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Artesunate Nanoplatform Targets the Serine-MAPK Axis in
Cancer-Associated Fibroblasts to Reverse Photothermal
Resistance in Triple-Negative Breast Cancer

Dongdong Zheng,* Jiaqi Yan, Xuejiao Liu, Zhiming Zhang, Angqi Jin, Yue Zhao, Lu Bai,
Mengyao Quan, Xiuzhu Qi, Bin Fu, Zhigang Wu, Jin Zhou, Han Han, Zigi Wang,
Shiyu Wang, Chaogiang Deng, Weijian Sun, Cai Chang,* Shichong Zhou,*

and Hongbo Zhang*

Cancer-associated fibroblasts (CAFs) play a pivotal role in inducing photother-
mal therapy (PTT) resistance of triple-negative breast cancer (TNBC), but with
unclear mechanism. Herein, aminoethyl anisamide-modified nano-biomimetic
low-density lipoprotein (A-aLDL) is used to target deliver the PTT agent and
artesunate (ARS) to both CAFs and cancer cells. Though CAFs are sensitive to
PTT and notably transition to heat-resistant phenotype, the formed protective
barrier is destroyed by ARS. Subsequently, the outstanding anti-tumor effects

1. Introduction

Photothermal therapy (PTT) is a promising
thermal treatment modality for tumor,
especially in combination with tumor-
targeting nanomaterials, which can achieve
precise and remote tumor treatment.]
Unlike laser interstitial thermal ther-
apy (LITT), which is applied clinically to

are achieved through PTT in multiple models with such kind of combination
therapy. Interestingly, the mechanism is discovered that serine metabolism
plays a major role in CAF resistance through spatially omics. ARS disrupts
serine homeostasis, thereby attenuating the cascade activity of GTPases in
MAPK pathway. Meanwhile, MAP2K7 is the most potential target for sensitiz-
ing PTT. By integrating ARS with PTT agents, the serine-MAPK axis in CAFs is
successfully modulated, thereby overcoming PTT resistance in TNBC therapy.

deep organs.¥l PTT has been indicated
to be advantageous for the noninvasive
treatment of superficial organ tumors,
particularly triple-negative breast can-
cer (INBC). Indocyanine green (ICG)-
mediated PTT is used in clinical trial to
treat metastatic breast cancer®] How-
ever, similar to the challenges that occur
with chemotherapy and immunal therapy,
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tumor resistance to PTT remains a significant hurdle for its clin-
ical translation. While, unlike other treatments, the PTT resis-
tance mechanism in TNBC is unclear.

In response to therapy, the cells in tumor inevitably evoke a
stress response, and self-regulate the tumor microenvironment
to cope with the stress, thus develop resistance in tumor.*#!
Cancer-associated fibroblasts (CAFs) can be activated under trau-
matic stress to produce various cytokines and activating pathways
that promote tumor fibrosis and resistance to treatment.[*12 For
example, in chemotherapy-resistant tumor phenotypes, MAPK
pathway is abnormally activated.'>"°] And the abnormal activa-
tion of the MAPK pathway, particularly the IL-6/STAT?3 signal-
ing axis, intensifies intratumoral fibrosis.l'*"®1 Additionally, the
SAPK/JNK signaling axis in the MAPK pathway plays a regula-
tory role, enhancing the tolerance of CAFs to oxidative stress and
thereby bolstering fibroblast resilience to external stimuli.l'"-23]
Therefore, the MAPK pathway is an important pathway for the
occurrence of fibrosis after tumor stress, which is a potential tar-
get for addressing tumor PTT resistance.

TNBC is a pathological type of breast cancer with com-
plex and heterogeneous tumor microenvironments,!?*! differ-
ent stresses trigger different regulatory mechanisms in TNBC.
Therefore, understanding the heat resistance mechanisms trig-
gered by photothermal stress in TNBC is crucial for promoting
the clinical translation of PTT. CAFs have the potential to pro-
mote tumor heat resistance but owing to their heterogeneity,!26:"]
itis important to figure out which type of CAF regulate heat resis-
tance. In our previous study,!?’! we identified that the proportion
of extracellular matrix CAFs (ECM CAFs) significantly increased
in tumors after PD-1 monoclonal antibody treatment. Moreover,
artesunate (ARS), a STAT?3 inhibitor, was shown to effectively
and specifically inhibit CAFs, particularly pronounced in ECM
CAFs.[?] Therefore, ARS is a potential drug for regulating the
ECM CAFs to conquer the heat resistance in TNBC.

In this study, an ARS and ICG co-loaded biomimetic low-
density lipoprotein (LDL) was conjugated with aminoethyl
anisamide (AEAA) to specially inhibit ECM CAFs and cancer cells
in TNBC. Spatial transcription sequencing and spatial metabolic
sequencing were utilized to evaluate the role of ECM CAFs in
PTT resistance of TNBC. Further, the mechanism of ARS regu-
lates serine homeostasis and GTPases activity of MAPK pathway
in CAF cell was investigated. This study points to significant rea-
sons for limiting the efficacy of ICG-mediated PTT in clinical tri-
als, which paves the way to effectively treat TNBC in promoting
clinical translational of PTT (Scheme 1).

2. Results

2.1. CAFs are Involved in Tumor Resistance to PTT

Previous investigations have illustrated the capacity of heat shock
protein (HSP) inhibitors to increase the efficacy and sensitiv-
ity of PTT.3?%301 Consequently, the abundance of heat shock
proteins has emerged as a prospective marker for evaluating
the efficacy of tumor PTT. To assess the role of CAFs in PTT
resistance in TNBC, we reanalyzed scRNA-seq data previously
published by our group to assess heat shock protein expression
across different cell clusters.!””] Compared with other clusters,
CAFs presented higher heat shock mRNA levels (Figure 1A),
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suggesting that CAFs have greater heat tolerance. Furthermore,
we evaluated free ICG-mediated PTT in a Balb/c nude mouse
model: one group was coimplanted with human immortalized
CAFs and MDA-MB-231 cells, and the other group was implanted
with only MDA-MB-231 cells, and weaker therapeutic effects
were observed in the coimplantation model mice within 12 days
(Figure 1B). The tumor growth of co-implantation and cancer cell
implantation alone did not produce a significant difference in
volume within 12 days after implantation (Figure S1A, Support-
ing Information).These results directly indicate that CAFs are in-
volved in PTT resistance. Additionally, the signature score analy-
sis revealed that ECM CAFs better regulated the cellular heat ac-
climation than other clusters significantly (Figure S1B, Support-
ing Information). On the basis of the gene expression levels in
each CAF subtype (Figure S1C, Supporting Information), we de-
fined the CAF sbtype with high Thc expression as ECM CAF.3132]
Gene Ontology Biological Process (GOBP) revealed significant
enrichment of the inflammatory response to wounding pathway
in ECM CAFs (Figure S1D, Supporting Information). Similarly,
the expression of ECM CAF markers was increased in Eo771 tu-
mor treated with free ICG-mediated PTT compared to control
group (Figure 1C; Figure S1E, Supporting Information). Given
the high enrichment of the collagen fiber organization pathway
in ECM CAFs, as expected, the tumor tissues presented a signif-
icant increase in ECM organization after PTT (Figure S1F, Sup-
porting Information).

Overall, CAFs, especially ECM CAFs, play a key role in TNBC
resistance to PTT.

2.2. A Dual-Targeting ARS Nanoplatform was Prepared to
Specifically Inhibit CAFs to Sensitize them to PTT

ATF4 is an important marker of stress in CAFs.[**] Pseudotime
analysis revealed that ECM CAFs and wound healing CAFs had
increased Atf4 expression levels (Figure S1G, Supporting Infor-
mation). ARS has been reported to inhibit CAFs and sensitize tu-
mors to therapy.l?3*33] Therefore, PLGA (poly (lactic-co-glycolic
acid))-loaded ARS was first tested and was found to reduce Aif4
expression levels in both subtypes (Figure 1D). To further achieve
sensitization to PTT, we developed a nanoplatform using LDL
as a carrier to load ARS (aLDL@A), which was further surface
modified by conjugation of anisamide (A-aLDL@A) and ICG
(AI-aLDL@A) (Figure 1E). We used PEG2000 as the linker, with
one end conjugated to the lipophilic-phase DSPE and the other
end connected to AEAA. During the formation of the nanoplat-
form, the DSPE end becomes embedded within the nanocarrier,
while AEAA remains exposed on the surface of the nanocar-
rier to exert its targeting effect on sigmar-1. Similarly, ICG is
also exposed on the exterior of the nanocarrier through this con-
figuration. After cellular internalization of the nanocarrier, NIR
laser irradiation can effectively activate the ICG-mediated PTT
effect. AEAA has affinity for the sigma-1 receptor, and litera-
ture reports indicate that CAFs express high levels of sigma-
1 receptors.3>38] Additionally, LDLs formed with an apob-100
backbone (aLDL) have increased affinity for tumor cells.}*3
Therefore, this nanoplatform can simultaneously target TNBC
cells and CAFs and specifically inhibit both types of cells. The de-
veloped nanoplatform was spherical with a particle diameter of
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Scheme 1. Schematic illustration of this study outline. A) Schematic diagram of the components and structure of the artesunate nanoplatform (Al-
aLDL@A). B) The artesunate nanoplatform effectively disrupts the CAF-mediated tissue resistance barrier (TRB), thereby significantly potentiating
the in vivo photothermal therapy (PTT) efficacy. C) Spatial multi-omics and multi-omics sequencing assist in exploring the mechanism of the arte-
sunate nanoplatform sensitizing PTT in TNBC. D) The artesunate nanoplatform selectively targets ECM CAF, functioning as a GTPase inhibitor through
disruption of intracellular serine homeostasis. This metabolic intervention effectively suppresses MAPK cascade activity, which consequently inhibits
PTT-induced CAF to ECM CAF differentiation. By attenuating this phenotypic transition, the nanoplatform significantly reduces the formation of TRB

structure, ultimately enhancing tumor sensitivity to PTT.

~60 nm (Figure 1F). No significant change in particle size was
observed after LDL modification (Figure 1F). Nanoparticles ex-
hibit a larger hydration volume in aqueous solutions due to sol-
vent effects.[*l Moreover, hydrodynamic diameter monitoring re-
vealed that the nanoplatform exhibited good stability over 24 h
(Figure 1G; Figure S2A,B, Supporting Information). After sur-
face modification with AEAA and ICG, the hydrodynamic diame-
ter of Al-aLDL@A increased due to solvent effects. Both LDL@A
and AI-aLDL@A displayed negative surface charges (Figure S2C,
Supporting Information). Of note, the ARS nanoplatform had a
longer storage period when stored in dry powder state at low tem-
perature (Figure S2D, Supporting Information). Furthermore,
the critical aggregation concentration (CAC) of the nanocarrier
is 10.54 pug mL™!, and the ars nanoplatform is 5.11 pg mL™,
which also demonstrates the excellent stability of the nanoplat-
form (Figure S2E, Supporting Information). Ultraviolet (UV)
spectroscopy confirmed that the ARS nanoplatform was success-
fully coupled with ICG (Figure 1H). Furthermore, good pho-
tothermal effects were observed upon near-infrared laser irra-
diation of the nanoplatform suspension, proving that ICG had
been coupled to the nanoplatform surface (Figure S2F,G, Sup-
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porting Information). The artesunate content was quantitatively
determined by measuring its absorbance at 222 nm, followed by
calculation using the pre-established concentration-absorbance
calibration curve from previous study.l?’! The drug loading capac-
ity of ARS in the nanoparticles reached 12 + 1%. Finally, Fourier
transform infrared (FTIR) analysis of the nanoplatform com-
ponents revealed that no additional reactions occurred during
nanoparticle assembly, as indicated by comparison of the spectral
curves (Figure S2H, Supporting Information). Finally, the drug
release behavior of the nanoplatform was systematically investi-
gated. The results demonstrated that the nanoplatform released
a minimal amount of the drug within the first 24 h, followed by a
rapid release phase after 24 h, eventually reaching a steady state
at 72 h (Figure S2I, Supporting Information).

