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Abstract

Background: The prognosis of patients with advanced gastric cancer (GC) remains unsatisfactory owing to distant
metastasis and resistance to concurrent systemic therapy. Cancer-associated fibroblasts (CAFs), as essential partici-
pators in the tumor microenvironment (TME), play a vital role in tumor progression. Thus, CAFs-targeting therapy is
appealing for remodeling TME and sensitizing GC to conventional systemic therapy.

Methods: Amphiphilic SN38 prodrug polymeric micelles (PSN38) and encapsulated the hydrophobic esterase-
responsive prodrug of Triptolide (TPL), triptolide-naphthalene sulfonamide (TPL-nsa), were synthesized to form
PSN38@TPL-nsa nanoparticles. Then, CAFs were isolated from fresh GC tissues and immortalized. TPL at low dose
concentration was used to investigate its effect on CAFs and CAFs-induced GC cells proliferation and migration. The
synergistic mechanism and antitumor efficiency of SN38 and TPL co-delivery nanoparticle were investigated both
in vitro and in vivo.

Results: Fibroblast activation protein (FAP), a marker of CAFs, was highly expressed in GC tissues and indicated
poorer prognosis. TPL significantly reduced CAFs activity and inhibited CAFs-induced proliferation, migration and
chemotherapy resistance of GC cells. In addition, TPL sensitized GC cells to SN38 treatment through attenuated
NF-kB activation in both CAFs and GC cells. PSN38@TPL-nsa treatment reduced the expression of collagen, FAP, and
a-smooth muscle actin (a-SMA) in tumors. Potent inhibition of primary tumor growth and vigorous anti-metastasis
effect were observed after systemic administration of PSN38@TPL-nsa to CAFs-rich peritoneal disseminated tumor
and patient-derived xenograft (PDX) model of GC.

Conclusion: TPL suppressed CAFs activity and CAFs-induced cell proliferation, migration and chemotherapy resist-
ance to SN38 of GC. CAFs-targeted TPL and SN38 co-delivery nanoparticles exhibited potent efficacy of antitumor and
reshaping TME, which was a promising strategy to treat advanced GC.
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Background

Gastric cancer (GC) was the third most common cause
of cancer-related deaths globally [1, 2]. Despite the rapid
development of chemotherapy and molecular targeted
therapies, the survival of advanced GC patients was dis-
mal owing to distant metastasis and resistance to con-
current systemic therapy [3-5]. The key feature of GC is
the substantial molecular heterogeneity which defined
complex heterotypic interactions of cancer cells with
the tumor microenvironment (TME) [6]. The TME was
comprised of the extracellular matrix (ECM) where a list
of non-cancer cells resides, including cancer-associated
fibroblasts (CAFs), endothelial cells and diverse immune
cells [7]. As a key component of the TME, CAFs not
only promoted tumor growth and multidrug resistance
(MDR), but also remodeling TME and mediated desmo-
plastic stroma [8]. CAFs dynamically involved the initia-
tion and progression of GC, playing a role in preventing
vascular access of cancer drugs through collagen produc-
tion. In addition, CAFs induced chemoresistance of GC
cells to cisplatin and fluoropyrimidine [9, 10], and a high
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CAFs proportion was associated with poorer prognosis
in GC patients [11].

The existing combination regimens for advanced GC
only focused on the synergistic effect on cancer cells.
First-line targeted therapy with chemotherapy (trastu-
zumab plus platinum and fluoropyrimidine), which was
the most effective combination regimen up to date, with
the median overall survival of advanced GC patients
increasing from 11.1 months (chemotherapy alone) to
16 months [12]. Moreover, this combination therapy was
only suitable for human epidermal growth factor receptor
2 (HER?2) positive GC patients, which occur in approxi-
mately 17-20% of patients with GC [13]. Targeting
CAFs and reshaping the TME has been proved a prom-
ising strategy for treating advanced cancers [14]. TPL is
a natural compound isolated from Chinese herb which
was reported to revert the activated CAFs to the quies-
cent state and remodel TME to increased drug delivery
into the tumor [15, 16]. The water-soluble prodrug of
TPL (Minnelide) is currently in Phase II clinical trials
for patients with advanced pancreatic cancer and Phase
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I clinical trials (combination with Paclitaxel) for the treat-
ment of several advanced solid tumors (NCT03117920,
NCT01927965, NCT04896073). However, due to its
potential toxicity, rapid clearance, and low bioavailability,
the clinical application of Minnelide remains an ongoing
problem [17]. In addition, current combination regimens
of small-molecule cytotoxic drugs and stroma-modifying
agents only achieved limited improvements in clinical
trials, probably due to unsatisfied pharmacokinetics and
bio-distribution in tumors [18, 19]. Thus, novel synergis-
tic strategies are urgently needed.

In recent years, the emergence of nanotechnology has
provided advanced opportunities for cancer treatment
[20]. Drugs can be encapsulated into nanoparticles’ inner
core or loaded onto the surface of the nanocarriers and
finally released after active or passive targeting to tumor
sites [21]. Traditional nanocarriers were generally formed
by inorganic nanoparticles such as carbon nanotube [22],
grapheme [23], silica [24], and metal-based nanomate-
rials [25, 26], as well as organic nanoparticles including
polymeric micelles nanoparticles [27], dendrimers [28],
and liposomes [29]. These nanoparticles-based drug
delivery systems can normalize the pharmacokinetics of
loaded drugs and improve the antitumor efficacy [30].
Besides, nanoparticles can provide a platform for car-
rying different therapeutic agents to achieve effective
combination therapy [31]. For example, CPX-351 was
a liposomal nanoparticle encapsulating cytarabine and
daunorubicin in an optimized 5:1 ratio, which can signifi-
cantly improve the prognosis of acute myeloid leukemia
(AML) [32].

