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Sepsis, which is characterized by multiple organ dysfunctions
as a result of an unbalanced host-inflammatory response to
pathogens, is potentially a life-threatening condition and a ma-
jor cause of death in the intensive care units (ICUs). However,
effective treatment or intervention to prevent sepsis-associated
lethality is still lacking. Human umbilical cord mesenchymal
stem cell (WUC-MSC) transplantation has been shown to have
potent immunomodulatory properties and improve tissue
repair yet lacks direct antibacterial and endotoxin clearance ac-
tivities. In this study, we engineered hUC-MSCs to express a
broad-spectrum antibacterial fusion peptide containing
BPI21 and LL-37 (named BPI21/LL-37) and confirmed that
the BPI21/LL-37 modification did not affect the stemness and
immunoregulatory capacities of hUC-MSCs but remarkably,
enhanced its antibacterial and toxin-neutralizing activities
in vitro. Furthermore, we showed that administration of
BPI21/LL-37-engineered hUC-MSCs significantly reduces
serum levels of tumor necrosis factor oo (TNF-a), interleukin
1B (IL-1B) , and IL-6, whereas increases that of IL-10 in cecal
ligation and puncture (CLP)-induced sepsis mouse model.
Administration of BPI21/LL-37-engineered hUC-MSCs signif-
icantly reduced systemic endotoxin (lipopolysaccharide [LPS])
levels and organ bacterial load, ameliorated damage to multiple
organs, and improved survival. Taken together, our study dem-
onstrates that BPI21/LL-37-engineered hUC-MSCs might offer
a novel therapeutic strategy to prevent or treat sepsis via
enhanced antimicrobial and anti-inflammatory properties to
preserve organ functions better.

INTRODUCTION

Sepsis is a syndrome that is defined by widespread inflammation, host
immune dysfunction, the dysregulation of the coagulation cascade,
and endothelial dysfunction in response to invading pathogens.' It
is common and is the leading cause of morbidity and mortality among
critically ill patients and postoperative patients in intensive care units.

1806

Molecular Therapy Vol. 28 No 8 August 2020 © 2020 The American Society of Gene and Cell Therapy. Gkt

Even with the appropriate antibiotic and resuscitative therapies, the
worldwide incidence of sepsis is estimated to be 18 million cases
per year, and the death rate of severe sepsis ranges from 30% to
50%, despite advances in critical care.” °
increasing awareness that patients who survive sepsis often have
long-term physical, psychological, and cognitive disabilities with sig-
nificant health care and social implications. Thus, an effective treat-
ment regimen is an unmet need.

Furthermore, there is an

The pathophysiological mechanism of sepsis is believed to be that
invading pathogen components, such as lipopolysaccharide (LPS),
induce the widespread activation of the inflammatory response,
host immune dysfunction, dysregulation of the coagulation cascade,
and endothelial dysfunction; these dysfunctions then progress to mul-
tiple organ dysfunction, the collapse of the circulatory system (septic
shock), and death.” Thus, the implementation of preventive measures
against infections is the first key step to reduce the occurrence of
sepsis. However, with the increase in the incidence of both drug-resis-
tant bacteria and immunocompromised septic patients, antibiotic
therapies are ineffective and may even be detrimental. Furthermore,
once a patient progresses into septic shock, pathogens are killed by
antibiotic therapy; this causes the pathogens to release more toxic
components, which then deteriorate the patient’s clinical condition.®
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In addition, other therapeutic methods target the key points of path-
ophysiological downstream events in sepsis (for example, anti-throm-
bosis therapy of activated protein C,” anti-inflammation therapy
using tumor necrosis factor oo [TNF-a] monoclonal antibodies, "’
and neutralizing LPS using anti-LPS antibodies''); these therapies
can only lead to temporary medical relief instead of curing the disease.
The reason is that these approaches do not remove live and dead
pathogens, which release toxins into the bloodstream. In fact, the clin-
ical trials of the above-mentioned therapeutic strategies show disap-
pointing outcomes.”™'" At present, no drugs have been approved to
treat sepsis specifically.

Mesenchymal stem cells (MSCs) could be a promising approach to
treat sepsis, because they have multiple functions, including tissue
repair and immune modulation.'”"'* Many preclinical studies have
shown that MSCs can improve a number of pathophysiological pro-
cesses that are central to sepsis and greatly reduce the rates of organ
failure and death.'*'® Our single-center clinical trial (ChCTR-TRC-
14005094) data also show that a single intravenous infusion of alloge-
neic MSCs was safe and well tolerated in patients with severe sepsis.'®
In addition, accumulating evidence suggests that naive MSCs have a
partial antibacterial effect by secreting the antimicrobial peptide LL-
37."7 Indeed, LL-37 is an antimicrobial peptide with a broad spectrum
of antibacterial activity against gram-negative bacteria and gram-pos-
itive bacteria; LL-37 prevents the formation of LPS-cluster of
differentiation 14 (CD14) complexes and blocks the LPS-induced in-
flammatory response by directly binding to both LPS and CD14 mol-
ecules.'® However, the amount of LL-37 secreted by naive MSCs is
limited and is not sufficient to prevent microbial infection or to re-
move the pathogen-released toxins in sepsis.'”