After nanoplatform had been successfully prepared, we next
evaluated its toxic effects on TNBC cells and CAFs in vitro.
The nanoplatform exhibited good in vitro cytotoxicity (Figure
S3A, Supporting Information). As previously mentioned, activa-
tion of the IL-6/STAT3 signaling axis can lead to tumor fibro-
sis, reducing the effectiveness of subsequent treatments; thus,
the inhibitory effect of the ARS nanoplatform on cellular IL-6
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Figure 1. CAFs are involved in PTT resistance and characterization of the artesunate nanoplatform. A) sc-RNA-seq data showing the mRNA expression
levels of heat shock proteins in different cell clusters within Eo771 tumors (n = 6 independent samples). B) Comparison of tumor weights between the
Control group and the Fibrosis group on day 6 after PTT treatment (n = 6 independent samples, data expressed as Mean + S.E.M, statistical comparison
using t-test). C) Immunoblotting assessment of ECM CAF marker expression levels in pooled tissue proteins from the control group and tissues treated
with free ICG-mediated PTT. D) ATF4 expression in ECM CAFs and wound healing CAFs in the control group, PD-1 mAb group, and combination therapy
group (PLGA coated with the ARS nanomedicine and PD-1 mAb combination therapy); statistical comparisons were performed via the Wilcoxon rank-
sum test, data are presented as boxplot. E) Schematic of the structure of the dual-targeting artesunate nanoplatform. F) FESEM images of LDL@A
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secretion was evaluated. Notably, the nanoplatform reduced the
secretion of IL-6 from cells (Figure S3B, Supporting Informa-
tion), which is consistent with previous reports that ARS blocks
the 1L-6/STAT3 pathway.l'7*4¢] The type of cell death induced
by the ARS nanoplatform was further characterized, and the re-
sults revealed that this nanoplatform caused mainly cell apop-
tosis and pyroptosis (Figure S3C, Supporting Information). The
inhibitory efficiency of the ARS nanoplatform on CAF cells was
further evaluated. Compared with the free state of ARS and ICG,
the ARS nanoplatform has demonstrated superior suppression
effects (Figure S3D,E, Supporting Information). The in vitro tar-
geting effect of the nanoplatform was also assessed. Al-aLDL
demonstrated good in vitro targeting of human CAFs, human
breast cancer cells, mouse-derived fibroblasts and TNBC cells
(Figure 11; Figure S4A—C, Supporting Information). Notably, Sig-
marl expression in ECM CAFs was the highest among all the
CAF subtypes evaluated (Figure S4D, Supporting Information).
To verify the ability of the nanoplatform to target CAFs in vivo,
we further assessed the accumulation of the nanoplatform in
human CAF and MDA-MB-231 cell coimplanted tumors and
in tumors composed of only TNBC cells (Figure S5A, Support-
ing Information). The nanoplatform exhibited greater accumu-
lation in the coimplanted tumors (Figure 1J; Figure S5B, Sup-
porting Information). On the other hand, we transiently sup-
pressed sigmarl expression in tumor tissues using small interfer-
ing RNA (siRNA) (Figure S5C, Supporting Information), and ob-
served a significant decrease in the targeting efficacy of the ARS
nanoplatform (Figure S5D,E, Supporting Information). This out-
come demonstrates that the ARS nanoplatform possesses spe-
cific targeting capability toward the sigmar1 receptor. Moreover,
48 h after nanoplatform injection, its accumulation within the
viscera was further evaluated, and the results revealed that the
nanoparticles accumulated in the liver and kidney (Figure SSF,
Supporting Information). Finally, the penetration efficiency of
the nanoplatform in highly fibrotic tumors was investigated.
The results show that the nanoplatform with AEAA attached ex-
hibits better penetration efficiency compared with the nanoplat-
form without AEAA connection (Figure S5G,H, Supporting
Information).

In summary, we successfully prepared an ARS nanoplatform.
The nanoplatform demonstrated good targeting toward CAFs
and TNBC tumor models. In vitro, the nanoplatform was shown
to mediate PTT-induced tumor cell killing and inhibit cellular IL-
6 secretion.

2.3. The ARS Nanoplatform can Sensitize TNBC Cells to
ICG-Mediated PTT

Furthermore, we validated the effectiveness of the nanoplatform
in various TNBC mouse models (Figure 2A; Figure S6A, Sup-

www.advmat.de

porting Information). First, the ARS nanoplatform demonstrated
excellent therapeutic effects in a human TNBC xenograft tu-
mor model (Figure 2B,C; Figure S6B, Supporting Information).
As expected, compared with the PTT group (Al-aLDL+L and I-
LDL+L), the combination therapy group (Al-aLDL@A+L and
I-LDL@A+L) presented better therapeutic effects (Figure S6C,
Supporting Information). These results demonstrated specifi-
cally inhibiting ECM CAFs could enhance the efficacy of PTT
in treating TNBC. Notably, tumor posttraumatic stress can cause
drug resistance and fibrosis in tumors, increasing the difficulty of
subsequent tumor treatment.*#”#81 HSP70, Ras, JNK, and RhoA
have all been reported to be strongly associated with posttrau-
matic stress in tumors.l*>2] Notably, the expression of stress-
related proteins in the tumor tissues of the combined treatment
group was lower than that in the I-LDL+L group (Figure 2D).
The result suggested that artesunate could inhibit posttrau-
matic stress in tumor. Further, the immunohistochemistry re-
sults revealed greater JNK expression in the tumor tissue and
at the PTT ablation area interface in the I-LDL+L group than
in the -.LDL@A+L group (Figure 2E). This phenomenon was
also observed in MDA-MB-468 tumors (Figure S6D,E, Support-
ing Information). Immunohistochemical analysis and quantifi-
cation confirmed the inhibitory effect of ARS on JNK expres-
sion (Figure S7A-C, Supporting Information). Thus, ARS ef-
fectively reduced tumor stress after PTT. To further confirm
the induction effect of PTT on ECM CAFs, we used C57BL/6]
mice to construct an Eo771 mouse TNBC model. The ARS
nanoplatform again demonstrated excellent therapeutic effects
and significantly inhibited JNK (stress-related protein) expres-
sion (Figure 2F,G; Figure S7D, Supporting Information). To di-
rectly evaluate the ability to alleviate the occurrence of tumor
fibrosis after reducing CAF stress, we performed immunofluo-
rescence. The result revealed an increase in ECM CAFs in tu-
mor tissues after PTT (Figure 2H).Additionally, higher ATF4 ex-
pression was detected in the I-LDL+L group than in the con-
trol group, indicating that PTT induces tumor stress and fibro-
sis (Figure 2H,I). However, the detection of inflammation-related
factors in mouse blood suggested that the ARS nanoplatform
could reduce the degree of tumor fibrosis caused by inflamma-
tory storms after PTT (Figure 2]). To further confirm the spe-
cific inhibitory effect of the ARS nanoplatform on ECM CAF. We
collected tissues from different groups of mice for immunoflu-
orescence and immunoblotting assessment. The results showed
that the expression intensity of TNC and MYLK in the combi-
nation group significantly reduced than only PTT group (Figure
S7E-G, Supporting Information; Figure 2K). Tumor fibrosis of-
ten causes drug resistance,>** developed nanoplatform (Al-
aLDL@A) could achieve superior PTT effect after inhibiting ECM
CAFs. Therefore, the design strategy of AI-aLDL@A was suc-
cessful, and the PTT resistance caused by CAF stress can be
overcome.

(left) and Al-aLDL@A (right); scale bar: 50 nm. G) Hydrated sizes of LDL@A and Al-aLDL@A at different time points (0, 2, 8, 12, and 24 h) (n =3
independent experiments; data are expressed as the mean + S.E.M. values). H) UV absorbance spectra of Al-aLDL@A, A-aLDL@A, and free ICG. I) The
targeting of Al-aLDL (red) to CAFs and TNBC cells (blue) was assessed via laser confocal microscopy; scale bar: 10 um. J) Representative fluorescence
images of a mouse within 48 h after intravenous injection (red circle: coimplanted CAFs and MDA-MB-231 cells; blue circle: MDA-MB-231 cells only)
and quantification of the fluorescence intensities in the tumors on both sides at different time points (n = 6 independent samples; data are expressed
as the mean + S.E.M. values; statistical comparisons of the quantified data at the 48 h time point were performed via Student’s t test). Some data (A,
D) were reanalyzed on the basis of our previously published data. * p < 0.05, *p < 0.0001.
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Figure 2. The artesunate nanoplatform alleviates stress after PTT in multiple TNBC models. A) Schematic of the in vivo experiments with the
nanomedicine. B,C) Tumor response curves in MDA-MB-231 and MDA-MB-468 xenograft models after treatment with the nanomedicine (n = 6 in-
dependent samples; statistical comparisons of tumor volume on the 18 day were performed via Student’s t test). D) Expression of HSP70, JNK, RhoA,
and Ras in the tumor tissues of the mice in the I-LDL+L and I-LDL@A+L groups. E) Immunohistochemical images of mouse tumor tissues expressing
JNK; red dashed lines indicate the interface between the ablation area and tumor tissue; scale bars: 200 um (low magnification) and 50 pm (high magni-
fication). F) Tumor response curves from the Eo771 mouse tumor model after treatment with the nanomedicine (n = 6 independent samples; statistical
comparisons of tumor volume on the 18 day were performed via Student’s t test). G) Expression of stress-related proteins within mouse tumor tissue
in different groups (A: control, B: A-aLDL@A, and C: I-LDL@A+L). H) Representative immunofluorescence images of the TNC (green) and MYLK (red)
expression distribution in tumor tissues (blue); scale bar: 100 um. 1) Immunoblotting of ATF4 expression in pooled tissue proteins from all the mice
in the control group and the I-LDL+L group. J) Concentrations of inflammatory cytokines in the serum of mice in different groups after treatment (n =
6 independent samples). K) The immunofluorescence intensity quantification results of TNC for each Eo771 tumor in different groups (control n = 6,
I-LDL+L n = 6, I-LDL@A+L n = 4, Al-aLDL+L n = 4, Al-aLDL@A+L n = 3), statistical comparisons were performed via Student’s t test. Groups that
received laser irradiation treatment are indicated by +L. The data in (B,C,F,K) are expressed as the mean + S.E.M. values.* p < 0.05, ** p < 0.01, **** p
< 0.0001, ns no significance.