In this study, we first developed a polymeric nano-
carrier for the co-delivery of TPL plus a potent anti-
cancer chemotherapeutic agent SN38, which is the
active form of irinotecan (CPT-11, the second-line
chemotherapy for unresectable GC). The amphiphilic
polymers prodrug PEGg-P(MMESSN38). (PSN38)
with hydrophobic SN38 inner cores were constructed,
where esterase-responsive prodrug of TPL, triptolide-
naphthalene sulfonamide (TPL-nsa), was encapsulated
to form PSN38@TPL-nsa nanoparticles. We found that
TPL not only inactivated CAFs and reversed CAFs-
induced tumor cell progression, but also sensitized GC
cells to chemotherapy through attenuated NF-kB acti-
vation, suggesting its potential role in antitumor and
reshaping TME via targeting CAFs in GC. PSN38@
TPL-nsa administration exhibited potent antitumor
efficacy and reshaped TME in CAFs-rich peritoneal
disseminated tumor and patient-derived xenograft
(PDX) model of GC. Mechanistically, PSN38@TPL-nsa
resulted in remarkable stromal disruption effect, evi-
denced by significant reduction of collagen, fibroblast
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activation protein (FAP) and a-smooth muscle actin
(a-SMA) (Scheme 1). Collectively, we proposed a nan-
oparticle-mediated drug co-delivery platform to inte-
grate chemotherapy and TME-remodel as an effective
treatment for advanced GC.

Results

Design, optimization, and characterization of PSN38@
TPL-nsa nanoparticles

Despite unique anti-cancer bioactive properties, the
clinical application of TPL was drastically limited due
to its toxicity and poor water solubility [33]. Here, we
first synthesized amphiphilic SN38 prodrug polymer
PEG-P(MMESSN38): (PSN38) which was reported
in our previous study [34, 35], to investigate whether
PSN38 could encapsulate TPL into the hydrophobic
inner core (Additional file 2: Fig. Sla-d). Fourier trans-
forms infrared (FT-IR) spectra and 'H nuclear magnetic
resonance (NMR) spectrum confirmed the successful
synthesis of PSN38 (Additional file 2: Fig. S2 and Addi-
tional file 2: Fig. S3a—d). However, the incorporation of
TPL into the nanoparticles did not occur (encapsula-
tion efficacy < 10%, drug loading efficacy < 1%, data not
shown). Next, we attempted several common liposome
systems (DMPC, DPPC, DSPC and lecithin with differ-
ent proportions of cholesterol). Similar results revealed
none of them could effectively load TPL (encapsula-
tion efficacy <20%, drug loading efficacy < 1%, data not
shown). Chao Kong et al. [36] reported the encapsu-
lation efficacy of TPL in non-pH-sensitive micelles
(NPSM) or ultra-pH-sensitive micelles (UPSM) was
less than 20% due to the hydrophilicity of TPL and
a hydrophobic esterase-responsive prodrug of trip-
tolide, triptolide-naphthalene sulfonamide (TPL-nsa),
designed with higher LogP could be successfully encap-
sulated in the hydrophobic inner core of nanoparti-
cles with high encapsulation efficacy (>90%). Then, we
synthesized TPL-nsa (Additional file 2: Fig. Sle and
Additional file 2: Fig. S3e) and PSN38 micelle loaded
TPL-nsa to form PSN38@TPL-nsa nanoparticles with
the encapsulation efficacy of 95.6% by the thin-film
preparation method (Fig. le). Transmission electron
microscopy (TEM) images and dynamic light scatter-
ing (DLS) analysis exhibited PSN38@TPL-nsa uniform
nanostructures, with average diameters of 71.4 nm and
zeta potentials of -6.33 mv (Fig. 1la—d). In vitro drug
release of TPL-nsa in the existence of esterase was
much faster than that without esterase as the PSN38
polymer containing phenolic ester structure also had
the esterase-responsive property which could achieve
tumor-specific drug release due to the high esterase
concentration in tumor tissue (Fig. 1f)[37].
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Scheme 1 Schematic overview of the composition and synergistic mechanisms for the co-delivery nanoparticles in the fibroblast-enriched
microenvironment of gastric cancer (GC). a A scheme illustrating the preparation of PSN38@TPL-nsa nanoparticles, including self-assembling and
drug loading. b Schematic illustration of PSN38@TPL-nsa for synergistic therapy against GC by inactivation cancer-associated fibroblasts (CAFs) and

sensitized GC cells to SN38

CAFs was upregulated in GC tissues and associated

with poorer prognosis

FAP has been widely recognized as a marker of CAFs
[38]. In order to further verify the role of CAFs in GC,
we analyzed the expression level of FAP in The Cancer
Genome Atlas (TCGA) GC cohort. The results showed
that FAP was significantly upregulated in GC tissues
compared with normal tissues (Fig. 2a, b). Kaplan—Meier
overall survival analysis indicated that patients with the
higher expression level of FAP had a poorer prognosis
(Fig. 2c). Similar results were observed in both Asian
Cancer Research Group (ACRG) cohort (Fig. 2d) and
Zhejiang university cohort (Fig. 2e, f). In addition, we col-
lected 12 pairs of GC and adjacent normal gastric tissues
to analyze the expression of FAP. FAP proteins expression

level was significantly upregulated in tumor tissues,
which was consistent with previous results (Fig. 2g).

