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A B S T R A C T

Background: Sever acute pancreatitis (SAP) is a critical disease with high mortality, and lack of clinically available
treatments with specificity and effectiveness. Bone marrow derived mesenchymal stem cells (BMSCs) exhibited
moderate effect on AP which needs further improvement.
Methods: Pancreatic infiltrating lymphocytes were analyzed to demonstrate the intervention of BMSCs on in-
flammatory cell infiltration of AP. Gene silencing with siRNA and small molecule inhibitor were utilized to
determine the key effector molecule of BMSCs on AP. Pharmacological regulation and nanotechnology were
introduced to further ameliorate BMSCs action.
Results: It was revealed that BMSCs prevent the progression of acute pancreatitis (AP) by reducing recruitment of
macrophages, neutrophils and CD4þT cells in the lesion site. The pivotal role of chemokine–iNOS–IDO axis for
BMSCs to intervene AP was confirmed. Compared with any single drug, Chloroquine/Tamoxifen combination
together with IFN-γ pronouncedly up-regulated the transcription of several MSC immune regulators such as COX-
2, PD-L1, HO-1 especially iNOS/IDO. As expected, BMSCs and human umbilical cord mesenchymal stem cells
(UMSCs) pretreated with CQ/TAM/IFN-γ exerted enhanced intervention in AP and SAP mice. Moreover, pre-
treatment with CQ-LPs/TAM-NPs combination not only counteracted MSCs proliferation inhibition induced by
free drugs but also enhanced their efficacy.
Conclusion: Under the background of rapid progress in MSCs clinical translation, this study focuses on the urgent
clinical issue and initiates an original mechanism-based strategy to promote intervention on severity progression
of SAP, which promises its clinical translation in future.
1. Introduction

Acute pancreatitis (AP), an acute inflammatory disorder caused by
the injured acinar cells, is one of the most common gastrointestinal dis-
eases encountered in emergency departments. When feed-forward in-
flammatory cascade amplification of AP is so profound that extensive
necrosis and organ failure supervene, sever acute pancreatitis (SAP) oc-
curs, which is responsible for 5–20% mortality of acute pancreatitis [1].
However, the therapeutic value of protease inhibitor and trypsin
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inhibitor like somatostatin against acute pancreatitis is still lack of
high-quality clinical evidence [2]. So, there is still no specific drug for
SAP until now. The early treatment of SAP includes early fluid resusci-
tation, analgesia, nutritional support and treatment for etiology and early
complications, together with the late treatment comprising of percuta-
neous catheter drainage and surgeries [3]. Thus, substantial progression
in understanding the pathophysiology of AP offers a probability for
development of mechanism-based threatment against it.

Mesenchymal stromal cells (MSCs), also known as mesenchymal stem
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cells, are adult progenitor cells with pleiotropic effects that can be
differentiated into cell types of mesodermal origin, such as adipocytes,
osteocytes, and chondrocytes. The immunoregulatory properties of MSCs
allow for their promising therapeutic applications in many inflammatory
disorders [4]. MSCs have manifested obvious therapeutic effect against
both acute and chronic pancreatitis reported by many researchers [5,6].
And MSCs exerted the effect through reducing acinar cell degeneration,
pancreatic edema, and inflammatory cell infiltration in pancreas [6]. Jing
Yang recently reported that UMSCs pretreated with Ang II enhanced the
therapeutic effect on SAP by promoting angiogenesis.(J [7]. However,
more evidence is stilled needed to decipher the underlying molecular
mechanisms to elicit further clinical application[6].

The immune-modulatory capabilities of MSCs are not constitutive but
rather are licensed by inflammatory cytokines. The activation of MSCs
might vary depending on the levels and the types of inflammation within
the residing tissues [4].. MSCs exerts its therapeutic effect through the
release of various mediators including immunosuppressive molecules,
growth factors, exosomes, chemokines, complement components etc.(L
[4,8,9]. The proposed model is that MSCs drive T cell migration into
proximity through secreting chemokines and suppress its function by
nitric oxide, the product of inducible nitric oxide synthase (iNOS), of
which the expression is provoked by cytokines such as IFN-γ, TNF-α,
IL-1β etc. [10]. Among the cytokines, IFN-γ seems to play a central role
probably through the interferon signaling, and the concomitant cytokines
might play a supporting role. However, the promise of MSC-based ther-
apies is somewhat hindered by their apparent modest clinical benefits,
highlighting the need for approaches that would increase the efficacy of
MSCs through inducing immune modulators secretion.

