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Background: Prostate cancer remains a leading cause of cancer-related mortality, with conventional therapies
limited by systemic toxicity and poor tumor targeting. Developing innovative drug delivery systems that enhance
therapeutic specificity while minimizing off-target effects is critical.

Materials and methods: We engineered cryo-trojan human umbilical cord mesenchymal stem cells (CT-MSCs) as
non-living, tumor-homing carriers for mitoxantrone (MTX), termed CT-MTX. Cryo-treatment preserved structural
integrity and chemokine receptors (CXCR4/CCR2) for tumor targeting while eliminating proliferative risks.
Comprehensive evaluations included drug loading/release kinetics, in vitro tumor suppression, immunogenic cell
death (ICD) induction, and in vivo efficacy/safety in prostate cancer models.

Results: CT-MTX demonstrated superior drug loading (116.38 pg/10° cells) and pH-sensitive release (74.10 % at
pH 5.5), outperforming exosomes, liposomes, and living MSCs in stability and tumor-specific drug delivery.
Compared to liposomes (low targeting) and nanomaterials (biocompatibility concerns), CT-MTX leveraged MSC-
derived tropism without tumorigenic risks. In vitro, CT-MTX inhibited tumor proliferation (84.83 % MTX up-
take), migration (4.42 % residual migration), and induced apoptosis (43.23 % late apoptosis). Mechanistically,
CT-MTX triggered ICD via PAMPs release, activating CD8™ T cells and suppressing immunosuppressive Treg. In
vivo, CT-MTX selectively accumulated in tumors, reducing growth by 87.88 % and extending survival (93.30 %
vs. 66.70 % in controls) with negligible systemic toxicity. Proteomics revealed enriched immune pathways like
NK cell cytotoxicity, validating its dual role in direct tumor killing and immune activation.

Conclusion: CT-MTX represents a novel, non-proliferative drug delivery platform that combines the tumor-
homing capacity of MSCs with enhanced safety and controlled release, inducing ICDs for prostate cancer and
other immunologically “cold” tumors to improve immune infiltration.

1. Introduction

Prostate cancer (PCa), one of the most frequently reported in men,
leads to major reductions in the quality of life and often a poor health
outlook [1]. Chemotherapy and radiotherapy are the main treatments
currently used for prostate cancer; however, these treatments have
limited efficacy and are associated with serious side effects, such as
tissue damage and suppression of bone marrow function [2]. Through
blood circulation, chemotherapy drugs reach the tumor area; however,
this results in large amounts of the drug being conveyed to healthy tis-
sues, causing harmful side effects such as nausea, hair loss, vomiting,
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and myelosuppression. Radiotherapy locally targets tumors but can still
harm the surrounding healthy tissue, leading to radiation-induced skin
problems, myelosuppression, and radiation pneumonitis [3]. Therefore,
despite the role of chemotherapy and radiotherapy in prostate cancer
treatment, their effectiveness and safety warrant further enhancement.

There remains an urgent need for alternative treatment methods to
improve treatment outcomes and minimize unwanted effects. Re-
searchers have focused on drug delivery systems that are more targeted
and safer, optimizing drug concentration in the tumor while minimizing
harm to normal tissue. These systems could improve treatment out-
comes and patient quality of life [4].
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Fig. 1. Comparison of morphology, viability, apoptosis, and ultrastructure between CT-MSCs and hUC-MSCs a, Morphological characteristics of hUC-MSCs
and CT-MSCs observed under optical microscopy (Scale Bar = 50 pum). b, Live/dead cell staining results of hUC-MSCs and CT-MSCs visualized under confocal
microscopy (Scale Bar = 20 pm). ¢, Morphological characteristics of hUC-MSCs and CT-MSCs observed under confocal microscopy (Scale Bar = 30 pm). d, Apoptosis
detection in hUC-MSCs and CT-MSCs using flow cytometry. e, Quantitative analysis of apoptosis data from panel d. f, Proliferation capacity of hUC-MSCs and CT-
MSCs. g, Ultrastructural comparison of hUC-MSCs and CT-MSCs observed under SEM (Scale Bar = 30 pm, 10 pm). h, Ultrastructural comparison of hUC-MSCs and
CT-MSCs observed under TEM (Scale Bar = 2 pm, 1 pm). For e and f, data were presented as means + s.d. of n = 3 replicates (*p < 0.05, **p < 0.01, ***p < 0.001,

**%p < 0.0001).

Currently, the primary drug delivery systems include exosomes, li-
posomes, nanomaterials, and cell delivery vehicles. Exosomes are noted
for their good biocompatibility and targeting abilities [5], yet they face
challenges such as complex purification, low yield, and limited drug
loading capacity [6]. Liposomes are easy to produce [7]; however, they
lack both targeting capabilities and stability [8]. Nanomaterials exhibit
excellent properties [9-12], but their biocompatibility and potential
toxicity require further investigation [13]. Cell delivery vehicles offer
high drug loading, favorable biocompatibility, and precise targeting,

although their clearance rates in vivo can vary significantly depending
on the cell type used due to the various immunogenicity [14].

