

Ll
Far-red centage of double-positive cells at a 2:1, 1:1, and

1:2ratio (C). See also Figures S4 and S5. (Data are
mean + SEM; n = 2-4; *p < 0.05, *p < 0 0.01,
***p <0.001, ***p < 0.0001, as determined by one-
way ANOVA).
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indicating that NKG2D-CAR-iMSCs did
not impair the cytotoxic function of
CD8* T cells. The upregulation of the
early exhaustion marker programmed
death-1 (PD-1) and the downregulation
of the late exhaustion marker T cell
immunoglobulin  and  mucin-domain
containing-3 (TIM-3) suggest a complex
effect of IMSCs on T cells in the in vitro
co-culture system; no significant differ-
ences were observed between NKG2D-
CAR-iMSCs and B6-iMSCs in these as-
pects (Figure S8).

Integrating the results of tumor cell
N apoptosis and RNA-seq data, our find-
ings demonstrate that, compared with
B6-iMSCs, the expression of multiple
pro-inflammatory cytokines is upregu-
lated in NKG2D-CAR-iMSCs, which is
conducive to immune activation and en-
hances the cytotoxicity of immune cells
against tumor cells. These characteristics

I’ provide further assurance for NKG2D-
\&& CAR-IMSCs to serve as an effective

vehicle for the delivery of anti-tumor
factors.
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NKG2D-CAR improves iMSCs targeting and retention in
the tumor in A549 xenograft model

To assess the targeting ability of NKG2D-CAR-iMSCs to tumors,
we validated their efficacy following intraperitoneal injection in an
A549 xenograft model in nude mice (Figure 7A). Dorsal imaging
revealed that NKG2D-CAR-iMSCs exhibited the highest signal
intensity at the tumor site, whereas B6-iIMSCs were more
broadly distributed throughout the body (Figure 7B). Subsequent
analysis of signals from various organs and the tumor indicated
that NKG2D-CAR-iMSCs displayed a notably enhanced tumor
signal, which was only surpassed by the signal intensity in the
liver and was higher than that observed in the heart, kidney,
lung, and spleen (Figure 7C). In contrast, the tumor signal from
B6-iMSCs was comparable to that of the spleen and obviously
lower than the liver signal. To quantify tumor targeting, we calcu-
lated the ratio of tumor site signal to liver signal, demonstrating
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that NKG2D-CAR-iMSCs had a significantly higher tumor target-
ing ability than B6-iIMSCs (p < 0.05, Figure 7D). We also
compared the fluorescence signal intensities in the spleen,
lung, and kidney relative to the liver, and no significant differ-
ences were observed between the NKG2D-CAR-iMSC group
and the B6-iIMSC group (Figures S9A and S9C). Additionally,
we compared intraperitoneal and tail vein injections, finding
that the former was more effective for iIMSCs to reach the tumor
site, with NKG2D-CAR-iMSCs showing eight times higher signal
intensity at the tumor site after intraperitoneal injection
compared to tail vein injection (p < 0.001, Figures7E, 7F, and
S10). Although NKG2D-CAR-iIMSCs targeted the tumor site
with greater efficacy, they did not directly kill the tumor, as tumor
volume measurements remained unchanged (Figure 7G).
Throughout the experiment, mouse body weight remained sta-
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Migration of iMSCs to
the lower chamber

Figure 4. IMSC migration assays in the
Transwell system

(A) Schematic representation of cell migration
experiment flowchart.

\ (B and C) Representative flow cytometry plots of
“\ far-red (iMSCs) signaling in underlying A375,
“ H1299, A549, and MCF7 cells (B) and statistics of
percentage of that (C).

(Data are mean + SEM; n = 3; *p < 0.05, *p < 0
0.01, ***p < 0.0001 as determined by Student’s
two-tailed t test). See also Figure S6.
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ble, and no significant differences were
observed between experimental groups,
indicating a favorable safety profile for
NKG2D-CAR-iMSCs (Figure 7G). Addi-
tionally, biochemical analysis of serum
revealed no significant abnormalities in
biochemical markers associated with
liver or kidney function; all values were
within the normal reference range (Fig-
ure S11). Histological examination of he-
matoxylin and eosin (H&E)-stained sec-
tions of the liver, lung, spleen, and
kidney also showed no overt pathological
changes in these organs (Figure S12).
These findings further demonstrate the
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o A549 safety of NKG2D-CAR-iMSCs.
DISCUSSION
* In this study, we engineered iPSCs with
o BaiNSE high expression of NKG2D-CAR by tar-

geting the expression cassette at the
B2M locus. These cells successfully
differentiated into iIMSCs that met the es-
tablished MSC criteria and stably ex-
pressed NKG2D. We found that elevated
NKG2D levels significantly enhanced
iMSCs adhesion and migration to tumor
cells expressing NKG2D-L. In the A549
xenograft mouse model, NKG2D-CAR-
iIMSCs showed enhanced tumor-targeting ability over controls.
These results suggest that NKG2D-CAR-iMSCs, with their
enhanced tumor tropism, high proliferation activity, and consis-
tent quality, may serve as a versatile therapeutic tool forimmune
modulation in tumor or inflammatory environments.