CAFs enhanced the GC tumor formation and metastasis

Three strains of CAFs and their paired normal associ-
ated fibroblasts (NAFs) were successfully isolated and
named as follows: CAF1/NAF1, CAF2/NAF2, and CAF3/
NAF3. The morphologic of CAFs and NAFs showed
spindle or multi-polar morphotypes (Additional file 2:
Fig. S4a). To determine the identity of the primary cells,
immunofluorescent staining and western blot were per-
formed. Results showed that the FAP and a-SMA were
highly expressed in the three strains of CAFs (Additional
file 2: Fig. S4b). Western blot results confirmed that the
expression of FAP and a-SMA in CAFs was significantly
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Fig. 1 Characterization of PSN38 and PSN38@TPL-nsa nanoparticles. a Representative transmission electron microscopy (TEM) images of PSN38
nanoparticles. b Representative TEM images of PSN38@TPL-nsa nanoparticles. ¢ Zeta potential of PSN38 and PSN38@TPL-nsa nanoparticles. d
Hydrodynamic diameters and polydispersity index (PDI) of PSN38. e Hydrodynamic diameters, PDI and drug encapsulation efficiency of PSN38@
TPL-nsa. °EE (encapsulation efficiency) and DLE (drug loading efficiency) of TPL-nsa were determined via HPLC. f TPL-nsa release profiles in PBS with/
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higher than that of NAFs, and which were less expressed
in GC cells and gastric epithelial cells (Additional file 2:
Fig. S5). In order to facilitate longtime and systematical
investigation on the interaction between CAFs and GC
cells, we immortalized CAFs via lentivirus-mediated sta-
ble transfection (Additional file 2: Fig. S6a). Immortalized
CAFs stably expressed red fluorescent protein (RFP) after
puromycin selection (Additional file 2: Fig. S6b). These
immortalized CAFs were successfully passaged over 40
generations without any evidence of decay.

Conditioned medium (CM) from CAFs or NAFs were
co-cultured with MKN45 and BGC-823 GC cells, and
then cell proliferation and migration assays were per-
formed (Additional file 2: Fig. S7a). The results showed
that CAFs could significantly enhance the proliferation
and migration ability of GC cells compared with NAFs
(Additional file 2: Fig. S7b—d). To determine the effect
of CAFs in vivo, xenografted tumors harboring only
MKN45 cells or with MKN45 cells plus CAFs were con-
ducted (Additional file 2: Fig. S8a). We found that the
CAFs could significantly promote tumor growth and
enhance the expression of FAP and a-SMA (Additional
file 2: Fig. S8b—d). Similarly, in the peritoneal metastasis
model of GC, the supplement with CAFs could signifi-
cantly promote the metastatic ability of BGC-823 (Addi-
tional file 2: Fig. S8e—g). These results suggested that
CAFs enhanced the tumorigenesis and metastasis of GC
cells.

TPL reversed the CAFs-induced GC cells proliferation,
migration and chemotherapy resistance

To evaluate the effect of TPL on CAFs, we used a low
dose of 12.5 nM and 25 nM to treat CAFs. The results
showed that TPL could decrease the CAFs cells prolif-
eration, while not affect the percentage of apoptotic cells
(Fig. 3b, c). Besides, CAFs was appeared in broad and flat
shapes and increased with lipid accumulation by stained
Oil Red O after TPL treatment (Fig. 3a, d). Results dem-
onstrated that TPL inhibited the expression of FAP
and a-SMA by western blot, immunofluorescent stain-
ing and quantitative polymerase chain reaction (qPCR)
assays (Fig. 3a, e, f). The activation of CAFs was associ-
ated with the activation of the NF-«kB and TGEF-p signal-
ing pathways [15, 39]. Our results confirmed that NF-xB
activation protein phospho-p65 (p-p65) was significantly
decreased in CAFs treated with TPL (Fig. 3e). In addi-
tion, the mRNA expression level of TGF-P1 and its effec-
tors pathway (SMAD2-6) was significantly decreased
(Fig. 3f). Then we used CM derived from CAFs or TPL-
treated CAFs to co-cultured with MKN45 and BGC-823
GC cells for proliferation, migration and SN38 cytotox-
icity assays (Fig. 3g). The results showed that CM from
TPL-treated CAFs reversed the effect of CAFs-induced
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GC cells proliferation and migration (Fig. 3h-j). Cell
cytotoxicity assays showed that TPL-treated CAFs could
reverse CAFs-induced SN38 chemotherapy resistance in
MKN45 and BGC-823 cells (Fig. 3k).

TPL sensitized GC cells to SN38 treatment

To determine the effect of TPL on cell viability, MKN45,
BGC-823 and CAFs cells were treated with indicated
doses of TPL for 48 h. A dose-dependent decrease in cell
viability was observed (Additional file 2: Fig. S9a). We
found that the combined treatment with TPL and SN38
substantially suppressed GC cells and CAFs growth com-
pared with SN38 alone (Fig. 4a). In order to assess this
synergistic effect, the combination index (CI) value was
calculated by CalcuSyn software which synergism, addi-
tivity and antagonism were defined by CI<1, CI=1 and
CI>1, respectively. The CI value showed that the syn-
ergistic effect in GC cells (0.04—0.6) was stronger than
that in CAFs (0.3-1.7) when exposed to the combina-
tion of 12.5 nM TPL and variable concentrations of SN38
(Fig. 4b). Mechanically, the combined treatment with
TPL and SN38 significantly enhanced the expression
of cleaved caspase-3 and PARP in GC cells, while not
in CAFs (Additional file 2: Fig. S9b). These results sug-
gested that TPL at a subtoxic concentration enhanced
the suppressive effect with SN38-treatment on GC cells
proliferation and activating a caspase-involved apoptotic
pathway.

To explore the synergistic mechanism of combination
treatment with TPL and SN38, we used Flow cytom-
etry to determine the cell cycle distribution in GC cells.
Results indicated that the treatment of SN38 obviously
induced cell cycle arrest at the G2/M phase. Combined
treatment could reduce SN38-induced G2/M arrest
and increase the distribution of GC cells in the S phase
(Fig. 4c, d). SN38 is a chemotherapy agent that causes
S phase specific cell killing by poisoning topoisomerase
I (Topo I) in the cells [40]. SN38 treatment alone could
increase the expression of cyclin B1 protein, while this
effect was reversed when combined with TPL (Fig. 4e).