In addition, bactericidal/permeability-increasing protein (BPI) is a
55- to 60-kDa positively charged antimicrobial peptide found in the
primary granule of human neutrophils; BPI is capable of neutralizing
LPS, directly killing gram-negative bacteria, and enhancing bacterial
phagocytosis by phagocytes (opsonization).'” These properties of BPI
make this molecule an attractive agent to prevent and/or treat sepsis.
Indeed, the use of a recombinant 21-kDa bioactive fragment of BPI
(rBPI21) has been demonstrated to be a safe and effective approach
that was developed to treat sepsis in an animal model.”* However,
like many other immunotherapies of recombinant proteins, the main-
tenance of an effective dose in vivo is difficult due to the high cost and
the short half-life of recombinant proteins, resulting in disappointing
outcomes in phase I/II/III clinical trials.”"*? To solve this problem, a
recombinant, replication-deficient adenoviral vector expressing
secreted human BPI (AdhBPI) was developed.”” This AdhBPI-medi-
ated gene transfer markedly reduced the circulating level of inflam-
matory mediators, such as TNF-o. and macrophage inflammatory
protein 2 (MIP-2), and improved the survival of lethally septic
mice.”” However, it takes 10 to 14 days for a single dose of adenoviral
gene delivery to achieve the elevated levels of transgene products.*®
Thus, it is unlikely to be practicable and effective to use the AdhBPI
gene-transfer approach to treat patients who have already been diag-
nosed with sepsis.

MSCs have the potential to inhibit the inflammatory cascade and to
improve injured tissue repair and regeneration. MSCs are also an
ideal gene therapy tool. In this study, we aimed to extend the half-lives
of the BPI and LL-37 antimicrobial peptides, to expand their antibac-
terial spectrum, and to enhance the capacity of MSCs to remove path-
ogens and their toxins; therefore, we engineered MSCs to express a
fusion protein composed of BPI21 and LL-37. The BPI21/LL-37-
modified MSCs significantly impaired the uncontrolled inflammatory
response and reduced the rates of organ failure; this led to the
improved survival rates of septic mice.

RESULTS

Generation of Human Umbilical Cord (hUC)-MSCs Engineered
with the BPI21/LL-37 or LL-37/BPI21 Antibacterial Fusion
Protein

BPI21/LL-37 or LL-37/BPI21 was cloned into a lentiviral vector. They
are in tandem with the BPI21 signal peptide and the LL-37 signal
peptide, respectively. GGGGS was designed as a flexible peptide linker
between BPI21 and LL-37 (Figure 1A). To identify the secretory
expression of the BPI21/LL-37 or LL-37/BPI21 fusion protein in
hUC-MSCs, BPI21/LL-37 or LL-37/BP121 was detected in the culture
supernatant and in the cytoplasms of engineered hUC-MSCs using
western blotting and ELISA, respectively, 3 days after infection with
lentivirus particles. The results show that two types of secretory fusion
proteins were overexpressed in hUC-MSCs, and the expression level
of BPI21/LL-37 was slightly higher than that of LL-37/BPI21 (Figures
1B and 1C). In vivo, BPI21/LL-37 expression of BL-hUC-MSCs
showed that the expression curve of secretory fusion proteins peaks
in 12-24 h (Figure 1D). These findings indicate that BPI21/LL-37
or LL-37/BPI21 fusion protein could be in vitro and in vivo overex-
pressed and secreted in the engineered hUC-MSCs.

BPI21/LL-37 and LL-37/BPI21 Fusion Proteins Enhance the
Antibacterial Activity and Endotoxin-Neutralizing Activity of
hUC-MSCs In Vitro

The results showed that the supernatants from both the engineered
hUC-MSCs significantly inhibited the growth of nine bacteria
compared with that from the control (wild-type [WT])-hUC-
MSCs, and the inhibitory effect on Staphylococcus aureus was
more robust than it was on other strains. The supernatants from
BL-hUC-MSCs had better antibacterial effects in vitro than those
from LB-hUC-MSCs (Figures 2A and S1). In addition, the endo-
toxin-neutralizing activities analyzed by the limulus amebocyte
lysate test also showed that the supernatants from both the engi-
neered hUC-MSCs had significantly higher levels of endotoxin-
neutralizing activities compared with those from WT-hUC-MSCs,
and these neutralizing activities were dose dependent. The neutral-
izing activities of BL-hUC-MSCs are superior to those of LB-hUC-
MSCs (Figure 2B). These findings indicate that the secretion of en-
gineered hUC-MSCs had remarkably enhanced antibacterial and
endotoxin-neutralizing activity in vitro, and BL-hUC-MSCs are su-
perior to LB-hUC-MSCs.
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The In Vitro and In Vivo Immunomodulatory and Anti-
inflammatory Effects of Engineered hUC-MSCs

As previously studied, MSCs had strongly immunosuppressive activ-
ity in vitro.”" We tested the immunosuppressive effect, and peripheral
blood mononuclear cell (PBMC) proliferation was inhibited, as indi-
cated by the reduction in carboxyfluorescein diacetate succinimidyl
ester (CFSE) intensity by MSCs. The results show that BL-hUC-
MSCs and LB-hUC-MSCs, similar to WT-hUC-MSCs, still have
inhibitory functions on phytohemagglutinin (PHA)-stimulated
PBMC proliferation, but they were not significantly different among
the three groups (Figures 3A and 3B). In addition, the anti-inflamma-
tory effects of engineered hUC-MSCs were investigated in LPS-
induced macrophages in vitro. The results show that the conditioned
media from the two engineered cell lines hUC-MSCs and WT-hUC-
MSCs remarkably inhibited TNF-a, interleukin 1f (IL-1B), and IL-6
expression but increased IL-10 expression in LPS-induced mouse
macrophages in a dose-dependent manner, and the anti-inflamma-
tory effects of conditioned media from the two engineered hUC-
MSCs were better than those of the equal volume conditioned media
from wild-type hUC-MSCs (Figure 3C). These findings indicate that
three types of hUC-MSCs had similarly potent immunomodulatory
and anti-inflammatory abilities in vitro.

