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A B S T R A C T

Limited T cell infiltration into solid tumors remains one of the major obstacles to successful cancer immuno
therapy, particularly for adoptive cell therapy (ACT). Although the chemokine CXCL10 recruits T cells, its direct 
therapeutic application is hampered by poor pharmacokinetics, systemic leakage, and failure to establish stable 
concentration gradients required for effective cell migration. To overcome these challenges, we engineered 
mesenchymal stromal cells (MSCs) to co-express NAD(P)H quinone oxidoreductase 1 (NQO1) for enhanced 
survival and CXCL10-Fc fusion protein for sustained chemokine delivery (NIP-MSCs). The engineered MSCs 
exhibited resilience to tumor microenvironment conditions through improved redox homeostasis, resulting in 
enhanced persistence and sustained IP10-Fc production in vivo. Crucially, tumor-targeted delivery of CXCL10-Fc 
established potent chemotactic gradients with minimal systemic leakage, dramatically increasing both endoge
nous and adoptively transferred T cell recruitment to tumor site. In syngeneic mouse models, NIP-MSC treatment 
significantly suppressed tumor growth through enhanced CD8+ T cell infiltration. When combined with ACT in 
melanoma models, NIP-MSCs resulted in superior tumor control and significantly prolonged survival compared 
to conventional approaches. This work validates NIP-MSCs as a promising platform to overcome T cell exclusion 
and potentiate immunotherapy efficacy in solid tumors.

1. Introduction

Cancer immunotherapy has fundamentally transformed oncology by 
leveraging the innate capacity of immune system to eradicate malignant 
cells. The clinical success of immune checkpoint blockade (ICB) thera
pies targeting PD-1/PD-L1 and CTLA-4 pathways, alongside the prom
ising outcomes from various adoptive cell transfer (ACT) approaches, 
has definitively established the enormous therapeutic potential of har
nessing anti-tumor immunity [1]. However, effective tumor destruction 
requires robust effector T cell infiltration into the tumor microenvi
ronment (TME), yet this remains a critical barrier limiting the efficacy of 

many immunotherapies [2,3]. Indeed, the abundance and distribution of 
tumor-infiltrating lymphocytes (TILs) are potent prognostic markers 
across diverse cancers, highlighting T cell recruitment into the tumor 
site as a pivotal determinant of therapeutic success [4,5].

The trafficking of T cells into TME is a tightly regulated process 
orchestrated by chemokines and their receptors [6]. The C-X-C motif 
chemokine receptor 3 (CXCR3) and its ligand axis is particularly vital for 
guiding cytotoxic T lymphocytes into solid tumors [7]. CXCR3, 
expressed predominantly on activated T and NK cells, binds three 
IFNγ-inducible chemokines: C-X-C motif chemokine ligand 9 (CXCL9), 
CXCL10 (also known as interferon-gamma-induced protein 10, IP-10), 
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and CXCL11 [8]. Among the CXCR3 ligands, each chemokine exhibits 
distinct expression patterns and functional characteristics that influence 
their therapeutic potential. CXCL9 shows more restricted cellular sour
ces, primarily from immune cells [9,10], which could theoretically 
provide more precise spatial control through sharper concentration 
gradients. CXCL11, while having high receptor binding affinity, is 
functionally absent in C57BL/6 mice commonly used in cancer research 
[11,12], limiting its experimental utility. CXCL10 displays broader 
expression across multiple cell types and maintains consistent activity 
across experimental models, making it an attractive therapeutic candi
date [13–15]. However, this widespread expression pattern presents a 
paradoxical challenge for therapeutic applications. The same broad 
production that makes CXCL10 readily available could potentially dilute 
the concentration gradients essential for effective chemotaxis, and 
conventional protein administration approaches further compound this 
problem by failing to establish and maintain the precise concentration 
gradients necessary for directed cell migration [16,17]. Substantial 
systemic leakage of administered proteins from the tumor site disrupts 
localized concentration gradients and may lead to off-target effects [18]. 
Additionally, CXCL10 exhibits susceptibility to rapid degradation 
through proteolytic processes and enzymatic inactivation [19,20]. These 
biological hurdles necessitate novel approaches to maintain functional, 
tumor-localized chemokine gradients while minimizing systemic 
distribution.

To overcome these limitations, cell-based delivery systems offer an 
engrossing strategy for sustained, localized production of chemokines 
within the TME [21,22]. Mesenchymal stromal cells (MSCs) are partic
ularly attractive vehicles due to their tumor-tropism capacity [23,24], 
amenability to genetic engineering [25,26], and well-documented safety 
in clinical settings [27,28]. Engineered MSCs have already demon
strated promise in delivering various anti-cancer agents, including cy
tokines and ICB, directly to the tumor site [29,30]. However, the 
therapeutic utility of MSCs is often compromised by hostile TME, 
characterized by hypoxia, nutrient scarcity, oxidative stress, and chronic 
inflammation [31,32]. Poor survival and persistence of administered 
MSCs curtail their therapeutic output and often necessitate repeated 
dosing, escalating treatment complexity and cost. Consequently, stra
tegies to bolster MSC resilience within this challenging environment are 
paramount for enhancing their efficacy as therapeutic delivery 
platforms.

NAD(P)H quinone oxidoreductase 1 (NQO1), a cytoprotective 
enzyme that detoxifies quinones via two-electron reduction and pre
vents the generation of damaging reactive semiquinone intermediates, 
has emerged as a key factor in cellular stress resistance [33]. NQO1 is 
integral to maintaining cellular redox balance, modulating 
NAD+/NADH ratios, and protecting against oxidative damage, thereby 
influencing multiple cell survival pathways [34,35]. Indeed, NQO1 
upregulation correlates with enhanced resistance to stressors prevalent 
in the TME, such as hypoxia and nutrient deprivation [36,37].

This study was predicated on the hypothesis that engineering MSCs 
to co-express NQO1 and a stabilized IP10-Fc fusion protein would confer 
superior anti-tumor effects. We hypothesized that this engineered 
cellular platform would provide dual therapeutic benefits: the NQO1- 
mediated enhancement of MSC survival within the harsh TME would 
ensure sustained local IP10-Fc production, while the continuous secre
tion of IP10-Fc would establish physiologically relevant chemotactic 
gradients for optimal recruitment of tumor-reactive T cells. Here, we 
demonstrate that these NQO1 enhanced, IP10-Fc-secreting MSCs (NIP- 
MSCs) significantly enhanced T cell infiltration into tumor site and 
significantly increase the efficacy of ACT in murine cancer models. 
These findings highlight the NIP-MSC as a potent adjunctive strategy to 
augment current cancer immunotherapies.

2. Results

2.1. High CXCL10 expression correlates with improved patient survival 
and T cell infiltration

To establish the clinical relevance of CXCL10 as a therapeutic target, 
we analyzed the relationship between CXCL10 expression and patient 
outcomes using clinical data from The Cancer Genome Atlas (TCGA). 
The analysis revealed that higher CXCL10 expression was significantly 
associated with improved survival outcomes. In the pan-cancer analysis, 
patients with high CXCL10 expression demonstrated markedly pro
longed overall survival compared to those with low expression (HR =
0.55, 95 % CI: 0.46–0.65, logrank P = 8.7e-12) (Fig. 1A, left panel). A 
significant positive correlation between CXCL10 expression and overall 
survival is also observed in melanoma patients (HR = 0.65, 95 % CI: 
0.49–0.85, logrank P = 0.0014) (Fig. 1A, right panel). The survival 
benefit of high CXCL10 expression extended to progression-free survival 
in both the pan-cancer cohort (HR = 0.48, 95 % CI: 0.39–0.61, logrank 
P = 6.7e-11) and melanoma patients (HR = 0.44, 95 % CI: 0.32–0.6, 
logrank P = 1.2e-07) (Fig. 1B). Further investigation using multiple 
computational deconvolution methods, including xCELL, TIMER, 
quanTIseq, MCP-counter, CIBERSORT-ABS, and CIBERSORT [38], 
demonstrated that CXCL10 expression positively correlated with CD8+ T 
cell infiltration across multiple cancer types (Fig. 1C). The correlation 
was particularly strong for effector and memory CD8+ T cells, while 
naive T cells showed comparatively lower correlation, suggesting that 
CXCL10 plays an important role in recruiting cytotoxic T lymphocytes to 
the TME.