NKG2D is an activating immune receptor that plays a signifi-
cant role in anti-tumor immunity. The ligands for NKG2D are typi-
cally expressed on cancerous or stressed cells and are generally
not present in healthy tissues, which makes it a promising candi-
date for CAR therapy. NKG2D-CAR-T and CAR-NK cells
are extensively studied for their potential in cancer treatment.
However, they face challenges such as cytokine release syn-
drome, limited efficacy against solid tumors, and immunosup-
pression by the TME, which restrict the clinical application po-
tential of the NKG2D target.?°* MSCs possess natural
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Figure 5. Comparative RNA-seq analysis
between B6-iMSCs and NKG2D-CAR-
iMSCs

(A) Bar chart of differentially expressed genes
(DEGSs) in NKG2D-CAR-iMSCs and B6-iMSCs.
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W cellular_component
Mmolecular_function

331 (B) Gene ontology (GO) enrichment analyses of

DEGs.

(C) Volcano plot illustrating DEGs, with upregu-
lated genes represented by red dots, down-
regulated genes by blue dots, and genes without
significant expression indicated by gray dots.

(D) Heatmap displaying the top 50 DEGs ranked
by p value, with red indicating high expression and
blue indicating low expression.

(E) RT-gPCR validation of DEGs associated with
cell adhesion.

(Data are mean + SEM; n = 3; *p < 0.05, *p < 0
0.01, **p < 0.001, ***p < 0.0001, as determined
by Student’s two-tailed t test).

0 100 200 300 400 500 600 700 800 900 10001100
Number of genes

90-  Significant £
@ un(678) o THY1 5
80 @ nosig(62035) fULFZ °
_ 70+ @ down(528) = reproductive process
§ multicellular organismal process
H 601 . localization
o 504 FBLN2 response to stimulus
e ° H cellular component organization
2 404 e o NDN
a . . developmental process:
i » CLEC14A :
30+ ° e CELSR1 metabolic process
204 ° 'U%.?Cﬁ . biological regulation
.
. cellular process
7 L] 3 L]
10 %
orutz . R ...
-14-12-10-8 6 -4 -2 0 2 4 6 8 101214
Log2FC
E B B6-iMSC
S BN NKG2D-CAR-iMSC
4 5 ko
3 4
z. 27
8 S 2
< 1
22 B
.g o
s :E: 4 0-
g E 7 *kkk 7 i
[ 1
2 < 40-] .
= o 154 H
2 9 =
[} =}
I ; % 10, % 30
O m =
g8 e Y 20
Z = &)
x 54
£ E 10
o
< 0- o
*kkk 8 * %
25+ 1
.
20 6
15} & 4
% 104 ©
3) |
5 2
0- 0- NKG2D-CAR-iMSC

immune-modulating functions, can effectively penetrate the
TME, and their capacity to carry and secrete a range of therapeu-
tic factors positions them as a promising adjunct to cellular
immunotherapy.®®>® Our study showed that NKG2D-CAR
modification significantly enhanced the tumor-targeting ability
of iIMSCs, resulting in a 57% increase in signal intensity within
the tumor area. This improvement suggested the therapeutic po-
tential of NKG2D-CAR-iMSCs. In the future, the use of NKG2D-
CAR-iMSCs for the delivery of therapeutic factors, such as IL-2
and anti-PD-1 antibodies, will facilitate the preferential accumu-
lation of these agents in the TME, thereby reducing systemic tox-
icities associated with conventional drug administration. As a
targeted delivery vehicle, NKG2D-CAR-iMSCs also hold signifi-
cant potential in gene-directed enzyme prodrug therapy

(GDEPT), such as 5-fluorocytosine acti-
vation, which can optimize the delivery
and expression of enzyme genes to the
tumor site and enhance therapeutic
efficacy.

Within the field of CAR-MSC research,
a number of studies have reported
notable progress. Giulia et al. developed
a GD2-tCAR-MSC construct for the deliv-
ery of sTRAIL, which showed substantial
binding affinity to malignant gliomas with
high GD2 expression.° In another studly,
Olivia et al. constructed an ECCAR-MSC
targeting E-calmodulin, demonstrating
that the CD28¢ domain plays an essential
role in enhancing the immunosuppres-
sive properties of MSCs, thus advancing
CAR-MSC research.'® However, these
studies relied on tissue-derived MSCs
and used lentiviral vectors for genetic en-
gineering, which comes with inherent lim-
itations, including limited proliferative po-
tential, potential immunogenicity of viral
vectors, and the inherent heterogeneity
of tissue-derived MSCs that can complicate the consistency
and predictability of therapeutic outcomes.'” In our study, we
overcame these limitations by employing non-viral methods to
edit iPSCs and subsequently differentiating them into iMSCs.
These iIMSCs displayed enhanced proliferation and stability
compared to their tissue-derived MSCs, presenting clear and
significant advantages for their clinical application.