Furthermore, the cecal ligation and puncture (CLP)-induced septic
mice were treated with BL-hUC-MSCs and WT-hUC-MSCs, and
the serum levels of inflammatory cytokines in each group were de-
tected by ELISA. The results show that compared with those in the
sham group, the serum levels of TNF-a, IL-1B, IL-6, and IL-10
were significantly increased in the other experimental groups (Fig-
ure 3D) at 24 h after treatment. However, compared with the levels
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(A) The design of an antibacterial fusion protein containing
BPI21 and LL-37. (B) The expression of antibacterial
fusion proteins in the culture supernatant and cytoplasm
of engineered hUC-MSCs was detected by western blots.
(C) The secretory protein levels of antibacterial fusion
proteins in the culture supernatant of engineered hUC-
MSCs were quantitatively analyzed by ELISA, and the
data are the mean + SEM of one representative experi-
ment. Similar results were observed in at least three in-
dependent experiments. **p < 0.01 compared with WT-
hUC-MSCs. (D) BPI21/LL-37 expression and longevity of
engineered hUC-MSCs were detected from mice serum.
The serum was collected at 5 time points (0, 12, 24, 48,
96, and 120 h) after MSC administration. The experiments
were performed in quintuplicate, and the data are pre-
sented as the mean £ SEM. *p < 0.05, *p < 0.01
compared with NC; #p < 0.05, ## p < 0.01 compared with
WT-hUC-MSCs. WT, wild-type hUC-MSCs; BL, BPI21/
LL-37-engineered hUC-MSCs; LB, LL-37/BPI21-en-
gineered hUC-MSCs, NC, negative control.

in the PBS control cell group, the WT-hUC-MSCs moderately
decreased the levels of TNF-a, IL-13, and IL-6 and increased the level
of IL-10; BL-hUC-MSCs displayed a significant anti-inflammatory ef-
fect compared to those exerted by WT-hUC-MSCs and the PBS con-
trol cells (Figure 3D). These findings indicate that BL-hUC-MSCs dis-
played in vivo the more potent immunomodulatory and anti-
inflammatory abilities.

BL-hUC-MSC Transplantation Enhances Bacterial and
Endotoxin Clearance Capabilities and Improves the Survival of
Septic Mice

Compared to the characteristics of LB-hUC-MSCs, BL-hUC-MSCs
have higher expression levels, better in vitro anti-inflammation activ-
ities, and superior antibacterial and endotoxin neutralization activ-
ities; therefore, BL-hUC-MSCs were selected for the subsequent ex-
periments. The results of bacterial clearance and serum LPS level
in vivo show that the colony-forming unit (CFU) counts of the organs
and serum LPS level were significantly reduced in BL-hUC-MSC-
treated mice compared with those of WT-hUC-MSC (and certainly
PBS-treated) mice after treatment at 24 h (Figures 4A and 4B). These
findings indicate that BL-hUC-MSCs in vivo also displayed the more
potent bacterial clearance and endotoxin-neutralizing abilities.

Furthermore, the septic mouse-survival results show that BL-hUC-
MSCs significantly improved the CLP-induced septic mouse, 120-h
survival rates (BL-hUC-MSCs versus WT-hUC-MSCs versus PBS,
56.7% versus 20.7% versus 10%, respectively) when septic mice
were treated with BL-hUC-MSCs or WT-hUC-MSCs (3 h after the
CLP or sham surgery) combined with Tienam, 24 h after the CLP
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Figure 2. Antibacterial Fusion Proteins Enhanced the Antibacterial and Endotoxin-Neutralizing Activities of hUC-MSCs In Vitro

(A) The antibacterial activities of antibacterial fusion proteins secreted by engineered hUC-MSCs on gram-negative bacteria and gram-positive bacteria. (B) The neutralizing
effect of culture supernatant from hUC-MSCs engineered by antibacterial fusion proteins on LPS in vitro. The experiments were performed in quintuplicate, and the data are
presented as the mean + SEM. *p < 0.05, **p < 0.01 compared with WT-hUC-MSCs. #p < 0.05, ##p < 0.01 compared with LB-hUC-MSCs. WT, wild-type hUC-MSCs; BL,
BPI21/LL-37-engineered hUC-MSCs; LB, LL-37/BPI21-engineered hUC-MSCs; ns, not significant.

or sham surgery (Figure 4C). However, if Tienam were used 6 h after
the CLP or sham surgery, both the WT-hUC-MSCs and the BL-hUC-
MSCs also remarkably improved the septic mouse survival rates;
however, the BL-hUC-MSCs were not better than the WT-hUC-
MSCs, but there is no statistical significance (Figure 4D). Similar
results were also found in the other two septic models, where BL-
hUC-MSCs significantly increased the survival rates (BL-hUC-
MSCs versus WT-hUC-MSCs versus PBS, 60% versus 26.7% versus
16.7%, respectively) in the bacteremia model (Figure 4E) and (BL-
hUC-MSCs versus WT-hUC-MSCs versus PBS, 46.7% versus 30%
versus 13.3%, respectively) in the endotoxemia model (Figure 4F).
These results indicate that BL-hUC-MSCs significantly improve the
survival of various types of septic mice.

Protection of BL-hUC-MSCs on Organ Function in CLP-Induced
Lethal Septic Mice

To confirm the protection of BL-hUC-MSCs from multiple organ
dysfunction syndrome (MODS) in CLP-induced septic mice, labora-
tory indicators and pathological examinations of various vital organ
dysfunctions and injuries were tested. The results show that the
CLP surgery significantly increased the serum levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), amylase
(AMS), creatinine (crea), and urea, but the treatment of both BL-
hUC-MSCs and WT-hUC-MSCs remarkably attenuated the increase
of these indicators; in addition, BL-hUC-MSCs exerted better protec-