2.2. Intratumorally administered Cxcl10 exhibits systemic leakage and 
fails to generate concentration gradient

Based on the observed correlation between CXCL10 expression and T 
cell infiltration, we hypothesized that exogenously administered 
CXCL10 could enhance CD8+ T cell recruitment and subsequently 
improve antitumor immunity. However, a significant challenge with 
native CXCL10 is its short biological half-life and rapid clearance from 
circulation, typical of small chemokine proteins [15,19]. To overcome 
these pharmacokinetic limitations and extend protein stability for sus
tained therapeutic effect, we engineered a fusion protein (recombinant 
mouse IP10-Fc, IP10-Fc) consisting of mouse CXCL10 fused with a 
human IgG Fc domain (Fig. S1A) [39,40]. We administered this fusion 
protein intratumorally into MC38 tumor-bearing mice to evaluate its 
biodistribution pattern following injection (Fig. 1D). After intratumoral 
(i.t.) administration of IP10-Fc, significant amount of fusion protein was 
detected in serum (2.41 ± 0.16 μg/mL) (Fig. 1E). Additionally, sub
stantial leakage of the IP10-Fc was observed in various organs including 
lung, liver, heart, kidney, and spleen, with concentrations in these or
gans (0.66 ± 0.08 ng/mg, 0.37 ± 0.03 ng/mg, 0.71 ± 0.06 ng/mg, 
0.70 ± 0.10 ng/mg, and 0.63 ± 0.11 ng/mg, respectively) exceeding 
those measured in the tumor tissue itself (0.32 ± 0.08 ng/mg) (Fig. 1F). 
Since the biological activity of chemokines such as CXCL10 fundamen
tally depends on maintaining concentration gradients to orchestrate 
directional cell migration [41], these findings highlight the critical need 
for a localized delivery system that can minimize systemic leakage and 
maintain effective chemokine gradients within the TME.

2.3. Enhanced NQO1 expression improves MSC survival under stress 
conditions by maintaining cellular redox homeostasis

MSCs are encouraging delivery vehicles for the delivery of IP10-Fc 
due to their amenability to genetic engineering and natural tropism 
for tumor sites [28]. As a living vehicle, increasing the persistence of 
MSCs under harsh conditions such as TME represents a promising 
strategy to enhance the production of therapeutics and prolong the 
therapeutic effect. To improve the persistence of MSCs within the TME, 
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MSCs were transduced to express NQO1 (NMSC), a protective enzyme 
that catalyzes the NAD(P)H-dependent reduction of quinones to hy
droquinones while preventing formation of reactive semiquinone radi
cals, and confers resistance to stress-induced apoptosis [42,43]
(Fig. S1B).

To evaluate the effect of NQO1 on cell persistence under stress 
conditions, cells were cultured under TME-mimicking conditions and 
sequentially examined for cellular redox state, mitochondrial membrane 
potential, and apoptosis (Fig. 2A). Beginning with the primary effect of 
NQO1 on cellular redox state, we observed a substantially increased 
level of NAD+/NADH ratio in cells under stressful conditions (Fig. 2B). 
This favorable shift in redox balance directly impacted electron trans
port chain function, as evidenced by reduced mitochondrial-specific 
ROS measured by mitoSOX across all cell culture conditions (Fig. 2C). 
Mitochondrial membrane integrity was thereby preserved, with the 
NMSCs showing significantly enhanced membrane potential in JC-1 
staining (Fig. 2D). Consequently, NMSCs showed markedly reduced 
cellular oxidative stress, with H2DCFDA measurements revealing 
significantly lower cytosolic ROS levels compared to controls, especially 

under severe combined stress conditions (Fig. 2E).
To gain deeper mechanistic insights into the improved mitochondrial 

function, we measured oxygen consumption rate (OCR) across all stress 
conditions (Fig. 2F). The results revealed a distinct condition-specific 
metabolic profile in NMSCs. While maximal respiratory capacity was 
consistently reduced in NMSCs across all tested conditions, basal 
respiration and ATP-linked respiration remained comparable to control 
MSCs under most environments (Fig. 2G-I). Most notably, serum 
deprivation conditions uniquely enhanced both basal and ATP-linked 
respiration in NMSCs compared to control MSCs, while combined hyp
oxia and serum deprivation normalized all parameters to control levels.

According to established respirometry guidelines, the pattern of 
selectively reduced maximal respiration may indicate altered substrate 
utilization capacity, potentially related to competitive NADH utilization 
by overexpressed NQO1 [44,45]. However, the maintained basal res
piratory function combined with enhanced respiration specifically 
under nutrient limitation suggests adaptive metabolic flexibility rather 
than mitochondrial dysfunction. Under serum deprivation, the 
enhanced NAD+ regeneration capacity of NQO1 may facilitate increased 

Fig. 1. Prognostic value of CXCL10 and systemic leakage of intratumorally administered IP10-Fc. (A and B) Kaplan-Meier plots of overall survival (A) and 
progression-free survival (B) based on CXCL10 expression levels. Left panels show pan-cancer analysis; right panels show melanoma patients specifically. Patients 
were stratified into high and low CXCL10 expression groups. (C) Correlation matrix between CXCL10 expression and CD8+ T cell infiltration across multiple cancer 
types, retrieved from TIMER 2.0 (D) Schematic of intratumoral IP10-Fc biodistribution experiment in MC38 tumor-bearing mice. (E and F) C57BL/6 mice (n = 5) 
were s.c. inoculated with 1 × 106 MC38 cells; 10 days after tumor inoculation, 20 μg IP10-Fc was i.t. injected. 6 h after administration, serum concentration (E) and 
tissue biodistribution (F) of IP10-Fc were determined by ELISA. Data are shown as mean ± s.e.m. from two to three independent experiments. P value was deter
mined by long-rank test (A and B). The diagram in (D) was created using BioRender. Ku, G. (2025) https://BioRender.com/2ufys7l.
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flux through alternative metabolic pathways when serum-derived sub
strates become limiting, supporting sustained energy production. This 
condition-specific metabolic adaptability provides a mechanistic basis 
for the enhanced survival and proliferation of NMSCs under 
TME-mimicking conditions, where reduced ROS generation and stable 
mitochondrial function protect against oxidative damage while meta
bolic flexibility enables sustained energy production under resource 
constraints. The improved metabolic parameters observed in NMSCs 
suggested potential downstream effects on cell survival and prolifera
tion pathways. To investigate this relationship further, we first exam
ined the impact of NQO1 on apoptotic resistance under various stress 
conditions. Flow cytometric analysis using Annexin V/ PI staining 
revealed significantly reduced early apoptotic Annexin V+ cell pop
ulations in NMSCs compared to control MSCs, with particularly clear 
differences observed under nutrient-deprived conditions (Fig. 2J). 
Under serum deprivation, NMSCs exhibited 21.53 % fewer apoptotic 
cells than control MSCs (P = 0.0001), while under combined hypoxia 
and serum deprivation, this protection was maintained with a 31.77 % 
reduction in apoptosis (P < 0.0001). These results demonstrate that 
NQO1 enhancement provides robust protection against apoptosis across 
various stress conditions that characterize the TME.

To determine whether this enhanced survival translated to func
tional benefits in cell growth and persistence, we conducted cell pro
liferation assays under all four stress conditions. Under normoxic 
conditions, NMSCs demonstrated accelerated proliferation compared to 
control MSCs, expanding 1.53-fold more than controls by day 4 (Fig. 2K, 
left). This growth advantage was similarly observed under hypoxic 
conditions (Fig. 2K, right). More strikingly, under severe nutrient 
deprivation and hypoxic stress conditions, where cell death rather than 
proliferation was the predominant response, NMSCs exhibited signifi
cantly enhanced survival capacity. While both cell types showed 
declining numbers under serum deprivation, NMSCs exhibited 55.66 % 
enhanced survival by day 2 (P = 0.0073) (Fig. 2L, left). Similarly, under 
combined stress, NMSCs showed significantly improved persistence, 
with 61.18 % greater cell retention after two days compared to control 
MSCs (P = 0.0004) (Fig. 2L, right). Collectively, these data demonstrate 
that NQO1-mediated metabolic improvements translate directly into 
enhanced cellular persistence under conditions that closely mimic the 
challenging tumor environment.