Human umbilical cord mesenchymal stem cells (hUC-MSCs) are
recognized for their low immunogenicity, hence they avoid immune
rejection during allogeneic transplants [15]. In addition, hUC-MSCs
show high chemotaxis to tumors, enabling them to move toward and
build up in the tumor environment [16], while having good compati-
bility with the body [17]. hUC-MSCs are a safer option than the potential
tumorigenesis and uncontrolled immune response that may result from
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Fig. 2. Proteomic analysis and potential biological mechanisms of CT-MSCs a, Volcano plot of differentially expressed proteins between hUC-MSCs and CT-
MSCs. b, Heatmap illustrating the clustering of differentially expressed proteins. ¢, GO analysis results. d, KEGG enrichment bubble plot. e, Expression ratios of
key proteins involved in critical biological processes. f, Western blot analysis of CXCR4. g, Quantitative analysis of CXCR4 expression. h, Western blot analysis of
CCR2. i, Quantitative analysis of CCR2 expression. j, Relative quantification of key proteins in four major pathways. For g and i, data were presented as means =+ s.d.

of n = 3 replicates (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

cryo-killed tumors or macrophages [18,19]. This makes them a suitable
drug delivery system. However, living hUC-MSCs may promote tumor
growth and deliver a limited amount of drugs [20]; furthermore, ethical
concerns surrounding their use remain to be resolved. These issues limit
their use in cancer therapy [21].

Cryo-treating is a simple and controllable method with few un-
wanted outcomes. Cryo-treating helps to inanimate cells while main-
taining their targeting abilities and partial functions. Specifically, cryo-
treating slightly damages the cell membrane and eliminates cell
viability, although certain surface markers and receptors remain intact
[22], helping cells to focus on tumors. Thus, cryo-trojan hUC-MSCs
(CT-MSCs) behave as “non-living drug carriers” [23], delivering drugs
without proliferation. Compared to living normal hUC-MSCs even to
other cell-derived drug delivery systems such as leukocyte-derived or
tumor-derived ones [24-26], this approach provides considerable drug
loading, eliminates the risk of enhancing tumors, and avoids the ethical
concerns with active stem cells, particularly in cancer treatments [27].

Additionally, cryo-treating may improve the stability of drug loading
and provide controlled release. CT-MSCs create a more stable structure,
allowing them to load and protect drug molecules, lowering the chance
of premature release while in circulation [28]. This method provides
new opportunities, particularly for anticancer drugs where targeted
release is critical, ensuring that the drug functions mainly after reaching
the targeted site. This can improve treatment effectiveness and reduce
harm to healthy tissues. The limitations of traditional drug-loaded stem
cells, such as issues with drug capacity and release control [29], have
been partly improved by the cryo-treating approach, making CT-MSCs
suitable for drug delivery.

This study aimed to assess the effectiveness and safety of CT-MTX for

the treatment of prostate cancer. Successful use of CT-MSCs with MTX
may significantly improve the treatment of prostate cancer bone
metastasis while lowering systemic toxicity during therapy. This
approach is important for prostate cancer treatment and other cancers,
offering new methods and insights for cancer treatment in clinical
settings.

2. Results
2.1. Characterization of hUC-MSCs

hUC-MSCs, abundantly present in Wharton’s jelly [30,31], are
possible stem cell sources. Characterization was conducted to determine
whether the extracted hUC-MSCs possessed the appropriate biological
properties needed for the experiments. hUC-MSCs had surface markers
commonly linked with mesenchymal stem cells [32-34], such as CD73
(99.07 %, SD = 0.76 %), CD90 (99.00 %, SD = 0.26 %), and CD105
(98.75 %, SD = 0.45 %). In contrast, other markers that are not typical of
MSCs [35], such as CD34, CD45, HLA-DR, CD11b, and CD19, were
detected at low levels (1.20 %, SD = 0.31 %) (Supplementary Figs. la
and b), consistent with the standard definitions of these cells. Cell
growth studies (Supplementary Fig. 2) exhibited a normal growth curve,
confirming their proliferative ability, and cell cycle analysis
(Supplementary Figs. 3a and b) showed 73.75 % (SD = 14.92 %) of the
cells in the GO/G1 phase, indicating the growth potential. The cells
could differentiate into cartilage, fat, and bone, as shown by Alcian blue
(Supplementary Fig. 4), Oil Red O (Supplementary Fig. 5), and Alizarin
Red staining (Supplementary Fig. 6), consistent with the expected
multipotency features of hUC-MSCs [35]. The overall data confirm the
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Fig. 3. Characterization of CT-MSCs as drug carriers a, Experimental outline showing CT-MTX preparation process. b, Staining results of CT-MTX observed under
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(HPLQ). d, Schematic representation of MTX content in the supernatant measured by HPLC during the MTX release experiment from CT-MTX. e, Quantitative analysis
of drug loading capacity of CT-MSCs. f, Quantitative analysis of drug loading efficiency of CT-MSCs. g, Comparison of Zeta potential between CT-MSCs and CT-MTX.
h, Time-MTX release profile of CT-MTX in different pH environments. For e - h, data were presented as means =+ s.d. of n = 3 replicates (*p < 0.05, **p < 0.01, ***p
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stability of the biological traits of hUC-MSCs and suggest their suitability
for drug delivery carrier research.