There have been many reports about strategies to enhance MSCs
therapeutic effect using active stimulators, biomaterial vectors as well as
hypoxic preconditioning etc. [11] MSCs with pretreatment of IFN-γ can
augment inhibition over T-cell proliferation dramatically [12] Tamoxifen
(TAM), chloroquine (CQ) and KYNA have been reported to regulate
anti-inflammatory molecules of BMSCs including iNOS, IDO, TSG-6 etc.
[13]; G [14]. As IFN-γ seems to be indispensable in the immune regula-
tion of MSCs, it is speculated that interferon signaling might be very
important for MSCs to realize its immunosuppressive function. Beyond
the engagement of canonical JAK-STAT signaling pathways that promote
production of interferon responsive genes, the IFNs participate in mul-
tiple other signaling cascades to generate products that mediate biolog-
ical responses and outcomes including MAPK, Akt/mTOR, ULK1 and
NF-κB pathways etc. And TAM and CQ have been reported to regulate
one or more of these pathways, which is probably responsible for the
regulation of MSCs immune regulation effect [15–19]. As spheroid for-
mation of MSCs contributes to maintaining their stemness and enhancing
their differentiation capacities, biomaterials has been used to promote
the spheroid formation. Hydrogels tethered with IFN-γ encapsulating
hMSCs has increased IFN-γ retention time, preserves its biological ac-
tivity, and eventually strengthened colonic mucosal wounds healing ef-
fect of hMSCs. Nano-hydroxyapatite [20] and silk fibroin containing
scaffold exert osteoinductive effects on BMSCs via IL-1α. In a word, the
function of MSCs is adjustable and rational use of immune stimulator as
well as biomaterials will contribute to its function.

In this study, firstly, we further explore the molecular mechanism for
the therapeutic effect of MSCs against AP on the base of existing litera-
ture. Then, by integrating immune regulators and biomaterials into MSC-
based cell therapy, we attempt to find new ideas and strategies for SAP
therapy. And an advantage of this strategy is the application of bio-
materials in vitrowithout introducing any biomaterials into human body.

2. Materials and methods

2.1. 1Materials and reagents

Chloroquine (CQ) was purchased from J&K Scientific, Ltd. (Beijing,
China). Tamoxifen was purchased from sigma-Aldrich (America).
2

Amylase detection kit was purchased from Nanjing Jiancheng Institute of
Biotechnology (Nanjing, China). Cerulein was purchased from Shanghai
Yuanye Bio-Technology CO., Ltd (Shanghai, China).

2.2. Experimental animal model and treatment

Male C57BL/6 mice (6–8 weeks old) were purchased from Beijing
HFK Bioscience Co., Ltd. (Beijing, China). All animal experiments
involved in the present study were approved by the Animal Care and Use
Committee of Sichuan University (Chengdu, Sichuan, China).

For acute pancreatitis (AP) model, mice were sequentially given 10
times of intraperitoneal injections of caerulein (75 μg/kg) with 1 h-in-
terval for each time. For severe acute pancreatitis (AP) model, LPS (15
mg/kg) was intraperitoneally injected immediately after the last cerulein
injection. For treatment groups, BMSCs or UMSCs cells were slowly
infused via the tail vein immediately after the second cerulein injection,
with a dose of 2 � 10^6 cells/kg for AP and 5 � 10^6/kg cells for SAP.
Then animals were sacrificed at 24-h after the first cerulein injection and
pancreases were harvested.

2.3. Isolation of pancreatic infiltrating immune cells

The pancreas was minced and digested with 0.01 mg/ml DNase and
0.5 mg/ml collagenase D (Sigma-Aldrich, St. Louis, MO) for 15 min. The
cell suspension after digestion was filtered with a 40-μm cell strainer to
obtain single cells and washed with 2% FBS-containing 1640 medium.
Next, the suspension was centrifuged at 1200 rpm for 5min to eliminate
the major debris followed by further purification with 40–70% Percoll
gradient centrifugation. The isolated cells were incubated with an anti-
CD16/CD32 antibody (BD Pharmingen, Tokyo, Japan) to prevent non-
specific antibody binding. Then, the cells were stained with the
following antibodies: CD45-FITC, CD11b-PB, Ly6C-PECy7, Ly6G-APC,
CD3-PECy5.5, CD4-PECy7, CD8-APC (Biolegend Inc, San Diego, CA), and
analyzed by BD Fortessa flow cytometry system (BD Biosciences Phar-
mingen, San Diego, CA). The data was analyzed with Flowjo software.

2.4. Statistical analysis

All results were expressed as means � standard deviation. Statistical
analysis was according to SPSS statistical software (IBM Corp., Armonk,
NY, USA), followed by Student-Newman-Keuls as a post hoc test. A value
of P < 0.05 was considered to be statistically significant.

3. Results

3.1. Reduction of pancreatic proinflammatory cells recruitment by BMSCs
in AP mice

Bone marrow derived mesenchymal stem cells abbreviated as BMSCs
had fibroblast-like morphology and proliferated fast in complete media
(Figure. S1A). BMSCs were positive for CD90 and CD29, but negative for
CD45 (Figure. S1B), and had the potential to differentiate into adipo-
genesis, osteogenesis and chondrogenesis (Figure. S1C). AP model was
established through repeated intraperitoneal injection of cerulein as
described previously [21] together with early intervention of BMSCs
intravenously. Pathological score of pancreatic HE sections indicated
BMSCs intervention improved pathological indicators including edema,
inflammation and necrosis (Fig. 1A and B). BMSCs also down-regulated
serum amylase and pancreatic cytokines at RNA level including TNF-α,
IL-6 and IL-1β (Fig. 1C and D). Macrophages are believed to be the most
likely source of proinflammatory agents (IL-1, IL-6, and TNF-α), and
decrease of macrophage infiltration would consequently decrease cyto-
kine levels [22]. As these cytokines will increase capillary permeability
and promote leukocyte adherence and extravasation [22], BMSCs
decreased the pathological scores including edema and inflammation
probably by lowering the cytokine level. Above all, BMSCs effectively