RNA-seq data from our study revealed that NKG2D-CAR
expression induced significant changes in the cell membrane
and extracellular matrix of iIMSCs. These modifications poten-
tially enhanced adhesion and migration capabilities, which
have improved tumor targeting. However, they also raised con-
cerns regarding the potential for off-target effects. Our in vitro
and in vivo experiments, conducted to address these concerns,
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Figure 6. Analysis of iMSCs immune modu-
lation

(A) Flow cytometric analysis of apoptotic A549
stained with Annexin V-PE/7-ADD on various
samples.

(B) Quantification of apoptotic A549 cells.
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suggested that this enhanced adhesion was not a universal phe-
nomenon across all cell types. Notably, in vivo studies showed
that NKG2D-CAR-iMSCs exhibited more robust signaling in tu-
mor tissues compared to other healthy tissues; in non-tumoral
regions, only slight increases were observed in the lungs.
Although these signal alterations enhance the targeting of
NKG2D-CAR-iMSCs to the tumor site, it cannot be denied that
they may also increase the complexity of IMSCs functions within
the TME. Based on the current experimental results, no signifi-
cant differences were observed between NKG2D-CAR-iMSCs
and iMSCs in their in vivo impact on tumor growth, indicating
that the effects of these signal changes are within a controllable
range. Additionally, the iMSCs used in our study, compared to
tissue-derived MSCs, exhibit greater homogeneity and stabil-
ity,>*4° which facilitates our control over their functions within
the TME.

It is noteworthy that the role of iIMSCs within the tumor
microenvironment is highly complex, with a substantial body
of evidence indicating that iMSCs can mediate immunosup-
pression through the secretion of factors such as TGF-,
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immunomodulator genes in B6-iIMSC and
NKG2D-CAR-iIMSC; red indicates high expres-
sion, whereas blue indicates low expression.
(D-H) Immune cell subset analysis in PBMCs co-
cultured with A549 and iMSCs in vitro. (D) Fre-
quency of CD4* T cells within CD3* T cells. (E)
Frequency of Tregs (CD4* CD25* FoxP3*) within
CD4* T cells. (F-H) Frequency of CD8" T cell
subsets (CD8" CD69", CD8" KI67*, CD8* CD25%)
within CD8* T cells. See also Figure S8.

(Data are mean + SEM; n = 4; *p < 0.05, “p < 0
0.01, *p < 0.001, ***p < 0.0001, as determined
by one-way ANOVA).
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cytokines

IL-10, IL-6, and PTGS22%4=** and
further contribute to tumor angiogen-
esis and growth by secreting a variety
of cytokines, such as vascular endothe-
lial growth factor (VEGF), platelet-
derived growth factor (PDGF), and
fibroblast growth factor 2 (FGF2),***"
which represent potential risks that
must be considered when utilizing
iMSCs as therapeutic delivery vehicles
for cancer treatment. However, nu-
merous studies have confirmed that en-
gineered iIMSCs exhibit robust anti-tu-
mor effects, with the benefits of
delivering therapeutic factors outweigh-
ing the potential risks.*®“¢>° Based on
our RNA-seq data, we observed that
compared to B6-iMSCs, NKG2D-CAR-iMSCs exhibited a
downregulation of immunosuppressive factors such as /L-10,
IL-6, and PTGS2 with only a slight upregulation of TGF-8. In
contrast, pro-inflammatory cytokines such as /L-33, IL-18,
and IL-12 were significantly upregulated in NKG2D-CAR-
iIMSCs. This aligns with our in vitro co-culture results, which
showed enhanced apoptosis of A549 cells, indicating that
NKG2D-CAR engineering can further reduce the immunosup-
pressive risks associated with iMSCs. Additionally, angiogen-
esis-related factors such as VEGF and PDGF were also down-
regulated in NKG2D-CAR-iMSCs, suggesting a reduced risk of
tumor angiogenesis promotion. Overall, the engineering
of NKG2D-CAR enhances the tumor-targeting capabilities of
iMSCs while further mitigating the risks of immunosuppression
and tumor angiogenesis promotion.

It should be noted that the CAR structure utilized in this study
was not specifically tailored for MSCs. The RNA-seq data indi-
cate that the key enzymes required for the downstream signaling
pathways of CD3¢ are expressed at very low levels in MSCs,
suggesting that CD3¢ does not work in regulating the adhesion,
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Figure 7. NKG2D-CAR improves iMSCs tar-
geting and retention in the tumor in A549
xenograft model

(A) Schematic of animal experimental procedures.
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comparingi.v. andi.p. injections. (Data are mean +
SEM; n = 6; ***p < 0.0001, as determined by
Student’s two-tailed t test).
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migration, and immunomodulatory functions of MSCs that might
introduce a limitation to our work.

In conclusion, our study demonstrates that NKG2D-CAR-
iMSCs have an enhanced ability to target tumor cells expressing
NKG2D-L in both in vitro and in vivo settings, opening new ave-
nues for exploring iIMSCs as a versatile, off-the-shelf carrier for
the precise delivery of antitumor agents.