Adv. Mater. 2025, 2502617 2502617 (6 of 22) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWWOD BRI 3(edl|dde auy Aq peusenob a1e sejoe VO ‘8sn J0 3|l Joj Akeid)8ul|uQ AB|IM UO (SUOIPUOD-PUR-SULIBY WD A8 1M AReq1Bul|Uo//Sciy) SUOIPUOD pue swie | 8y} 89S *[6202/80//2] U ARiqiauliuo A8|IM ‘P11 suoiealignd [BOIPSIN Wiospond Aq 219205202 eWPe/Z00T OT/I0p/woo" A3 1M Aeiq Ul juo’psoueApe/:sdny Wwoj pepeoiumod ‘0 'S607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

We further compared the heating effects mediated by the tar-
geted nanoplatform and the nontargeted nanoplatform in vivo
to evaluate the targeting efficacy of the nanoplatform. The ARS
nanoplatforms (Al-aLDL and AI-aLDL@A) exhibited superior
PTT effects (Figure S8A-C, Supporting Information). Impor-
tantly, targeted drug delivery can reduce in vivo side effects.
Therefore, we also assessed the in vivo toxicity of the ARS
nanoplatform. Macroscopically, the nanoplatform did not signif-
icantly reduce the body weight of the mice at the end of the
treatment cycle (Figure S9A, Supporting Information). Given
that the nanoplatform accumulated in the liver and kidney, the
effects of the nanoplatform on liver and kidney function were
further evaluated. A detailed evaluation revealed that the ARS
nanoplatform caused less liver and kidney function damage
trend (Figure S9B, Supporting Information), and hematoxylin
and eosin (H&E) staining of liver and kidney tissues also indi-
cated that the nanoplatform did not have significant toxic effects
(Figure S9C, Supporting Information). The biosafety profile of
ARS nanoplatform is fundamentally ensured by its exclusively
clinical-grade components, all possessing well-established bio-
compatibility in human applications. Importantly, no significant
body weight reduction was observed even in non-targeting group
mice (Figure S9A, Supporting Information). ARS nanoplatform
demonstrates further reduced toxicity (Figure S9B, Supporting
Information). Comprehensive biosafety assessments (including
histopathological evaluation of major organs and serum bio-
chemical parameters) consistently confirmed the outstanding
biocompatibility profile of nanoplatform.

In summary, the ARS nanoplatform achieved excellent ther-
apeutic effects in multiple TNBC mouse models after a single
laser irradiation. This effectiveness is attributed to ability of the
nanoplatform to target CAFs and cancer cells and its specific in-
hibition of CAFs, which result in better PTT effects. Moreover,
the ARS nanoplatform has good biosafety.

2.4. Spatial Transcriptomics Confirmed that the Tissue
Resistance Barrier Formed by ECM CAFs was Involved in PTT
Resistance

The above results highlight the importance of CAFs, especially
ECM CAFs, in PTT resistance. We used spatial transcriptomics to
analyze the impact of the spatial distribution of ECM CAFs within
tumor tissues on PTT efficacy. To evaluate the contribution of in-
efficient PTT to tumor heat resistance. We selected tumors from
the non-targeted groups (I-LDL+Laser and I-LDL@A+Laser), as
well as tumors from the control and A-aLDL@A groups, for spa-
tial transcriptome sequencing analysis.

On the basis of gene expression profiles, we predicted the spa-
tial distributions of various cell clusters within tumor tissues. In
the I-LDL+L group, the tumor margins presented high expres-
sion of CAFs and macrophage-related markers, indicating their
colocalization (Figure 3A). This is similar to the previously re-
ported immune barrier formed by CAFs and tumor-associated
macrophages (TAMs).] In contrast, the tissue resistance bar-
rier formed in the combination therapy group (I-LDL@A+L) was
significantly reduced (Figure 3A). Moreover, the negative con-
trol groups (the control group and the A-aLDL@A group) did
not present typical tissue barrier structures (Figure S10A, Sup-
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porting Information). Given that it is still unknown which spe-
cific subtypes of CAFs and TAMs form this tissue resistance bar-
rier, we performed further investigations. On the basis of pre-
vious reports that Spp1 is a major marker of such tissue barrier
cells, 5571 we analyzed the interaction intensities of macrophages
and various fibroblast subtypes in the SPP1 pathway. As ex-
pected, M2 macrophages strongly interacted with ECM CAFs and
wound healing CAFs via the SPP1 pathway (Figure 3B). Further-
more, we defined eight subtypes of macrophages. First, we per-
formed GOBP analysis on the basis of the gene expression pro-
files of each macrophage subtype to preliminarily determine the
main enriched pathways in each subtype (Figure S10B, Support-
ing Information). More importantly, we referred to the primary
macrophage markers defined in the published literature and an-
alyzed the expression of these markers in different macrophage
subtypes to define the eight macrophage subtypes**!l (Figure
S10C,D, Supporting Information).

Subsequent analysis via scRNA-seq revealed strong interac-
tions between ECM CAFs, wound healing CAFs, and plasma-
like macrophages (Figure 3C). To confirm the spatial localiza-
tion between ECM CAFs, wound healing CAFs, and plasma-like
macrophages, spatial transcriptomics mapping was performed.
The results revealed that plasma-like macrophages and ECM
CAFs were colocalized (Figure 3D). Spot deconvolution analy-
sis also confirmed the colocalization relationship between ECM
CAFs and plasma-like macrophages (Figure S11A, Supporting
Information). Based on the clustering logic in scRNA-seq, where
Collal serves as the primary identifier for CAFs, we first pre-
liminarily localized CAF spatial distribution within tumors us-
ing Collal. Furthermore, to provide more objective validation
of our results, we employed the well-established CAF marker
a-SMA for secondary spatial mapping. Finally, co-localization
of TNC with a-SMA and COL1A1 was performed. Notably, re-
sults from multiplex immunofluorescence staining of tissue
specimens further validated the capability of spatial transcrip-
tomic sequencing in accurately mapping the anatomical dis-
tribution of ECM CAFs (Figure S11B,C, Supporting Informa-
tion). Wound healing CAFs colocalized with ECM-associated
macrophages (Figure S12A, Supporting Information). These re-
sults suggested that this tissue resistance barrier is composed
primarily of ECM CAFs and plasma-like macrophages rather
than wound-healing CAFs. The multi-immunofluorescence and
marker coexpression results further supported the above find-
ings (Figure 3E,F). In the [.ILDL@A+L group, the Atf4 expres-
sion levels tended to decrease within the area close to blood ves-
sels (0—40), whereas those in the I-LDL+L group did not signif-
icantly change (Figure 3G). It reflected that artesunate could in-
hibit tumor stress to avoiding fibrosis. Considering that ARS can
inhibit the IL-6/STAT3 pathway,[**’] we next evaluated the inter-
action between ECM CAFs and various macrophage subtypes in
terms of the IL-6 signaling pathway and found interactions be-
tween ECM CAFs and plasma-like macrophages in this pathway
(Figure 3H). Quantification of the proportion of ECM CAF and
plasma-like macrophages within different samples also showed
the inhibitory effect of ARS on ECM CAFs (Figure S12B, Sup-
porting Information). Therefore, the ARS nanoplatform specifi-
cally inhibits the interaction between ECM CAFs and plasma-like
macrophages, thereby reducing the formation of a tissue resis-
tance barrier. To further directly confirm the inhibitory effect of
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Figure 3. Spatial transcriptomics confirmed that the tissue resistance barrier composed of ECM CAFs participated in PTT resistance. A) Gene expression
at each dot was used to predict the spatial distribution of different cell types and perform space mapping (n = 1/ group). B) Interaction strength between
different CAF subtypes and macrophages in the SPP1 signaling pathway. C) Interaction strength between E (ECM CAFs), W (wound healing CAFs) and
various TAM subtypes; clusters of interest are marked in red. D) H&E staining images of tumor tissues from different groups and spatial distribution
prediction of ECM CAFs and plasma-like macrophages in tumor tissue on the basis of the expression of the top gene at each site; the yellow line
indicates fibrous H&E-stained tissue. E) Multi-immunofluorescence evaluation of the SPP1 (red) and TNC (green) distribution in tumor tissue from
I-LDL+Laser group; scale bars: 500 um (low magnification) and 200 um (high magnification). F) Dot plot of TNC and SPP1 expression in different
macrophage subtypes (A: mononuclear M@; C: ECM-associated M@; D: development M@; E: myeloid M@; F: M1 Md; G: lumen-associated M@; and
H: CD206* M@) and CAF subtypes (2: matrix CAFs 1; 3: development CAFs; 4: antigen-presenting CAFs 1; 5: antigen-presenting CAFs 2; 7: vascular
CAFs; 8: inflammatory CAFs; and 9: matrix CAFs 2). G) Relationships between the expression levels of the ATF4 genes and the distance from the selected
tumor vascular region, with distances ranging from 0 to 40 for the main comparison area. H) Strengths of the interactions between ECM CAFs, wound
healing CAFs, and various TAM subtypes in the IL-6 signaling pathway; the clusters of interest are marked in red. ) The immunofluorescence intensity
quantification results of TNC for each MDA-MB-231 tumor in different groups (n = 6 independent samples per group, Al-aLDL@A+L n = 5), statistical
comparisons were performed via Student’s t test. Groups that received laser irradiation treatment (D,l) are indicated by +L.* p < 0.05, ** p < 0.01, ns
no significance.
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ARS on ECM CAFs, we evaluated TNC and MYLK expression
levels in tumor tissues of MDA-MB-231. The results also showed
that the expression intensity of TNC and MYLK in the combi-
nation group significantly reduced than only PTT group (Figure
S12C,D, Supporting Information; Figure 3I). These results also
implied the inhibitory effect of the ARS nanoplatform on ECM
CAF.

In summary, the ARS nanoplatform can specifically weaken
the tissue barrier composed of ECM CAFs and plasma-like
macrophages.

2.5. Serine Metabolism is More Active in ECM CAFs

ATF4 is an important marker of stress in CAFs that also regu-
lates the expression of key enzymes involved in intracellular ser-
ine synthesis.[%2%] Therefore, we further explored whether ser-
ine metabolism could be a potential target for ECM CAF in-
hibition. On the basis of the expression of genes in each CAF
subtype, we predicted their enrichment in metabolic pathways.
ECM CAFs were highly enriched in amino sugar and nucleotide
sugar metabolism, the TCA cycle, and the pentose phosphate
pathway (Figure 4A). Of note, serine depletion can inhibit tu-
mor nucleotide metabolism and energy synthesis.[®%7] There-
fore, we mapped the spatial distribution of nucleotide-related
metabolites in tumors. Compared with those in the control
group, the abundances of uridine 5’-monophosphate, guano-
sine monophosphate, and uridine were lower in the A-aLDL@A
group (Figure 4B). Furthermore, uridine 5’-monophosphate,
methacholine, and citric acid were more abundantly expressed
in ECM CAFs than in other tumor regions (Figure 4C; Figure
S13A, Supporting Information). Notably, methacholine, as a one-
carbon unit, is involved in the interconversion between serine
and glycine. As expected, metabolic enrichment analysis revealed
that ECM CAFs are highly active in the glycine, serine and thre-
onine metabolism pathway (Figure 4D). Therefore, the serine
metabolism pathway is a potential metabolic target of ECM CAFs.