2.2. Evaluation of cryo-treating on hUC-MSCs and their potential as drug
carriers

In many cases involving cell therapy and tissue engineering, the
cryopreservation of hUC-MSCs is a significant factor in preserving cell
function and viability. However, for the broader use of hUC-MSCs, cryo-
treating was used to determine whether CT-MSCs could retain their
structure and target features, making them useful carriers for drug de-
livery. Compared to other methods of preparing drug delivery systems
like gene engineering or chemical synthesis, the advantages of cryo-

treating at —80 °C are that it is easily available, and the prepared CT-
MSCs can be easily stored at —80 °C, achieving integration of preser-
vation and preparation. Confocal microscopy using live-dead staining
(Fig. 1b), trypan blue staining (Supplementary Fig. 7), and flow
cytometry apoptosis analysis (Fig. 1d and e) indicated that CT-MSCs had
fully lost viability, reaching necrosis and late apoptosis rates of 93.20 %
(SD = 0.82 %). The growth curve also confirmed that these cells could
no longer proliferate (Fig. 1f). Yet, brightfield optical and confocal mi-
croscopy images showed that CT-MSCs kept an overall intact
morphology, although their diameter slightly increased (19.34 + 3.64
pm, SD = 3.64) compared with hUC-MSCs (17.05 + 4.79 pm, SD = 4.79)
(Fig. la-c). Further scanning and transmission electron microscopy
(Fig. 1g and h) confirmed that CT-MSCs, while biologically dead and



C. Wang et al.

Materials Today Bio 32 (2025) 101650

a
NC CT-MSC MTX CT-MTX
c ™ ween f 24h
g @
g 80| § md
e v g %) z
= >
20| -
H 3
g o O
NC CT-MSCs MIX CTMIX R o = - =
(;x‘} & Mitoxantrone concentration (ug/mL)
-MSCs m
% 1}
100) b (i) 48h o NC
g * g
2
| g o CT-MSCs
< 50t 5
2 o
g >
s 3 MTX
H °
-~ o
O &g 0o ) 15 s
i,\*" ot Mitoxantrone concentration (ug/mL) CT-MSCs ¢ & E S
¢ o CTMTX & nn ©
250 « (i) 72h axx
~ 50y
£ 200f B -
o < Lo
8 a 2> £
$ 150 £ 240
3 2 =
f 100} ] 8 20|
H 2 =
@ 50 3 % 319
ﬁ O z s}
CT-MTX & o s
O & o »: RIS
<& : s FITC & ES
&x‘f’ ‘%\’6 Mitoxantrone concentration (pg/mL) (;\" &
9

i NC CT-MSCs MTX CT-MTX

ns ko

A O ® O
o ©o o o

N
=]

Mean fluorescence intensity

0
© P & F
R0
& 19

40 ns *%

N
o

Mean fluorescence intensity

o

O cp & &
e‘é) ‘é«'@/\
& 9

Fig. 4. Analysis of the in vitro targeting, tumor inhibition capability, and mechanism of CT-MTX on tumor cells a, High-content imaging shows the targeting
effect of CT-MTX on RM-1 cells and the effect of MTX on tumor cells (Scale Bar = 50 pm). b, SEM analysis of CT-MSCs targeting RM-1 cells and the ultrastructural
changes of RM-1 cells during co-culture (Scale Bar = 2 pm). ¢, Flow cytometry measurement of MTX uptake by RM-1 cells and Quantitative analysis. d, Scratch assay
showing the migration ability of RM-1 cells in different treatment groups and quantitative analysis (Scale Bar = 200 pm). e, Invasion assay showing the invasive
ability of RM-1 cells in different treatment groups and quantitative analysis (Scale Bar = 50 pm). f.(i), CCK-8 assay measuring the growth of RM-1 cells after co-
culture at 24 h. (ii), CCK-8 assay measuring the growth of RM-1 cells after co-culture at 48 h (iii), CCK-8 assay measuring the growth of RM-1 cells after co-
culture at 72 h g, Live/dead cell staining of RM-1 cells after co-culture, observed under confocal microscopy and quantitative analysis (Scale Bar = 20 pm). h,
Flow cytometry measurement of apoptosis in RM-1 cells after co-culture and quantitative analysis. i, CRT expression observed under confocal microscopy and
quantitative analysis (Scale Bar = 20 pm). j, HMGB1 expression observed under confocal microscopy and quantitative analysis (Scale Bar = 20 pm). For quantitative
analysis, data were presented as means =+ s.d. of n = 3 replicates (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

without proliferative function, retained relatively complete cellular
structures without obvious destruction except their surfaces converted
to be slightly rough, which might be relevant to protein changes from
hUC-MSCs to CT-MSCs. These findings formed the basis for further drug
loading, release, and in vivo targeting testing. While CT-MSCs lose their
viability and ability to proliferate, their cellular structure, crucial for
constructing drug delivery systems, remained intact.