To further evaluate NMSC resilience in the TME, we examined their 
performance under acidic conditions (pH 6.5), another critical stress 
factor in solid tumors [46] (Fig. S2A). Consistent with the protective 
phenotype observed across other stress conditions, NMSCs maintained 
their protective advantages, demonstrating significantly reduced ROS 
levels, enhanced mitochondrial membrane potential, decreased 
apoptosis, and superior proliferation capacity with 2.77-fold higher cell 
numbers by day 4 (P < 0.001) compared to control MSCs (Fig. S2B-F). 
This reproducible pattern of enhanced redox homeostasis, mitochon
drial stability, and apoptotic resistance across diverse stress environ
ments validates the robustness of NQO1-mediated protection. 
Additionally, OCR analysis confirmed that NMSCs maintained their 
characteristic efficiency-oriented metabolic phenotype even under 
acidic stress, further supporting their resilience across TME-associated 
stresses (Fig. S2G-J).

These comprehensive analyses reveal that NQO1 enhancement 

provides MSCs with significantly improved resilience against multiple 
stress conditions prevalent in the TME. The protective effects span from 
fundamental metabolic improvements to enhanced cellular survival and 
proliferation, highlighting the potential of NQO1-enhanced MSCs as 
robust delivery vehicles capable of sustained therapeutic protein pro
duction within hostile TME.

2.4. Prolonged persistence and localized delivery of IP10-Fc by NIP-MSC 
in the TME

Having established the survival benefits of NQO1 overexpression in 
vitro, we next investigated whether these advantages translated to 
enhanced persistence within the challenging TME in vivo. Before eval
uating MSCs persistence, we first confirmed that MSCs alone do not 
promote tumor growth, as this has been a concern in the field [47]. 
Comparative analysis across MC38, B16, and CT26 syngeneic models 
showed no significant differences in tumor growth between MSC-treated 
and untreated controls (Fig. S3), establishing that MSCs lack intrinsic 
tumor-promoting activity in our experimental conditions. We adminis
tered carboxyfluorescein succinimidyl ester (CFSE)-labeled MSCs or 
NMSCs into tumor-bearing mice and analyzed their retention after 72 h 
using flow cytometry (Fig. 3A). NMSCs demonstrated significantly 
improved tumor persistence, with 59.45 % higher retention compared 
to control MSCs (Fig. 3B). Importantly, biodistribution analysis revealed 
that both cell types remained predominantly localized within the tumor 
tissue, with minimal detection in lymph nodes, lungs, spleen, or pe
ripheral blood (Fig. 3C), consistent with our previous observations of 
preferential tumor tropism of MSC [48,49]. These results confirm that 
NQO1 enhancement not only improves MSC survival in vitro but also 
translates to persistency within the TME.

Based on these promising results, we engineered both of MSCs and 
NMSCs to produce IP10-Fc (designated as IP-MSC and NIP-MSC, 
respectively). Flow cytometry analysis confirmed that genetic modifi
cation did not compromise the expression of key MSC surface markers, 
with all engineered cell types maintaining expression of CD105, Sca1, 
and CD44 (Fig. S4). We then evaluated their protein production capacity 
under various stress conditions. Across all tested conditions, NIP-MSCs 
produced significantly higher levels of IP10-Fc compared to IP-MSCs, 
further validating the functional relevance of NQO1-mediated stress 
resistance (Fig. 3D, Fig. S2K). To confirm that the IP10-Fc produced by 
these engineered cells retained its biological activity, we performed T 
cell migration assays using a transwell system (Fig. 3E, left). NIP-MSC- 
conditioned media significantly enhanced T cell migration compared 
to control serum free media and MSC-conditioned media, and was 
comparable to the effect observed with recombinant IP10-Fc, demon
strating the functionality of the secreted protein (Fig. 3E, right). We 
established the expression system using the strong EF1α promoter [50], 
which showed higher recruiting capacity than the weaker SV40 pro
moter (Fig. S5A). The presence of the fused human IgG Fc domain did 
not significantly affect chemotactic activity (Fig. S5B). These results 
confirm that NQO1-enhanced MSCs exhibit improved survival and 
enhanced therapeutic protein production without compromising 
bioactivity.

To test the biodistribution of IP10-Fc, MC38 bearing mice were 
treated with IP10-Fc (10 μg) or NIP-MSCs (1.5 ×106) and IP10-Fc levels 

Fig. 2. NQO1 enhances MSC survival under stress conditions. (A) Schematic depicting NQO1-mediated cytoprotection mechanisms against ROS stress. (B to E) BM- 
MSCs and NMSCs were cultured under normoxia, hypoxia, serum deprivation (S.D.), or combined hypoxia and serum deprivation (H.S.D.) for 6 h (n = 3). Cellular 
stress responses were evaluated by measuring (B) NAD+/NADH ratio, (C) mitochondrial ROS levels using MitoSOX, (D) mitochondrial membrane potential using JC- 
1, (E) cytosolic ROS levels using H2DCFDA. (F-I) Cells were cultured under normoxia, hypoxia, S.D., or H.S.D. for 24 h. Oxygen Consumption Rate (OCR) of MSCs and 
NMSCs measured by Seahorse XF Pro Analyzer (F). Key parameters derived from the OCR result; basal respiration (G), ATP-linked respiration (H) and maximal 
respiration (I). (J) Apoptotic profiles using Annexin V/PI staining on cells incubated under normoxia, hypoxia, serum deprivation (S.D.), or combined hypoxia and 
serum deprivation (H.S.D.) for 6 h (n = 3). (K and L) Growth curves of MSCs and NMSCs under stress conditions. 2.0 × 105 cells were seeded initially and counted 
every 24 h (n = 3). Cells were cultured under normoxia or hypoxia (K), and S.D. or H.S.D. conditions (L). Data are shown as mean ± s.e.m. from three independent 
experiments. P value was determined by two-tailed unpaired t-test (B-E, G-J) or two-way ANOVA with Holm-Šídák post-hoc test (K and L). ns, not significant; 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The diagram in (A) was created using BioRender. Ku, G. (2025) https://BioRender.com/wm1srtz.
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in tissue were investigated (Fig. 3F). Remarkably, NIP-MSC injection 
resulted in significantly lower systemic leakage of IP10-Fc in serum 
(0.67 ± 0.17 μg/mL) compared to direct injection of IP10-Fc (2.70 
± 0.35 μg/mL) (Fig. 3G). Importantly, organ distribution analysis 
demonstrated that NIP-MSC treatment achieved equivalent intratumoral 
IP10-Fc concentrations compared to direct protein injection, while 
dramatically improving tumor selectivity (Fig. 3H, left). The pie charts 

clearly show that while recombinant IP10-Fc distributed broadly across 
multiple organs, NIP-MSC-derived IP10-Fc demonstrated predominant 
tumor localization with minimal systemic distribution (Fig. 3H, right). 
This clear difference in biodistribution patterns highlights the superior 
targeting capability of cell-based delivery systems, creating a focused 
chemokine gradient within the tumor while virtually eliminating off- 
target accumulation compared to direct protein administration.

Fig. 3. NIP-MSCs achieve tumor-specific delivery of IP10-Fc with minimal systemic leakage. (A) Schematic of MSC biodistribution experiment. (B and C) C57BL/6 
mice (n = 3) were s.c. inoculated with 1 × 106 MC38 cells. Ten days after tumor inoculation, 5 × 105 CFSE-labeled MSCs or NMSCs were p.t. injected. After 72 h, the 
percentage of CFSE+ MSCs in tumor (B) and various tissues (C) were analyzed by flow cytometry. (D) IP10-Fc produced by IP-MSCs and NIP-MSCs were measured 
using ELISA. Cells were cultured under various stress conditions for 24 h (n = 3). (E) Transwell migration assay schematic (left) and quantification of migrated T cells 
toward IP10-Fc protein containing media, MSC or NIP-MSC conditioned media (right) (n = 3). (F) Schematic of IP10-Fc biodistribution following NIP-MSC delivery. 
(G and H) C57BL/6 mice (n = 5) were s.c. inoculated with 1 × 106 MC38 cells. Ten days after tumor inoculation, 20 μg IP10-Fc was i.t. injected or 5 × 105 NIP-MSCs 
were p.t. injected. After 6 h, serum concentration (G) and tissue biodistribution (H) of IP10-Fc were determined by ELISA. Data are shown as mean ± s.e.m. from two 
independent experiments. P value was determined by two-tailed unpaired t-test (B, D and G) or one-way ANOVA with Holm-Šídák post-hoc test (E and H). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. The diagram in (A), (D), (E) and (F) were created using BioRender. Ku, G. (2025) https://BioRender.com/euhyf1u.
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Taken together, these observations indicate that engineered MSCs 
expressing NQO1 and IP10-Fc not only survive better within the TME 
but also provide a superior platform for localized, sustained delivery of 
IP10-Fc, which may lead to the formation of an effective concentration 
gradient, supporting optimal immune cell recruitment and potentially 
overcoming the biodistribution challenges observed with direct IP10-Fc 
administration.