We then constructed cell co-culture models to mimic
the CAFs-enriched microenvironment in vitro and meas-
ured SN38-induced apoptosis in BGC-823 and MKN45
cells (Fig. 4f). Co-culture with CAFs reduced the per-
centage of apoptotic BGC-823 cells from 32.43 +2.822%
to 23.8+3.242% (p=0.0254) by SN38 treatment. TPL
combined with SN38 could reverse the chemother-
apy resistance of BGC-823 cells induced by CAFs, and
increase the proportion of apoptotic cells (52.5+3.239%)
(Fig. 4g, h). The expression of NF-kB activation pro-
tein p-p65 increased, while cleavage of PARP decreased
when treated with SN38 as compared to the mono-cul-
tured system. Combined treatment in the co-cultured
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Fig. 3 Low dose of TPL inactivated CAFs and inhibited CAFs-induced cell proliferation, migration and chemotherapy resistance of gastric cancer
cells. a Representative image of bright photo, Oil Red staining and immunofluorescence staining of FAP and a-smooth muscle actin (a-SMA)
analysis of CAFs in each group. b Statistical analysis of apoptotic CAF proportion treated with TPL for 48 h. ¢ The proliferative abilities of CAFs

after treatment with 12.5 nM or 25 nM TPL determined by CCK-8 assay. d Quantitative analysis of Oil red staining for CAFs treated with different
concentrations of TPL for 48 h. e Western Blot analysis of FAP, a-SMA and NF-kB/p65 in CAFs. f The mRNA expression of FAP, a-SMA and genes
(TGF-B1, SMAD2,3,4,6) involved in the TGF-3 pathway of CAFs treated with 12.5 nM or 25 nM TPL. *, control versus 12.5 nM TPL treatment; #,
control versus 25 nM TPL treatment. g The diagram of MKN45 and BGC-823 cells incubated with conditioned medium (CM) derived from CAFs or
TPL-treated CAFs. h Proliferation of MKN45 and BGC-823 cells incubated with CM derived from CAFs or TPL-treated CAFs was assessed by CCK-8
assay. i, j Migration of MKN45 and BGC-823 cells incubated with CM derived from CAFs or TPL-treated CAFs. Representative images were shown (i)
and migrated cells were counted (j) via Photoshop CC2019 software. k In vitro antitumor efficiency of SN38 against MKN45 and BGC-823 cells, with
simultaneous 48 h incubations of CM derived from CAFs or TPL-treated CAFs. All data were presented as mean = SD. Unpaired Student’s t-test was
used to analyze the statistical difference. (*p <0.05; **p <0.01; ***p <0.001)
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system had an effect on down-regulation with p-p65 and
increase cleaved PARP, indicating that TPL effectively
inactivated NF-kB signaling and reversed CAFs induced
SN38 resistance (Fig. 4i).

PSN38@TPL-nsa suppressed the metastatic intraperitoneal
tumors containing CAFs

To evaluate the tumor suppressing effect of the PSN38@
TPL-nsa, we developed the intraperitoneal tumor model
containing CAFs by co-injection of luciferase stably
expressing BGC-823 (BGC-823-luci) cells and CAFs in
the abdominal cavity of nude mice (Fig. 5a). The dynamic
capture of in vivo imaging system (IVIS) images by in vivo
luciferase bioluminescence imaging (BLI) was measured.
Results showed that TPL-nsa or PSN38 treatment had
weak effects on tumor metastasis (Fig. 5b, ¢). PSN38@
TPL-nsa group significantly eliminated abdominal met-
astatic tumors and elicited an excellent suppression of
tumor growth than PSN38+4TPL-nsa free drug mix-
ture (Fig. 5b—d). PSN38@TPL-nsa treatment enhanced
the expression of cleaved caspase-3 and PARP (Fig. 5e),
indicating the synergistic effect of TPL-nsa loaded SN38
nanoparticles on cell apoptosis. In addition, PSN38@
TPL-nsa group exhibited less scattered tumor nodules
on the mesentery compared with other groups (Fig. 5f)
and better antitumor efficacy both in tumor weight and
tumor nodule numbers (Fig. 5g, h).

PSN38@TPL-nsa exhibited antitumor efficacy on GC
patient-derived xenografts

GC is a disease with substantial molecular heterogene-
ity, and the response to anti-cancer therapy varies. The
TME and the relative proportion of cancer cells and stro-
mal cells are both maintained in the PDX models [41].
We constructed PDX models to explore whether our
strategy of co-delivery PSN38@TPL-nsa was promising
for GC patients. PBS, TPL-nsa, PSN38, PSN38+ TPL-
nsa and PSN38@TPL-nsa were intravenously injected
every other day for 3 times (Fig. 6a). TPL-nsa, PSN38
or PSN38+ TPL-nsa showed limited antitumor efficacy
with a fast tumor rebound after treatment-free period
(Fig. 6b, c). PSN38@TPL-nsa exhibited excellent antitu-
mor efficiency resulting in a tumor-growth inhibition rate
(TIR %) of 92.84+4.8% compared that of PSN38+ TPL-
nsa (54.36+25.82%) at the end of experiment (Fig. 6d).
PSN38@TPL-nsa treatment suppressed the expression of
FAP and a-SMA in tumor tissues (Fig. 6e).

For biosafety evaluation, organs were excised from PDX
model mice on day 20 and pathologically analyzed. There
was no notable damage in all treatment groups (Addi-
tional file 2: Fig. S10c). Administration with PSN38, TPL-
nsa, PSN38 4+ TPL-nsa or PSN38@TPL-nsa had no effect
on the body weight of mice (Fig. 6f). Blood routine and
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blood biochemical examinations were within a normal
range in PSN38@TPL group, which indicated PSN38@
TPL-nsa at current therapeutic dosages didn't cause
severe or permanent myelosuppression and liver and kid-
ney damages (Additional file 2: Fig. S10a, b). These data
supported the safety profile of PSN38@TPL-nsa.