Given the colocalization of ECM CAFs and plasma-like
macrophages, we first compared the metabolic pseudotime dis-
tributions of both to confirm the specificity of serine metabolism
in ECM CAFs and found that they presented similar metabolic
distributions (Figure 4E). However, when the distributions of
choline, thymine, phenylacetylglycine and creatine in ECM CAFs
and plasma-like macrophages were compared, these compounds
were significantly more abundant in ECM CAFs than in plasma-
like macrophages (Figure 4F; Figure S13B, Supporting Infor-
mation). These findings support the conclusion that the serine
metabolism pathway is highly active in ECM CAFs. Similarly,
pathway enrichment on the basis of the metabolic abundance of
tumor tissues from the control group and the A-aLDL@A group
revealed significant regulation of the serine metabolism pathway
and the choline pathway in the A-aLDL@A group (Figure 4G).
Further, the ARS nanoplatform can specially target ECM CAFs
due to the higher expression of sigmarl in ECM CAFs than
macrophages (Figure S4D, Supporting Information). Therefore,
the ARS nanoplatform could inhibit glycine/serine/threonine
metabolism pathway in ECM CAFs.

Overall, the serine pathway is a potential metabolic target for
ECM CAFs, and the ARS nanoplatform can reduce the abun-
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dance of metabolites related to the serine pathway, thus specif-
ically inhibiting ECM CAFs.

2.6. The ARS Nanoplatform Inhibits the MAPK Cascade and
Serine Homeostasis in CAFs

To elucidate the mechanism by which the ARS nanoplat-
form inhibits the ability of CAFs to reverse PTT resistance
(Figure 5A), tumor tissues from the control and ARS-targeted
delivery groups (A-aLDL@A) were subjected to transcriptomic
sequencing (RNA-seq), proteomics, and metabolomics analyses
(Figure S14A, Supporting Information). Considering that tem-
perature change during PTT therapy can induce MAPK path-
way activation.[®®] we first evaluated the expression of different
CAF subtypes in the MAPK pathway. The level of MAPK cas-
cade was significantly higher in ECM CAFs than in the other
subtypes (Figure 5B). RNA-seq and proteomics revealed that
MAPK pathway-related genes were inhibited upon treatment
with the ARS nanoplatform (Figure S14A, Supporting Informa-
tion). Given the important roles of proteins in cellular func-
tions, we further performed enrichment analysis of the proteins
whose expression were reduced in the A-aLDL@A group. The
enrichment results indicated that the ARS nanoplatform signif-
icantly inhibited the tumor MAPK cascade (Figure 5C), and as
expected, metabolomics revealed significant inhibition of one-
carbon units (Figure S14A, Supporting Information). Therefore,
the ARS nanoplatform can specially inhibit MAPK cascade and
serine metabolism in ECM CAFs.

To further explore the regulatory relationship between serine
metabolism and the MAPK pathway cascade in CAFs, we exam-
ined how serine depletion affects MAPK pathway-related genes
at both the protein and transcription levels. Interestingly, these
genes presented opposite trends at the protein and transcrip-
tion levels (Figure 5D,E; Figure S14B, Supporting Information).
These markers exhibited a decreasing then increasing trend at
the protein level and an increasing then decreasing trend at the
transcription level. Moreover, after reanalysis, the RNA-seq and
proteomics data revealed that these markers exhibited similar
trends (Figure S14C,D, Supporting Information). Furthermore,
the nuclear transcription factors driving CAF differentiation were
also inhibited by serine depletion (Figure S14E, Supporting Infor-
mation), and these nuclear transcription factors showed similar
trends at both the protein and transcription levels (Figure S14E,F,
Supporting Information). To confirm the specificity of serine de-
pletion in CAF inhibition in breast cancer, human TNBC cells
and mouse TNBC cells were also subjected to serine depletion,
and this phenomenon was not observed (Figure S15A-D, Sup-
porting Information).

Overall, serine depletion affects the MAPK pathway cascade in
CAF cell, but their specific regulatory relationship remains still
unclear.

2.7. Serine Depletion Affects GTPase Activity in CAFs
Given that the regulatory relationship between serine homeosta-

sis and the MAPK cascade in CAFs is not yet clear, the reg-
ulatory mechanisms involved were further explored to identify
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Figure 4. ECM CAFs are highly correlated with serine metabolism. A) Prediction of the expression levels of various CAF subtypes in different metabolic
pathways on the basis of gene expression from scRNA-seq; the cluster and pathways of interest are marked in red. B) Spatial mapping of representative
metabolite (nucleotide) expression in tumor tissue from the control and A-aLDL@A groups. C) Comparison of the levels of uridine 5'-monophosphate
(pyrimidine nucleotide) and choline (one-carbon unit) expression in ECM CAF regions and other regions, data are presented as boxplot. D) Enrichment
of metabolic pathways on the basis of metabolite expression in ECM CAF regions and other regions; the pathways of interest are marked in red. E)
Pseudotemporal analysis of the metabolite intensity distribution in ECM CAFs and plasma-like macrophages. F) Comparison of the expression levels of
choline, thymidine, and metabolites in ECM CAFs and plasma-like macrophages. Data are presented as boxplot. Statistical comparisons were performed
via Student’s t-test. G) Top 10 enriched metabolic pathways on the basis of the expression of all metabolites in the control and A-aLDL@A groups; the
pathways of interest are marked in red. **** p < 0.0001.
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Figure 5. Mechanism of serine regulation of the MAPK pathway in CAFs. A) Schematic representation of the regulatory mechanism of the artesunate
nanoplatform in CAFs. B) Signature score analysis in pathway (MAPK cascade) on the basis of gene expression in different CAF subtypes (2: matrix CAFs
1; 3: development CAFs; 4: antigen-presenting CAFs 1; 5: antigen-presenting CAFs 2; 6: wound healing CAFs; 7: vascular CAFs; 8: inflammatory CAFs;
and 9: matrix CAFs 2); the subtypes of interest are marked in red, and the red dashed line indicates the median value of ECM CAFs, which was used as a
reference; statistical comparisons were performed via the Wilcoxon rank-sum test. Data are presented as boxplot. C) Pathway (Top10) enrichment based
on differential proteins (A-aLDL@A Vs Control, Top100 in down-regulated proteins) through Metascape, focus pathway marked in red. D) Expression of
MAPK pathway-related proteins in CAFs after serine depletion for different durations. E) Transcriptional expression of MAPK pathway-related genes in
CAFs after serine depletion for different durations (n = 3 independent samples; data are expressed as the means + S.E.M. values). F) Ultrahigh-resolution
laser confocal microscopy evaluation of changes in mitochondrial morphology (TOM20: green; and HSP60: red) in CAFs after 48 h of serine depletion
and quantitative analysis; scale bar: 10 um (n = 8 independent samples; data are expressed as the mean + S.E.M. values; statistical comparisons were

performed via Student’s t-test). G) GO pathway enrichment of the differential protems (significant differences) with 13C-labeled serine in CAFs between
12 and 48 h; the pathways of interest are indicated in the red boxes.* p < 0.05, p < 0.007, p < 0.0001, ns no significance.
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new targets for PTT sensitization. Serine depletion caused op-
posing trends in MAPK pathway-related genes at the protein
and transcription levels, potentially due to blockade of posttrans-
lational modification processes, which led to compensatory in-
creases in transcription levels. The Golgi apparatus, endoplas-
mic reticulum, and mitochondria are the main cellular sites at
which posttranslational modifications occur. Given that the mi-
tochondria are the sites at which serine and glycine interconver-
sion occurs via one-carbon units,!%%’] we evaluated the impact of
serine depletion on mitochondria. Serine depletion significantly
affected mitochondrial function (Figure 5F; Figure S16A, Sup-
porting Information); moreover, serine was also confirmed to ac-
cumulate in the mitochondria (Figure S16B,C, Supporting Infor-
mation). As expected, JC-1 staining also confirmed that serine
depletion reduced the mitochondrial membrane potential level
and affected mitochondrial function in CAF cells (Figure S16D,
Supporting Information). We further assessed the role of serine
in the mitochondria using *C-labeled serine for metabolic trac-
ing. Upon serine depletion, the isotopically labeled serine was
replenished for 12 and 48 h. The C-labeled proteins were cat-
egorized into two types: those where all serine sites in the pep-
tide segment were labeled with *C and those where only some
serine sites were labeled with *C. The comparisons of the dif-
ferentially expressed proteins and all proteins labled with 3C
were performed. The results showed that serine was closed to
nucleotide metabolism, CoA activity pathways and GTPases activ-
ity (Figure 5G; Figure S16E, Supporting Information). Therefore,
serine depletion interferes with energy metabolism and further
inhibits GTPase activity of MAPK pathway in CAFs.
Interestingly, we found that the proteins involved in the re-
sponse to heat and protein folding among all the differentially ex-
pressed proteins were associated mainly with HSP70 (Figure 6A).
Among them, the DNAJ homolog subfamily of proteins stabilize
the ATPase and GTPase activities of HSP70.1°71 Additionally,
HSP70 is an essential intracellular GTP transport carrier.[>74]
Therefore, we hypothesized that serine depletion might affect
the HSP70 supply of GTP to GTPases in the MAPK pathway.
To verify this hypothesis, we first assessed the distribution of
HSP70 in cells before and after serine depletion. As expected, un-
der normal conditions, HSP70 was distributed primarily on the
cell membrane; however, after serine depletion, it was distributed
mainly around the nucleus (Figure 6B; Figure S16F, Support-
ing Information). Next, we evaluated the proteins that interact
with HSP70. The results revealed that HSP70 interacts with Ras
and RhoA (Figure 6C), both of which are receptor-related kinases
on the cell membrane.”>””7] Finally, we ruled out the possibility
that NCT-503 (a PHGDH inhibitor that inhibits the de novo syn-
thesis pathway of serine)!”3”°! itself affects the MAPK pathway
(Figure 6D). Serine depletion affects nucleotide metabolism.[8]
which disrupts intracellular GTP homeostasis and triggers endo-
plasmic reticulum stress.!®!) This leads to the transfer of HSP70
from the cell membrane location to the nuclear location to help
protein folding to maintain the basic survival of the cell. Further,
We also observed the same phenomenon caused by serine de-
pletion in mouse fibroblast cell line 1929 (Figure 6E,F; Figure
S17A,B, Supporting Information). Finally, we inhibited MAP2K7
and HSP70 respectively to further evaluate the regulatory rela-
tionship between serine and the cascade activity of MAPK path-
way. Inhibition of both MAP2K7 and HSP70 has an impact on
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the cell stress regulation and cell cycle-related pathways of fi-
broblasts. However, none of these changes affected the serine
metabolism level of the cells (Figure S18A-D, Supporting Infor-
mation). However, serine depletion can affect the cascade activ-
ity of the MAPK pathway. Of note, we had also confirmed the
sensitizing effect of serine depletion on PTT both in vitro and
in vivo (Figure S18E-G, Supporting Information). These results
strengthen our conclusion.

Overall, the ARS nanoplatform can specifically inhibit one-
carbon units in CAFs and disrupt serine homeostasis to thereby
inhibit intracellular energy synthesis and HSP70 synthesis. A
lack of GTP supply to cell membrane receptor-related GTPases
reduces the responsiveness of cells to external stimuli. ECM
CAFs are especially highly enriched in MAPK cascade, and
higher expression of sigmarl, which making them particularly
susceptible to inhibition by the ARS nanoplatform.

2.8. MAP2K7 can be Used as a New Target for PTT Sensitization

Interestingly, we found that in the proteins where all of the ser-
ine sites were isotope labeled, MAP2K7 plays a role in MAP
kinase activity and has corresponding functions in response to
heat (Figure 6A,G). Additionally, MAP2K7 expression was in-
creased in mouse Eo771 tumor tissues upon PTT with free ICG
(Figure 6H). Therefore, we speculate that MAP2K7 could serve
as a new target to sensitize cells to PTT. To further verify the role
of MAP2K7 in PTT, we used DTP3, an inhibitor of MKK?7. The re-
sults showed that PTT combined with DTP3 could produce better
therapeutic effects (Figure 7A,B).