To explore these molecular changes after cryo-treating, proteomic
analysis was performed. This analysis is essential to better understand
the use of CT-MSCs for drug delivery. Coomassie brilliant blue staining
(Supplementary Fig. 8) showed that cryo-treating caused significant
changes in the protein profiles of hUC-MSCs and CT-MSCs. The volcano
plot for the differentially expressed proteins (Fig. 2a) displayed
considerable protein expression shifts, whereas the heatmap analysis
(Fig. 2b) illustrated the clustering of these altered proteins. The key

protein expression ratio analysis (Fig. 2e) indicated that CT-MSCs
responded to cryo-treating via metabolic reprogramming. Additional
GO (Fig. 2¢, Supplementary Fig. 9) and KEGG pathway analyses (Fig. 2d,
Supplementary Fig. 10) revealed that the upregulated proteins following
cryo-treating were primarily linked to oxidative phosphorylation and
cell respiration. In contrast, the downregulated proteins were associated
more with glycolysis and metabolite transport. Quantification of key
proteins validated this pathway (Fig. 2j). These protein changes
matched the structural preservation observed in the CT-MSCs, rein-
forcing their role as stable carriers for drug delivery. Western blot
analysis (Fig. 2f-i) confirmed the upregulation of the chemokine re-
ceptors CXCR4 and CCR2 in CT-MSCs by about 34.92 % and 11.02 %
[36,37], respectively, indicating that CT-MSCs might have enhanced
tumor-targeting abilities.
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2.3. Drug loading, release of CT-MSCs

When studying drug delivery systems, the main consideration is how
cells take drugs and release them in a controlled manner. Due to the
relatively structural completeness of CT-MSCs, their drug loading and
release abilities for delivery purposes were assessed. CT-MSCs (10°) co-
cultured with 1 ml MTX isotonic solution (400 pg/ml) in 4 °C for 24 h
(Fig. 3a). Compared with complex operations such as exosome drug
delivery (ultrasound) [38], MTX molecules are easier to enter into
CT-MSCs through the small damage to the cell membrane caused by
cryo-treatment, and supposed to anchor inside cytoplasm to DNA or
membrane. Confocal microscopy (Fig. 3b) revealed that MTX was
loaded into CT-MSCs, and high-performance liquid chromatography
(Fig. 3c—e,f) proved that CT-MSCs showed high drug-loading potential
and efficiency. After exposure to 400 pg/ml MTX solution, loading ca-
pacity reached about 116.38 ug/10° cells, while loading efficiency was
approximately 29.10 %, with a superior loading capability.

To confirm the stability of CT-MTX during circulation, zeta potential
measurements were conducted (Fig. 3g), converting from —27.23 +
0.25 mV to a lower potential value (—1.38 + 0.44 mV), which suggested
that MTX with a positive charge was loaded into CT-MSCs and conse-
quently neutralized the negative charge of the membrane (CT-MSCs),
which may be one of the reasons why CT-MTX has a considerable MTX
loading capacity: The attraction between opposite charges is strong,
making it easy to load but not easy to release in circulation.

Notably, the drug release graphs (Fig. 3d-h) indicated that CT-MTX
had a pH-sensitive controlled release in acidic conditions (pH = 5.5),
where MTX release reached about 74.10 + 6.81 pg/10° cells after 24 h.
This observation indicates that CT-MTX shows an easier release of MTX
within the acidic TME [39], just as hemoglobin tends to release oxygen
more readily in environments with low oxygen levels. A more acidic
environment (lower pH) typically increases positive charge [40], which

may contribute to the also positively charged MTX release. In addition, a
more acidic environment may cause secondary destruction of the
membrane structure of CT-MTX [41], making it easier to release MTX
from the broken site.

2.4. Effect of CT-MTX on the biological traits of tumor cells

To assess the potential of CT-MTX in targeting tumors, in vitro ex-
periments using high-content imaging and SEM (Fig. 4a and b) revealed
that CT-MTX effectively targeted RM-1 cells and caused nuclear
condensation and morphological alterations. The intercellular channel
between tumors and CT-MSCs has been observed using SEM (Fig. 4b).
This characteristic was supposed to be used to deliver high-dose
“bombs” into the tumor, effectively bypassing the tumor’s drug expul-
sion mechanisms. Flow cytometric analysis (Fig. 4c) confirmed that a
larger proportion of RM-1 cells absorbed MTX in the CT-MTX group
(84.83 £ 2.55 %) than in the MTX group (64.20 + 3.83 %). These data
underscore CT-MTX’s tumor-targeting ability of CT-MTX and support its
potential role as a drug delivery platform.

Upon observing that CT-MTX could lead to changes in RM-1 cell
shape, we carried out the biological characterization of these tumor cells
following the intervention. The scratch test (Fig. 4d) and invasion test
(Fig. 4e) showed that CT-MTX strongly reduced the migration and in-
vasion abilities of RM-1 cells compared with the CT-MSCs and MTX
groups. The migration rate was about 4.42 + 0.69 %, and the number of
invading cells was 46.00 + 12.29. The growth curve results (Fig. 4f)
showed a clear reduction in RM-1 cell growth due to CT-MTX treatment,
and this effect became stronger over time. These findings show that CT-
MTX plays a role in targeting tumor cells and blocking their ability to
grow and move.
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Fig. 6. Efficacy and mechanism analysis of CT-MTX in different mouse groups a, Fluorescence images showing Granzyme B staining in different treatment
groups and quantitative analysis (Scale Bar = 50 pm). b, Fluorescence images showing CRT expression in different treatment groups and quantitative analysis (Scale
Bar = 50 pm). ¢, Fluorescence images showing HMGB1 expression in different treatment groups and quantitative analysis (Scale Bar = 50 pm). d, Fluorescence
images showing CD3 expression in different treatment groups and quantitative analysis (Scale Bar = 50 pm). e, Fluorescence images showing CD4 expression in
different treatment groups and quantitative analysis (Scale Bar = 50 pm). f, Fluorescence images showing CD8 expression in different treatment groups and
quantitative analysis (Scale Bar = 50 um). g, Fluorescence images showing FOXP3 expression in different treatment groups and quantitative analysis (Scale Bar = 50
pm). h, Fluorescence images showing GR-1 expression in different treatment groups and quantitative analysis (Scale Bar = 50 pm). i, Fluorescence images showing
PD-L1 expression in different treatment groups and quantitative analysis (Scale Bar = 50 pm). j, Fluorescence images showing SDF-1 expression in different treatment
groups and quantitative analysis (Scale Bar = 50 pm). k, Fluorescence images showing TUNEL staining in different treatment groups and quantitative analysis (Scale
Bar = 50 pm). 1, Fluorescence images showing Ki67 expression in different treatment groups and quantitative analysis (Scale Bar = 50 pm). m, ELISA quantitative
results of serum TNF-o, IFN-y, IL-1p, IL-6, IL-8. For quantitative analysis and results, data were standardized by cell density, presented as means + s.d. of n = 3