2.5. NIP-MSCs demonstrate enhanced anti-tumor efficacy through 
increased T cell infiltration into the tumor site

To evaluate the therapeutic efficacy of NIP-MSCs in vivo, MC38 
bearing mice were peritumorally administered either MSCs or NIP-MSCs 
when tumors reached approximately 100 mm³ (Fig. 4A). NIP-MSC 
treatment group showed prolonged survival (P = 0.0195) (Fig. 4B) 
with one complete regression and significantly reduced tumor burden 
(P = 0.0014) (Fig. 4C, Fig. S6A). To confirm the broad applicability of 
this efficacy, we tested NIP-MSCs in two additional models with distinct 
immunological profiles: the poorly immunogenic B16 melanoma and 
the highly immunogenic CT26 colon carcinoma. In both models, NIP- 
MSC treatment resulted in significant tumor growth inhibition, 
demonstrating a robust and reproducible anti-tumor activity (Fig. S6B, 
C). To elucidate the mechanisms underlying this enhanced anti-tumor 
effect, we performed comprehensive flow cytometric analysis of 
tumor-infiltrating lymphocytes (TILs) (Fig S7A). NIP-MSC treatment 
resulted in substantially increased infiltration of CD3+ T cells compared 
to control MSC treatment (P = 0.0705) (Fig. 4D). Further characteriza
tion revealed a significant increase in CD8+ cytotoxic T lymphocytes 
within the TME of NIP-MSC-treated mice (Fig. 4E). Interestingly, anal
ysis of T cell activation status showed a marked increase in PD1+ CD8+ T 
cells, which represent antigen-experienced T cells with enhanced 
effector potential [51,52] (Fig. 4F). Notably, this included a substantial 
population of PD1+ TIM3+ double-positive cells, which, despite their 
exhausted phenotype, retain potent cytotoxic capacity against tumor 
cells [53–55] (Fig. 4G).

Given that the observed anti-tumor effects could potentially result 
from the recruitment of other CXCR3-expressing immune cell pop
ulations beyond CD8+ T cells, we conducted comprehensive immuno
phenotyping to characterize which immune subsets are attracted by NIP- 
MSC treatment and determine their respective contributions to thera
peutic efficacy. As previously reported, lymphoid cells including NK 
cells, CD8+ T cells, CD4+ T cells, and regulatory T cells express CXCR3 
[56], which was confirmed by flow cytometric analysis showing this 
broad CXCR3 expression pattern across multiple immune populations 
within the TME. Importantly, NIP-MSC treatment significantly 
enhanced the recruitment of these immune cell populations to the TME 
compared to control MSCs (Fig. 4I). To determine which immune subset 
conducts crucial role for antitumor effect of NIP-MSC, we performed 
systematic immune depletion experiments using neutralizing antibodies 
targeting specific cell subsets in mice bearing established MC38 tumors 
treated with NIP-MSCs. The neutralizing antibody-mediated immune 
subset depletion was verified by comparing immune cell proportion 
within the peripheral blood (Fig. S8). The results revealed striking dif
ferences in the functional importance of each population (Fig. 4J). NK 
cell depletion (αNK1.1) had no significant impact on NIP-MSC thera
peutic efficacy. In stark contrast, CD8+ T cell depletion (αCD8) 
completely abrogated the therapeutic benefit, with tumor growth 
actually accelerated compared to MSC controls, demonstrating that 
recruited CD8+ T cells are essential for therapeutic efficacy. Most 
remarkably, CD4+ T cell depletion (αCD4) resulted in enhanced tumor 
control compared to NIP-MSC treatment alone, likely due to elimination 
of immunosuppressive Tregs within the CD4+ compartment, thereby 
unleashing a more potent CD8+ T cell response.

Given previous reports that CXCL10 can directly influence T cell 
activation states [57,58], the observed T cell phenotype changes might 
be resulted from direct IP10-Fc effects on T cell. To address this 

possibility, we conducted in vitro experiments using mouse splenocytes 
cultured under T cell activation conditions (anti-CD3, anti-CD28, and 
IL-2) with or without IP10-Fc (Fig. 4K). IP10-Fc treatment had no direct 
effect on T cell exhaustion markers (Fig. 4L), activation markers 
(Fig. 4M), or cytokine production capacity (Fig. 4N). These results 
indicate that the enhanced T cell activation observed in vivo likely results 
from IP10-Fc mediated T cell recruitment into the TME, where pro
longed T cell retention and subsequent engagement promote cytotoxic 
activity against tumor cells rather than direct immunomodulatory 
effects.

Collectively, these findings demonstrate that the enhanced anti- 
tumor efficacy of NIP-MSCs is primarily mediated by increased 
recruitment of T cells to the TME. The observed increase in exhausted T 
cells likely represents a consequence of prolonged T cell residence and 
sustained engagement within the immunosuppressive TME, facilitated 
by CXCL10-mediated chemotaxis. This mechanistic insight provides a 
rationale for combining CXCL10-based therapies with ICB, as enhanced 
T cell recruitment could synergize with strategies that reinvigorate 
exhausted T cells within the tumor, consistent with clinical evidence 
linking CXCL10 expression to improved ICB responses [59,60].

2.6. NIP-MSCs selectively enhance recruitment of both endogenous and 
adoptively transferred T cells to the TME

Given the T cell recruitment capacity of IP10-Fc, we hypothesized 
that NIP-MSCs could serve as an effective combinatorial approach for 
adoptive cell transfer (ACT) therapy by selectively enhancing T cell 
recruitment to tumors. We designed an experiment comparing the 
recruitment capacity for both endogenous and adoptively transferred T 
cells (Fig. 5A). We established B16-OVA tumors, an immunologically 
"cold" tumor model with typically poor T cell infiltration, in C57BL/6 
mice and administered MSCs, IP10-Fc protein, or NIP-MSCs. T cells were 
labeled with CFSE before transfer to distinguish endogenous and 
transferred T cells. Endogenous (CFSE-) and transferred (CSFE+) T cell 
populations in the tumor, lungs, and tumor-draining lymph nodes 
(TdLN) were analyzed by flow cytometry (Fig. 5B and Fig. S7B).

Analysis of endogenous T cells revealed that NIP-MSC treatment 
significantly enhanced tumor infiltration compared to direct IP10-Fc 
administration (Fig. 5C, left), while no significant differences were 
observed in lung or TdLN T cell numbers (Fig. 5C, middle and right). 
This tumor-specific enhancement was likely due to the tumor-homing 
properties of MSCs. Importantly, the tumor-to-lung ratio of endoge
nous T cells, a critical parameter for assessing treatment specificity and 
potential off-target effects, was significantly higher in the NIP-MSC 
group compared to direct IP10-Fc injection (Fig. 5D), consistent with 
our earlier findings regarding improved concentration gradient estab
lishment. (Fig. 4H) Most notably, when examining adoptively trans
ferred T cells, we observed dramatically enhanced recruitment to the 
tumor in the NIP-MSC group compared to both control MSCs and direct 
IP10-Fc injection (Fig. 5E, left). No significant differences were detected 
in lung or TdLN infiltration (Fig. 5E, middle and right), resulting in huge 
tumor-to-lung ratio of transferred T cells in the NIP-MSC group (Fig. 5F), 
demonstrating the superior tumor-specific recruitment capability of 
NIP-MSCs for ACT.

Overall, NIP-MSCs selectively enhances the recruitment of both 
endogenous and adoptively transferred T cells specifically to the TME, 
suggesting their potential utility as a complementary strategy for ACT- 
based immunotherapies.