2.9. Validation Based on CAFsHR

To further validate our previous conclusions, we established in
vitro heat-resistant CAFs (CAFs™®) (Figure 7C,D). In PTT experi-
ments incorporating the nanoplatform without ARS, CAFs® ex-
hibited significant heat tolerance (Figure 7E; Figure S19A, Sup-
porting Information). However, the ARS nanoplatform still in-
hibited CAFs"® (Figure S19A, Supporting Information). Addi-
tionally, the damage repair ability of CAFs"® was assessed, and a
significant increase was found (Figure 7F; Figure S19B, Support-
ing Information). The proliferation rate and inflammatory fac-
tor secretion by CAFs® also significantly increased (Figure 7G;
Figure S19C, Supporting Information). Interestingly, when we
compared the changes in TNC and MYLK expression between
CAFsHR and CAFs, we detected TNC and MYLK increased in
CAFsR (Figure 7H; Figure S19D, Supporting Information), sug-
gesting that PTT can induce the differentiation of CAFs into ECM
CAFs. Therefore, we evaluated the protein expression profiles of
CAFs™R and CAFs to verify the role of MAP2K7 in promoting
heat resistance in CAFs and the effects of PTT on activating the
MAPK pathway and increasing serine metabolism in CAFs.

As expected, MAP2K?7 expression was significantly increased
in CAFs"® (Figure 7I). Compared with CAFs, the collagen-
containing ECM and integrin binding pathways of CAFsHR are
more enriched (Figure S19E, Supporting Information). More-
over, after ARS nanoplatform-mediated PTT of CAFs!®, we ex-
tracted the cell supernatant. Multiplex detection revealed that
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Figure 6. HSP70 plays a role in serine regulation of the MAPK pathway. A) Differential proteins (48 h vs 12 h) with 3C-labeled serine that have protein
folding and heat response functions are shown; proteins related to HSP70 are marked in red boxes, and key highlighted proteins are marked in red. B)
Ultrahigh-resolution confocal microscopy assessment of the effects of serine depletion on the distribution of HSP70 (red), TOM20 (blue), and ATP5al
(green) in CAFs (top: HSP70 is distributed along the cell membrane; bottom: white lines indicating cell edges; scale bar: 10 um). C) Mass spectrometry
analysis of proteins after immunoprecipitation was performed to evaluate changes in expression of the proteins that interact with HSP70 in CAFs
between the control and serine depletion groups after 48 h. The proteins with the most significant changes in expression and those most related to
energy metabolism are noted, with key highlighted proteins shown in red (n = 6 independent samples). D) Immunoblot assessment of the inhibitory
effects of different serine sources on MAPK pathway-related proteins in CAFs. E) Immunoblotting and gPCR (n = 3 independent samples) results were
validated in L929 fibroblast cell line with serine depletion for 48 h which affecting on MAPK-related gene. F) Laser confocal microscopy results were

validated in L929 fibroblast cell line with serine depletion for 48 h which affecting on HSP70 distribution, scale bar:5 pm. G) GO enriched pathways of

the proteins with all the serine sites marked with '3C among the identified peptides; the pathways of interest are marked in red boxes. H) The expression
of MAP2K7 in Eo771 tumor from the PTT and control groups (n = 4 independent samples).
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CAFsHR secreted more EGF (Figure S20A, Supporting Informa-
tion), which, as the main ligand for EGFR, can activate down-
stream pathways such as the MAPK pathway.®2] Similarly, the
phosphorylation level of MAP2K?7 also increased upon EGF stim-
ulation (Figure S20B, Supporting Information), which acceler-
ated the acquisition of the tumor heat-resistant phenotype to
some extent. However, cetuximab did not inhibit the activation
of MKK7 by EGF due to MDA-MB-231 cells are not EGFR-
dependent cell line. Furthermore, we mapped the protein ex-
pression profiles of CAFsFR and CAFs and found that MKK and
ROCK protein expression was significantly elevated in CAFsHR
(Figure S20C, Supporting Information). Subsequent Gene Set
Enrichment Analysis (GSEA) suggested that CAFs"® had in-
creased MAP kinase activity, ERK1 and ERK2 cascade regulation,
and MAPK cascade pathway activity (Figure 7J; Figure S20D, Sup-
porting Information). As mentioned earlier, ATF4 is an essen-
tial marker of CAF stress and regulates serine synthesis. There-
fore, as expected, ATF4 expression was increased in CAFsHR
(Figure 7K). The GSEA results also confirmed the greater enrich-
ment of serine metabolism in CAFs'® (Figure S20E, Support-
ing Information). We further evaluated the clinical translational
value of MAP2K7 (MKK7) based on the FUSCC (Fudan univer-
stiy shanghai cancer center) clinical cohort system. Through mul-
tivariate Cox regression analysis, it was found that the positive
expression level of MKK7 in tumor tissues (including the posi-
tive rate and the proportion of positive area) did not show a sta-
tistically significant association with the long-term prognosis of
patients (Figure S21A, Supporting Information). It was worth
noting that in order to eliminate the potential interference of
tumor volume changes after treatment on the results, we used
the pathological Miller-Payne grade as the treatment response
evaluation model. The quantitative analysis results showed that
a significantly increased expression intensity of MKK7 protein
was observed in the group with poor treatment response (Figure
S21B,C, Supporting Information). This discovery suggested that
MKKY7 may affected the therapeutic effect by regulating the stress
response pathway of tumor cells, providing a valuable theoreti-
cal basis for exploring its application in the clinical sensitization
therapy of PTT.

3. Discussion

In this study, we identified the pivotal role of cancer-associated
fibroblasts (CAFs) in photothermal therapy (PTT) resistance.
Within the context of precision medicine, we confirmed that
ECM CAFs constitute the primary subtype involved in this resis-
tance. Given the high expression of sigmar-1 in ECM CAFs, we
designed a low-density lipoprotein (LDL) delivery platform con-
jugated with aminoethyl anisamide (AEAA) to specifically inhibit
ECM CAFs through the targeted delivery of artesunate (ARS). Re-
markably, the nanoplatform achieved superior therapeutic effects
upon co-delivering photothermal agent and with a single PTT
treatment. We found that the specific inhibition of ECM CAFs by
ARS disrupted intracellular one-carbon metabolism, thereby in-
terfering with serine homeostasis. Additionally, serine depletion
reduced the cascade of GTPase activity in the MAPK pathway in
CAFs, thereby lowering postinjury stress levels. Ultimately, the
ARS nanoplatform reduced the formation of ECM CAFs and the
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tissue resistance barrier induced by PTT. Moreover, the genera-
tion of heat-resistant CAFs in vitro validated our findings.

PTT holds great promise as a treatment modality, as it can
help to overcome tumor resistance to conventional treatments
and even enhance the effectiveness of immunotherapy by in-
ducing immunogenic cell death (ICD).[3%] Clinical trials with
indocyanine green (ICG)-mediated PTT have not achieved opti-
mal results.l’) More importantly, in clinical practice, PTT cannot
reach excessively high temperatures to ablate tumors due to clin-
ical risks and the potential to trigger an inflammatory storm.[8¢]
In addition to previous reported roles of CAFs in tumor immuno-
suppression and chemotherapy resistance,l”#’] our research also
reveals the involvement of CAFs in PTT resistance. Through in-
hibiting CAFs with our developed artesunate loaded nanoplat-
form, the tumor thermotolerance was destroyed and very effi-
cient PTT treatment was achieved.Our findings revealed that in-
efficient PTT increases the presence of ECM CAFs within tu-
mors, forming a resistance barrier and leading to PTT resis-
tance. Based on our previous research, we had confirmed that
artesunate exhibited almost no direct cytotoxic effects on tumor
cells within specific dosage ranges but demonstrated superior ef-
ficacy in inhibiting tumor fibrosis.[?’! The artesunate nanoplat-
form we designed can overcome PTT resistance caused by in-
hibiting CAFs in the tumor microenvironment, achieving excel-
lent anti-tumor effect of PTT. Overall, the antifibrotic potential of
ARS can prevent the occurrence of PTT resistance.

This study, which explored the involvement of ECM CAFs in
PTT resistance, innovatively provides new metabolic and genetic
therapeutic targets for PTT sensitization—serine metabolism
and MAP2K?7, respectively. We systematically elucidated the role
and mechanisms of action of CAFs in PTT resistance, provid-
ing deeper insights for the clinical translation of PTT. Despite
proposing MAP2K7 as a novel sensitization target, our study did
not systematically compare the effects of MAP2K7 and HSP70 on
PTT sensitization. However, as a housekeeping protein, HSP70
is extensively involved in cellular activities;[®® thus, the use of
HSP70 inhibitors may lead to increased side effects.

In the clinical translation of engineered pharmaceuticals,
drug biosafety stands as a crucial evaluation parameter.®] In
current clinical practice, ICG, as a well-established biologi-
cal tracer, has established a comprehensive clinical applica-
tion framework.[**!l As an endogenous substance, low-density
lipoprotein follows well-defined physiological metabolic path-
ways: after entering cells via receptor-mediated endocytosis, it is
enzymatically hydrolyzed by cholesteryl esterase into free choles-
terol and fatty acids, ultimately participating in lipid metabolic
cycles.[°>%3] Notably, artesunate has already demonstrated excel-
lent safety profiles in high-dose administration groups during
preliminary clinical trials, validated through systematic pharma-
cological evaluations.”* Although artesunate, as a first-line clin-
ical antimalarial drug, exhibits good biosafety, its application in
tumor therapy is severely limited by inherent pharmacokinetic
deficiencies.®) On one hand, it has an in vivo half-life of only
0.5 h, and its excessively rapid clearance rate results in insuf-
ficient drug exposure time.””) On the other hand, non-specific
accumulation of the free drug in liver and kidney tissues dur-
ing circulation (Figure S9B, Supporting Information) may in-
duce dose-dependent toxic side effects. Of particular concern, the
drug at low doses may trigger adaptive stress responses in tumor
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cells.’l which significantly restricts its clinical application value.
Building on these intrinsic properties, the innovative artesunate
nanoplatform system developed in this study combines the ad-
vantages of natural carriers with safe drug. It exhibits remarkable
biocompatibility superiority in cytotoxicity assays and acute toxi-
city testing, laying a robust foundation for accelerating its clinical
translation.

In summary, ECM CAFs, which are a subtype of CAFs with
high serine demand and sigmar-1 expression, can be specifically
inhibited by our designed ARS nanoplatform, thereby sensitizing
cells to PTT. In the future, we will conduct systematic studies us-
ing MAP2K7-specific inhibitors or serine metabolism inhibitors
in combination with PTT to verify their effectiveness and pave
the way for clinical trials.

4. Experimental Section

Animals:  All the animal experiments were performed according to pro-
tocols approved by the Department of Laboratory Animal Science, Fudan
University. The mice were fed in a circadian rhythm environment (~25 °C,
55% humidity), and food and water were freely accessible. BALB/c-Nude
mice and C57BL/6)Gpt mice were purchased from GemPharmatech (Nan-
jing, China).