Fig. 1. BMSCs reduced pancreatic proinflammatory cells recruitment in AP mice. (A,B) Pathological scoring including edema, inflammation and necrosis of HE
staining sections，scale bar ¼ 50 μm; (C) Serum amylase activities (U/L); (D) Pancreatic inflammatory cytokine at mRNA level; (E,F) Flow cytometry diagram of
myeloid cells (CD45 þ CD11bþ), CD4þT cells (CD3þCD4þ), macrophages (CD11b þ F4/80þ) and neutrophils (CD11b þ Ly6Gþ) gated from CD45þ cells in PIL of
three groups including healthy NT, AP and BMSCs treated group at 24 h after the first cerulein injection; (G) Immunofluorescence images of pancreatic sections stained
with CD11b þ Gr-1þ (macrophages and neutrophils) and CD4þT cells, scale bar ¼ 100 μm I: healthy control group; II: AP group; III: AP pretreated with BMSCs group.
Scale ¼ 100 μm. All the data are expressed as the means � SD (n ¼ 3 per group) *p < 0.05, **p < 0.01, ***p < 0.001.
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alleviated pancreatitis inflammation, which was consistent with previous
studies.(F [23,24].

To study the effect of BMSCs intervention on acute pancreatitis,
mouse pancreatic infiltrating lymphocytes (abbreviated as PIL) of three
groups including healthy control group, acute pancreatitis group and
BMSCs treated acute pancreatitis group were analyzed (n ¼ 3). It has
been reported that rapid migration of macrophage, neutrophils and T
cells especially CD4þT cells to pancreas had detrimental effect in cer-
ulein induced pancreatitis in mice [25,26]. Therefore, these leukocyte
subtypes of macrophage (CD11b þ F4/80þ), neutrophil (CD11b þ
Ly6Gþ) and CD4þT cells in PIL at 24 h after the first injection of cerulein
were analyzed (Figure.S2). For pancreatitis mice, the percentage of
infiltrating myeloid cells (CD45 þ CD11bþ) in pancreas dramatically
increased from 1.37% (healthy control) to 46.6% including 16.2% of
macrophages and 29.0% of neutrophils. And CD4þT cells percentage
increased from 16.7% to 26.0%. The result is consistent with the previous
report that CD11bhigh cells cannot be detected in healthy pancreas and
will migrate from bone marrow to damaged pancreas after cerulein
administration [26].

With intervention of BMSCs, percentage of macrophages, neutrophils
and CD4þT cells in PIL all decreased significantly without exception
(Fig. 1E and F). The result suggested that intervening of pancreatitis by
BMSCs was achieved by reducing proinflammatory cell infiltration.
Proinflammatory cell recruitment in pancreas including myeloid cell
(CD11b þ Gr-1þ) and CD4þT cell (CD4þ) was confirmed by immuno-
fluorescent staining (Fig. 1G), which was consistent with the flow
cytometry result. Separation of PIL uncovered the influence of BMSCs on
pancreatitis-related inflammatory cells, which was more advantageous to
the conventional immunohistochemical method.

3.2. Role of iNOS on BMSCs anti-inflammatory effect for AP

By analyzing lymphocyte subtypes in PIL, the cell populations regu-
lated byMSCs were identified in this study. As the recruitment of all three
subsets including neutrophil, macrophage and CD4þT cells have been
influenced, so we focus on chemokine–iNOS–IDO axis which has been
reported to regulate neutrophil, macrophage as well as T cells. [27]; G.
[4,28,29]; H. F [30].

To reveal the role of iNOS on BMSCs anti-inflammatory effect, BMSCs
transfected with control siRNA/iNOS siRNA and BMSCs with or without
iNOS inhibitor L-NMMA pretreatment were studied for their intervention
on AP mice. The mice were divided into five groups: AP, AP mice
intervenedwith BMSCs only (abbreviated as BMSCs), APmice intervened
with BMSCs and administered with iNOS inhibitor L-NMMA (L-NMMA),
AP mice intervened with BMSCs transfected with control siRNA (si-NC),
and AP mice intervened with BMSCs transfected with iNOS siRNA (si-
iNOS). BothmRNA and protein levels showed that the expression of iNOS
in BMSCs decreased after transfection with iNOS siRNA (Fig. 2A). The
pathological indicators including histological score of HE sections, serum
amylase level and pancreatic cytokine mRNA levels suggested that the
symptoms of the disease for the mice in both BMSCs and si-NC group
were obviously relieved. On the contrary, this effect was reversed for
mice in both si-iNOS and L-NMMA groups (Fig. 2B–E). In addition, T cell
activating factor FasL was also up-regulated, suggesting that the activa-
tion of T cells was not inhibited in the state of disease. Immunofluores-
cence of tissue section also showed that the infiltration of CD4þ T cells in
pancreatic tissue did not significantly decrease. The primer sequences
were shown in supplementary Table 1.