tive effects from MODS than the protective effects exerted by WT-
hUC-MSCs (Figure 5A). Furthermore, histological examinations
also showed damage to the lungs, liver, and kidneys in the CLP-
induced septic mice, the infiltration of inflammatory cells into the
lung interstitium and alveolar spaces, alveolar wall thickening,
intra-alveolar exudation, the atrophy and degeneration of renal
tubular epithelial cells, and necrotic lesions in the liver parenchyma,
which were all observed in the photomicrographs of hematoxylin and
eosin (H&E)-stained tissue sections (Figure 5B). In addition, immu-
nohistochemical staining also showed that cleaved caspase-3-positive
cells were frequently observed in the above three types of tissue sec-
tions in the PBS-vehicle group (Figure 5C). However, both BL-
hUC-MSC and WT-hUC-MSC treatment significantly attenuated
these histological changes and the number of cleaved caspase-3-pos-
itive cells, and BL-hUC-MSC treatment exerted significantly better
protection than the protection exerted by WT-hUC-MSCs. Semi-
quantitative assessment using a lung, liver, and kidney histological
injury or cell apoptosis score demonstrated that the degrees of organ
injury in the BL-hUC-MSC and WT-hUC-MSC treatment groups
were significantly lower than that in the PBS-vehicle group and that
BL-hUC-MSC treatment exerted better protective effects than the
protective effects exerted by WT-hUC-MSC treatment (Figures 5B
and 5C). These results indicate that transplanted BL-hUC-MSCs
can significantly reduce the apoptosis rate of organ cells in septic
mice and exert organ-protective functions.
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Figure 3. Inmunomodulatory and Anti-inflammatory Effects of hUC-MSCs Engineered with an Antibacterial Fusion Protein

(A) The inhibitory effect of engineered-hUC-MSCs on PHA-induced peripheral blood mononuclear cell (PBMC) proliferation using flow cytometry and CFSE staining. CFSE
fluorescence intensity reduction of PBMCs was detected by flow cytometry. Data are representative of three independent experiments. (B) The mean fluorescent intensity
(MFI) of the CFSE dilution in the cells from the data in (A) was quantified. Similar experiments were performed at least in triplicate. The data are mean + SEM. *p < 0.05. (C)
Conditioned medium from engineered hUC-MSCs regulated the in vitro proinflammatory and anti-inflammatory mediator expression in LPS-induced mouse peritoneal
macrophages. Similar experiments were performed at least in triplicate. The data are mean + SEM. *p < 0.05, *p < 0.01 compared with wild-type hUC-MSCs. #p < 0.05,
##p < 0.01 compared with LB-hUC-MSCs. (D) The inhibitory effect of BL-hUC-MSCs on the inflammatory response in CLP-induced septic mice at 24 h after treatment.
Similar experiments were at least performed in quintuplicate. The data are mean + SEM. *p < 0.05, **p < 0.01. WT, wild-type hUC-MSCs; BL, BPI21/LL-37-engineered hUC-
MSCs; LB, LL-37/BPI21-engineered hUC-MSCs; CFSE, carboxyfluorescein diacetate succinimidy! ester.

DISCUSSION

Sepsis is an excessive systemic inflammatory response syndrome that
is followed by a compensatory anti-inflammatory response syn-
drome.”>* Excessive inflammatory reactions can lead to extensive
host damage, which is sometimes greater than that caused by the
infection alone. Whereas the majority of therapeutic strategies, such
as anti-thrombosis therapy of activated protein C, anti-inflammation
therapy using TNF-o. monoclonal antibodies, and neutralizing LPS
using anti-LPS antibodies, are designed to treat a single key point
of the pathophysiological events in sepsis, they have failed.” "' At pre-
sent, no drugs have been specifically approved to treat sepsis.
Therefore, a comprehensive therapy designed for the control of the
infection, anti-inflammation, scavenging pathogen microorganisms
and their toxic substances, and organ function protection or repair
can be an effective therapeutic strategy for sepsis. MSC transplanta-
tion has been considered a promising comprehensive therapeutic
strategy with multiple functions (including anti-inflammation, tissue
repair, and regeneration) to treat sepsis.'>'“*” ">’ In addition, MSC-
derived vesicles, whether exosomes or microvesicles, have been
shown to be as potent as the parent stem cell as a therapeutic in
various organ-injury models.”” In 2007, the first study of bone
marrow-derived mesenchymal stem cells (BMSCs) for the treatment

1810 Molecular Therapy Vol. 28 No 8 August 2020

of sepsis was reported.”’ Moreover, another study also showed that
BMSCs are more effective in treating sepsis in mice than adipose-
derived mesenchymal stromal cells (ADMSCs).”> Another study
has shown that human mesenchymal stem cells from umbilical
cord blood reduce proinflammatory cytokines more significantly
than BMSCs and ADMSCs.*? Additionally, some research has also
shown that hUC-MSCs showed similar or superior characteristics
to MSCs from other sources and displayed better treatment effect
in sepsis.”’35 Therefore, hUC-MSCs were selected as seed cells in
this study. However, mesenchymal stem cells usually lack effective
antimicrobial and endotoxin-neutralizing functions.

The establishment of control of an infection is the first key step to
reduce the occurrence of sepsis. However, the incidence of both
drug-resistant bacteria and the number of immunocompromised septic
patients is increasing; this suggests that antibiotic therapies are ineffec-
tive or even detrimental, as they have been shown to deteriorate a pa-
tient’s clinical condition.® Therefore, the activation of the body’s natu-
ral anti-infection immunity may also help to control sepsis. BPI is a
natural, potent bactericidal protein and is considered as an attractive
agent to be used for preventing and/or treating sepsis. Notably,
rBPI21 was developed as a novel agent to treat sepsis.’® However, the
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Figure 4. BL-hUC-MSC Transplantation Enhances Bacterial and Endotoxin Clearance Capabilities and Improves the Survival Rates in Septic Mice