Cell Lines: The human breast cancer cell lines MDA-MB-231 and
MDA-MB-468 and the mouse breast cancer cell line Eo771 were purchased
from ATCC; the human breast cancer immortalized CAF line was pur-
chased from QuiCell (Shanghai); and the fibroblast line L929 was pur-
chased from the Cell Bank/Stem Cell Bank, Chinese Academy of Sciences.
MDA-MB-231 and Eo771 cells were cultured in DMEM supplemented
with 10% FBS; MDA-MB-468 cells were cultured in DMEM supplemented
with 10% FBS and 15% HEPES; and fibroblasts (CAFs) were cultured in
DMEM-F12 supplemented with 10% FBS, insulin (5 pg mL™"), EGF, FGF-
2 (5 ng mL™") and hydrocortisone (100 ng mL™"). For serine depletion
treatment, these cells were cultured in customized DMEM (without ser-
ine and glycine) supplemented with NCT-503 (2.5 uM) with or without
10% dialyzed FBS. All the complete media were supplemented with peni-
cillin—streptomycin. All cells were incubated in an incubator at 37 °C with
5% CO,.

Preparation of Al-aLDL@A: The ARS-loaded dual-targeted LDL
nanoplatform (Al-aLDL@A) was synthesized via the emulsion solvent
evaporation method developed by our group previously.[*’] The following
steps were followed. First, a mixture of phospholipids, DSPE-PEG-AEAA,
DSPE-PEG-ICG, triolein, oleic acid cholesterol, cholesterol (in a molar ra-
tio of 3:3:3:2:1:1), and ARS (20 mg) was dissolved in a solution contain-
ing acetone and ethanol. Then, the Apob peptide was dissolved in Tris-
HCl buffer (pH 8.05) containing sodium oleate. The peptide was added
to achieve a concentration of 3% (in terms of molar ratio) relative to the
total cholesterol content. The organic and aqueous phases were mixed at
a volume ratio of 1:4 under high-shear mixing conditions. The resulting
mixture underwent high pressure homogenization using equipment from
Avestin, Canada. The organic solvents were then removed via rotary evap-
oration at 50 °C to yield the Al-aLDL@A nanoparticles with dual-targeting
properties.

Nanoparticle Characterization: ~ Size, zeta potential and polydispersity
index (PDI) analyses: The prepared nanoparticles were suspended in
deionized water and homogenized by ultrasonication. The hydrated parti-
cle size of the nanoparticles in a glass quartz dish was measured with an
analyzer (Zetasizer Nano ZS90, Malvern). Furthermore, the same solution
was loaded into a zeta potential dish to determine the zeta potentials of
the nanoparticles. Three measurements were taken at each time point, and
these values were averaged. The morphologies of the Al-aLDL@A sam-
ples were examined via field emission transmission electron microscopy
(FETEM, JEM-1400, JEOL). We lyophilized the prepared ARS nanoplat-
form using a vacuum freeze-dryer and stored it at —20 °C. Equal masses
of the powder were dissolved in deionized water at different time points
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(0, 1,2, 3, and 4 w) to assess the stability of the ARS nanoplatform dur-
ing a one-month storage period. Negative staining with 2% uranyl acetate
was applied to improve image quality. An Al-aLDL@A suspension (2 mg,
2 mL) was placed into an ultrafiltration tube (10 kDa) for centrifugation
(3500 rpm, 10 min).

The loading content was evaluated according to our previous work.[*7]
In brief, the supernatant in the ultrafiltration tube was collected and demul-
sified with methanol, the absorbance of the supernatant was determined
at 222 nm, the concentration of ARS was calculated according to the pre-
viously reported standard curve,[?’] after which the loading content (en-
trapped drug/weight of total the nanoparticles) was finally obtained. The
same amount of ars nanoplatform suspensions were respectively placed
in PBS solutions containing 2% Tween 80. After centrifugation at different
time points, 1 mL of the solution was taken and freeze-dried, and then dis-
solved in pure methanol. The 2% Tween 80 PBS was freeze-dried and then
methanol was added as a blank control. The absorbance of artesunate in
the freeze-dried powder methanol solution at different time points was
detected. Finally, the concentration was calculated by the standard curve.

Determination of critical aggregation concentration: Prepare a Nile red
DMSO solution with a concentration of T mg mL~'. Nanoparticles of dif-
ferent concentrations were suspended in 900 uL of PBS solution, and then
1 uL of Nile red was added to the nano-suspension. The absorbance at
636 nm in the solutions of different concentrations was measured.

Targeting Effects of the Nanomedicine In Vivo/In Vitro—In Vitro:  Cells
were seeded in glass bottom dishes. After adherence, the DiD-coated
nanoparticles (200 ug mL~', 200 pL) were added for 4 h of incubation
with gentle shaking. Free nanoparticles were removed by rinsing with PBS,
and the cells were fixed with paraformaldehyde (room temperature (RT),
15 min), stained with DAPI (C1006, Beyotime) for 15 min at RT and rinsed
three times with PBS. Finally, a laser confocal microscope was used for
evaluation.

In Vivo:  Al-aLDL@A (5 mg mL~", 200 pL) was injected intravenously,
and the ICG fluorescence distribution in the mice was observed at different
time points (0.5, 2, 24, and 48 h) with an optical imaging system.

Western Blot—Cell Culture:  The same number of CAFs were incubated
in a 6-well plate. After 12 h, the medium was discarded, and the cells
were washed with PBS three times, and new medium was added. NCT-
503 (S8619, Selleck) was dissolved in DMSO. After serine depletion for
various durations (12, 24, 48, or 72 h), protein was extracted from the dif-
ferent groups.

Mouse Tissues: Tumor tissues were cut into pieces and placed in EP
tubes together with steel balls for grinding. RIPA solution (500 pL) con-
taining PMSF was added to each tube, and the tubes were placed into a
tissue grinding instrument (JXFSTPRP-CL, Shanghai Jing Xin) and ground
for 30 min at 4 °C (30 Hz/30 s). The supernatant was collected after cen-
trifugation, and the protein content in the supernatant was subsequently
quantified with a BCA kit (23227, Thermo Fisher Scientific). A portion of
each of the mixed samples was subjected to the BCA quantitative homog-
enization to standardize the concentrations between samples.

Quantitative Real-Time PCR (qPCR)—Sample Preparation: The same
number of CAFs were incubated in a 6-well plate. After 12 h, the medium
was discarded, the cells were washed with PBS three times, and new
medium was added. NCT-503 was dissolved in DMSO. Serine depletion
was then performed for various durations (12, 24, 48 h, or 72 h).

Total RNA was collected via an isolation kit (Vazyme, RC11201) and
transcribed to cDNA via PrimeScript (Vazyme, R323) according to the
manufacturer’s protocol. gPCR was performed on a real-time qPCR instru-
ment (Applied Biosystems, QuantStudio 7 Flex) using ChamQ Universal
SYBR gPCR Master Mix (Vazyme, Q711-02). f-Actin was selected as an
internal reference gene for normalization, and the data were analyzed via
the comparative CT method.

The gene sequences were designed with PrimerBank (https://pga.mgh.
harvard.edu/primerbank/), and detailed gene sequence information re-
sources can be found in the Table S3 (Supporting Information).

Cell Viability Assays and ELISAs: For the in vitro cell therapy experi-
ments, the cells were seeded into 12-well plates. After 12 h, the medium
was replaced with pure DMEM (1 mL) supplemented with nanodrugs. Af-
ter incubation for 4 h, the laser irradiation group was subjected to laser
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irradiation (1.2 W cm™2, 5 min). The cells were subsequently cultured in
an incubator for an additional 44 h. The supernatant was used for ELISA
after centrifugation. Finally, CCK-8 reagent (CCK-8:DMEM = 1:9, T mL)
was added to the 12-well plate for coincubation with the cells for Thin an
incubator, after which the supernatant was transferred to a 96-well plate
(100 L per well, 4 wells/group) for analysis with an enzyme labeling in-
strument (Biotek, Synergy H1).

Photothermal resistance test: Equal numbers of CAFs and CAFs/'R were
seeded in a 12-well plate. After 12 h, when the cells were completely at-
tached to the wall, the nanomedicine (200 ug mL™') was added for 4 h
of incubation with gentle shaking in an incubator before laser irradiation
(1.2W cm™2, 5 min). Cell viability was measured with a CCK-8 kit (BS3508,
Biosharp) at different time points (24, 48, 72, and 96 h) after the end
of treatment. CAFs were stained with crystal violet solution (60506ES60,
Yeasen) 96 h after laser irradiation.

The samples to be tested were added to the wells of an ELISA kit (U96-
1510E, U96-15T11E, YoBIbio), incubated, and then washed with washing
solution. The biotin-conjugated antibody was added next. After incuba-
tion, the wells were rinsed again, and the SABC complex working solution
was added for further incubation. After the SABC working solution was
removed by rinsing, the prepared TMB working solution was added for in-
cubation. Finally, the suspension solution was added, and the absorbance
of each well at 450 nm was measured.

Multiple Cytokine Assays:  The cell supernatant was collected after cen-
trifugation, and the cytokine concentrations were measured with a kit
(RK04339, ABclonal). The data were normalized on the basis of the cell
number, and a heatmap was drawn.

Cellular Immunofluorescence—Serine Depletion Sample Preparation:
Cells were seeded into confocal dishes. After incubation for 12 h, the
medium was replaced with DMEM (without serine or glycine) supple-
mented with dialyzed FBS and NCT-503 (PHGDH inhibitor). After incu-
bation for 48 h, the cells were washed with PBS three times and fixed with
4% paraformaldehyde for 15 min. These cells were then treated with im-
munosealers containing Triton X-100 at RT for 1 h, incubated with the pri-
mary antibody at 4 °C overnight, and washed with TBST three times. Next,
the second antibody was added to the cells for incubation at RT for 1 h,
and the cells were washed with TBST three times. Finally, the cells were
incubated with DAPI dye solution for 15 min at RT.

JC-1 Staining:  Dissolved the dye powder in DMSO and mixed it evenly
by ultrasonic waves. DMEM diluted the dye stock solution to make the final
concentration S5ug mL~. After dilution, perform ultrasonic mixing again,
and then add it to the petri dish to replace the original culture medium.
After incubation in the incubator for 20 min, rinse with PBS (rinse three
times). Finally, fresh DMEM was added for confocal fluorescence imaging.

High-resolution confocal imaging sample preparation: The cells were
seeded on special slides on one side of the attached polyvinyl micro-
spheres. The staining procedure was the same as that for confocal mi-
croscopy sample preparation. After sample preparation, fluorescence
imaging was performed. Mitochondrial statistical methods were per-
formed according to previously published methods.[*%]

Evaluation of the ARS Nanoplatform Inhibitory Efficiency on CAF:  CAF
cells were inoculated in 6-well plates. The experiment began when the cell
fusion degree reached 80%. The experimental groups were divided into the
control group, the free ARS group (the total amount of drug was consistent
with the drug content on the nanoplatform), the free ICG group (the total
amount of ICG was calculated based on the molar mass ratio of ICG in
the nanoplatform system), and the nanoplatform group (the final concen-
tration of the medium and nanoplatform suspension was 200 ug mL™",
and the culture system was 2 mL). After the drug is added, place the 6-
well plate on the shaker in the cell culture incubator and gently shake it.
After incubation for 4 h, discard the culture medium, rinse with PBS, and
then add fresh culture medium (without FBS). The nanoplatform group
and the free ICG group were irradiated with near-infrared laser (808 nm,
1.2 W cm™2, 5 min). After the irradiation was completed, the cells were
placed in the incubator for continued incubation for 24 h. Another way,
cells in different experimental groups were incubated with the respective
drugs for 48 h (the cycle in which the drug’s accumulation in the tumor
starts to decrease, based on in vivo targeting experimental results), while
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laser irradiation was still performed 4 h post-treatment, and incubated for
44 h. CCK8 assay and immunoblotting were performed.