replicates (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
2.5. CT-MTX-induced immunogenic cell death

CT-MTX not only influenced the biological behavior of tumor cells
but also triggered ICD in RM-1 cells, showing a different mechanism for
its antitumor effects. Confocal microscopy (Fig. 4g) indicated that CT-
MTX treatment substantially increased the cell death rate to 68.70 +
9.63 %. Flow cytometry analysis (Supplementary Figs. 11a,b, Fig. 4h)
demonstrated an increase in RM-1 cells in the G2 phase to 20.47 + 1.62
%, with necrosis and late apoptosis rates reaching 43.23 + 0.75 %.
Following confirmation of RM-1 cell death, immunofluorescence anal-
ysis of CRT and HMGBI1 (Fig. 4i and j) revealed a marked increase in
cytoplasmic CRT levels by (23.03 + 5.38 %) and significant decrease in
cytoplasmic HMGBI, respectively, in the CT-MTX-treated group
compared with the MTX group, pointing toward the role of CT-MTX in
activating the host immune response through ICD induction [42,43].
However, no significance has been observed between NC and CT-MSCs
groups, indicating that ICD was induced by MTX instead of CT-MSCs.
These findings imply that CT-MTX not only directly influences tumor
cell activity but also enhances its antitumor effects by ICD induction
[44]. It is very meaningful because prostate cancers are typically known
as cold cancers with low-level immune infiltration [45], by ICD, leu-
kocytes could be recruited and activated to compose an active TME to

improve those “cold” condition [46].
2.6. In vivo safety and biodistribution of CT-MSCs

To ensure the safety of CT-MSCs in vivo, their effects on organs and
biodistribution were evaluated in a tumor-bearing C57BL/6 mouse
model. RM-1, a prostate cancer cell line homologous to C57BL/6 mice,
was used for model construction.

In vivo, fluorescence imaging (Supplementary Figs. 12a—c) displayed
that CT-MSCs tagged with fluorophore Cy5.5 significantly accumulated
at the tumor site. Correspondingly, the distribution of fluorescence in-
tensity across organs (Supplementary Figs. 12c¢—d) in the CT-MTX-Cy5.5
group presented lower fluorescence intensities, showing that the drug
delivery system could reduce the distribution of MTX in major organs,
with no significant off-target effects. H&E staining (Supplementary
Fig. 13) corresponds to the expected result of biodistribution: there are
no significant pathological changes in the major organs following CT-
MTX treatment, indicating good safety for in vivo applications.

Compared with the Cy5.5 group, the fluorescence intensity directed
at tumor tissues increased by 139.69 + 7.40 %, consistent with the in
vitro targeting data, indicating that CT-MSCs possess strong tumor-
targeting properties.
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Fig. 7. The proteomic analysis of tumor tissues in CT-MTX vs. NC groups of mice. a, Volcano plot of differentially expressed genes in tumor tissues vs. NC group.
b, A heatmap of differentially expressed genes in tumor tissues vs. NC group. ¢, KEGG enrichment analysis shows that multiple immune response and cytotoxicity-
related pathways are activated, including the complement and coagulation cascade and natural killer cell-mediated cytotoxicity. d, GO enrichment analysis indicates
that CT-MTX significantly affects several biological processes related to immune response, apoptosis, and metabolic reprogramming. e, Quantitative analysis of key
proteins in pathways related to complement activation, NETs formation, natural killer cell-mediated cytotoxicity, and antigen processing and presentation (*p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001).

2.7. In vivo therapeutic effects of CT-MTX

After evaluating the safety and tumor-targeting capability of CT-
MSCs, we next examined the therapeutic effects of CT-MTX drug-
loaded carriers in treating tumors. The graph showing the tumor volume
change (Fig. 5f-h) illustrates the significant role of CT-MTX in slowing
tumor growth, where the tumor volume in the CT-MTX group was 56.57
+ 2.47 % of that in the MTX group, compared with the NC group, the
tumor inhibition rate of CT-MTX was 87.88 =+ 0.27 % after 28 days. The
curve showing body weight change (Fig. 5b) suggests that CT-MTX
treatment did not cause significant body weight loss, confirming low
toxicity. Survival rate analysis (Fig. 5¢) showed 93.30 % survival in
tumor-bearing mice treated with CT-MTX on day 28 and 83.90 % in the
MTX-treated group, higher than 66.70 % of NC. Mitosis in the tumor
tissues of the CT-MTX group dropped to 23.27 + 9.73 % of the MTX
group (Supplementary Figs. 14a and b), showing strong tumor inhibition
by CT-MTX.