(A) The bacterial clearance in blood, kidney, liver, and lung was detected after hUC-MSCs treatment at 24 h in the CLP-induced septic mice. The CFU were counted in the
organs. The experiments were performed in quintuplicate, and the data are presented as the mean + SEM. *p < 0.05, *p < 0.01. WT, wild-type hUC-MSCs; BL, BPI21/LL-
37-engineered hUC-MSCs. (B) The serum LPS level was measured after hUC-MSC treatment at 24 h in the CLP-induced septic mice. Similar experiments were performed in
quintuplicate, and the data are presented as the mean + SEM. *p < 0.05, **p < 0.01. (C) BL-hUC-MSCs were combined with Tienam (7 mg/kg), 24 h after the CLP surgery and
significantly improved the 120-h survival rates of CLP-induced septic mice. (D) BL-hUC-MSCs were combined with Tienam (7 mg/kg), 6 h after the CLP surgery, and
significantly improved the 120-h survival rates of CLP-induced septic mice but not better than the WT-hUC-MSCs. (E) BL-hUC-MSCs were combined with Tienam (7 mg/kg),
24 h after the bacterial injection and significantly improved the 120-h survival rates of Staphylococcus aureus-induced septic mice. (F) BL-hUC-MSCs significantly improved
the 120-h survival rates of LPS-induced septic mice. WT, wild-type hUC-MSCs; BL, BPI21/LL-37-engineered hUC-MSCs. Survival curves of different treatment groups were
plotted according to the Kaplan-Meier method and were compared using the log-rank tests.

administration of rBPI21 was unable to maintain a constant optimal
therapeutic level, due to its high cost and the short in vivo half-life of
the recombinant protein. These defects caused disappointing clinical
trial outcomes.”’ LL-37 is a broad-spectrum antibacterial and can be
secreted by naive MSCs; however, the amounts secreted are limited.'”?”
Therefore, in the current study, a broad-spectrum antibacterial fusion
peptide (BPI21/LL-37; based on BPI21 and LL-37) was developed to
modify hUC-MSCs using a lentiviral vector. This novel secreted
BPI21/LL-37 anti-bacterial fusion peptide significantly enhanced
hUC-MSCs, the broad-spectrum antibacterial functions, and the LPS
neutralization activities and its half-life, whereas we could not further
address whether the mechanism of action is bacteriostatic or bacteri-
cidal at this stage. These results support the use of BL-hUC-MSCs as
an adjunct therapeutic antibacterial agent for sepsis. Although lenti-
virus-mediated gene modification has used chimeric antigen receptor
(CAR) T cell therapies,™ a gene-modified stem cell was not still used

in the clinical treatment. Therefore, more preclinical safety of BL-
hUC-MSCs, such as its tumorigenesis, needs to be assessed before clin-
ical trials. Fortunately, hUC-MSCs display low immunogenicity, but it
still is allogeneic and can be cleared by the recipient’s immune system,
4 months after transplantation.” In addition, the safety experiments
show that the level of BPI21/LL-37 in the blood circulation restored
to baseline level 4-5 days after BL-hUC-MSC transplantation, and
BL-hUC-MSC transplantation did not affect the survival rate, body
weight, organ weight, and appetite of the C57BL/6] mice (Tables S2
and S3). The above results suggested that the short-term safety of
BL-hUC-MSCs is manageable, but its long-term safety needs to
perform more experiments in the future.

The stemness phenotype of hUC-MSCs is the basis of its tissue repair
and regeneration function.*’ In this study, we found that the engi-
neered hUC-MSCs still have differentiation capacity similar to the
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Figure 5. Protection of BL-hUC-MSCs on the Organ Functions of CLP-Induced Septic Mice

(A) The serum levels of the liver enzymes aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were remarkably decreased in the BL-MSC-treated mice (p <
0.01 versus the CLP + PBS mice) but only slightly decreased in the MSC-treated mice. Similar results were also shown in the serum levels of amylase (AMS), urea, and
creatinine (crea). These findings indicate that BL-MSCs can effectively enhance the therapeutic effect of MSCs in sepsis. (B) H&E staining of livers, kidneys, and lungs. The
arrows indicate damage sections of livers, kidneys, and lungs. Histological injury scores are shown at right. n = 5 for each group. Bar, 20 um. *p < 0.05, **p < 0.01. (C)
Immunocytochemistry staining showing that apoptosis was colocalized in the livers, kidneys, and lungs. We examined cleaved caspase-3 protein in the liver, kidney, and lung
tissue of each group at 48 h after CLP. Bar, 20 um. *p < 0.05, **p < 0.01. 10D, integrated optical density.

wild-type hUC-MSCs (Figures S2A and S2B); the engineered hUC-
MSCs also express stemness genes, including OCT-4, INHBA, and
¢-MYC (Figures S2C and S$2D). Our results indicate that the ectopic
expression of BPI21/LL-37 does not affect the tissue repair and regen-
eration functions of hUC-MSCs.

Furthermore, the addition of antibacterial and endotoxin neutraliza-
tion functions to MSCs is critical, but retaining its anti-inflammatory
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and immunosuppressive functions is also important for the successful
treatment of sepsis. In this study, we confirmed that engineered hUC-
MSCs retain the inhibitory ability against PHA-induced PBMC pro-
liferation at a similar level as that of the wild-type hUC-MSCs. In
addition, the conditioned medium from both types of engineered
hUC-MSCs, especially from the BL-engineered hUC-MSCs, signifi-
cantly downregulated the expression of proinflammatory cytokines
and upregulated the expression of anti-inflammatory cytokines in
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LPS-induced mouse peritoneal macrophages. Therefore, our data
indicate that BL- or LB-engineered hUC-MSCs retain anti-inflamma-
tory functions.