Cell Migration Assay: CAFs were seeded in 6-well plates, and when the
cells reached full confluency, a scratch was made with a pipette tip, and
the complete medium was replaced with medium without FBS.

Flow Cytometry: CAFs were seeded in 6-well plates and divided into
control and Depletion groups. The Depletion group was subjected to ser-
ine/glycine depletion with NCT-503 and DMEM without serine/glycine for
48 h. The cells were then treated with trypsin with EDTA. The number of
cells in the two groups was consistent, as determined by cell counting.
After rinsing three times with cell staining buffer (420201, BioLegend), an
antibody (648003, BioLegend) was added, and the mixture was incubated
at 4 °C for 30 min before rinsing again with staining buffer. Finally, the cells
were examined with a flow cytometer (CytoFLEX S, Beckman Coulter).

Immunoprecipitation (IP): CAFs were seeded in 6-well plates and di-
vided into control and Depletion groups. The Depletion group was sub-
jected to serine/glycine depletion with NCT-503 and DMEM without ser-
ine/glycine for 48 h. Furthermore, the cells were rinsed with PBS. RIPA
lysis buffer containing 1% PMSF was added, and the cells collected by
scraping. The supernatant was collected after centrifugation (12 000 rpm,
15 min, 4 °C). Magnetic beads (HY-K0202) were rinsed with PBS and
then incubated with an anti-HSP70 antibody (ab182844, Abcam). After
coupling, rinsing was performed again to remove free antibodies. Fur-
thermore, the antibody-conjugated magnetic beads were mixed with the
extracted protein mixture overnight at 4 °C, after which the magnetic
beads were separated from the protein mixture with a magnetic rack and
the supernatant was removed. The magnetic beads were rinsed 6 times.
The proteins from the magnetic beads were separated with elution buffer
(room temperature, 5 min), and neutralization buffer was used to termi-
nate the reaction. The isolated protein mixture was evaluated via mass
spectrometry.

Validation of the Involvement of MAP2K7 in PTT Resistance: Equal
numbers of CAFs were seeded in 6-well plates or 96-well plates, and
the medium was changed to serum-free medium after 24 h. DTP3 (HY-
100538, MCE) was added to the culture medium (15 pM) as an MKK7 in-
hibitor. After 12 h of incubation, free ICG (final concentration 100 ug mL™")
was added, and the cells were incubated again for 4 h before laser irradi-
ation. Twelve hours later, the cells were washed with PBS to remove free
cells, and the remaining cells were incubated with crystal violet stain or
CCK-8 solution.

Equal numbers of CAFs were seeded in 6-well plates and grouped ac-
cording to the different treatments. The groups included the control group,
the EGF group (medium supplemented with 25 ng mL~" EGF (RP01030,
ABclonal)), and the TKI group (medium supplemented with 50 ug mL™!
cetuximab (A2000, Selleck)); each culture system was 2 mL. Drug treat-
ment for protein immunoblot assessment was performed after 24 h.

Sample Purification:  The sample number varied on the basis of the se-
quencing method due to the fragmentation of a single tumor into multiple
tissue fragments. Therefore, sequencing every tissue fragment might have
resulted in multiple sequencing of certain tumor samples.

Total RNA from Cell/Tissue Samples: Total RNA was extracted accord-
ing to the instructions of the miRNA isolation kit (AM1561, Thermo
Fisher) and purified by magnetic bead separation (A63881, Beckman Coul-
ter). Then, cDNA was synthesized with a SuperScript |l Reverse Transcrip-
tase Kit (18064014, Invitrogen). Finally, the samples were evaluated with
a bioanalyzer (Agilent 2100, Agilent).

Total Protein from Cell/Tissue Samples: The protein extraction method
was the same as that used for Western blotting. DTT was added to the pro-
tein mixture, which was subsequently incubated for 30 min at 55 °C. An
equal volume of iodoacetamide was then added for 15 min of incubation
at RT. Subsequently, six volumes of acetone were added, and each mixture
was incubated at —20 °C for 4 h. The precipitate was collected by centrifu-
gation and redissolved in tetraethylammonium bromide (TEAB). The pro-
tein was digested with trypsin-TPCK (1/50 by protein weight) overnight.

Total Metabolites in the Cell/Tissue Samples: The tissues were cut into
pieces, mixed with a 4:1 (vol/vol) methanol:water solution in tubes and
ground with grinding balls to extract the metabolites. The weight of each
tissue sample was the same.
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SILAC: CAFs were seeded in culture dishes and allowed to adhere.
The medium was replaced with serine depletion medium (DMEM without
serine/glycine supplemented with NCT-503 and 10% FBS), and then 13C-
labeled L-serine (IR-30150, IsoReag) (42 mg L™') was added. The cells
were incubated for 12 h or 48 h, and protein extraction was performed
as described for protein mass spectrometry. Finally, the proteins were
subjected to mass spectrometry analysis (Orbitrap Exploris 480, Thermo
Fisher Scientific).

Transfection of Small Interfering RNA In Vivo and In Vitro—In Vitro:
Cells were inoculated in 6-well plates. After adhesion, when the cell fusion
degree reached 60%, a mixture of siRNA was added. The small interfering
RNA was customized by GenePharma (Shanghai) and used at a concen-
tration of 20 um after being added to ddH,O. Take 5 uL RNA stock solution
and add it to 150 pL of opti-MEM; After mixed well, then add 5 uL of trans-
fection reagent and mix well again. Incubate at room temperature for 15
min. Finally, add it to a 6-well plate, mix well and incubate for 48 h before
extracting the protein.

In Vivo:  After establishing tumor xenografts through co-implantation
of CAFs and MDA-MB-231 cells, mice were randomly divided into two
groups: Control group and siRNA group. The siRNA group received peri-
tumoral subcutaneous injections of 100 uL mixture containing chemically
modified siRNA (Gene Pharma, Shanghai) complexed with in vivo trans-
fection reagent (Gene Pharma, Shanghai) at a 2:1 ratio (ug:pL), while the
Control group received subcutaneous injections of transfection reagent
alone (without siRNA). After 48 h, both groups were administered equiv-
alent volumes of Al-aLDL@A suspension via tail vein injection. In vivo
imaging was performed 24 h post-injection.

Liquid Chromatography—Tandem Mass Spectrometry (LC-MS/MS) Anal-
ysis:  The peptides were suspended in 0.1% formic acid (FA) for analysis
via a TIMS-TOF Pro mass spectrometer (timsTOF Pro, Bruker). The chro-
matographic conditions were as follows: an optics column (25 cm long,
75 um 1D packed with 1.6 um C18) was used, the column temperature
chamber was set to 50 °C, the elution flow rate was 300 nL min~', and
the total elution time was 60 min. Chromatographic separation was per-
formed with Solvent A (0.1% FA in water) and Solvent B (80% acetonitrile
with 0.1% FA) with gradient elution of the peptides as follows: 2-22% B
from 045 min, 22-37% B from 45 to 50 min, 37-80% B from 50 to 55 min,
and maintained at 80% B for the last 5 min. The mass spectrometry pa-
rameters were as follows: scan range, 100-1700 m z71; 1/k0 range, 0.7—
1.3; PASEF, 10; intensity threshold, 5000; accumulation and ramp time,
100 ms; capillary voltage, 1500 V; DRY gas, 3 L min~'; and temperature,
180 °C.

The Thermo Q Exactive HF system (Xcalibur, Thermo Scientific) was
operated in full MS scan mode for data acquisition (acquisition from m/z
50750) and an initial MS spectrum was acquired to quantify each biolog-
ical sample for metabolite. Then, data-dependent acquisition (DDA) was
performed with the following parameters: MS scan time, 50 ms per scan;
and resolution: 60000; and MS/MS scan time, 50 ms per scan; and resolu-
tion, 15000. The top 10 most intense ions were selected for fragmentation
(30 NCE). The ESI source parameters were set as follows: spray voltage,
3.5 kV; capillary temperature, 320 °C; aux gas heater temperature, 300 °C;
sheath gas flow, 45 Lh~'; and aux gas flow, 10 Lh~" (Table S6, Supporting
Information).

The data were analyzed by PEAKS Online (Bioinformatics Solutions
Inc., version 1.5).

LC-MS/MS Data Processing: The raw data files acquired by the tim-
sTOF Pro instrument were analyzed by PEAKS online software (https://
www.bioinfor.com/, Bioinformatics Solutions Inc., PEAKS Online X build).
Human-derived protein data (Homo sapiens, downloaded in July 2022, con-
taining 20381 reviewed human-derived proteins) from the UniProt Swiss-
Prot database (https://www.uniprot.org/) were used.

Animal Experiments: High-fibrosis mouse breast cancer model: CAFs
were mixed with MDA-MB-231 cells (10%) in PBS at a ratio of 1:4, after
which the suspensions were mixed with Matrigel (1:1, vol/vol). The final
solution was injected into the mouse breast pad.

In Vivo Therapeutic Experiments: Mice (n = 48) were randomly di-
vided into 8 groups (control, LDL, I-LDL+L, LDL@A+L, I-LDL@A+L, A-
aLDL@A, Al-aLDL+L, and Al-aLDL@A+L). The tumor cell and Matrigel
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suspension (1:1, vol/vol) was injected into the breast pads of the mice.
Al-aLDL@A was administered at a dosage of 10 mg mL~", 200 uL/3 days,
and the dosages of the other drugs were determined according to the pre-
viously calculated drug loading. PTT was not performed after the first drug
administration. Two hours after the second administration, the tumor was
irradiated with an 808 nm laser (1.2 W cm™2) for 5 min. The temperature
changes in the tumors were monitored during PTT. The tumor volume
(long diameter: a; minor axis: b) and body weight of the mice were mea-
sured before each administration. Tumor volume was calculated via the
following formula: volume = 1/2ab?. The lengths and widths of unrecog-
nized tumors were defined as 0.5 mm.

In Vivo Evaluation of the Involvement of CAFs in PTT Resistance: ~CAFs
and MDA-MB-231 cells (10 MDA-MB-231 cells with a CAF:MDA-MB-231
cell ratio of 1:4) were mixed in a mixture of PBS and matrix gel (1:1,
vol/vol), and the resulting cell suspension was seeded in the breast pads
of nude mice. When the tumor size reached 300 mm?, the mice were sub-
jected to laser irradiation (1 W cm™2, 2 min) 2 h after injection of free ICG
(1 mg mL~", 100 pL). Six days later, all the mouse tumors were collected,
weighed and measured. All procedures were completed within 12 days af-
ter tumor inoculation.