The effect of iNOS molecule of BMSCs on PIL was shown in Fig. 2F
and G. BMSCs without any treatment inhibited the infiltration of mac-
rophages, neutrophils and CD4þ T cells, while this effect was reversed
after intravenous administration of L-NMMA. The CD45þ CD11bþ cells
increased from 15.4% to 38.0%, the CD11b þ F4/80þ cells increased
from 9.38% to 23.7%, the CD11bþ Ly6Gþ cells increased from 6.49% to
14.8%, and the CD3þCD4þ T cells increased from 14.2% to 20.9%. Like
BMSCs, the si-NC BMSCs also inhibited the infiltration of myeloid cells
4

and CD4þT cells recruitment. On the contrary, si-iNOS BMSCs lost the
ability of immunosuppression, and the number of CD45 þ CD11b þ cells
increased to 33.5% which included 17.3% of macrophages and 18.6% of
neutrophils, and CD3þ CD4þ T cells increased to 28.8%. As expected, this
phenomenon was also demonstrated by immunofluorescence staining of
pancreatic tissue (Figure S3). These results above suggest that iNOS is the
key molecule of BMSCs inhibiting the infiltration of inflammatory cells in
AP (Fig. 2H).

Scale bar ¼ 50 μm; (D) Serum amylase level (U/L); (E) Pancreatic
cytokine mRNA expression levels, results are presented as the mean� SD
obtained from three independent experiments; (F,G) Flow cytometry
diagram of myeloid cells (CD45 þ CD11bþ), CD4þT cells (CD3þCD4þ),
macrophages (CD11b þ F4/80þ) and neutrophils (CD11b þ Ly6Gþ)
gated from CD45þ cells in PIL of four groups including healthy control,
AP and BMSCs treated group at 24 h after the first cerulein injection; (H)
Schematic illustration shows the efficacy of BMSCs for prevention of
proinflammatory cells recruitment through iNOS. All the data are
expressed as the means � SD (n ¼ 3 per group). *p < 0.05, **p < 0.01,
***p < 0.001.

3.3. Synergistic upregulation of BMSCs and UMSCs anti-inflammatory
molecule by combination of Chloroquine and Tamoxifen in vitro

Many key immune regulators of MSCs including PGE2, TSG-6, IDO,
iNOS, TGFβ, HO-1 and PD-L1 have been reported previously for MSCs to
exert the anti-inflammation effect [31,32]. As described above, iNOS
played a central role for intervention of AP by BMSCs. In this part, the
hypothesis of enhanced AP intervention by up-regulating iNOS in BMSCs
would be verified. It was revealed in our study that iNOS mRNA
expression level of MSCs was positively correlated with CQ/TAM con-
centration (Fig. 3A). As there was a trade-off between the benefits of
stimulation effect and the risk of side effects originated from the drugs,
relatively low concentration of CQ 40 μM and TAM 20 μM were used in
the following experiments. Among the anti-inflammatory molecules
influenced by CQ/TAM, iNOS and IDO were the most up-regulated
(Fig. 3B). The KYNA, a metabolite of IDO, has been reported to
augment IDO and TSG-6. And the rise of iNOS, IDO as well as COX2
induced by KYNA was also observed (Figure S4A). It is noteworthy that
mRNA expression level of iNOS and IDO were also the highest among the
molecules measured. Based on the results above, we hypothesized that
combination of these stimulators might achieve better effect. As CQ and
TAM are clinically available drugs, they were chosen for further study
instead of KYNA. It was found that CQ/TAM stimulated the RNA level of
iNOS synergistically (Fig. 3C, E), and had no effect on cell surface
markers (Fig. 3F). Besides, pretreatment with CQ/TAM alone or jointly
together with IFN-γwould not cause MSCs apoptosis (Fig. 3G(a)). Primer
sequences were listed in supplementary Table 1.

Indoleamine 2,3-dioxygenase (IDO) in human and inducible nitric
oxide synthase (iNOS) in mouse are among the key molecules mediating
immunosuppression by MSCs, which are species dependent [33]. MSCs
from human employ IDO to suppress immune responses, and MSCs from
mouse/rat utilize iNOS [33]. So, the role of IDO on UMSCs
anti-inflammatory effect for AP was also studied. Human umbilical cord
mesenchymal stem cells were successfully extracted according to previ-
ous method [34], which expressed CD73, CD105, but not CD34
(Figure S5), and had the potential to differentiate into adipogenesis,
osteogenesis and chondrogenesis (Figure. S5C). Similarly, pretreatment
of UMSCs with CQ and TAM in vitro showed up-regulation of IDO
expression both in mRNA and protein level (Fig. 3 D, E) and had no effect
on cell apoptosis (Fig. 3G(b). So, further study would be performed to
verify the intervention on AP mice by MSCs pretreated with CQ/TAM.