PSN38@TPL-nsa reshaped tumor microenvironment in vivo
The dense ECM components in TME are mainly secreted
and regulated by CAFs, among which collagen are the
key components serving as the physical barrier for drug
delivery [42]. We next investigated the effect of PSN38@
TPL-nsa on modulation of the TME in PDX model. Dis-
ordered glandular structure with numerous apoptotic
cells and decreased stromal components were observed
in the PSN38@TPL-nsa treated group, compared with
the regular glandular structure tightly-packed stromal
cells in the other groups (Fig. 7a). Immunohistochemistry
(IHC) staining revealed that PSN38@TPL-nsa efficiently
suppressed the expression of Ki67 and collagen I, which
were markers for tumor proliferation and main compo-
nents of tumor stroma respectively (Fig. 7b, c). Further-
more, the expression of FAP and a-SMA was remarkably
downregulated in PSN38@TPL-nsa group by immuno-
fluorescence staining (Fig. 7d, e). Taken together, nano-
particle-based synergistic therapy of PSN38@TPL-nsa
exhibited high efficacy of modulation with the TME.

Discussion

Currently, the standard choice of sequential lines of
chemotherapy for patients with advanced GC shows
limited effectiveness and the median overall survival is
merely 11 months [43, 44]. Various molecularly targeted
agents have been proposed to enhance the survival rate
of advanced GC, but most clinical trials did not show a
survival benefit [45, 46]. Accumulating evidence sug-
gested that GC progression, metastasis and chemore-
sistance were related to the TME, while not depending
solely on cancer cell-autonomous defects. In this study,
polymeric SN38 prodrug nanoparticle loading TPL-nsa
resulting with reduced CAFs activity, reshaping the TME
and reversing the CAFs-induced chemoresistance was
efficient for anti-GC therapy.

Nanomedicines have attracted tremendous attention
and extensively applied in the delivery of chemothera-
peutic agents because of their advantages in improving
the solubility of hydrophobic drugs, enhancing cellular
uptake and alleviating off-target toxicities [47, 48]. By
co-delivering multiple active drug components, nano-
particles could facilitate synergistic anticancer effect
and attenuate drug resistance, as evidenced by a num-
ber of in vivo studies (Additional file 2: Table S1). These
studies provided insights into heterogeneities within
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tumors, which were important for potential personal-
ized treatment [49]. In our study, we synthesized PSN38
polymeric micelles and encapsulated TPL-nsa in the
hydrophobic core by self-assembly to form PSN38@
TPL-nsa nanoparticles. PSN38 polymeric micelles can
protect the loaded TPL-nsa from premature degradation,
which helps minimize the loss of antitumor efficacy. In
addition, the uniform particle size of PSN38@TPL-nsa
(71.4+£4.9 nm) can help achieve passive aggregation at
tumor sites through enhanced permeability and retention
(EPR) effect. PSN38@TPL-nsa could also achieve tumor-
specific drug release due to abnormal high esterase con-
centration in tumor sites. TPL and SN38 released from

tumor site exerted excellent anti-tumor and TME remod-
eling effects with limited biotoxicity.

The TME, composing of non-cancerous cells and com-
ponents presented in the tumor, plays decisive roles in
tumor initiation, progression, metastasis and response to
therapies. Among the stromal cells present in the TME,
CAFs are most abundant, play an important role in TME
by secreting cytokines and remodeling the ECM [14].
Therefore, as a promising therapeutic target for cancer,
CAFs have attracted amounts of attentions. To better
mimic the human GC microenvironment with an enrich-
ment of CAFs, we immortalized CAFs and constructed a
cellular co-culture model in vitro and GC tumor model
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embracing both human tumor cells and CAFs in vivo. In
these models, we observed that CAFs could promote GC
cells progression, SN38 resistance, and tumorigenesis.
Meanwhile, some studies indicated that direct depletion
of CAFs may lead to accelerated cancer progression and
immunosuppression [50]. Thus, alternative strategies
to deplete CAFs have been investigated, such as reduc-
ing activity of CAFs, or inducing transition to the qui-
escent state. In the present study, we found that TPL at
low concentrations significantly inhibited the activity of
CAFs (Fig. 3c) and sensitized GC to SN38 (Fig. 4a), but
did not increase the apoptosis of CAFs (Fig. 3b). Besides,
PSN38@TPL-nsa exhibited remarkable stromal disrup-
tion effect, evidenced by significant reduction of collagen,
FAP and a-SMA. Therefore, TPL is a suitable stromal
reprogramming inducer by CAFs activity reduction with-
out increasing apoptosis.

TPL was first isolated from a perennial vinelike Chi-
nese medicinal herb called Tripterygium wilfordii Hook
f (TWHIf) in 1972 and has attracted considerable inter-
est due to its various biological functions, such as anti-
tumor effect, immunosuppression and anti-inflammatory
properties [51]. In previous studies, TPL exerted biologi-
cal effects through targeting various pathways and genes,
such as NF-kB and TGE-p pathway, MYC and IL-1 genes.
NF-kB is an important signaling pathway in cell prolifera-
tion, tumor survival and drug resistance, et al. [39, 52].
Aberrant activation of NF-«B signaling pathway has been
reported in a variety of tumors, playing an important role
in the communication between tumor cells and CAFs.
For instance, Su et al. showed that CAFs could sustain
tumor cell stemness and promote tumor chemoresistance
by maintaining NF-kB signaling pathway activation [53].
Moreover, sequential chemotherapy, which are com-
monly used in advanced GC patients, might also induce
DNA damage in stromal cells, resulting in the activation
of NF-«B, eventually contributing to therapeutic resist-
ance [54]. In this study, when GC cells were co-cultured
with CAFs and then treated with SN38, the expression of
NF-«B activation protein p-p65 dramatically increased,
which resulted in the chemoresistance to SN38 (Fig. 4h,
i). TPL could inactivate CAFs and sensitized GC cells to
SN38 through hampering NF-«B signal pathway in both
CAFs (Fig. 3e) and GC cells (Fig. 4i), suggesting its poten-
tial antitumor efficacy in advanced GC combination
therapy.