2.7. CXCL10 delivery within the TME potentiates the therapeutic effect of 
adoptively transferred T cells

Based on our findings that NIP-MSCs selectively enhance T cell 
recruitment to tumors, we next investigated whether this property could 
translate to improved therapeutic outcomes when combined with ACT 
therapy. B16-OVA bearing mice and administered either MSCs or NIP- 
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MSCs, followed by adoptive transfer of OT-I CD8+ T cells. To enhance 
the engraftment and expansion of transferred T cells, we performed 
lymphodepletion with cyclophosphamide (CTX) one day prior to cell 
therapy, following clinically established protocols [61,62] (Fig. 6A). 
Long-term survival analysis revealed that while neither MSC nor 
NIP-MSC monotherapy provided durable protection, and MSC treatment 
with ACT offered modest survival benefit, the combination of NIP-MSC 
with ACT significantly extended survival compared to all other groups 
(Fig. 6B). This improved survival correlated with superior tumor growth 
control, as evidenced by significantly reduced tumor volumes in the 
NIP-MSC and ACT combination treatment group (Fig. 6C, D). The 
combination of MSCs with ACT showed minimal improvement 
compared to ACT alone (Fig. S9). Notably, NIP-MSCs demonstrated 
superior enhancement of ACT efficacy over IP-MSCs, which is likely 
attributable to the benefits of the dual engineering platform, enabling 
prolonged IP10-Fc production through NQO1-mediated cellular persis
tence in the harsh TME. These results demonstrate that NIP-MSCs pro
vide substantial therapeutic benefit when combined with ACT, 
translating enhanced T cell recruitment into meaningful survival 
advantages.

To understand the mechanism behind this enhanced therapeutic ef
ficacy, we performed flow cytometric analysis of TILs. Consistent with 
our hypothesis, the NIP-MSC and ACT combination treatment group 
showed significantly higher numbers of tumor-infiltrating OT-I T cells 
compared to the NMSC and ACT combination treatment group (Fig. 6E). 
Importantly, this enhanced recruitment was tumor-specific manner, as 
no significant differences in OT-I T cell numbers were observed in the 
lungs, TdLN, or peripheral blood (Fig. 6F) between treatment groups. 
This selective tumor accumulation of transferred T cells without sys
temic toxicity represents an ideal therapeutic profile for combination 
immunotherapy.

Collectively, our results establish that NIP-MSCs can significantly 
augment the efficacy of adoptive T cell therapy by selectively enhancing 
the recruitment and accumulation of tumor-specific T cells within the 
TME, without affecting their systemic distribution. Tumor-specific T cell 
infiltration translates to improved tumor control and prolonged sur
vival, highlighting the potential of NIP-MSCs as an effective comple
mentary strategy for ACT-based immunotherapies.

3. Discussion

The limited infiltration of T cells into solid tumors remains one of the 
major challenges to successful cancer immunotherapy [3,63,64]. While 
chemokines like CXCL10 have well-established roles in T cell recruit
ment, their therapeutic application has been hampered by poor phar
macokinetics, systemic leakage, and inability to maintain effective 
concentration gradients within tumors [15,65]. Our study addresses 
these fundamental challenges through a novel engineered cellular 
platform that combines enhanced MSCs persistence and localized 
IP10-Fc delivery within the TME, demonstrating significant therapeutic 
benefits in multiple murine cancer models.

The concept of using engineered cells to deliver CXCL10 for cancer 

immunotherapy has gained increasing recognition in recent years [22, 
66,67]. Concurrent with our work, other researchers have explored 
similar approaches across different cancer types and delivery platforms. 
Notably, engineered dendritic cells expressing CXCL9 and CXCL10 have 
shown promise in overcoming ICB resistance in non-small cell lung 
cancer, demonstrating enhanced T cell infiltration and tumor control 
when combined with PD-1/PD-L1 inhibition [66]. Similarly, a recent 
study in glioblastoma employed Nrf2-enhanced MSCs delivering 
CXCL10 to overcome the blood-brain barrier and improve T cell infil
tration in brain tumors, with particularly promising results when com
bined with ICB [67]. These findings demonstrate the therapeutic 
potential of sustained intratumoral CXCL10 delivery and validate our 
cell-based approach for overcoming systemic protein leakage 
challenges.

Our work extends beyond these previous studies by providing several 
key innovations and insights. First, MSCs as the delivery vehicle pro
vides a strong foundation for clinical translation, given their well- 
established clinical safety profile from numerous clinical trials [68]. 
Second, this approach proactively addresses the fundamental challenge 
of limited cell persistence within the hostile TME. The dual-engineering 
strategy combining NQO1 enhancement with CXCL10 delivery enables 
prolonged chemokine production in harsh TME. The comprehensive 
characterization of protective effects of NQO1, from NAD+/NADH ratio 
maintenance to mitochondrial protection and overall cellular resilience, 
establishes a mechanistic foundation for this enhancement strategy that 
could be broadly applicable to other cell-based therapies. Third, 
rigorous biodistribution analysis confirms that these features culminate 
in a highly localized and stable chemokine gradient, ensuring effective T 
cell recruitment while minimizing systemic exposure—a critical aspect 
for both safety and efficacy [28,69,70]. Finally, our detailed analysis of 
both endogenous and adoptively transferred T cell trafficking patterns 
provides crucial insights for combination immunotherapy applications, 
particularly demonstrating how cellular delivery of CXCL10 can create 
high concentration gradient and tumor-specific chemotaxis without 
systemic leakage.

The observation that IP10-Fc enhanced T cell recruitment without 
directly modulating T cell functional states provides important mecha
nistic clarity. We observed increased numbers of both PD-1+ activated 
and PD1+TIM3+ exhausted T cells within tumors, consistent with 
enhanced tumor engagement rather than direct immunomodulatory 
effects. These findings not only highlight the role of CXCL10 in 
enhancing T cell recruitment but also support the potential benefit of 
combining CXCL10-based strategies with ICB therapy [66,67]. The 
therapeutic synergy observed between NIP-MSCs and adoptive cell 
transfer is particularly promising for clinical translation. Current ACT 
approaches, including tumor-infiltrating lymphocyte therapy and engi
neered T cell therapies like chimeric antigen receptor (CAR)-T cells, 
often face challenges with insufficient tumor infiltration despite robust 
peripheral expansion. NIP-MSCs can significantly enhance the 
tumor-specific accumulation of transferred T cells without affecting 
systemic distribution suggests this approach could reduce the thera
peutic dose of CAR-T cell while preventing on-target off-tumor effects 

Fig. 4. Tumor-specific delivery of IP10-Fc suppress tumor growth through enhanced T cell infiltration. (A) Experimental design for NIP-MSC treatment in MC38 
tumor model. (B–C) C57BL/6 mice (n = 7–8) were s.c. inoculated with 1 × 106 MC38 cells followed by 5 × 105 MSCs or NIP-MSCs p.t. administration on days 9 and 
12. Tumor growth was measured twice weekly. (D to G) Five days after the last treatment, TILs were analyzed for percentage of CD3+ T cells (D), CD8 T cells (E), PD- 
1+ CD8 T cells (F), and PD-1+TIM-3+ CD8 T cells (G) (n = 5–6 per group). (H-J) Mice were subcutaneously inoculated with 1.0 × 106 MC38 cells. When tumor 
volumes reached 50 mm3, mice were treated with 1.5 × 106 NIP-MSCs or control MSCs. Mean Fluorescence Index (MFI) of CXCR3 in infiltrated lymphocytes (H) and 
absolute counts of each immune cell subset in tumor normalized by tissue weight (I) in MC38 at the end point. (J) Anti-CD8 (200 μg), anti-CD4 (200 μg) and anti- 
NK1.1 (200 μg) were administered via i.p. injection twice a week for two weeks, starting the day before MSC injection. Data show tumor growth curves (left) and 
representative photographs of the tumor (right). (K) Schematic of in vitro T cell activation experiment. (L to N) Mouse splenocytes were activated with anti-CD3/ 
CD28 and IL-2, in the presence or absence of 1 μg/mL IP10-Fc for 72 h (n = 3). PD-1 and TIM-3 expression profile (L), MFI of activation/exhaustion markers (M), and 
intracellular cytokine levels (N) were analyzed by flow cytometry. Data are shown as mean ± s.e.m. from two or three independent experiments. P value was 
determined by log-rank test (B), two-way ANOVA with Holm-Šídák post-hoc test (C and J), one-way ANOVA with Holm-Šídák post-hoc test (D-G, I) or two-tailed 
unpaired t-test (L-N). ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001. The diagram in (A) and (K) were created using BioRender. Ku, G. (2025) 
https://BioRender.com/uawbvrp.
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and systemic toxicities such as cytokine release syndrome.
A key technical advantage of our approach lies in the superior bio

distribution profile achieved through cellular delivery. The distinct 
contrast between systemic IP10-Fc levels from protein injection versus 
NIP-MSC mediated delivery demonstrates how cellular platforms can 
overcome key limitations of chemokine-based therapies, particularly the 
challenge of establishing and maintaining precise chemotactic gradients 

at target sites while minimizing off-target effects [28,70,71]. However, 
several aspects warrant further optimization to maximize clinical utility. 
First, the duration of NIP-MSC persistence and IP10-Fc production re
quires detailed characterization to inform optimal dosing schedules and 
treatment intervals. Second, implementing TME-responsive inducible 
expression systems could enhance therapeutic precision by tailoring 
protein production to local conditions. Finally, incorporating safety 