3.4. Enhanced intervention of MSCs pretreated with CQ/TAM combination
in AP model

There are six groups: NT (healthy group with no treatment), AP group



Fig. 2. Influence of iNOS on BMSCs' anti-inflammatory effect. (A) iNOS mRNA and protein level in BMSCs transfected with negative control siRNA (si-NC) or iNOS
siRNA (si-iNOS); (B, C) HE staining of pancreatic section and corresponding statistical results of pathological scoring including edema, infiltration, necrosis.
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Fig. 3. Synergistic upregulation of BMSCs and UMSCs anti-inflammatory molecules by combination of Chloroquine and Tamoxifen in vitro. The concentrations for CQ,
TAM and IFN-γ were 40 μM, 20 μM and 20 ng/ml if there's no special indication. CQ/TAM was used in combination with IFN-γ. NT: BMSCs/UMSCs with no treatment;
IFN-γ: BMSCs/UMSCs pretreated with IFN-γ only; IC: BMSCs/UMSCs pretreated with IFN-γ/CQ; IT: BMSCs/UMSCs pretreated with IFN-γ/TAM; ICT：BMSCs/UMSCs
pretreated with IFN-γ/CQ/TAM；Both RNA and protein samples were collected after 24 h of treatment; (A) BMSCs were stimulated with different concentrations of
CQ or TAM for 24 h; (B) BMSCs anti-inflammatory molecule mRNA level stimulated with CQ or TAM for 24 h; (C) BMSCs iNOS mRNA level stimulated individually or
jointly with CQ and TAM; (D) UMSCs IDO mRNA level stimulated individually or jointly with CQ/TAM; (E) INOS and IDO protein levels after stimulation by various
drugs; (F) Detection of surface markers on BMSCs pretreated with CQ/TAM combination for 24 h; (G) Detection of cell apoptosis of BMSCs (a) and UMSCs (b)
pretreated with CQ/TAM combination for 24 h. All the data are expressed as the means � SD (n ¼ 3 per group). *p < 0 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001.
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Fig. 4. Improved intervention of BMSCs and UMSCs pretreated with ICT against AP. There are six groups in this study including NT (healthy mice with no treatment),
AP (AP mice with no treatment), BMSCs (AP mice treated with BMSCs), AP mice treated with UMSCs (UMSCs), AP mice treated with BMSCs intervened with the CQ/
TAM combination plus IFN-γ (ICT-BMSCs), AP mice treated with UMSCs intervened with CQ/TAM combination plus IFN-γ (ICT-UMSCs). The concentrations for CQ,
TAM and IFN-γ were 40uM, 20uM and 20 ng/ml if there's no special indication. CQ/TAM was used in combination with IFN-γ. (A) Photographs of pancreatic sections
with HE staining; (B) Pathological statistics of pancreatic HE staining sections including edema, infiltration, necrosis; (C) Serum amylase level; (D) Pancreatic cytokine
mRNA expression level. Statistical analysis was performed between the control group and the treated groups. Results are presented as the mean � SD obtained from
three independent experiments *p < 0.05, **p < 0.01, ***p < 0.001 (Treatment groups vs. AP group). Scale bar ¼ 100 μm.
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without treatment (AP), BMSCs/UMSCs treatment group (BMSCs/
UMSCs), BMSCs/UMSCs pretreated with IFN-γ in combination with CQ/
TAM group (ICT-BMSCs/UMSCs). As expected, ICT-BMSCs/UMSCs more
effectively protected the pancreatic structure by reducing acinar cell
apoptosis as well as alleviating pancreatic edema and inflammation
(Fig. 4A). The histopathological score was also shown in Fig. 4B. In
addition, ICT-BMSCs/UMSCs significantly reduced the serum amylase
level and pancreatic inflammatory cytokine expression level including
TNF-α, IL-1β and IL-6 (Fig. 4C and D). And there was no significant dif-
ference between BMSCs and UMSCs group.
3.5. Intervention of MSCs pretreated with CQ/TAM combination in SAP
model

Previously, SAP rat model has been induced by the injection of
taurocholic acid (TCA) into pancreatic duct, which is traumatic and has
high mortality [24]. Recently, SAP mouse model has been established by
intraperitoneal injection of cerulein in combination with lipopolysac-
7

charide (LPS). [35]; X [36]. For classic cerulein-induced mouse acute
pancreatitis model, cerulein acts directly on the acinar cells and causes
their apoptosis. To simulate the acinar cell necrosis in SAP, LPS has been
used in combination with cerulein to exacerbate pancreatic inflammation
through activating TLR4-related signaling.(X [36]. In this study, mice in
SAP group showed much higher levels of amylase and cytokines than
mice in AP group, and there were more necrotic cells as shown in HE
pathological section (Figure S6). In AP group, interlobular space
widened, edema and inflammatory cell infiltration were found, and no
obvious necrosis was seen. In SAP group, interlobular arrangement was
disordered, edema and a large number of inflammatory cells infiltrated
were found, and local acinar cell fusion necrosis was found. These phe-
nomenawere consistent with the previous report [37], and confirmed the
severity of LPS þ cerulein induced SAP model.