In Vivo Assessment of Tumor Fibrosis Induced by PTT:  Mice (C57BL/6),
n = 4; 4-weeks old) were randomly divided into two groups (control and
PTT), and a cell suspension (10° total cells, PBS:Matrigel = 1:1 (vol/vol),
100 pL) was injected into the right third pair of mammary pads. When
the tumors grew to 200 mm?3, the mice in the PTT group were injected
with PBS, and the mice in the PTT group were injected with free ICG
(1 mgmL~", 100 L) via the tail vein. Two hours after injection, the tumor
site was irradiated with a laser (808 nm, 1 W, 2 min). Seventy-two hours
later, the mouse tumor tissues were harvested for protein extraction and
MS analysis.

ARS Nanoplatform In Vivo Toxicity Assessment: The mice were ran-
domly divided into three groups: the control group did not receive any
treatment; the ARS nanoplatform group received the nanosuspension
(10 mg mL™", 200 pL); and the free ARS group received free ARS solu-
tion via the tail vein (the same amount of ARS was administered as that
in the nanoplatform group after conversion according to the loading con-
tent). Blood samples were taken 72 h later to assess indicators of liver and
kidney function.

Serine depletion sensitize the efficacy of PTT in vivo: Eo771 tumor-
bearing C57/BL6) mouse models were established and subsequently ran-
domized into two treatment groups: PTT group and combination ther-
apy group. PTT group: Intravenous administration of free ICG via tail
vein injection, followed by NIR laser irradiation at the tumor site 2 h
post-injection. combination therapy group: Pretreatment with NCT-503
(50 mg kg™, intraperitoneal injection, once/2 days, vehicle: 2% DMSO,
40% PEG300, 5% Tween-80, 53% water) prior to PTT. Subsequent ICG ad-
ministration and laser irradiation parameters matched those of the PTT
group. Six days later, all the mouse tumors were collected, weighed and
measured (The scab at the tumor site was removed and weighed).

Preparation of Serum: A capillary tube containing heparin was inserted
into the inner canthus of the mouse eye, and the drained blood was col-
lected in an EP tube containing EDTA-K2. The blood was allowed to stand
at room temperature for 1 h, and then the serum was collected after cen-
trifugation. Serum cytokines were detected with a kit (RK04382, ABclonal).

Quantitative Immunohistochemical Analysis:  The immunohistochemi-
cal image was transformed into an RGB-stack image, and the contrast was
adjusted. Furthermore, the threshold was set to ensure that the positive
area was consistent with the setting range. Finally, quantitative analysis
was performed.

Evaluation of the Penetration Efficiency of ars Nanoplatform in Highly Fi-
brotic Tumors: We established a co-culture model of CAFs and MDA-
MB-231 in nude mice. Post-tumor formation, mice received tail vein in-
jections of Cy5-loaded nanoplatform formulations (5 mg mL~", 100 uL).
Four hours post-injection, tumor tissues were harvested, surface fluids re-
moved using absorbent paper, embedded in OCT compound, and sec-
tioned for fluorescence imaging. To preserve nanoplatform structural in-
tegrity, fresh-frozen tissue sections were directly imaged without further
processing.
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Tissue Sectioning and Immunohistochemistry:  Tissue sections for im-
munohistochemical staining were prepared by professional technicians.
The technicians were blinded the tissue grouping information during the
process, providing only technical assistance and not participating in the
analysis.

Clinical Sample Cohort:  The tissue samples were collected from the
tissue bank of Fudan University Shanghai Cancer Center (FUSCC). All sam-
ples were pathologically diagnosed as triple-negative breast cancer. The
use of clinical information and tissue use has been approved by the Ethics
Committee of Shanghai Cancer Center, Fudan University, with the ethics
number FUSCC-IACUC-S2025-0516. All patients had received chemother-
apy or/and immunotherapy before the tumor specimens were obtained
through surgery.The classification of treatment response is differentiated
according to the pathological Miller-Payne classification system. Whole-
slide imaging analysis was performed using Visiopharm Al-powered plat-
form, with rigorous normalization of staining intensity across batches.

Sample Preparation for Spatial Omics:  After the tumor tissue of each
mouse was removed, the excess body fluid in the tumor tissue was re-
moved by blotting with absorbent paper. The samples were subsequently
embedded in optimal cutting temperature (OCT) compound and stored
at —80 °C before cryosectioning.

Bioinformatics Analysis—Single-Cell RNA Sequencing (scRNA-seq) Data
Sources and Grouping: scRNA-seq data were derived from studies previ-
ously published by our group.[?”] The tumor tissue types determined from
Eo771 tumor-bearing C57BL/6) mice. The control group did not receive
any treatment, while the PD-1 group was treated with a PD-1 monoclonal
antibody (10 mg kg™', twice a week) before the tumor tissues were ob-
tained. The mice in the combined treatment group were injected with ARS-
loaded poly(lactic-co-glycolic acid) (PLGA) coated with TNBC cell mem-
brane biomimetic nanoparticles (20 mg mL~", 200 uL, once every 3 days)
combined with the PD-1 monoclonal drug (10 mg kg™', twice a week) via
the tail vein. Tumor tissues were harvested after 18 days of monitoring for
scRNA-seq. Two independent biological samples were collected from each
group.

Spatial transcriptomics sequencing was performed via the 10x Ge-
nomics Visium Spatial Transcriptomics platform, which captures mRNAs
on the basis of polyA sequences. Frozen sections (10 um thick) containing
the target region were mounted on 10x Visium Spatial slides, followed by
methanol fixation, H&E staining, and image scanning according to the
protocol recommended by 10x Genomics. Subsequently, tissue perme-
abilization, reverse transcription, cDNA amplification, and DNA library
construction were carried out via the 10x Genomics Visium Spatial Gene
Expression Slide & Reagent Kit (PN-1000184) and Visium Spatial Gene
Expression Slide Kit (PN-1000185) following the manufacturer’s instruc-
tions. Qualified DNA libraries were subjected to high-throughput sequenc-
ing via PE150 mode.

Spatial Metabolic Sequencing: The experiment was conducted via
the AFADESI-MSI platform (Beijing Victor Technology Co., Ltd., Beijing,
China) in tandem with a Q-Orbitrap mass spectrometer (Q Exactive,
Thermo Scientific, U.S.A.). In negative ion mode, the spray solvent was
acetonitrile (ACN)/H,O (8:2), and in positive ion mode, the spray solvent
was ACN/H,O (8:2, 0.1% FA). The solvent flow rate was 5 uL min~', the
transport gas flow rate was 45 L min~], the spray voltage was set at 7 kV,
and the distance between the sample surface and the sprayer, as well as
between the sprayer and the ion transport tube, was 3 mm. The MS reso-
lution was set at 70000, with a mass range of 70-1000 Da, an automated
gain control (AGC) target of 2E6, a maximum injection time of 200 ms,
an S-lens voltage of 55V, and a capillary temperature of 350 °C. During
MSI analysis, the speed in the X direction was 0.2 mm s~ with a verti-
cal step size of 100 um in the Y direction. Using imzMLConverter,[*] the
raw MS data files in.raw format were converted to.imML format to be im-
ported into MSiReader, an open source software for viewing and analyz-
ing high-resolution MS image files on the MATLAB platform. After back-
ground subtraction via the Cardinal package,['%] ion image reconstruc-
tion was performed. All mass spectrometry images were normalized using
total ion count (TIC) per pixel.l'®! High-spatial-resolution H&E images
were matched to precisely extract region-specific MS profiles. Differentially
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abundant metabolites in different tissue microregions were first screened
via the supervised statistical method orthogonal partial least squares dis-
criminantanalysis (OPLS-DA). The variable importance of projection (VIP)
values obtained from the OPLS-DA model were used to describe the over-
all contribution of each metabolite to group differentiation. A VIP value
greater than 1 indicated that the metabolite could be a potential differen-
tially abundant metabolite. Furthermore, a two-tailed Student’s t test was
used to determine whether the differentially abundant metabolite was sig-
nificant. Finally, metabolites with VIP values greater than 1.0 and P values
less than 0.05 were selected as differentially abundant metabolites. Addi-
tionally, owing to the special data structure obtained from MSI analysis,
we performed dimensionality reduction on the MS data for each pixel via
T-distributed stochastic neighbor embedding (t-SNE) and uniform man-
ifold approximation and projection (UMAP). For MSI data clustering, we
adopted the spatial shrunken centroid clustering (SSCC) algorithm to clus-
ter the samples on the basis of the differences in ion abundance in each
pixel.

GSEA: Gene sets in corresponding pathways were obtained from
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG), and enrichment scores were determined according to the expres-
sion of corresponding genes in the two groups of samples. The gene set
number range was 5-500.

RTCD Analysis: RCTDU%?] (version 1.1.0) is a robust cell type decom-
position method that uses cell type profiles obtained from single-cell RNA-
seq data to decompose mixtures of cell types while correcting for dif-
ferences across sequencing technologies. The create.RCTD function was
used with the default parameters to ensure that each cell type has at least
one cell and that each spot has at least one unique molecular identifier
(UMI). The run.RCTD function is set with doublet_mode as FALSE to in-
fer the composition of the cell types in each spot.

Metascape: The proteins whose expression was lower in the A-
aLDL@A group than in the control group were entered into Metas-
cape (https://metascape.org/gp/index.html#/main/step1) for enrich-
ment analysis.[19%]

Signature Score Analysis:  The function calculates the average expres-
sion level of all genes in the gene set at the single-cell level, and then cuts
the expression matrix into several parts according to the average value,
and randomly selects the background value of the control gene from each
copy after subtracting.

Macrophage Polarization Score: The expression levels of macrophage
cell populations in different genes were scored for polarization. M1 polar-
ization markers: Tnf, 116, Cd86, II1b, Nos2, Cd80, Cxcl10, Cd86, Il1a,Ccl5,
Irf1, Cd40, Ido1, Kynu, Cer7; M2 polarization markers: Arg1, Arg2, 1110,
Cd163, Cd200r1, Pdcd11g2, Cd274, Csflr, 111r2, Il4ra, Ccl4, Ccl2, Ccl20, Ccl22,
Ccl24, Lyvel, Vegfa, Vegfb, Vegfc, Egf, Ctsa, Ctsb, Ctsd, Tgfb1, Tgfb2, Tgfb3,
Mmp14, Mmp19, Mmp9,Clec7a, Wnt7b, Tnfsf8, Cd276, Vicn1, Msr1, Fn1,
If4.

Cell Chat Analysis:  CellChat (version 1.1.3) R package was used for
cell-to-cell ligand-receptor interaction analysis. First, the normalized ex-
pression matrix was imported and the cellchat object was created through
the createCellChat function. Use the default parameters through iden-
tifyOverExpressedGenes, identifyOverExpressedIinteractions and prepro-
cessing operations projectData function; The computeCommunProb, fil-
terCommunication (min.cells = 10) and computeCommunProbPathway
functions were used to calculate potential ligand-receptor interactions.
Finally, the intercellular communication network is aggregated by aggre-
gateNet function.

scMetabolism Analysis: scMetabolism (version 0.2.1) is based on the
conventional single-cell transcriptome expression matrix file, and uses
the VISION algorithm to score each cell, and finally obtains the activity
score of cells in each metabolic pathway. The software presets the human
metabolic gene set, including 85 KEGG pathways and 82 REACTOME en-
tries. If the species was mammals such as rats and mice, the analysis was
carried out after homologous transformation.

Materials: ~ All information related to the antibodies, reagents, and
instruments used in this study are given in Tables S1-S5 (Supporting
Information).

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Statistical Analysis:  Data were collected from at least two independent
experiments and are expressed as the mean + S.E.M. values. Differences
between groups were determined with ¢ tests.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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