In addition, our in vivo results also indicate that WT-hUC-MSC and
BL-hUC-MSC transplantation significantly improved the survival
rate of septic mice and that BL-hUC-MSCs displayed better protective
effects in CLP-induced septic mice that received antibiotics 24 h after
operation (Figure 4C); this is true, except for when the antibiotic Tie-
nam was used jointly in CLP-induced septic mice, 6 h after CLP in-
duction, and the wild-type hUC-MSCs display slightly well-protective
effects but no statistical significance. In our opinion, when potent an-
tibiotics were used at the early stage after CLP induction, the infection
was effectively controlled, and the leading lethal cause may be a sys-
temic inflammatory response. However, the comprehensive therapy
capacities of BL-hUC-MSCs for sepsis were enhanced by its bacterial
and endotoxin clearance activities, but we thought that its anti-in-
flammatory or other activities might be impaired by the lentivirus
infection. Therefore, the early clinical use of antibiotics, in combina-
tion with hUC-MSCs, can timely and effectively treat sepsis patients.
However, in clinical practice, there is a lack of a diagnostic “gold stan-
dard,” due to an insidious sepsis status in the early stages;*' in addi-
tion, there is an increasingly strict clinical use of antibiotics. Up to
one-third of patients has negative blood cultures and lack the strong
evidence needed for the use of third-line antibiotics; so once sepsis is
diagnosed in clinical practice, patients often have missed the best time
to use antibiotics to rescue their condition. Research has shown that
for every 1 h that antibiotic administration is delayed, the patient’s
mortality will increase by 12%.** Fortunately, the concentration of
BPI21/LL-37 continuously maintained at a high level in blood circu-
lation for 4-5 days by BL-hUC-MSC transplantation-mediated
constitutive overexpression and its extended half-life (Figure S3),
which could significantly improve the survival rate by exerting their
bacterial and endotoxin clearance capabilities, as was seen in severe
septic mice. In addition, we also observed in each septic model that
BL-hUC-MSCs did not show more advantages in the early stages after
the injection of cells and antibiotics. However, the protective effects of
BL-hUC-MSCs gradually appeared over time with severe infection,
and the difference between the wild-type and BL-engineered hUC-
MSCs changed more significantly in the later stages. In our opinion,
bacteria and endotoxin clearance therapies that are continuously
supported by BL-hUC-MSCs, which impair the excessive systemic in-
flammatory response by reducing the existence of pathogen-associ-
ated molecular patterns (PAMPs), play an important role in severe
sepsis and in the late stages of sepsis.

In sepsis, the body’s immune system is overactivated and interacts to
create an “inflammatory waterfall effect” and an imbalance in homeo-
stasis.”>*® Previous studies have shown that in sepsis models or pa-
tients, a number of septic cytokines, including TNF-a, IL-1B, and
IL-6 and the anti-inflammatory cytokine IL-10 in serum, are
elevated.”>*® In the current study, compared with those of PBS and
hUC-MSCs, BL-hUC-MSC treatment significantly improved this
imbalance inflammatory response; this indicates that BL-hUC-

MSCs can play an immunosuppressive role in an excessive
inflammatory response, leading to a balance of “proinflammatory”
and “anti-inflammatory” effects.

Multiple organ failure is the leading cause of death in patients with
sepsis, whereas the liver, kidneys, and lungs are the most commonly
damaged organs early in sepsis.**** Our study found that after treat-
ment with BL-hUC-MSCs and hUC-MSCs, the liver function (AST
and ALT), renal function (crea and urea), and pancreatic function
(AMS) were markedly improved, and BL-hUC-MSCs displayed a bet-
ter protective role. Histopathological examination also showed
similar results. In addition, immunohistochemical staining showed
that cleaved caspase-3-positive apoptotic cells were remarkably
reduced in liver, kidney, and lung tissue sections after treatment
with WT-hUC-MSCs and BL-hUC-MSCs, but BL-hUC-MSCs dis-
played more protective effects. Sepsis is often accompanied by organ
damage, of which apoptosis is closely related to the injury induced by
inflammatory mediators, such as TNF-o.*°. Some studies indicate that
MSCs attenuate injury induced with LPS through reducing the infil-
tration of inflammatory cells in various target organs and by reducing
cell death.'>*” Our study suggested that fusion proteins BPI21/LL-37
could be continuously overexpressed in vivo, which enhanced bacte-
ria clearance and endotoxin-neutralizing activities of MSCs in vivo.
Therefore, the decrease of LPS would reduce endotoxin-induced sys-
temic response and prevent apoptosis progression in sepsis.

In summary, the BPI21/LL-37 modification enhanced the antibacte-
rial function and endotoxin neutralization of hUC-MSCs but did
not affect its stemness, tissue repair and regeneration, anti-inflamma-
tory abilities. BPI21/LL-37 could be continuously overexpressed
in vivo as a broad-spectrum antibacterial fusion protein, which signif-
icantly enhanced the bacterial and LPS clearance effect of organs and
blood in the CLP-induced septic mice. Therefore, the BPI21/LL-37
modification provides hUC-MSCs with an additional, multifaceted
therapeutic potential for sepsis and can significantly improve the pro-
tective effects of hUC-MSCs on survival and multiple organ dysfunc-
tion in severe septic mice. Thus, we believe that BL-hUC-MSCs are a
promising therapeutic approach for severe sepsis and septic shock,
and the future validation of our studies in the clinic is warranted.

MATERIALS AND METHODS

Design and Construction of the BPI21/LL-37 Fusion Peptide

Two kinds of BPI21/LL-37 (BL) and LL-37/BPI121 (LB) fusion pep-
tides that were linked by a GGGGS oligopeptide linker were designed.
The fusion genes that contained a DNA sequence of the BPI or LL-37
signaling peptide in the N terminus of the antibacterial fusion peptide
were artificially synthesized; then, they were ligated into lentiviral vec-
tors to construct a lentiviral expression system of the BPI21/LL-37 or
LL-37/BPI121 (Figure 1A).