Limitations of the study

It should be noted that the CAR structure utilized in this study
was not specifically tailored for MSCs, which might introduce a
limitation to our work. Additionally, the animal model employed
in this study was BALB/c nude mice, characterized by thymic hy-

poplasia, reduced T cell populations, and an incomplete immune
system. These characteristics precluded an in-depth investiga-
tion of the TME and immune microenvironment, representing
one of the principal limitations of this study.
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Data and code availability

o RNA sequencing raw data generated in this study have been deposited
to Sequence Read Archive (SRA: PRUNA1229859). These data are pub-
licly available as of the date of publication. All data reported in this paper
will be shared by the lead contact upon request.

o No original code was generated in this study.

o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC anti-human p2-microglobulin Biolegend Cat#316312; RRIDAB_10641281
PE anti-human HLA-A, B, C Biolegend Cat#311406; RRIDAB_314875
PE-Cy7 Mouse anti-human CD314(NKG2D) BD Biosciences Cat#562365; RRIDAB_11153309
anti-hULBP1 PE conjugated R&D systems Cat#FAB1380P; RRIDAB_2687471
anti-hULBP2/5/6 APC conjugated R&D systems Cat#FAB1298A; RRIDAB_2257142
X Human ULBP3 R&D systems Cat#FAB1517R; RRIDAB_3646597
X Human MICA R&D systems Cat#FAB1300N; RRIDAB_3646264
x Human MICB R&D systems Cat#FAB1599T; RRIDAB_3646782
Brilliant Violet 421 anti-human CD34 Biolegend Cat#343610; RRIDAB_2561358
Brilliant Violet 421 anti-human HLA-DR Biolegend Cat#307636; RRIDAB_2561831
Brilliant Violet 421 anti-human CD45 Biolegend Cat#304032; RRIDAB_2561357
FITC anti-human CD44 Biolegend Cat#338803; RRIDAB_1501204
PerCP/Cyanine5.5 anti-human CD73 Biolegend Cat#344014; RRIDAB_2561757
APC anti-human CD105(Endoglin) Biolegend Cat#800508; RRIDAB_2687061
PE/Cyanine7 anti-human CD90(Thy1) Biolegend Cat#328124; RRIDAB_2561693
PE/Cyanine5 anti-human CD45 Biolegend Cat#304010; RRIDAB_314398
Brilliant Violet 605 anti-human CD3 Biolegend Cat#344836; RRIDAB_2565825
Alexa Flour 700 anti-human CD4 Biolegend Cat#344622; RRIDAB_2563150
Brilliant Violet 570 anti-human CD8 Biolegend Cat#301038; RRIDAB_2563213
PE anti-human CD25 Biolegend Cat#356104; RRIDAB_2561861
PE/Cyanine7 anti-human CD69 Biolegend Cat#310912; RRIDAB_314847
Brilliant Violet 421 anti-human FoxP3 Biolegend Cat#320124; RRIDAB_2565972
Brilliant Violet 785 anti-human TIM-3 Biolegend Cat#345032; RRIDAB_2565833
PE/Fire700 anti-human PD-1 Biolegend Cat#621622; RRIDAB_2910489
APC/Cy7 anti-human CD107a Biolegend Cat#328630; RRIDAB_2562109
Brilliant Violet 750 anti-human IFN-y Biolegend Cat#502550; RRIDAB_2832796
FITC anti-human GZMB Biolegend Cat#372206; RRIDAB_2687030
Brilliant Violet 650 anti-human Ki67 Biolegend Cat#151215; RRIDAB_2876504
Alexa Flour 647 anti-human TCF7/TCF1 Biolegend Cat#655203; RRIDAB_2566619
Brilliant Violet 510 anti-human CD56 Biolegend Cat#318340; RRIDAB_2561944
Spark Blue 550 anti-human CD45RA Biolegend Cat#304185; RRIDAB_2941471
PE/Fire 810 anti-human CD197/CCR7 Biolegend Cat#353269; RRIDAB_2894572
APC/Fire 810 anti-human CD95 Biolegend Cat#305664; RRIDAB_2894542
ZOMBIE NIR Biolegend Cat#423105

Bacterial and virus strains

DH5a. Chemically Competent Cell Tsingke Cat#TSC-C14

Chemicals, peptides, and recombinant proteins

Cell Trace FarRed Cell stain Invitrogen Cat#C34564A

Cell Trace Violet Cell stain Invitrogen Cat#C34557A

mTeSR Plus medium STEMCELL Technologies Cat#100-0276_C

Cas9 protein Genscript Cat#203702

1xDPBS Gibco Cat#C14190500BT

0.5 mM EDTA Thermo Fisher Scientific Cat#15575020
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Matrigel BD Biosciences Cat#354277
TrypLE Express Gibco Cat#12604-021
MEM-alpha basic medium Gibco Cat#8122725
Fetal bovine serum (FBS) Sigma-Aldrich Cat#F9423
XenolLight DIR Revvity Cat#125964
DMEM/high glucose medium Gibco Cat#C11995500BT
Glutamax Gibco Cat#35050061
Recombinant Human FGF basic/FGF2/bFGF Protein R&D systems Cat#3718-FB
Y-27632 STEMCELL Technologies Cat#72304
2xRapid Tag Master Mix Vazyme Cat#P222-03-AA
Colcemid Sigma-Aldrich Cat#C9754
Carnoy'’s fixative Servicebio Cat#G1120
2xPhanta Max Master Mix Vazyme Cat#P525-AA
TRIzol reagent Invitrogen Cat#15596018
HiScript Il Q RT SuperMmix Vazyme Cat#R223-01
ChamQ Universal SYBR qPCR Master Mix Vazyme Cat#Q711-02
Dynabeads™ Human T-Activator CD3/CD28 Thermo Fisher Cat#11131D
Recombinant Human Interleukin-2 for injection SL PHARM Cat#519991007
RPMI 1640 medium Gibco Cat#11875093
Histopaque®-1077 sterile-filtered Sigma-Aldrich Cat#10771