PDX models have been widely adopted as a powerful
tool in the evaluation of drug efficiency owing to the fact
that PDX models can retain the unique features (such as
gene patterns, TME properties and responses to drug
treatment) of tumors in patients [55]. In this study, a PDX
model was established to verify the therapeutic effect
of PSN38@TPL-nsa. The results showed that PSN38@
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TPL-nsa significantly inhibited the activity of CAFs and
reduced the collagen I. Compared with SN38, TPL-nsa or
the combination, PSN38@TPL-nsa was more potent to
inhibit the tumor growth and remodel the TME in GC
PDX model (Fig. 6b). The antitumor evaluation assay
of PSN38@TPL-nsa suggested that GC patients might
benefit from the SN38 and TPL combination therapy.
Co-delivery SN38 and TPL to remodel TME exhibited
synergistic effects and holds potential to improve thera-
peutics against advanced GC.

Conclusion

TPL at a subtoxic concentration not only inactivated
CAFs and reversed CAFs-induced SN38 resistance, but
also sensitized GC cells to SN38 by suppressing NF-«B
pathway in GC cells. We developed an esterase respon-
sive SN38 and TPL co-delivery system (PSN38@TPL-
nsa) for synergistic GC therapeutics. PSN38@TPL-nsa
exhibited potent antitumor and TME remodeling effi-
cacy in GC intraperitoneal and PDX tumor models. The
PSN38@TPL-nsa nanoparticles co-delivery system pro-
vided a promising strategy for advanced GC treatment.

Materials and methods

Materials

SN38 was purchased from Xian Xindifu Science and
Technology Co. (Xi’an, China). TPL was purchased from
WeiFang Huazhi Science and Technology Co. (WeiFang,
China). Sodium hydride and other chemical reagents for
PSN38@TPL-nsa synthesis were purchased from Sigma-
Aldrich, China.

Preparation and characterization of PSN38@TPL-nsa
nanoparticles

Details and methods of the synthesis of PSN38 and TPL-
nsa were provided in Additional file 1. PSN38@TPL-nsa
nanoparticles was prepared by thin-film evaporation
and sonication method. 50 mg PSN38 and 0.5 mg TPL-
nsa were dissolved in 5 ml Dichloromethane (DCM)
and evaporated to form a thin film which was hydrated
by 5 ml water. Then the solution was probe sonicated at
200 W for 15 min and ultrafiltrated (MW cutoff 10 k Da,
Millipore) to remove free unencapsulated drug. To char-
acterize the chemical compositions of synthesized copol-
ymers, '"H NMR spectra were obtained using a Bruker
Avance DRX-400 spectrometer (Bruker BioSpin Corpo-
ration, Billerica, MA) and FT-IR spectra were recorded
using attenuated total reflectance (Nicolet iS50, Thermo
Fisher, USA). Nanoparticle size and zeta potential were
measured by DLS (Malvern Instruments, U.K.). The mor-
phology of PSN38 and PSN38@TPL-nsa was observed
and imaged by TEM (TECNAL 10, Philips).
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In vitro drug release of PSN38@TPL-nsa nanoparticles
PSN38@TPL-nsa nanoparticles solution was concen-
trated at a TPL-nsa concentration of 1.33 mg/ml. 3 ml
concentrated solution with/without 60 U/ml porcine
liver esterase was loaded into a dialysis bag (MWCO,
3.5 kDa) which was immersed into 30 ml PBS. Then the
whole release system was shaken at 37 C at 100 rpm.
0.1 ml solution was collected for high performance liquid
chromatography (HPLC, Hitachi HPLC Primaide, Japan)
analysis at predetermined time intervals (1, 3, 6, 9, 12,
24, 36, 48 h). For the release system with esterase, both
TPL and TPL-nsa concentration was calculated to obtain
the release profile as TPL-nsa could also be degraded by
esterase.

Cell culture

Gastric cancer cell lines MKN45, BGC-823, SGC7901
and AGS were obtained from the Chinese Academy of
Medical Sciences and cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotics. Normal gastric epithelial cell line GES-1 was
obtained from the Chinese Academy of Medical Sciences
and cultured in DMEM medium with 10% FBS and 1%
antibiotics. All cells were grown routinely in a monolayer
culture at 37 °C in a 5% CO, humidified atmosphere.

Clinical tissue sampling

We analyzed the expression and prognosis of FAP in
TCGA stomach adenocarcinoma cohort (https://portal.
gdc.cancer.gov/) and ACRG cohort (GSE62254, https://
www.ncbi.nlm.nih.gov/geo/). Tumor and adjacent nontu-
morous tissues of 57 GC patients were obtained from the
Second Affiliated Hospital of Zhejiang University School
of Medicine. qPCR was performed to calculate the rela-
tive expression of FAP. The clinical GC cohorts were
separately dichotomized into high-risk and low-risk sub-
groups. The survival curve was drawn by Kaplan—Meier
method. The clinical tissue sampling study was approved
by the ethics committee of The Second Affiliated Hospi-
tal of Zhejiang University School of Medicine and we got
informed consent from all patients.