As shown in Fig. 5, the pathological scores and the levels of inflam-
matory factors in the CQ/TCM pretreated MSCs groups (ICT-BMSCs)
were lowered relative to the MSCs only groups, although inflammation
score and IL-1β mRNA level had no statistical difference.



Fig. 5. Intervention of BMSCs and UMSCs pretreated with ICT against SAP. There are six groups in this study including Control, SAP, SAP mice treated with BMSCs
(BMSCs), SAP mice treated with UMSCs (UMSCs); SAP mice treated with BMSCs intervened with the CQ/TAM combination plus IFN-γ (ICT-BMSCs), SAP mice treated
with UMSCs intervened with CQ/TAM combination plus IFN-γ (ICT-UMSCs). (A) Photograph of pancreatic section with HE staining; (B) Statistics of pathological score
of pancreas (edema, infiltration, necrosis); (C) Pancreatic cytokine mRNA expression level. Results are presented as the mean � SD obtained from three independent
experiments *p < 0.05, **p < 0.01, ***p < 0.001 (Treatment groups vs. SAP group). Scale bar ¼ 100 μm.
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3.6. Counteraction of proliferation inhibition and improvement of efficacy
achieved by nanoparticle encapsulation of CQ/TAM

The potential impact of nanotechnology in MSC-driven regenerative
medicine has drawn more and more attention as nanoparticles play an
important role in exploiting MSCs advantage to achieve an ideal thera-
peutic outcome [38]. So, nanoparticle encapsulation of the drugs was
implemented in this study. PLGA-based nanoparticle and liposome with
satisfying biocompatibility and biodegradability were adopted as vectors
for the drugs [39]; L. M [40,41]. The prescriptions for both drugs were
screened using a single factor screening method with encapsulation ef-
ficiency and loading efficiency as the screening indicators (data not
shown). The pharmaceutical and biological characteristics of the optimal
prescriptions for the CQ loaded liposomes (CQ-LPs) and the TAM loaded
PLGA nanoparticles (TAM-NPs) are shown in Fig. 6.

Particle size, zeta potential, encapsulation efficiency and loading ef-
ficiency of CQ-LPs and the TAM-NPs were shown in Fig. 6A and B.
Morphology of the nanoparticles was observed with TEM (Fig. 6C). CQ-
LPs showed a typical liposome structure with a particle size of 150 nm
8

and neutral charge. The TAM-NPs were solid nanoscaled-spheres around
150 nm with slightly negative-charged. To track CQ-LPs and the TAM-
NPs inside of the cells, fluorescent probe coumarin (green) was encap-
sulated in the nanoparticles together with the drugs. Fast intracellular
accumulation of green fluorescence between 1 h and 2 h indicates the
quickly uptake of the vectors. Scattered yellow dots inside of the cells was
the overlapping of the nanoparticle green fluorescence and the lysosome-
tracker red fluorescence suggesting entering of the nanoparticles in
lysosome (Fig. 6D). Relatively fast escape of CQ-LPs from the lysosomes
after 2 h was proved by the enhanced cytoplasmic green fluorescence,
which was probably attributed to the endo-lysosome inhibition effect of
CQ.(C [42]. It has also been reported previously that BMSCs has a strong
phagocytic ability on nanoparticles. [43]; X [14].

Although CQ/TAM further boosted the anti-inflammation effect of
the MSCs, inhibition of the MSCs proliferation by CQ/TAM combination
was also observed. And the drug-loaded nanoparticles dramatically
alleviated inhibition of the BMSCs proliferation relative to the free drugs
especially at high concentrations according to the MTT assay (Fig. 6F).
The survival rate of UMSCs after treatment of CQ-LPs (40 μM) and TAM-
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Fig. 6. Characterization of the drug loaded nanoparticles: CQ-LPs and TAM-NPs. The concentrations for CQ, TAM and IFN-γ were 40 μM, 20 μM and 20 ng/ml if
there's no special indication. Both CQ and TAM were used in combination with IFN-γ. NT: no treatment; IFN-γ：BMSCs treated with IFN-γ only; IC: BMSCs treated with
IFN-γ/CQ; IC-LPs: BMSCs pretreated with IFN-γ/CQ-LPs; IT: BMSCs pretreated with IFN-γ/TAM; IT-NPs: BMSCs pretreated with IFN-γ/TAM-NPs; ICT: BMSCs pre-
treated with IFN-γ/CQ/TAM; ICT-NPs: BMSCs pretreated with IFN-γ/CQ-LPs/TAM-NPs. Both RNA and protein samples were collected at 24 h after treatment. (A, B)
Particle size and zeta potential; (C) Transmission electron microscopy photographs; (D) Cellular uptake of CQ-LPs (a) and TAM-NPs (b) by BMSCs at 1 h, 2 h, 4 h, 6 h.
Red: Lysosome tracker, Green: Coumarin loaded in CQ-LPs and TAM-NPs, Blue: DAPI; (E) BMSCs iNOS mRNA level stimulated individually or jointly with free CQ/
TAM or the drug loaded nanoparticles. (F) BMSCs proliferation inhibition at various concentrations of the free drugs and the nanoparticles determined by MTT; (G)
Schematic diagram describes the synthesis of CQ-LPs/TAM-NPs as well as the enhanced cellular uptake of the nanoparticles in BMSCs relative to the free drugs. All the
data is expressed as the means � SD (n ¼ 3 per group). *p < 0.05, **p < 0.01. Scale bar ¼ 50 μm.As expected, CQ-LPs/TAM-NPs combination pretreatment guaranteed
the efficient intervention of BMSCs in both AP and SAP mice model (Fig. 7). In AP mouse model, CQ-LPs/TAM-NPs combination pretreated BMSCs (ICT-NPs)
minimized acinar cell damage, reduced inflammatory cell infiltration, and there was no obvious difference between the normal pancreatic tissue and the pancreatitis
tissue after the nanoparticle combination treatment (Fig. 7A and B). In addition, the frequency of macrophage (CD11b þ F4/80þ) and neutrophil (CD11b þ Ly6Gþ) in
PIL of ICT-NPs group was almost comparable to that of NT group (Figure S7). In SAP mouse model, although ICT-NPs group did not completely prevent inflammation
progression as it did in AP mouse model, ICT-NPs further mitigated the pancreatic tissue damage and decreased inflammatory cytokine expression relative to that of
ICT group (Fig. 7B and C).