The enzyme-linked immunoassay (ELISA) analysis results (Fig. 6m)
revealed that pro-inflammatory cytokines, such as TNF-a, IFN-y, IL-1p,
IL-6, and IL-8, increased by 29.52 + 2.87 %, 24.06 + 4.60 %, 16.41 +
21.42 %, 8.45 + 2.36 %, and 26.06 + 22.74 %, respectively, in the CT-
MTX group compared with the MTX group. This suggests that CT-MTX
improves antitumor activity by increasing inflammatory response.

2.8. Effect of CT-MTX on migration, apoptosis, and proliferation-related
markers

Its effects on migration, apoptosis, and proliferation-related markers
in tumor cells were evaluated to verify the antitumor mechanism of CT-
MTX. Immunofluorescence analysis results showed that CT-MTX treat-
ment reduced SDF-1 expression by 94.29 + 3.80 %) compared with the
MTX group (Fig. 6j), implying that CT-MTX inhibits tumor cell

migration through suppression of the SDF-1-related signaling pathway
[47]. TUNEL staining analysis results indicated that the CT-MTX-treated
group showed an increase in TUNEL-positive signals by 123.67 + 44.64
% compared with the MTX group (Fig. 6k), suggesting that CT-MTX
induces apoptosis in tumor cells [48]. Ki67 staining results revealed
that Ki67 signal intensity in the CT-MTX group decreased by 90.90 +
1.57 % compared with the MTX group (Fig. 61), indicating that CT-MTX
reduces the proliferative capacity of tumor cells.

2.9. Immunoanalysis of tumor microenvironment post CT-MTX treatment

To determine how CT-MTX interacts with the immune response in
the TME, we examined its impact on T-cell infiltration along with the
changes seen in the main immune markers. The immunofluorescence
results (Fig. 6d) showed that in the CT-MTX group, there was an 88.82
+ 29.97 % increase in CD3" T-cell fluorescence signal levels at the
tumor location compared with the MTX group. Likewise, CD4" and
CD8™ T cell signals increased by 39.10 + 28.80 % and 133.33 + 21.00
%, respectively (Fig. 6e and f), indicating an increase in the CD8/CD4
ratio, which suggests a more active immune space for fighting tumors
[49].

Additionally, the immunofluorescence results (Fig. 6a—c) showed
that CT-MTX treatment significantly increased ICD markers, such as
Granzyme B [50], CRT, and HMGB1, by 145.83 + 15.91 times, 28.54 +
8.33 times, and 13.83 + 1.80 times, respectively, compared with the NC
group. These findings confirm that CT-MTX strengthens specific immune
responses by inducing the ICD.

There was no significant difference in ICD-related markers between
the CT-MSCs group and the NC group, suggesting that the ability of CT-
MTX to induce ICD originated from MTX. However, the expression levels
of ICD-related and T-cell-related indexes in the CT-MTX group were
higher than in the MTX group. This increase may be attributed to the
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higher local concentration of CT-MTX resulting from tumor homing and
the active phagocytosis of CT-MSCs by tumor cells.

After confirming that CT-MTX increased the expression of immune-
related markers, we explored its effects on inhibitory immune markers
in the tumor environment. The immunofluorescence analysis (Fig. 6g—i)
showed that FOXP3 expression in the CT-MTX group decreased by
approximately 59.82 + 6.52 % compared with the NC group. This in-
dicates that CT-MTX may improve antitumor immunity by reducing the
buildup of Treg cells. Likewise, GR-1 signal strength decreased by 95.59
+ 1.06 %, indicating that CT-MTX lowers MDSC accumulation, thus
lessening the immunosuppressive effects inside the tumor surroundings.
In addition, PD-L1 expression was reduced by approximately 7.49 +
33.18 %, indicating that CT-MTX can reduce immune evasion of tumors
by reducing PD-L1.

2.10. Proteomic analysis of tumor reaction after treatment with CT-MTX

To determine how CT-MTX affects tumors, we performed a proteo-
mic analysis. The volcano plot (Fig. 7a) showed that CT-MTX treatment
altered the expression of several proteins. The heatmap results (Fig. 7b)
showed how different proteins were expressed, including some linked to
cytoskeletal structures, metabolism, and immune response changes.

GO and KEGG pathway analyses (Fig. 7c and d) indicated that CT-
MTX-activated immune pathways, including complement and coagula-
tion cascades and natural killer cell cytotoxicity, likely play important
roles in its stronger antitumor immune response. The protein quantifi-
cation results verified the activation of these immune-related pathways
(Fig. 7e), supporting the assumption that CT-MTX affects tumor treat-
ment by enhancing immune regulation.

2.11. Post-treatment safety analysis of CT-MTX

The biosafety of CT-MSCs has been considered; however, it remains
essential to re-evaluate the safety of CT-MTX treatment since MTX, a
chemotherapy drug, may affect several organs. H&E staining findings
(Supplementary Figs. 15a-f) showed no major pathological issues, such
as intramyocardial space changes in cardiac tissues, the sinusoidal re-
gion in the liver [51], germinal centers in the spleen [52], alveolar re-
gion in the lungs [53], or glomerular diameter following treatment with
CT-MTX compared with the NC group [54]. This suggests favorable
safety.