Isolation CAFs and NAFs

Primary CAFs were isolated by the outgrowth method
[56]. Primary GC tumor and adjacent normal samples
were sterilely obtained after the surgery at The Sec-
ond Affiliated Hospital, Zhejiang University School of
Medicine. CAFs were isolated from their GC tissues and
NAFs were isolated from their paired normal tissues, as
described in Additional file 1.
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Immortalization of CAFs

The immortalization of CAFs was performed by stable
transfection using viruses carrying plasmids encoding
SV40 large T antigen. These plasmids also carried REP
and puromycin-resistance gene, which enabled selection
with puromycin. Cells were incubated with puromycin
(ABM Co., 4 pg/mL) for 48 h, and resistant clones were
expanded until the cells reached terminal crisis. After cri-
sis, CAFs clones were cultured in DMEM medium plus
10% FBS and 1% antibiotics.

Production of conditioned medium

CM derived from CAFs or NAFs was produced using
FBS-free DMEM medium according to previous litera-
ture [15]. In normal conditions, 80% confluent cells were
cultured in FBS-free DMEM medium for 48 h (Addi-
tional file 2: Fig. S6a). In experiments designed to analyze
the effects of TPL, 80% confluent cells were cultured in
DMEM medium with 10% FBS containing 25 nM TPL
for 48 h and then changed to no drug, FBS-free, DMEM
medium for 48 h (Fig. 3g). The resulting CM were centri-
fuged for 15 min at 2500 g after collection and stored at
— 80°C. Before use, the CM was thawed in 4°C and com-
plemented with 10% FBS.

Cell viability assay

The cell viability was investigated using the Cell Count-
ing Kit-8 (CCK-8), which was obtained from Meilunbio
(Dalian, China). Briefly, GC cells were seeded at the den-
sity of 5000 per well in 96-well plates and incubated over-
night. Then, the medium of cells was replaced with CM
derived from CAFs or NAFs and incubated for 48 h. After
exposure, the medium in each well was replaced with 110
pL fresh medium containing 10% CCK-8 solution and
incubated for 2 h at 37 °C in the dark. The absorbance
of each well was measured at 450 nm on an automatic
microplate reader (Spark Cyto Brochure, USA).

For exploration the paracrine effect of CAFs on the
responsiveness of GC cell lines to chemotherapy, CM
derived from CAFs or TPL-treated CAFs with various
concentrations of SN38 were added to 96-well plates
and incubated for 48 h to examined the cell viability.
For exploration of combination index (CI) of SN38 and
TPL, various concentrations of TPL, SN38 or SN38 plus
12.5 nM TPL were added into 96-well plates seeded with
GC cells or CAFs and incubated for 48 h. When the incu-
bation was finished, the cell viability was measured.

Transwell migration assay

The CM, derived from CAFs or TPL-treated CAFs, was
respectively added to a 24-well plate and DMEM con-
taining 10% FBS was set as the negative control. In each


https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/

Zheng et al. Journal of Nanobiotechnology (2021) 19:381

group, three repeated wells were set. 100 uL. FBS-free
DMEM, containing 1.0 x 10° MKN45 or BGC-823 cells,
was added to upper chamber and a conventional cul-
ture was conducted for 24 h. After the cells were fixed
with methanol and stained with crystal violet. Under the
microscope, upper, lower, central, left and right 5 view
fields were selected to count the number of transmem-
brane cells.

Cell cycle analysis

For the detection of changes in the cell cycle after dif-
ferent drug exposure, MKN45 and BGC-823 cells were
seeded in 6-well plates with 2.0 x 10° cells per well. After
treatment with 12.5 nM TPL, 0.01 pM SN38 or 0.01 uM
SN38 plus 12.5 nM TPL for 24 h, cells were harvested and
washed with PBS. The cells were resuspended with 500
pL PI binding buffer (MultiSciences Co., China, CCS012)
and incubated in dark for 30 min. Cell cycle was analyzed
by flow cytometer (Beckman Coulter CytoFLEXLX).

Co-culture of GC cells and CAFs

Co-culture model was established using 6 wells type
transwell plates (Corning Co., Cat.3450) to clarify the
effect of CAFs on MKN45 or BGC-823. Briefly, CAFs
(1 x 10°) were seeded on upper chamber, and MKN45 or
BGC-823 (2.0 x 10°) were seeded into the lower chamber
of 6 wells. On the next day, the insert-loading cells were
placed into the upper compartment of the same 6-well
type co-culture system and incubated for 24 h. For the
apoptosis assay, the co-culture system was treated with
SN38 (1 uM), TPL (12.5 nM) or SN38 (1 uM) plus TPL
(12.5 nM) for another 24 h. After treatments, GC cells
were harvested and washed with PBS for Annexin V-PI
cell apoptosis assay (MultiSciences Co., China, AP101)
using flow cytometry.

Quantitative real-time PCR

Total RNA (1 ug) was extracted from CAFs which treated
with 12.5 nM or 25 nM TPL using Trizol reagent (Invit-
rogen, Camarillo, CA, USA) following the manufacturer’s
instructions and reverse transcribed into ¢cDNA with
PrimeScript RT reagent Kit (Takara, Kusatsu, Japan).
qPCR was then performed using SYBR Premix Ex Taq
(Takara) on a LightCycler 480 (Roche, Mannheim, Ger-
many) PCR instrument in triplicate.