Animals, Septic Models, and Improving the Effects of
Engineered hUC-MSCs on the Survival Rate of Septic Mice

Male C57BL/6] mice, weighing 22-25 g, were purchased from Vital
River Laboratory Animal Technology (Beijing, China). The mice
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were housed at a controlled temperature of 22°C-24°C with 12 h
light-dark cycles. The mice were offered standard laboratory tap wa-
ter and chow ad libitum. All mice were kept in quarantine for 1 week
before our experiment. The experiments were performed according to
the protocols approved by the Ethics Review Committee for Animal
Experimentation of Daping Hospital, Army Medical University. All
mice were treated humanely throughout the experimental period.

The CLP-induced severe septic model was induced by an operation in
male C57BL/6] mice, as described previously.'” Two other septic
models were induced by injecting a 10-mg/kg dose of LPS (Sigma,
St. Louis, MO, USA) via an intraperitoneal injection or by adminis-
tering 1 x 10° CFU Staphylococcus aureus (ATCC 25923) per mouse
via an intraperitoneal injection. MSCs were administered to the septic
mice by tail intravenous injections at 2 x 10° cells per mouse after 3 h
of CLP surgery or the bacterial injection or 1 h prior to LPS injection.
The survival curves of the mice were calculated during 120 h after the
surgery, bacterial injection, or LPS injection.

Construction of Engineered hUC-MSCs Using an Antibacterial
Fusion Peptide Lentiviral Expression System

MSCs from human umbilical cords were separated, as previously
described,® and provided by Chongging Fumei Stem Cell Biotech-
nology Development. For the subcultures of hUC-MSCs, the culture
media were replaced with DMEM/F12 (HyClone, Logan, UT, USA)
containing 10% fetal bovine serum (FBS; Gibco, Grand Island, NY,
USA).* Human umbilical cords were obtained from full-term
caesarian section births from Daping Hospital, Army Medical Uni-
versity. hUC-MSCs, between 4 and 6 passages, were used for the
in vitro and in vivo experiments.

Lentivirus particles were produced in 293T cells, as previously
described.” An equal number of viruses containing the antibacterial
fusion peptide gene were used to infect hUC-MSCs to transform them
into BPI21/LL-37-engineered hUC-MSCs (BL-hUC-MSCs) and LL-
37/BPI21-engineered hUC-MSCs (LB-hUC-MSCs). After the engi-
neered hUC-MSCs were cultured for 48 h, the culture supernatants
and cells were collected, and aliquots were stored at —80°C for the
antibacterial activity assay, the endotoxin-neutralizing activity assay,
and other subsequent experiments.

In Vivo Expression and Longevity of BPI21/LL-37 Assays

To detect the expression and longevity of BPI21/LL-37 in C57BL/6]
mice, the animals were randomly divided into three groups (PBS
versus WT versus BL). In-vitro-cultured BL-hUC-MSCs and WT-
hUC-MSCs were used in this study, and MSCs were administered
to mice by tail intravenous injections (2 x 10° cells per mouse in
200 pL of PBS). Mice blood and serum were collected at 5 time points
(0, 12, 24, 48, 96, and 120 h) after MSC administration, and the serum
samples were stored at —80°C. The protein level of BPI21/LL-37 in
the mice serum was detected using the corresponding mouse ELISA
kit, according to the manufacturer’s instructions (TSZ, USA).
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In Vitro Antibacterial Activity Assay

To test the broad-spectrum antibacterial activity of conditioned me-
dium from engineered hUC-MSCs, nine microbial strains, including
Klebsiella pneumoniae (ATCC 700603), Pseudomonas aeruginosa
(ATCC 10145, ATCC 27853), Staphylococcus aureus (ATCC
29213 and ATCC 25923), methicillin-resistant Staphylococcus
aureus (MRSA; ATCC 33591), Enterococcus (ATCC 35667), Entero-
coccus faecalis (ATCC 33186), and Escherichia coli (ATCC 25922),
were obtained from the clinical laboratory of Daping Hospital,
Army Medical University of China. Then, 100 pl Mueller-Hinton
broth medium containing 1 x 10* CFU of the above bacteria was
mixed with conditioned medium from three types of hUC-MSCs
in a ratio of 1:1 in a sterile, 96-well culture plate; the plates were
incubated for 12-18 h at 37°C. The microplate reader detected
the absorbance of each well at 600 nm and compared the optical
density of a 600-nm wavelength (OD600) difference of each group.
In addition, culture media were serially diluted (1:10) using PBS,
50 pL of each dilution was then plated and cultured for 24 h at
37°C on Mueller-Hinton agar, and then CFUs were counted, as pre-
viously described.”” Each group experiment was performed in
quintuplicate.

Endotoxin Neutralization Assay

To test the ability of BL- and LB-hUC-MSCs to neutralize endotoxins,
the endotoxin-neutralizing activity of conditioned media from engi-
neered hUC-MSCs was detected by the dynamic colorimetric method
(Xiamen Reagent Biotech, Xiamen, China), according to the manu-
facturer’s instructions. Then, 150 pL of the test solution containing
0.25 endotoxin unit (EU) endotoxin was mixed with 50 uL fresh
cell medium containing 0 pL, 3.125 pL, 6.25 pL, 12.5 pL, 25 pL, or
50 pL conditioned medium from three kinds of hUC-MSCs, and
the mixtures were incubated for 2 h at 37°C. The absorbance was de-
tected at 405 nm. Each group experiment was performed in
quintuplicate.