3. Discussion

This study represents an initial effort to use Cryo-treating MSCs as a
drug delivery system, a major development in cancer treatment. In
earlier studies by Gu et al. [22]. and Shi et al. [28], the use of
cryo-shocked tumor cells as drug carriers were explored owing to their
capacity to target tumor tissues. Moreover, there are also many other
origins of drug delivery systems including immune cells [55]. However,
tumor-derived carriers carry the risk of reintroducing tumorigenic ma-
terials, and unpredictable immune responses may worsen inflammation
or allow immune evasion. Additionally, allogeneic immune cells may
cause severe Immune rejections. Building upon the aforementioned
studies on cryo-shocked cells, we have, for the first time, integrated
cryopreservation techniques with human umbilical cord mesenchymal
stem cells to develop a novel drug delivery system.

In contrast, CT-MSCs offer a safer alternative with fewer un-
certainties. MSCs, including CT-MSCs, are not tumorigenic and naturally
have low immunogenicity and strong tumor-homing abilities, which
help them locate tumor sites without the risk of uncontrolled cell growth
and inflammations. Additionally, CT-MSCs retain many useful proper-
ties of live MSCs, such as their ability to migrate toward inflammatory
signals, meantime bridging the low-dose drug loading drawback in cell-
derived drug delivery carriers, cryo-shocked tumor cells can load 65 +
16pg/ 107 cells doxorubicin. The loading ability of living hUC-MSCs as
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drug carriers was 21.5 pg/10° cells doxorubicin loading and a loading
efficiency of 3.6 % [56]. Besides, a parallel comparison to the
monocyte-derived system with a taxol loading rate of 10.18 % [57].
Another research also mentioned a doxorubicin loading of
neutrophils-derived system was 0.56 = 0.04 ng/10° cells [58].

One of the other MSCs-derived drug delivery systems at the forefront
is modified by materials science method [59-61]. Compared to them,
CT-MTX achieved an ideal treatment effect at a cheaper cost.

CT-MTX has shown further improved loading capacities of cell-
derived drug delivery systems, making them suitable against various
benign diseases while avoiding the ethical and safety concerns associ-
ated with live stem cell treatments. Thus, CT-MSCs have achieved a
balance between safety and efficacy, addressing the limitations associ-
ated with immune and tumor cells as drug carriers.

Although detailed mechanisms by which they function within the
TME have been explored, several important questions remain unan-
swered, necessitating further research.

First, the scalability of cryo-treatment remains unvalidated. Current
protocols require manual handling of MSCs, which may hinder large-
scale production. Automated cryopreservation systems and standard-
ized quality control metrics (e.g., membrane integrity post-thaw) are
needed to ensure batch consistency. Second, cost-effectiveness analyses
are absent Although CT-MSCs avoid the ethical and manufacturing
complexities of live MSCs, the expenses associated with cryo-storage and
MTX loading must be compared to synthetic carriers like liposomes,
meanwhile improving cryo-treating methods to achieve more stability
and mass production. This will help to address possible safety issues and
expand their use in treatment.

The current sources of umbilical cord mesenchymal stem cells may
present certain limitations that could hinder their large-scale applica-
tion. Expanding the sources to include other genotypes could potentially
address these limitations; however, further research is necessary to
explore this possibility.

In addition, while the new controlled-release strategy of CT-MSCs
shows great potential for improving the delivery of chemotherapeutic
drugs, improvement in drug delivery and release remains essential.
Furthermore, whether CT-MSCs retain these properties when exposed to
different chemotherapy drugs remains to be determined.

Moreover, since its effectiveness has been observed only in prostate
cancer, future research should focus on studying the effects of CT-MTX
in different kinds of tumors and how it affects implication in immuno-
therapies, such as immune checkpoint inhibitors, for stronger combined
antitumor effects. This combination could enhance the immune
response, solving the issue of some immunotherapies being less effective
on certain tumors or losing their efficacy over time.

Although our initial proteomic analysis showed that cryo-treating
affected the molecular processes of CT-MSCs, this analysis has limita-
tions; therefore, more research is required to understand the mecha-
nisms underlying these effects to improve CT-MSCs further.

Finally, the primary focus of this study was validation through in
vitro experiments and mouse models. Although these results are
encouraging, extensive studies remain warranted before clinical appli-
cations. For instance, human prostate tumors often exhibit denser
stroma than murine models, potentially limiting carrier penetration
[62]. Addressing these limitations will be crucial for future research, the
next step should be to verify the anti-tumor ability and biocompatibility
of CT-MTX in patient-derived organoids or patient-derived xeno-
transplantation models.

In summary, this study demonstrated a new combination of the cryo-
treating approach and drug delivery that targets tumors, developing CT-
MTX that holds several drugs and releases them in a controlled manner,
demonstrating superior antitumor effects. This study is the first to use
hUC-MSCs, showing a new way to apply the cryo-treating method in
cancer treatment. This new approach could lead to future cancer treat-
ments tailored to patients. The use of CT-MSCs for carrying drugs is a
safe option, providing an adaptable and predictable method for drug
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delivery. This study provides other cancer treatment possibilities,
advancing cancer therapy to a higher level.