Western blot analysis

Total cellular proteins were prepared from cell lysates
with lysis buffer. As for CAFs related proteins detec-
tion, cells were treated with TPL at the concentration
of 12.5 nM or 25 nM for 48 h before protein extraction.
As for apoptosis-related proteins detection, cells were
treated with SN38 (1 uM), TPL (12.5 nM) or SN38 (1 uM)
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plus TPL (12.5 nM) for 24 h with before protein extrac-
tion. Co-cultured of GC cells and CAFs were conducted
as described above. Then the cells were treated with
SN38 (1 uM), TPL (12.5 nM) or SN38 (1 uM) plus TPL
(12.5 nM) for another 24 h. After the protein concentra-
tion of each sample was adjusted, SDS—polyacrylamide
gel electrophoresis was performed to separate proteins.
Subsequently, the protein bands were transferred to a
polyvinylidene fluoride (PVDF) membrane. The specific
primary antibodies were used as follows: FAP (Abcam,
ab207178, 1:1000), a-SMA (Sigma, A2547, 1:1000), PARP
(Proteintech, 66,520, 1:5000), Caspase 3 (Proteintech,
19,677, 1:1000), Bax (Proteintech, 60,267, 1:5000), Cyclin
B1 (CST, #4318, 1:1000), Cyclin D1 (CST, #2978, 1:1000),
Phospho-NF-kB p65 (Ser536) (CST, #3033, 1:1000),
NF-«B p65 (CST, #8242, 1:1000), GAPDH (CST, #97,166,
1:1000). The level of target proteins was detected using
the Syngene GeneGenius gel imaging system (Syngene,
Cambridge, UK).

Subcutaneous and intraperitoneal tumor models

6—8 weeks old female Balb/c athymic nude mice were
purchased from Vital River (Beijing, China). The subcu-
taneous GC MKN45 tumor models were established by
injecting 5 x 10® MKN45 cells in the left flank and 5 x 10°
MKN45 plus 2.5 x 10° CAFs cells in right flank (n=3)
(Additional file 2: Fig. S8a). The tumor volume was evalu-
ated by measuring the length (L) and width (W) with
a caliper and calculated using the following formula:
V=(LxW?)/2, with W smaller than L. The CAFs-con-
taining intraperitoneal tumor model was generated by
i. p. injecting 5 x 10° BGC-823-luci with 2.5 x 10° CAFs
cells suspended in 200 pL PBS. The intraperitoneal tumor
was measured via the IVIS (PerkinElmer IVIS Lumina
XRMS Series III imaging system) by in vivo luciferase
BLIL The 15 mg/mL D-luciferin in 100 uL PBS was i. p.
injected and after 10 min the mice were imaged and the
tumor photometry was analyzed in Living Image 3.1.0.
All animal studies were approved by the Animal Care
and Use Committee of the Second Affiliated Hospital of
Zhejiang University School of Medicine and designed
according to the guidelines for the care and use of labora-
tory animals.

Antitumor study in CAFs-containing intraperitoneal tumor
model

The CAFs-containing intraperitoneal tumor models
were established as described above. The tumor-bearing
mice were randomly divided into 5 groups (n=4). One
weeks after intraperitoneal inoculation of the BGC-
823-luci cells plus CAFs on mice, the antitumor therapy
was started. The mice were tail-vein injected with one
of the following formulations: PBS, PSN38, TPL-nsa,
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PSN38 + TPL-nsa, PSN38@TPL-nsa. The SN38 and TPL
equivalent dose at 10 mg/kg and 0.3 mg/kg respective
was used. The treatment was initiated on day 0, followed
by 3 repeated injections once every 2 days. The mice were
observed by BLI at day 0, 6, 12 (Fig. 5a). On the 12th day
after BLI, the tumor-bearing mice were sacrificed and the
intraperitoneal metastatic tumor was resected, counted
and weighed.

Antitumor study in GC PDX tumor

The protocol of construction of GC PDX models are
described in Additional file 1. In vivo antitumor efficiency
evaluation was performed in the P1418F4 PDX. When
the tumor volume reached ~ 50 mm?, the mice were
randomized into 5 groups (n=28). PBS, PSN38, TPL-nsa,
PSN38+ TPL-nsa or PSN38@TPL-nsa was intravenously
injected via the tail vein every 2 days for a total of 3 injec-
tions at a SN38 concentration of 10 mg/kg and TPL con-
centration of 0.3 mg/kg (Fig. 6a). The length and width
of the tumors were recorded individually as described
above, as well as the body weights. At the end of the
experiment, mice were sacrificed in a humanitarian way
and tumor tissues were resected, weighed and divided
into two parts, one for immunofluorescence staining and
the other one was fixed in 4% Paraformaldehyde (PFA)
for paraffin embedding. Meanwhile, blood samples were
collected and subjected for whole blood count, renal and
liver function tests.

Histochemical and immunofluorescence assays

The paraffin-embedded tissues were sectioned into 4 pm
slices and stained with hematoxylin and eosin (H&E,
Sigma), Ki67 (Proteintech) or MASSON Trichrome Stain
Kit (Servicebio Co) following manufacturer’s instruc-
tions. Immunofluorescence staining was also performed
as recommended by the manufacturer. Briefly, the par-
affin-embedded tumor sections with a thickness of 4 um
were dewaxed and antigen repaired, and blocked with 3%
BSA for 60 min at room temperature and then incubated
with the primary antibody for FAP (Abcam, ab207178,
1:200), a-SMA (Sigma, A2547, 1:200) at 4°C overnight.
The sections were rinsed 3 times with PBST (PBS con-
taining 0.5% Triton x-100) and further incubated with
Alexa Fluor 488 labeled second antibody (Invitrogen Co.,
A32731, 1:200) or Alexa Fluor 647 labeled second anti-
body (Invitrogen Co., A32728, 1:200) for 1 h at room
temperature in the dark. Slides were rinsed 3 times with
PBST and nuclei were stained with DAPI (FUDE Co.,
FD9637) staining buffer for 15 min. Fluorescent images
were acquired by a fluorescence microscope (Leica
DM6B).
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Statistical analysis

All experiments were performed independently in trip-
licate at least. Results are shown as mean=SD. The
Kaplan—Meier curve was drawn and the log-rank test was
used to test the significant difference of overall survival
among the groups. Statistical analysis was performed
using the two-tailed unpaired Student’s t-test by Graph-
Pad Prism software (version 6.0.) The value of p<0.05
was considered statistically significant.
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