ACK Lysis Buffer Beyotime Cat#C3702
Trypsin-EDTA (0.25%) Thermo Fisher Cat#25200056
Critical commercial assays

STEMdiff Mesenchymal Progenitor Kit STEMCELL Technologies Cat#05240
FastPure Cell/Tissue DNA Isolation Mini Kit Vazyme Cat#DC102-01

PE Annexin V Apoptosis Detection Kit |

BD Pharmingen™

Cat#559763 RRID:
AB2869265

eBioscience Foxp3/Transcription Factor Staining Buffer Set Invitrogen Cat# 00-5523-00
Deposited data

RNA sequencing data This paper SRA: PRUNA1229859
Experimental models: Cell lines

B6-iPSC (Zhou et al.*) This paper N/A

A549 Procell Cat#CL-0016
A375 Procell Cat#CL-0014
H1299 Procell Cat#CL-0165
H460 Procell Cat#CL-0299
MCF7 Procell Cat#CL-0149
Human PBMCs This paper N/A
Oligonucleotides

sgRNA sequence: 5’ -GGCCGAGATGTCTCGCTCCGTGG-3' This paper N/A

Primer: B2M-up-F/R and B2M-down-F/R, see Table S1 This paper N/A

Primers for all the qPCR, see Table S1 This paper N/A

Primers for off-target detection, see Table S1 This paper N/A

Software and algorithms

PerkinElmer In Vivo Imaging System Perkin Elmer N/A

GraphPad Prism 10 GraphPad Software N/A

FlowJo BD Bioscience N/A
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Other

PET Membrane Transwell Inserts Corning Cat#3464
Neon Transfection System Invitrogen Cat#MP927733
Bio-Rad CFX Manager software Bio-Rad N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human iPSC line

A human iPSC cell line, which were reprogrammed from exfoliated renal tubular epithelial cells (urine cells) of a healthy male donor by
our laboratory, named B6-iPSC,”” was used in this study. Detailed information was reported in method details and key resources
table.

Human PBMC

Human peripheral blood mononuclear cell (PBMC) isolated from a healthy 24-year-old female donor were utilized in this study. All
experiments were conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of
the School of Life Sciences, Central South University, Changsha, China. Informed consent was obtained from the female volunteer.
Please check method details for detailed information of PBMC isolation and culturation.

Animal

Four-week-old male BALB/c nude mice were purchased from GemPharmatech Co., Ltd. (Nanjing, China). All animal experiments
were approved by the Animal Ethics and Experimentation Committee of the School of Life Sciences, Central South University and
all procedures were performed in accordance with relevant regulations. The protocol number of the research project approval doc-
uments is 2021-2-54.

METHOD DETAILS

Cell culture

We utilized mTeSR Plus medium (STEMCELL Technologies, Vancouver, BC, Canada, Cat#100-0276_C) for culturing iPSCs, which
were reprogrammed from exfoliated renal tubular epithelial cells (urine cells) using episomes, as previously reported by our group.
iPSCs reaching approximately 80% confluence were passaged with 0.5 mM EDTA (Thermo Fisher Scientific, Waltham, MA, USA,
Cat#15575020), and plated onto fresh Matrigel-coated plates. (Matrigel, BD Biosciences, Bedford, MA, USA, Cat#354277). For
the culturation of A549, A375, H1299, H460, MCF7 cells, which were purchased from Procell (Wuhan, China, Cat#CL-0016,
Cat#CL-0014, Cat#CL-0165, Cat#CL-0299, Cat#CL-0149), we employed DMEM/high glucose (Gibco, Carlsbad, CA, USA,
Cat#C11995500BT) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, US, Cat#F9423). iMSCs
derived from iPSCs were cultured in a-MEM basic medium (Gibco, Cat#(8122725) supplemented with 10% FBS, 1% Glutamax
(Gibco, Cat#35050061) and 10 pg/mL Recombinant Human FGF basic/FGF2/bFGF Protein (R&D systems, Minneapolis, MN,
USA, Cat#3718-FB). All the cells mentioned above were cultured in disposable sterile dishes or flasks (Corning, NY, USA) in a hu-
midified environment with 5% CO, at 37°C. Mycoplasma testing was performed and all human cell lines were authenticated using
STR profiling within the past 3 years.