Assay of the Inhibitory Effect of Engineered hUC-MSCs on
PBMC Proliferation

To test the inhibitory effect of engineered hUC-MSCs on immuno-
cyte proliferation, MSCs and PBMCs were cocultured in a Trans-
well-48 system. Freshly isolated PBMCs (10° cells/mL in phos-
phate-buffered saline) from fresh human blood were labeled with
5 mM CFSE (BD Horizon, USA) for 8 min at room temperature,
and the reaction was terminated by adding 2% fetal calf serum in
PBS. Labeling PBMCs (2 x 10° cells/well) were cocultured with their
corresponding MSCs at a 5:1 ratio (PBMCs:MSCs) in 48-well plates.
After the coculture system was stimulated with 20 jg/mL PHA for 48
h, the PBMCs were collected, and the remaining cell-associated CFSE
fluorescence was analyzed by the NovoCyte flow cytometer (ACEA
Biosciences, Hangzhou, China). PBMC proliferation was detected
by flow cytometry by reduction of CFSE fluorescence intensity. A
lower amount of CFSE per cell indicates increased proliferation of
the respective cells.
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Anti-inflammatory Ability Assays of Engineered hUC-MSCs

The preparation of the conditioned medium was as follows: after WT-
hUC-MSCs, BL-hUC-MSCs, and LB-hUC-MSCs were cultured for
48 h, 10 mL of culture supernatant was collected and concentrated
to 1 mL of conditioned medium used with the Amicon Ultra-15 Cen-
trifugal Filter (molecular weight cutoff of 10 kDa). Then, aliquots
were stored at —80°C for later use.

The mouse peritoneal macrophages were seeded into 6-well plates at a
density of 1 x 10° cells/well and were cultured for 24 h. After macro-
phages were treated with 10 ng/mL of LPS for 3 h, the medium was
replaced with 1 mL of fresh medium containing 0 pL, 20 pL, 60 pL,
100 pL, 140 pL, and 180 uL of conditioned medium from three kinds
of hUC-MSCs, respectively. After treatment for 9 h, the supernatant
of each well was collected. Each group experiment was performed in
triplicate. The concentrations of IL-10, TNF-a, IL-1B, and IL-6 in the
supernatant were measured by ELISA, according to the instructions
of the Wuhan Boster Bio-ELISA kit.

Bacterial Clearance Assays in Blood, Kidney, Liver, and Lung
and Serum LPS-Level Determinations in the CLP-Induced Septic
Mice

BL-hUC-MSCs or WT-hUC-MSCs were administered by tail intrave-
nous injections at 2 x 10> cells per mouse after 3 h of CLP surgery.
Then, the blood, kidney, liver, and lung samples were collected at
24 h after MSC treatment for analysis. Total blood and homogenized
snips of each organ were serially diluted (1:10) using PBS; 50 pL of
each dilution was then plated on 5% sheep blood agar plates until the
number of CFUs was counted on blood agar. The serum LPS level
was detected by the dynamic colorimetric method (Xiamen Reagent
Biotech, Xiamen, China), according to the manufacturer’s instructions.

ELISA

The protein levels of TNF-a, IL-10, IL-6, and BPI21/LL-37 in the cell
culture supernatants or mouse serum were detected using the corre-
sponding mouse ELISA kit, according to the manufacturer’s instruc-
tions (Boster, Wuhan, China).

Histological Examination of Liver, Lung, and Kidney Damage
Fresh mouse liver, lung, and kidney tissues were randomly selected
from six mice per experimental group. The samples were fixed with
4% paraformaldehyde (PFA; pH 7.4) and were then gradually dehy-
drated, embedded in paraffin, cut into 4 um sections, and stained
with H&E for light microscopy. To evaluate the degree of organ
injury, a liver injury grading score (grade 0-4), based on the severity
of necrotic lesions in the liver parenchyma, was carried out, as previ-
ously reported;”" a lung injury grading score (grade 0-4) was based on
the four following categories: interstitial inflammation, neutrophil
infiltration, congestion, and edema, which were carried out, as previ-
ously reported;>* and then, the renal tubular injury score was assessed
according to the percentage of cortical tubules with epithelial necro-
sis, as previously reported.”® The degree of organ injury was evaluated
with blind procedure, and injury grading score was carried out in five
random microscopic fields per organ.

Immunohistochemical Staining for Apoptosis

The paraffin-embedded sections of liver, lung, and kidney tissues
from histopathological evaluations (above) were employed for immu-
nohistochemical experiments. The embedded tissue sections were de-
paraffinized and gradually dehydrated; then, antigen retrieval was
performed, and the nonspecific antigens were blocked. For cleaved
caspase-3 staining, the specimens were incubated with a rabbit anti-
mouse cleaved caspase-3 antibody (1:200; Cell Signaling Technology
[CST], Danvers, MA, USA), as previously reported, at 4°C
overnight,”* followed by a 30-min incubation with a horseradish
peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody
(ZSGB-BIO, China). Subsequently, the samples were stained with
the 3,3'-diaminobenzidine (DAB) Immunohistochemistry Color
Development Kit (ZSGB-BIO, China), followed by hematoxylin.
Then, the slides were washed using deionized water and mounted
in xylene-based mountant. Then, the immunohistochemical staining
of cleaved caspase-3 in liver, lung, and kidney tissues was analyzed by
Image Pro-Plus (IPP), and the results were compared with visual
assessment, as described previously.” The integrated optical density
(IOD) was log10 transformed, and the analysis of cleaved caspase-3
staining was semiquantitatively evaluated in the tissues.

Statistical Analysis

All data are expressed as the mean + SEM unless otherwise indicated.
The statistical significance between the groups was analyzed using a t
test or one-way ANOVA, followed by Tukey’s post hoc test, to correct
for multiple comparisons in GraphPad Prism 6 (San Diego, CA,
USA). Survival curves of different treatment groups were plotted, ac-
cording to the Kaplan-Meier method, and were compared using the
log-rank tests. The statistical significance was set at p < 0.05.
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