Fig. 5. NIP-MSCs recruit endogenous and adoptively transferred T cells to tumors. (A) Experimental design for T cell biodistribution assay. (B) Representative 
contour plots showing gating strategy to distinguish endogenous (CFSE− ) and adoptively transferred (CFSE+) T cells. (C-F) C57BL/6 mice (n = 5) were s.c. inoculated 
with 1 × 106 B16-OVA cells. Nine days after tumor inoculation, MSCs (5 × 105, p.t.), IP10-Fc (20 μg, i.t.), or NIP-MSCs (5 × 105, p.t.) were administered followed by 
CFSE-labeled T cells (1 × 106, i.v.) administration on day 10. (C) Three days later, absolute counts of CFSE- endogenous T cells in tumor, lung, and TdLN were 
normalized by tissue weight. (D) Tumor-to-lung ratio of endogenous T cells were calculated from normalized counts. (E) Three days later, absolute counts of CFSE+

exogenous T cells in tumor, lung, and TdLN were normalized by tissue weight. (F) Tumor-to-lung ratio of adoptively transferred T cells were calculated from 
normalized counts. Data are shown as mean ± s.e.m. from two or three independent experiments. P value was determined by one-way ANOVA with Holm-Šídák post- 
hoc test (C-F). *P < 0.05, **P < 0.01. The diagram in (A) was created using BioRender. Ku, G. (2025) https://BioRender.com/2go5g20.
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Fig. 6. NIP-MSCs enhance therapeutic efficacy of adoptive T cell transfer. (A) Experimental design for combination therapy with NIP-MSCs and ACT. (B-D) C57BL/6 
mice (n = 8–10) were s.c. inoculated with 5 × 105 B16-OVA cells. Eight days after tumor inoculation, mice received cyclophosphamide (100 mg/kg, i.p.). On day 9, 
MSCs or NIP-MSCs (5 × 105, p.t.) were injected followed by OT-I T cells (5 × 106, i.v.) administration. Survival (B) and tumor growth (C-D) were monitored. (E and 
F) Seven days after ACT, absolute counts of OT-I T cells in tumor (E) and other tissues (F) were normalized by tissue weight or blood volume (n = 5–6 per group). 
Data are shown as mean ± s.e.m. from two or three independent experiments. P value was determined by log-rank test, two-way ANOVA with Holm-Šídák post-hoc 
test (C), or two-tailed unpaired t-test (E and F). ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The diagram in (A) was created using 
BioRender. Ku, G. (2025) https://BioRender.com/m97qk9v.
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switch mechanisms, such as those demonstrated in IL-2 therapies [49], 
could provide enhanced control and reversibility for improved clinical 
safety profiles.

The broader implications of our findings extend well beyond CXCL10 
delivery to the field of cellular therapeutics. The NQO1-enhancement 
strategy could improve the persistence and efficacy of various cell- 
based therapies operating in challenging microenvironments, while 
our approach to creating localized protein gradients through cellular 
production could be extended to other therapeutic proteins requiring 
precise spatial distribution, such as promoting tertiary lymphoid struc
tures (TLS), which are associated with improved immunotherapy re
sponses [72,73]. From a translational perspective, our platform offers 
compelling advantages: MSCs have well-established clinical safety pro
files [27], the genetic modifications involve well-characterized proteins, 
and their inherent tumor-tropic properties eliminate complex targeting 
requirements [28]. The demonstrated synergy with adoptive cell 
transfer, particularly the potential applications in CAR-T cell therapy, 
positions this approach for immediate clinical investigation as a com
plementary strategy to enhance existing cellular immunotherapies.

In conclusion, our engineered NIP-MSC platform addresses funda
mental limitations in cancer immunotherapy by providing sustained, 
localized CXCL10 delivery that enhances T cell infiltration into the TME. 
The therapeutic benefits observed in both monotherapy and combina
tion settings with ACT, highlight the potential of this approach to 
improve outcomes across diverse immunotherapy applications. As the 
field moves toward increasingly sophisticated combination strategies, 
tumor-targeted delivery of therapeutics using engineered MSCs may 
safely and effectively modify the TME, thereby overcoming the chal
lenges of conventional therapies and potentiating their efficacy in solid 
tumors.

4. Materials and methods

4.1. Animals

Six-to-eight weeks old C57BL/6 N and C57BL/6J-Tg (TcraTcrb) 
1100Mjb/J (OT-1 TCR transgenic) mice were purchased from The 
Jackson Laboratory (Bar Harbor, ME, USA) and bred in a specific 
pathogen-free environment under standard conditions with a 12 h light/ 
dark cycle and ad libitum access to water and food. Inbred mice were 
employed for experiments after reaching 8 weeks of age. All experi
mental procedures, including animal breeding, were approved by the 
Animal Care Committee of Korea University in accordance with the 
guidelines and regulations of the Republic of Korea (KUIACUC- 
2024–0053, KUIACUC-2024–0085).

4.2. Cell lines and culture conditions

MC38, B16F10, and HEK293FT cell lines were purchased from 
American Type Culture Collection. MC38, B16F10, B16-OVA, 
HEK293FT, CT26 mouse bone marrow-derived mesenchymal stem 
cells (BM-MSCs), and engineered MSCs were cultured in Dulbecco’s 
Modified Eagle’s Medium (Welgene, Gyeongsangbuk-do, Korea; 
LM001–01) supplemented with 10 % fetal bovine serum (FBS) (Wel
gene; S001–01) and 100 U/mL penicillin-streptomycin (Welgene; 
LS202–02). The mouse BM-MSCs were obtained from the bone marrow 
of female C57BL/6NCrlOri mice and immortalized as previously 
described [49]. CHO-S cells were maintained in ExpiCHO Expression 
Medium (Thermo Fisher Scientific, Waltham, MA, USA; A29010001).

Mouse T cells were isolated from spleen and lymph nodes and 
cultured in RPMI 1640 medium (Welgene; LM011–01) supplemented 
with 10 % FBS, 100 U/mL penicillin-streptomycin, 1 mM sodium py
ruvate (Thermo Fisher Scientific; 11360070), 20 mM HEPES (Welgene; 
BB001–01), MEM non-essential amino acids solution (Thermo Fisher 
Scientific; 11140050), and β-mercaptoethanol (Thermo Fisher Scienti
fic; 21985023). For in vitro activation, isolated T cells were stimulated 

with plate-coated anti-mouse CD28 (2 μg/mL; BD Biosciences; 102102) 
in the presence of recombinant human IL-2 (5 ng/mL; Thermo Fisher 
Scientific; 200–02–50UG). After 48 h of in vitro activation, T cells were 
considered activated and harvested using ice-cold Dulbecco’s 
phosphate-buffered saline (DPBS) (Welgene; LB001–02).

All cells were maintained at 37 ℃ in a humidified atmosphere con
taining 5 % CO2. Hypoxic conditions were achieved by incubating cells 
in a Modular Incubator Chamber (Embrient Inc., San Diego, CA, USA; 
MIC-101) filled with hypoxia gas composed of 5 % CO2 and 1 % O2, 
balanced with N2. Serum-free media were used when indicated to ach
ieve serum-deprivation conditions. Adherent cells were passaged before 
reaching 80 % confluency using 1 × Trypsin-EDTA solution (Welgene; 
LS015–01). All cell lines were confirmed to be mycoplasma-free.