Construction of B2M-NKG2D-CAR plasmid and transfection of iPSCs

The B2M-NKG2D-CAR vector, which included B2M-NKG2D-CAR expression cassette and homology arms for targeting B2M exon1,
were synthesized by Sangon Biotech (Shanghai, China). For gene targeting, we employed CRISPR/Cas9 system. Cas9 protein and
sgRNA were purchased from Genescript (Genscript, Nanjing, China, Cat#203702), the sequence of sgRNA is as follows:
5’ -GGCCGAGATGTCTCGCTCCGTGG-3'. Briefly, RNPs were formed by mixing 25 pmol Cas9 protein with 50 pmol of sgRNA in
20 pL of Buffer R (Invitrogen, Carlsbad, CA, USA, Cat#MPK10025B) and incubating at 37°C for 10 min iPSCs were dissociated
with TrypLE-Express (Gibco, Cat 12604021) for 3 min until they became single cells and then counted. 1.5 x 10° cells were re-sus-
pended in 100 pL of Buffer R containing 3 pug of the B2M-NKG2D-CAR vector and RNP. The Neon Transfection System (Invitrogen,
Cat#MP927733) was used for completing nucleofection, with the transfection conditions set to voltage 1200V, pulse width 20 ms and
2 pulses. The transfected cells were cultured in mTeSR Plus medium supplemented with 1/1000 Y-27632 (STEMCELL Technologies,
Cat#72304). Seven days post-transfection, the integrated hiPSCs were dissociated into single cells and seeded into Matrigel-coated
6cm dishes to generate single colonies. Once colonies reached an appropriate size, they were picked artificially and transferred into
Matrigel-coated 48-well plates for continued expansion culturation until they reached a sufficient cell quantity for further
identification.
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Identification of site-specific integration NKG2D-CAR-iPSCs colonies

Next, the iPSC colonies were identified using polymerase chain reaction, flow cytometry and quantitative real-time PCR. PCR was
conducted using 2 X Rapid Taq Master Mix (Vazyme, Nanjing, China, Cat#P222-03-AA) according to the manufacturer’s instructions
after the iPSCs were lysate. Primer pairs, B2M-up-F/B2M-up-R, B2M-down-F/B2M-down-R, which share the same annealing
temperature of 60°C, were used to identify the site-specific integration colonies. For flow cytometry, iPSCs were detached using
TrypLE-Express, and after suspended at the concentration of 1 x 10° cells/mL, they were incubated with PE-Cy7-conjungated
anti-human-CD314(NKG2D) (BD Bioscience, Cat#(562365) for 20 min. The stained cells were washed twice with 1 x DPBS (Gibco,
Cat#C14190500BT). Flow cytometric analysis was performed using a Cytek Aurora flow cytometer and FlowJo software.

Karyotype analysis of iPSCs

B6-iPSCs and NKG2D-CAR-iPSCs were treated with 0.08 pg/mL colcemid (Sigma-Aldrich, Cat#C9754) for 2.5 h. Then, the cells were
dissociated with 0.075 M KCL at 37°C for 30 min and fixed with Carnoy’s fixative (a 3:1 mixture of methanol: acetic acid; Servicebio,
China, Cat#G1120). Subsequently, metaphase chromosome spreads were prepared using standard procedures and air-dried.
Giemsa trypsin banding staining was used to evaluate karyotyping.

Off-target detection

The potential off-target sites were predicted using an online tool (http://www.rgenome.net/cas-offinder/). The genomic DNA of B6-
iPSCs and NKG2D-CAR-iPSCs were extracted using the FastPure Cell/Tissue DNA Isolation Mini Kit (Vazyme, Cat#DC102-01),
which served as PCR templates. PCR was conducted using 2 x Phanta Max Master Mix (Vazyme, Cat#P525-AA) according to
the manufacturer’s instructions. Primer pairs —off-target-1-F/R, off-target-2-F/R, and off-target-3-F/R, whose sequences are shown
in Table S1—were used to perform the PCR.

Quantitative real-time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen, Cat#15596018), and RNA was converted into cDNA using an HiScript Il Q
RT SuperMix (Vazyme, Cat#R223-01). Quantitative PCR was performed according to the manufacturer’s instructions, utilizing the
ChamQ Universal SYBR gPCR Master Mix (Vazyme, Cat#Q711-02) on a Bio-Rad CFX96 Touch Real-Time PCR System (Bio-Rad,
Hercules, CA, USA). Data analysis was conducted using Bio-Rad CFX Manager software (Bio-Rad). All primers used in this study
are available in the database.

Generation and characterization of iPSC-derived iMSCs

We used the STEMdiff Mesenchymal Progenitor Kit (STEMCELL Technologies, Cat#05240) to differentiate iMSCs from iPSCs ac-
cording to the manufacturer’s protocol. Briefly, iPSCs were dispersed as single cells and cultured on Matrigel with mTeSR Plus me-
dium until the confluence reached about 30%. Then, the medium was changed to STEMdiff -ACF mesenchymal induction medium.
The STEMdiff-ACF mesenchymal induction medium was changed daily for the subsequent 4 days, and on day 5, the medium was
changed to MesenCult-ACF Plus medium, which was continued through day 6. On day 7, cells were collected with TrypLE-Express
and passaged onto a six-well plate precoated with the MesenCult-ACF attachment substrate. When the confluence reached 90%,
cells were passaged onto a 6-cm dish pre-coated with MesenCult-ACF attachment substrate and cultured in MesenCult-ACF Plus
medium until passage 5. The MesenCult-ACF medium was changed daily. Finally, MSC-like cells were seeded in 10-cm dishes pre-
coated with gelatin and cultured in MSC medium. For the identification of the surface antigens expressed by iMSCs, the cells were
firstly prepared at a concentration of 1 x 108 cells/mL in DPBS, then incubated with BV421-conjugated anti-human CD34/CD45/
HLA-DR, BB515-conjugated anti-human CD44, PerCP-Cy5.5-conjugated anti-human CD73, APC-conjugated anti-human CD105,
and PE-Cy7-conjugated anti-human CD90 (BD Biosciences), at room temperature for 20 min. Flow cytometric analysis was per-
formed using a flow cytometer (BD Biosciences).