4. Methods
4.1. Materials and reagents

hUC-MSCs were obtained from discarded human umbilical cords,
and the RM-1 cells were obtained from Procell (China). hUC-MSCs were
kept in MEMa medium (Gibco, USA) mixed with 10 % fetal bovine
serum (FBS; Hyclone, USA) and 100 U/mL of penicillin and strepto-
mycin (Biosharp, Estonia). RM-1 cells were cultured in DMEM (Gibco,
USA) supplemented with 10 % FBS and 100 U/mL penicillin and
streptomycin.

4.2. Sample preparation

To prepare hUC-MSCs, digestion was performed with trypsin and the
cells were placed in a 15 ml centrifuge tube. The samples were centri-
fuged at 500 RCF for 5 min. The supernatant was discarded.

CT-MSCs preparation: hUC-MSCs were resuspended in PBS and then
placed into 2-mL cryogenic vials. The cells were centrifuged at 500 RCF
for 5 min, and the supernatant was discarded. The cryovials were stored
at —80 °C for 24 h.

CT-MTX preparation: CT-MSCs were placed with an MTX solution of
400 pg/ml and incubated at 4 °C for 24 h. The cells were then collected
via centrifugation, and the supernatant was discarded. The remaining
cells were placed in PBS.

4.3. Animal experiments

The C57BL/6 mice aged 6-8 weeks were purchased from Beijing
Huafukang Biological Technology Co., Ltd., China. The prostate cancer
cell line RM-1, which is homologous to C57BL/6 mice, will be used for
tumor model construction. The experiments involving animals for this
study were approved by The Animal Experimental Ethical Inspection of
the School of Public Health, Jilin University (Approval No. SY: 2024-5-
005). The mice were kept under the following conditions: light/dark
cycle of 12/12 h, temperature of 22 + 1 °C, humidity between 30 % and
70 %, and free access to food and water. Each mouse was subcutaneously
injected with RM-1 cells (approximately 5 x 105 cells) to create a tumor
model. The mice were randomly divided into four groups. The NC
(control) group received normal saline only, the CT-MSCs group was
treated with CT-MSCs, the MTX group was administered MTX, and the
CT-MTX group was administered CT-MTX. Dosing regimen: Doses were
administered via tail-vein injection. The dosage for MTX was 6 mg/kg
body weight, whereas that for CT-MSCs or CT-MTX was 6 x 10 cells per
kg. Injections were administered once every 3 days, from days 8-14, for
a total of three injections. The observations lasted for 14 days (days
15-28).

4.4. Cell proliferation

A CCK-8 kit (Biosharp, Tallinn, Harjumaa, Estonia) was used to
evaluate cell proliferation. The assessments were performed according
to the manufacturer’s instructions.

4.5. Apoptosis assay

Apoptosis assay was performed to analyze cell death using an
Annexin V-FITC/PI kit from Beyotime. Following the procedure
described in the kit manual, the percentage of late apoptotic cells was
determined using flow cytometry.
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4.6. Cell cycle analysis

Cell cycle distribution was analyzed using a cell cycle assay kit
(Shanghai Beyotime Bio-Technology Co., Ltd., China), following the
manufacturer’s instructions, and measurements were obtained using
flow cytometry.

4.7. Western blotting

Western blotting was performed using specific antibodies (Pro-
teintech Rosemont, IL, USA), according to the manufacturer’s in-
structions. Protein extraction was performed, followed by sodium
dodecyl sulfate-polyacrylamide 7.5 % gel electrophoresis separation and
antibody incubation without deviation from the stated protocols.

4.8. Tissue sectioning

Tissue specimens were first fixed in 4 % paraformaldehyde for
approximately one day and passed through a set of ethanol concentra-
tions ranging from 70 % to 100 %. Next, xylene was applied twice for 1 h
each time, and the samples were placed in hot paraffin. Once the
paraffin cooled and solidified, the blocks were cut into thin slices, 4-6
pm thick, using a microtome and prepared for further steps.

4.9. Immunofluorescence staining

The immunofluorescence staining was performed using antibodies
and dyes (Proteintech Rosemont, IL, USA) following the manufacturer’s
instructions. Sample fixation, antibody steps, and dye application were
performed according to the manufacturer’s instructions, and images
were captured using a confocal microscope.

4.10. In vivo imaging

Cy5.5 dye (Shanghai Yuanye Bio-Technology Co., Ltd., China) was
administered to mice at a dose of 50 pg per mouse, and imaging with an
in vivo system was carried out, enabling observation of how drugs might
be spread in the body. Three channels were saved from IVIS: mouse,
fluorescence, and merge, where the fluorescence channels were quan-
tified using ImageJ software. The thresholds of Cy5.5 group and CT-
MTX-Cy5.5 group were consistent.

4.11. ELISA assay

ELISA tests were performed using kits (Cohesion Biosciences, Lon-
don, UK), following the manufacturer’s instructions, to detect the levels
of specific proteins or cytokines present within the samples being
analyzed.

4.12. Statistical analysis

GraphPad Prism 9 and Origin software were used to examine the
experimental data. Comparisons between groups were performed using
t-tests or one-way analysis of variance. In multiple comparisons, Tukey’s
post hoc test was used. Fluorescent sections, and in vivo imaging were
analyzed using image j, for mean fluorescence intensity analysis, the
fluorescence intensity was normalized using cell density. Flow cytom-
etry analysis was performed using Flowjo 10. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 was considered statistically significant.
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