4.3. Generation of engineered MSCs

The lentiviral vector encoding the fusion protein of mouse Cxcl10 
and human IgG Fc region (IP10-Fc) was generated from the coding se
quences of mouse Cxcl10 (NM_0212274) and human IgG Fc region 
(MW_176591). LALAPG mutations were introduced to eliminate com
plement activity and reduce binding affinity to Fcγ receptors. A separate 
lentivirus vector for NQO1 overexpression was constructed using mouse 
Nqo1 (NM_008706) sequence.

For lentivirus production, HEK293FT cells were transfected with 
expression vectors and packaging vectors pMDLg/pRRE, pRSV-Rev, and 
the envelope pMD2.G (#12251, #12252, #12259, respectively, all 
procured from Addgene) using Lipofectamine 3000 (Thermo Fisher 
Scientific; L3000–008) according to the manufacturer’s protocol. The 
culture medium containing the lentivirus was harvested at 48 and 72 h 
post-transfection and concentrated using a Lenti-X concentrator 
(Takara, Nojihigashi, Kusatsu, Japan; 631231). The concentrated lenti
viral particles were transduced into immortalized MSCs using hex
adimethrine bromide (polybrene) at 8 μg/mL (Sigma-Aldrich, 
Burlington, MA, USA; TR-1003), with centrifugation (1000 g for 1 h at 
room temperature) to enhance transduction efficiency. Successfully 
transduced MSCs were selected with either 5 μg/mL puromycin 
(Thermo Fisher Scientific; A1113803) or 600 μg/mL G418 (InvivoGen, 
San Diego, CA, USA; ant-gn-1).

4.4. Protein purification and quantification

For protein purification, IP10-Fc expression vector was transfected 
into 293-F cells as previously described [74]. Following standard 
transfection and feeding protocols, conditioned media were harvested 
after 3 days and subjected to protein A affinity chromatography. Bound 
proteins were eluted with glycine buffer (pH 3.0) and protein concen
tration was determined using standard Bradford assay methods. The 
purity of protein was examined by SDS-PAGE.

4.5. Enzyme-linked immunosorbent assay (ELISA)

Fc-specific ELISA was performed using 96-well immunoplates (SPL 
Life Sciences, Gyeonggi-do, Korea; 32296) coated overnight at 4 ℃ with 
Fc-specific anti-human IgG capture antibody (2 μg/mL; Sigma-Aldrich; 
I2136) diluted in 0.1 M NaHCO3. After washing with 0.05 % Tween20 
(Sigma-Sldrich; P1379) in DPBS and blocking with 1 % bovine serum 
albumin (BSA, GenDepot, Katy, TX, USA; A0100) solution in DPBS, 
samples were added and incubated at room temperature in the dark for 
1.5 h. Follwing an additional 3-times washing step, anti-human IgG (Fc 
specific)-peroxidase antibody (Sigma-Aldrich; A0170) diluted in 1 % 
BSA solution was added and incubated at room temperature in the dark 
for 1 h. Finally plates were developed by adding 100 μL 3,3′,5,5′-Tet
ramethylbenzidine (TMB) substrate solution (Thermo Fisher Scientific; 
N301), and the reaction was stopped with 100 μL of 3 M HCl (Sigma- 
Aldrich; 258148). Protein concentrations were determined by regression 
of OD₄₅₀ values using a 5-parameter logistic standard curve, measured 
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with a HIDEX Sense 425–301 microplate reader (HIDEX Oy, Turku, 
Finland).

4.6. Immunoblot analysis

MSCs lysates were prepared as previously described [75] and sub
jected to SDS-PAGE using Bis-Tris polyacrylamide gels prepared 
in-house. Proteins were transferred onto polyvinylidene difluoride 
membranes (Merck Millipore, Darmstadt, Germany: IPVH00010). After 
blokcing with 5 % skimmed milk, membranes were immunoblotted with 
priamry antibodies aginst NQO1 (Cell Signaling Technology, Danvers, 
MA, USA; 62262) or β-actin (Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA; sc-47778), followed by horseradish peroxidase-conjugated mouse 
anti-rabbit IgG secondary antibodies (Santa Cruz Biotechnology, Inc.; 
sc-2357) or horse anti-mouse IgG secondary antibodies (Cell Signaling 
Technology; 7076 s). Immunoreactive bands were visualized using 
Pierce™ ECL Western Blotting Substrate (Thermo Fisher Scientific; 
32106) and analyzed using ImageJ.

4.7. Cellular NAD+/NADH measurement

The NAD+/NADH ratio was assessed using the NAD+/NADH Assay 
kit (Abcam, Cambridge, UK; ab65348) according to the manufacturer’s 
instructions. Briefly, cells were harvested and lysed with the provided 
extraction buffer, followed by heating at 60 ℃ for 30 min. After the 
heating step, samples were incubated for 2 h during reaction cycles and 
analyzed using a HIDEX Sense 425–301 microplate reader at designated 
time points before reaction termination.

4.8. Flow cytometry

Cells were harvested and resuspended in DPBS supplemented with 
2 % FBS. When necessary, Fcγ receptors were blocked using anti-FcγIII/ 
II receptor (clone 2.4G2) for 15 min to prevent non-specific binding. 
Fixable viability dye eFluor506 (Thermo Fisher Scientific; 65–0866–14) 
was used to identify live cells. Surface marker staining was performed 
using fluorescence-conjugated antibodies for 30 min at 4◦C in the dark, 
with detailed antibody information provided in Supplementary Table 1. 
Intracellular marker staining was performed using fluorescence- 
conjugated antibodies for 50 min at 4◦C in the dark (detailed in Sup
plementary Table 1). Before staining, cells were fixed using the True- 
Nuclear Transcription Factor Buffer Set (BioLegend; 424401) accord
ing to the manufacturer’s protocol. Briefly, fixation step and per
meabilization step were performed after cell surface staining using 
fluorescence-conjugated antibodies. Data were acquired on a Novo
Cyte Advanteon flow cytometer (Agilent, Santa Clara, CA, USA) and 
analyzed using NovoExpress (Agilent Technologies) or FlowJo (BD 
Biosciences) software.

4.9. Mitochondrial function analysis

Mitochondrial function was assessed by measuring reactive oxygen 
species (ROS) levels and membrane potential. For ROS detection, cells 
were harvested and stained with either H2DCFDA (Thermo Fisher Sci
entific; D399) for total ROS assessment or mitoSOX Mitochondrial Su
peroxide Indicators (Thermo Fisher Scientific; M36008) for 
mitochondrial ROS measurement. Final concentrations were 10 μM for 
H2DCFDA and 5 μM for mitoSOX. For mitochondrial membrane po
tential analysis, cells were stained with JC-1 (MedChemExpress, Mon
mouth Junction, NJ, USA; HY-15534) at a final concentration of 2 μM. 
Following 30 min incubation at 37◦C, stained cells were washed with 
DPBS and resuspended for flow cytometric analysis. ROS levels were 
determined by mean fluorescent intensity, and mitochondrial mem
brane potential was calculated as the ratio between JC-1 aggregate and 
monomer.

4.10. Measurement of Oxygen Consumption Rate (OCR)

MSCs and NMSCs were seeded into a Seahorse XF Pro M cell culture 
microplate at a density of 2.0 × 104 cells/well. The cells were then 
cultured for 24 h under various stress conditions; normoxia, hypoxia, 
serum deprivation (S.D.), combined hypoxia and serum deprivation (H. 
S.D.) or acidosis. To chemically induce hypoxia, the culture medium was 
supplemented with 50 μM of CoCl2. Prior to the assay, the culture me
dium was replaced with Seahorse XF Base Medium supplemented with 
25 mM D-glucose, 4 mM L-glutamine and 1 mM sodium pyruvate. The 
plate was subsequently incubated for 1 h at 37 ◦C in a non-CO2 incubator 
for temperature and pH equilibration. A mitochondrial stress test was 
performed through the sequential injection of 1 μM oligomycin, 1 μM 
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and 1 μM 
rotenone/antimycin A mixture. OCR values were normalized to the total 
protein content of each well. Key parameters, including basal respira
tion, ATP-linked respiration and maximal respiration, were calculated 
from the normalized data. The samples were analyzed using a Seahorse 
XF Pro Analyzer (NFEC-2025–07–306941) at Ewha Fluorescence Core 
Imaging Center.