MSC adherence ability detection

The ability of iMSCs to adhere to tumor cells in different target-to-effector ratios was validated by flow cytometric analysis. Firstly,
4 x 10°% iIMSCs were stained with Cell Trace FarRed Cell stain (Invitrogen, Cat#C34564A) then cultured in twelve-well plates. 12 h
later, 2 x 10%, 4 x 10° or 8 x 10° tumor cells (A549, H460, H1299, MCF7) labeled with Cell Trace Violet Cell stain (Invitrogen,
Cat#C34557A) were add to the wells. After 1.5 h co-culture, cells were dissociated with TrypLE Express. Finally, flow cytometric anal-
ysis was performed to estimate the percentage of double-positive cells.

MSC migration assays in transwell system

We used PET Membrane Transwell Inserts (Corning, 8.0-um pores, 24-well plate) to perform the MSC migration assays. The iMSCs
were treated with «-MEM basic medium (Gibco, Cat#(8122725) without FBS in advance. 12 h later, 2 x 10* iMSCs labeled with Cell
Trace Far-Red stain in 150 uL a-MEM basic medium were added to the upper chambers, and 6 x 10* tumor cells (A549, A375,
H1299, MCF7) in 800 uL a-MEM containing 10% FBS was added to the lower chambers. After coculturing for 36 h, we collected
all cells from the lower chamber to analyze the percentage of FarRed positive cells by flow cytometry. Tumor cells cultured alone
served as a negative control.
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RNA-sequencing and analysis

RNA sequencing was performed at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China). Our bioinformatic data
were analyzed on the Majorbio Cloud Platform (Majorbio Bio-pharm Biotechnology, China). DESeq2 (http://bioconductor.org/
packages/stats/bioc/DESeq2/) was used for gene differential expression analysis, the default screening criteria for significantly
differentially expressed genes set to adjusted p-value <0.05 & |log2FC| > 1. Perseus v.1.6.1.1 (http://www.coxdocs.org/doku.
php?id=perseus:start) was used to generate heat maps and perform hierarchical clustering, while Goatools (https://github.com/
tanghaibao/GOatools) was utilized for GO enrichment analysis. The raw data has been uploaded to NCBI and the BioProject number
is PRUINA1229859.

Animal experiments

This study was approved by the Animal Ethics and Experimentation Committee of the School of Life Sciences, Central South Uni-
versity. Four-week-old BALB/c nude mice were purchased from GemPharmatech Co., Ltd. (Nanjing, China). Mice were injected sub-
cutaneously in the right flank with 5 x 10° A549 cells for tumor implantation. When the tumor volume grew to about 200 mm?, 2 x 10°
iMSCs labeled with XenoLight DiR (Revvity, MA, USA, Cat#(125964) were injected once every five days for a total of three injections.
The distribution of the iIMSCs was then assessed every 3 days using the PerkinElmer In Vivo Imaging System (PerkinElmer, MA, USA).
At the experimental endpoint, peripheral blood of the mice was collected from the submandibular venous plexus of the mice, which
were then euthanized by cervical dislocation and subsequently dissected, followed by imaging of the heart, liver, spleen, lungs, kid-
neys, and tumors using the PerkinElmer In Vivo Imaging System (PerkinElmer, MA, USA). The peripheral blood was allowed to stand
at room temperature for 2 h. After that, it was centrifuged at 3000 rpm for 15 min, the upper layer plasma was collected and sent to
Servicebio (China) for liver and renal function analytical biochemical tests. The weight of the mice and the dimensions of the tumor
sizes (including length and width) were measured at regular intervals. The tumor volumes were calculated according to the following
formula: tumor volume (mm?®) = length x width x 0.52.

Isolation and culturation of human PBMCs

Freshly collected peripheral blood was collected and then diluted by an equal volume of 1 x DPBS, then Histopaque-1077 sterile-
filtered (Sigma-Aldrich, Cat#10771) was utilized to separate PBMCs follow the standard instructions. After washed by 1x DPBS
twice, the PBMCs were resuspended with 3mL ACK Lysis Buffer (Beyotime Biotechnology, Cat#C3702) and incubation at room tem-
perature for 10 min for red blood cell lysis. After terminating the lysis by adding 4 mL RPMI 1640 medium (Gibco, Cat#11875093) into
the cell suspension and centrifugating at 300x g for 5 min, the PBMCs were resuspended with 10 mL RPMI 1640 mediumand seeded
into a 10 cm dish. 24 h later, we counted the cells and added Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher Scientific,
Cat#11131D) to the cell culturation at a cell-to-bead ratio of 10:1, and Recombinant Human Interleukin-2 (SL PHARM,
Cat#519991007) was supplemented to a final concentration of 100 IU/mL for activation. The PBMCs were activated for in disposable
sterile dishes or flasks in a humidified environment with 5% CO, at 37°C for 72 h and then used for subsequent co-culture
experiments.