H. Liu et al. Materials Today Bio 14 (2022) 100226
NPs (20 μM)was around 90%, which was significantly higher than that of
free drug combination group (p < 0.05). The detoxification effect pro-
duced by the nanoparticles was still interesting and could be one of the
reasons for the improvement in intracellular molecular action of the
drugs. CQ-LPs and TAM-NPs used singly or jointly induced higher iNOS
expression on BMSCs in vitro (Fig. 6E).

To further investigate the superiority of the nanoparticle combina-
tion, intracellular molecular regulation effect after endocytosis of the free
drugs and the nanoparticles was studied. JAK/STAT is the canonical
pathway that has been initially discovered to regulate IFNγ-triggered IFN
stimulating gene (ISG) transcription and/or translation, followed by
some non-canonical pathways discovered recently that constitute the
mechanisms for interferon response. These pathways include Akt/mTOR
pathways, ULK1 pathways, MAP kinase pathways, NF-κB pathways etc.
[44] By screening the key molecule activation in canonical and
non-canonical pathway including STAT1, Akt, ULK, ERK, p65 (Fig. 6G),
phosphorylation of Akt and increase of STAT1 expression were detected
after IFN-γ stimulation. There have been several studies about activation
of phosphatidylinositol-3-kinase (PI3k) and its down-stream mediators
including Akt/mTOR by IFNs [45]. And there are also some previous
reports about positive regulation of Akt signaling pathway by both TAM
and CQ [15–17,19]. In this study, it was confirmed that both CQ and
TAM promoted the phosphorylation of Akt instead of activating STAT1
signaling (Figure S8). Combination of IFN-γ and CQ/TAM synergistically
enhanced Akt activation and up-regulated STAT1 expression. It is note-
worthy that the nanoparticle combination group stimulated the IFN-γ
signaling much better than the free drug combination group did,
corroborated by the increase of Akt phosphorylation and STAT1
expression as well as the decrease of Akt protein level. It is speculated
that rapid drug uptake and sustained drug release introduced by the
nanoparticles facilitated the efficient intracellular transportation and
persistent drug efficacy [46]; X [36]. (Fig. 6H).

Above all, nanoparticle encapsulated CQ/TAM is superior to the free
drug combination for pretreatment of BMSCs in toxicity control and ef-
ficacy improvement.

4. Discussion

Among the key immune regulators, TSG-6 has been proved to be very
important for MSC intervention of AP and SAP, while other molecules are
rarely reported.(Z [47]. By using RNA interference, iNOS inhibitor and
analysis of PIL, we confirmed the detrimental role of iNOS for inter-
vention of immune cell recruitment by MSCs in AP. However, the exact
signaling pathway involved needs further validation. Probably, NO pro-
duction catalyzed by iNOS suppresses STAT5 phosphorylation of
JAK-STAT signaling pathway and consequently leads to T-cell prolifer-
ation arrest [48]. It could be nitration of tyrosine residues in IRF5 by NO
10
that suppresses M1 macrophage polarization and results in less severe
inflammation.(G [28]. And NO-dependent regulation of CXCR2 on the
neutrophil surface might be associated with failure of neutrophil
migration to pancreas in AP mice with MSCs pretreatment [29]. The
in-depth study of the mechanism will be carried out in the follow-up
study.It has been reported that MSCs IDO activity is implicated in pro-
moting the differentiation of monocytes into immunosuppressive
M2-type macrophages, which will consequently suppress T cell prolif-
eration and amplify the immunosuppressive effect generated by MSCs.
[49]; J. G [50]. The increase of IDO stimulated by IFN-γ can inhibit the
proliferation of T cells and induce the increase of T-reg.[51] [[,52].