4.11. Cell viability and apoptosis analysis

Apoptotic profiles were detected using the BD Pharmingen™ FITC 
Annexin V Apoptosis Detection Kit I (BD Biosciences; 556547) and 
propidium iodide (Sigma-Aldrich; 537059) according to manufacturer’s 
instructions. Briefly, harvested cells were washed twice with ice-cold 
DPBS and resuspended in 1 × binding buffer prepared by diluting 
10 × binding buffer (BD Biosciences; 556454) in distilled water. For 
every 1.0 × 10⁵ cells, 100 μL of binding buffer was used with the addi
tion of 1 μL FITC Annexin V and 5 μL propidium iodide. After 15 min 
incubation at room temperature in the dark, 400 μL of binding buffer 
was added to wash out excessive dyes. Samples were analyzed by flow 
cytometry within 1 h of staining.

4.12. Transwell migration assay

To utilize conditioned media from engineered MSCs, MSCs were 
seeded on 6-well plates at a density of 1.0 × 10⁶ cells per well. Following 
12 h of incubation, the culture medium was replaced with serum-free T 
cell medium (T cell culture medium without FBS). At 48 h, conditioned 
media were harvested, and 600 μL was placed in the bottom chamber of 
12-well plates. Activated T cells (0.8 × 10⁶) were resuspended in 
200 μL T cell medium and seeded in 5 μm pore transwells (Corning, 
Corning, NY, USA; CLS3421). In parallel, serum-free T cell medium 
alone or supplemented with 1 μg/mL IP10-Fc fusion protein was used as 
controls. Upon 6 h incubation at 37◦C, upper chambers were removed, 
and T cells that migrated to the bottom chamber were harvested and 
counted using a hemocytometer.

4.13. Intracellular cytokine analysis

For intracellular cytokine analysis, T cells were first treated with 
eBioscience protein transport inhibitor cocktail (Thermo Fisher Scien
tific; 00–4980–93) to prevent cytokine secretion. Cells were harvested 
after 6 h incubation. Fixation and permeabilization were then per
formed using the True-Nuclear Transcription Factor Buffer Set (Bio
Legend; 424401). After permeabilization step, cells were stained with 
fluorescence-labelled antibodies against IFNγ, TNFα, Granzyme B 
(detailed in Supplementary Table 1) in permeabilization buffer for 
30 min at room temperature in the dark. Stained cells were washed and 
analyzed by flow cytometry.

4.14. In vivo tumor model and adoptive transfer of OT-I CD8+ T cells

Tumor models were established by subcutaneous injection of cancer 
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cells into the shaved right flank of C57BL/6 N mice. For the MC38 
model, each mouse was inoculated subcutaneously with 1.0 × 10⁶ cells 
in 50 μL ice-cold DPBS. B16F10 and B16-OVA models were established 
similarly using 0.5 × 106 cells per mouse. CT26 models were established 
to BALB/c mice similarly using 1.0 × 106 cells per mouse. For immune 
subset depletion analysis, anti-CD8 (53–5.8), anti-CD4 (GK1.5) and anti- 
NK1.1 (PK136) obtained from BioXCell were i.p. injected twice a week 
for two weeks, starting the day before MSC injection. Tumor volumes 
were monitored every 3 days using calipers and calculated using the 
formula: volume = (length × width × depth)/2. MSCs were peri
tumorally injected when the tumor volume reached 100 mm3. 1.5 × 106 

NIP-MSCs were resuspended in 50 μL of ice-cold DPBS for injection.
For adoptive cell transfer, lymphodepletion was performed by 

intraperitoneal injection of 200 μL of cyclophosphamide solution 
(20 mg/mL; Sigma-Aldrich; C7397) one day before the MSC injection 
[61,62]. Two days after the lymphodepletion, 1.0 × 107 CFSE-labelled T 
cells or 1.0 × 106 OT-I CD8+ T cells were adoptively transferred into 
B16 or B16-OVA tumor-bearing C57BL/6NCrlOri mice, respectively. All 
T cells were in vitro activated for 48 h before the adoptive transfer. Mice 
with tumor volumes exceeding 2000 mm³ were considered to have 
reached the experimental endpoint.

4.15. Tissue dissociation and single-cell preparation

Peripheral blood was harvested using heparinized capillary tubes 
(Kimble Chase, Vineland, NJ, USA; 2501). Tumor and lung tissues were 
cut into small pieces and digested with collagenase A (1 mg/mL; Roche, 
Basel, Switzerland; COLLA-RO) and DNase I (0.5 mg/mL; Sigma- 
Aldrich; 10104159001) at 37◦C for 45 min before being filtered 
through 70 μm cell strainers (Corning; 352350). Other harvested organs 
were directly filtered through 70 μm cell strainers. When necessary, red 
blood cell lysis was performed using 1 × RBC lysis buffer prepared by 
diluting eBioscience 10 × RBC lysis buffer (Thermo Fisher Scientific; 
00–4300–54) in sterile distilled water. Single-cell suspensions were 
washed twice with DPBS supplemented with 2 % FBS and 0.5 mM EDTA 
(Thermo Fisher Scientific; 15575–038).

4.16. Tumor and tissue-infiltrating lymphocyte analysis

The single-cell suspensions were then incubated with anti-FcgIII/II 
receptor from clone 2.4G2 for 15 min, followed by surface marker 
staining using conjugated antibodies (Detailed information is listed on 
the Supplementary Table 1). Stained Samples were then washed twice 
with DPBS supplemented by 2 % FBS and 0.5 mM EDTA for flow cyto
metric analysis. Tumor-bearing mice with peritumorally injected the 
identical number of BM-MSC or without any injection were regarded as 
control. T cell detection was performed by identifying cells that were 
both CD45+ and CD3+ using fluorescence-conjugated antibodies 
(detailed in Supplementary Table 1). Adoptively transferred T cells were 
determined by detecting Vα2+ T cells or CFSE+ T cells.

4.17. MSC persistence & homing assay

To standardize tumor burden at the time of treatment, MSCs were 
injected when the average tumor volume reached 100 mm³ . At this time 
point, NIP-MSCs were fluorescently labeled with 1 μM CFSE (Thermo 
Fisher Scientific; C34554), and 1.5 × 10⁶ cells in 50 μL ice-cold DPBS 
were injected peritumorally into each tumor-bearing mouse, with BM- 
MSCs used as controls. Three days post-injection, tissues were har
vested and processed into single-cell suspensions for flow cytometric 
analysis. MSC detection was performed by identifying cells that were 
both CFSE⁺ and positive for MSCs-specific markers using fluorescence- 
conjugated antibodies (detailed in Supplementary Table 1).

4.18. In vivo IP10-Fc distribution analysis

1.5 × 10⁶ cells of NIP-MSCs or BM-MSCs were injected into each 
tumor-bearing mouse as described above. 50 μL of 200 μg/mL IP10-Fc 
solution were injected intratumorally and considered as controls. 
Three days post-injection, tissues were harvested and processed into 
homogenates using FastPrep-24™ Homogenizer (MP Biomedicals, Santa 
Ana, CA, USA). 1 μM of phenylmethylsulfonyl fluoride (Sigma-Aldrich; 
P7626) and 1 × protease inhibitor cocktail prepared by diluting 
100 × protease inhibitor cocktail (Seleckchem, Houston, TX, USA; 
B140002) were diluted in DPBS and used as homogenizing buffer. Ho
mogenates have been centrifuged (16000 g for 10 min at 4 ℃) and the 
supernatents were harvested for ELISA analysis.

4.19. Statistical analysis

The number of animals and replicates are indicated in each figure 
legend. For in vitro experiments, wells were randomly assigned into each 
group and all cells were analyzed equally. For in vivo experiments, an
imals were distributed into groups using stratified randomization by 
tumor volume. All data were analyzed using GraphPad Prism 10 and 
shown as mean ±standard error of the mean (s.e.m.). P value was 
determined by two-way analysis of variance (ANOVA) for tumor growth, 
one-way ANOVA for TIL assay for MC38 model, B16-OVA ACT model, T 
cell bioinfiltration assay. Log-rank test for survival, unpaired two-tailed 
t-tests for the other analysis were used to determine the P value. ANOVA 
tests were followed by Holm-Šídák post-hoc test for comparisons 
involving more than two groups. All reported p-values were two-sided 
and were considered statistically significant at *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001.
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