Co-culture of iMSCs, PBMCs and tumor cells

The tumor cells were labeled with Cell Trace Violet Cell Stain follow the instructions and co-cultured with iMSCs at an effector-to-
target ratio of 1:5 in a 6-well plate (3 x 10° iIMSCs per well and 6 x 10* tumor cells per well). After 12 h, when the iMSCs and tumor
cells had adhered to the plate, 6x10° PBMCs, which beads and IL-2 was removed 24 h in advance, were added to the co-culture
system. After 48 h of co-culture, the apoptosis rate of tumor cells and the proliferation, activation, and exhaustion of immune cells
were assessed through flow cytometry.

Detection of immune cell activation, proliferation, and exhaustion

PBMCs were collected from the co-culture system and centrifuge at 300 x g for 5 min at room temperature and washed once with 1 x
DPBS. Stain the PBMCs with the antibodies PE/Cyanine5 anti-human CD45, Brilliant Violet 605 anti-human CD3, Alexa Fluor 700
anti-human CD4, Brilliant Violet 570 anti-human CD8, PE anti-human CD25, PE/Cyanine7 anti-human CD69, APC/Cy7 anti-human
CD107a, Brilliant Violet 510 anti-human CD56, Spark Blue 550 anti-human CD45RA, PE/Fire 810 anti-human CD197/CCR7, APC/Fire
810 anti-human CD95, PE/Fire700 anti-human PD-1, Brilliant Violet 785 anti-human TIM-3 (Biolegend, Cat#304010, Cat#344836,
Cat#344622, Cat#301038, Cat#356104, Cat#310912, Cat#328630, Cat#318340, Cat#304186, Cat#353269, Cat#305664,
Cat#621622, Cat#345032) for 20-30 min according to the manufacturer’s instructions. After staining, wash the cells once with 1x
DPBS. Use the eBioscience FOXP3/Transcription Factor Staining Buffer Set (Invitrogen, Cat#00-5523-00) to permeabilize the cells
for 1 h following the standard protocol, then stain the cells with antibodies Brilliant Violet 421 anti-human FoxP3, Brilliant Violet 750
anti-human IFN-y, FITC anti-human GZMB, Brilliant Violet 650 anti-human Ki67, Alexa Fluor 647 anti-human TCF7/TCF1(Biolegend,
Cat#320124, Cat#502550, Cat#372206, Cat#151215, Cat#355204) for 20-30 minin 100 uL 1 X permeabilization buffer. After washed
once with 1 mL 1 X permeabilization buffer the cells were resuspended in 300 uL 1 x permeabilization buffer and analyzed using a
flow cytometer.
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Detection of tumor cell apoptosis

Digest and collect the co-cultured cells using TrypLE-Express. After centrifuging the cells at 175 g for 5 min at room temperature and
wash once with 500 uL 1 x DPBS, we utilized the BD Pharmingen PE Annexin V Apoptosis Detection Kit | (BD Pharmingen,
Cat#559763, RRID: AB2869265) to detect apoptosis. Specifically, resuspend the cells in 100 pL of 1 x Binding Buffer, add 5 uL
of PE-Annexin V and 5 uL of 7-AAD stain, and incubate in the dark at room temperature for 15 min. Finally resuspended the cells
with 300 puL1 x Binding Buffer and analyze the apoptosis of tumor cells using a flow cytometer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Prism8 (GraphPad Software) was utilized to analyze all statistics generated from this study. As indicated in the figure legends, for
comparing the two experimental groups with normally distributed data, an unpaired two-tailed Student’s t test was employed.
Two-way analysis of variance (ANOVA) followed by Dunett’s multiple comparison test or one-way ANOVA was used to compare
the various experimental groups. The data were presented as mean + SEM, and p < 0.05 was considered statistically significant.
Detailed information are as follows. Figure 1D, Student’s two-tailed t-test, n = 3 **p < 0.001; Figure 2D, Student’s two-tailed
t-test, n = 3 ***p < 0.0001; Figure 3C, one-way ANOVA, *p < 0.05, **p < 0 0.01, **p < 0.001, ***p < 0.0001; Figure 4C, Student’s
two-tailed t-test, *p < 0.05, ™p < 0 0.01, ***p < 0.0001; Figure 5E, Student’s two-tailed t-test, o < 0.05, **p < 0 0.01,
***p < 0.001, ™*p < 0.0001; Figures 6B and 6D-6H, one-way ANOVA, *p < 0.05, *p < 0 0.01, **p < 0.001, ***p < 0.0001; Figure 7D,
Student’s two-tailed t-test, *p < 0.05; Figure 7F, Student’s two-tailed t-test, “**p < 0.0001; Figure 7G, one-way ANOVA.
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