The interferons (IFNs) have been conserved through evolution as el-
ements with very important immune modulatory effect. The binding of
IFNs to their receptors would trigger the transcription and/or translation
of several IFN-stimulating genes (ISGs), which attributes to very impor-
tant biological process like cell cycle progression, proliferation,
apoptosis, differentiation, migration and survival [53,54]. And iNOS and
IDO are IFN-responsive genes. JAK/STAT is the canonical pathway that
has been initially discovered, followed by some non-canonical pathways
discovered recently that constitute the mechanisms for interferon
response (Figure S8). Both the canonical pathway and the non-canonical
pathway are important for interferon responses, and these pathways
might be activated in parallel [55]. Our study reveals that some
non-canonical pathway activators, without interferon signal activation
ability themselves, would markedly promote IFN-γ related signaling.
Based on this research, our follow-up study will focus on how the
connection between the two pathways happens, which would provide
basis for development of therapeutic approaches incorporating IFNs and
adjuvants.Free compounds are usually used for pretreating MSCs as re-
ported previously.(G [14]. However, in the light of our experiments, the
inhibition of MSCs proliferation by both TAM and CQ is very significant
especially at high concentrations. To overcome this drawback, nano-
particles or liposomes encapsulated drugs were used instead, which
perfectly avoided the problem mentioned above. We infer that nano-
particle encapsulation reduced instantaneous exposure of MSC to drugs
and thus avoid the toxicity of the drugs. In addition to this protection
mechanism, it may also be a compensation mechanism. It has been re-
ported that gold nanoparticles could promote MSCs proliferation as
osteoblast through up-regulation of proliferation inducer expression like
TGF-β and Smad3.(J. J. [40]; S [56].

In conclusion, the main findings of this study are as follows. Firstly,
BMSCs ameliorated AP severity by decreasing pancreatic recruitment of
inflammatory cells including neutrophils, macrophages as well as CD4þT
cells. Then the key molecule that reduced the recruitment of these cells
turned out to be iNOS. Moreover, CQ in combination with TAM syner-
gistically promoted iNOS/IDO expression in MSCs and enhanced its
intervention in AP and SAP. Finally, MSCs with the pretreatment of the



Fig. 7. Maximum intervention against AP and SAP by the drug loaded nanoparticle combinations in vivo. The concentrations for CQ, TAM and IFN-γ were 40 μM, 20
μM and 20 ng/ml if there's no special indication. CQ/TAM was used in combination with IFN-γ. There are six groups in this study including NT (healthy mice with no
treatment), AP (AP mice with no treatment), SAP (SAP mice with no treatment), BMSCs (AP mice or SAP mice intervened with BMSCs), ICT (AP mice or SAP mice
intervened with IFN-γ/CQ/TAM combination), ICT-NPs (AP mice or SAP mice intervened with IFN-γ/CQ-LPs/TAM-NPs combination). (A) Photographs of pancreatic
sections with HE staining; (B) Statistics of pathological score of pancreas (edema, infiltration, necrosis); (C) Pancreatic cytokine mRNA expression level; (D) Serum
amylase activities (U/L). Results are presented as the mean � SD obtained from three independent experiments *p < 0.05, **p < 0.01. Scale bar ¼ 100 μm.
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Table 1
Primer sequences.

TARGET FORWARD PRIMER REVERSE PRIMER

RACTIN AGCCATGTACGTAGCCATCC CTCTCAGCTGTGGTGGTGAA
RINOS GGAGAGATTTTTCACGACACCC CCATGCATAATTTGGACTTGCA
RIDO TGGTGGGGACTGCGATAAAG CTTCTCCAGTGCTTTCGGGT
RCOX2 CTCTGCGATGCTCTTCCGAG AAGGATTTGCTGCATGGCAG
RHO-1 CGACAGCATGTCCCAGGATT TCGCTCTATCTCCTCTTCCAGG
RIL-6 TCCTACCCCAACTTCCAATGCTC TTGGATGGTCTTGGTCCTTAGCC
RPD-L1 TTATAGTCACAGCCTGCAGTCACG ATCGTGACATTGCTGCCATACTC
RTGF-В CCTGCAAGACCATCGACATG ACAGGATCTGGCCACGGAT
HIDO TTGCTAAAGGCGCTGTTGGA GTCTGATAGCTGGGGGTTGC
R-SI-INOS GGUCAAAGACAAGAGGCUUTT AAGCCUCUUGUCUUUGACCTT
MACTIN CGTGAAAAGATGACCCAGATCA CACAGCCTGGATGGCTACGT
MFASL GACAATGCAGAGGCACAGAGAA CCTCTGTGAGGTAGTAAGTAGA
MIL-1В AAGCCTCGTGCTGTCGGACC TGAGGCCCAAGGCCACAGGT
MIL-6 CACAGAGGATACCACTCCCAACA TCCACGATTTCCCAGAGAACA
MTNFА CATCTTCTCAAAATTCGAGTGACAA CCAGCTGCTCCTCCACTTG
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drug-loaded nanoparticle combination (CQ-LPs/TAM-NPs) dramatically
enhanced the therapeutic effect of MSCs and provides essential insights
to devise alternative regimens for AP and SAP. (see Table 1)
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