Costamagna et al. Intensive Care Medicine
Intensive Care Medicine Experimental (2024) 12:111

https://doi.org/10.1186/540635-024-00701-z Experimental

. . ™
Human liver stem cells and derived i

extracellular vesicles protect

from sepsis-induced acute lung injury
and restore bone marrow myelopoiesis
in a murine model of sepsis
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Vito Fanelli', Giovanni Camussi® and Lorenzo Del Sorbo”

Abstract

Background Sepsis is a condition with high mortality and morbidity, characterized by deregulation of the immune
response against the pathogen. Current treatment strategies rely mainly on antibiotics and supportive care. However,
there is growing interest in exploring cell-based therapies as complementary approaches. Human liver stem cells
(HLSCs) are pluripotent cells of mesenchymal origin, showing some advantages compared to mesenchymal stem
cells in terms of immunomodulatory properties. HSLC-derived extracellular vesicles (EVs) exhibited a superior efficacy
profile compared to cells due to their potential to get through biological barriers and possibly to avoid tumorigenicity
and showed to be effective in vivo and ex vivo models of liver and kidney disease. The potential of HLSCs and their
EVs in recovering damage to distal organs due to sepsis other than the kidney remains unknown. This study aimed

to investigate the therapeutic potential of the intravenous administration of HSLCs or HSLCs-derived EVs in a murine
model of sepsis.

Results Sepsis was induced by caecal ligation and puncture (CLP) on C57/BL6 mice. After CLP, mice were assigned
to receive either normal saline, HLSCs or their EVs and compared to a sham group which underwent only laparotomy.
Survival, persistence of bacteraemia, lung function evaluation, histology and bone marrow analysis were performed.
Administration of HLSCs or HLSC-EVs resulted in improved bacterial clearance and lung function in terms of lung
elastance and oedema. Naive murine hematopoietic progenitors in bone marrow were enhanced after treatment

as well. Administration of HLSCs and HLSC-EVs after CLP to significantly improved survival.

Conclusions Treatment with HLSCs or HLSC-derived EVs was effective in improving acute lung injury, dysmyelopoie-
sis and ultimately survival in this experimental murine model of lethal sepsis.

Keywords Shock, Septic, Mesenchymal stem cells, Extracellular vesicles, Acute lung injury, Myelopoiesis

Andrea Costamagna and Chiara Pasquino These authors contributed equally
to this work.

*Correspondence:

Lorenzo Del Sorbo

lorenzo.delsorbo@utoronto.ca

Full list of author information is available at the end of the article

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-3294-9838
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40635-024-00701-z&domain=pdf

Costamagna et al. Intensive Care Medicine Experimental (2024) 12:111

Background

Sepsis is a common condition with a high mortality rate,
which reaches over 40% in the most severe cases of sep-
tic shock [1-3]. A body of evidence indicates that during
sepsis the deregulation of the immune response against
the pathogen results in multiorgan dysfunctions [4],
including acute respiratory distress syndrome (ARDS) [5,
6], acute kidney injury and bone marrow derangement
with thrombocytopenia [7] and myelopoiesis impair-
ment [8]. Currently, treatment for sepsis remains timely
and appropriate antimicrobial therapy, effective infection
source control and supportive care [9-12].

The effects and mechanisms of cell-based therapy [5,
13] have been investigated in sepsis. In several pre-clin-
ical models of sepsis, mesenchymal stromal cells (MSCs)
have been shown to reduce inflammation, and enhance
bacterial clearance and recovery from lung injury [5, 14—
16]. In addition, MSCs have already been tested in phase
1 clinical trial in patients with septic shock, showing
good tolerance and lack of significant adverse events [17,
18]. However, the use of MSCs in treating sepsis raised
several significant concerns. Schlosser et al. found that
MSC:s elicited a temporary increase in pro-inflammatory
cytokines, such as IL-6, IL-8 and MCP-1, when given at
high doses [18]. HLA mismatched MSCs are susceptible
to natural killer (NK) mediated cytotoxicity [19], which
has been consistently shown to be the leading cause of
MSC death [20].

Extracellular vesicles (EVs) represent a varied group of
particles originating in the cytosol and capable of being
secreted by various cell types. EVs are composed of a
membrane-enclosed cargo that mediates cellular com-
munication upon release into the extracellular space [21].
In different pre-clinical disease models, MSC-released
EVs (MSC-EVs) showed the same therapeutic effect com-
pared to the entire cell but with fewer adverse effects (i.e.,
absence of allogenic-driven immune response and theo-
retical oncogenic potential). Moreover, they offer distinct
advantages such as higher suitability for long-term stor-
age and direct mRNA-mediated cell-to-cell communica-
tion, with stronger signalling [22].

Human liver stem cells (HLSCs) have been isolated in
2006 [23]. These cells are pluripotent and even if they
do not express hematopoietic markers, they share some
identity phenotype with MSCs, disclosing a mesenchy-
mal origin together with immunomodulatory proper-
ties [24]. These cells were able to promote reduction
of liver fibrosis and inflammation by reducing mRNA
expression of II-1p and Ifn-y, as well as leukocyte infil-
tration, in a murine model of non-alcoholic steatohepa-
titis. [23, 25, 26]. In addition, HLSC-EVs were effective
in reducing phospho-mTOR, a key downstream target
of the PI3K/Akt/mTOR pathway, suggesting potential
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anti-inflammatory activity. [27] PI3Ky is known to play a
critical role in neutrophil recruitment, and its inhibition
reduced mortality and organ damage in a murine model
of CLP-induced sepsis. [28] However, the therapeutic
potential of HLSCs in recovering organs other than the
liver has only been shown in a mouse model of acute kid-
ney injury (AKI) [29, 30]. The potential of HLSCs and
their EVs in recovering distal organs other than the kid-
ney and the liver remains unknown.

HSLCs showed some theoretical advantages compared
to MSCs regarding the immunomodulatory properties in
an allogenic in vitro setting. In particular, HSLCs were
able to inhibit T-cell proliferation to a greater extent than
MSCs when co-cultured with allogenic CD3™" cells [31]
Moreover, the incubation of natural killer cells (NK) with
HSLCs did not induce NK degranulation, as in contrast
to MSCs [31]. In addition, HSLCs demonstrated to be
effective in inhibiting T-cells proliferation at lower doses
compared to MSCs [24, 31].

Extracellular vesicles derived from HSLCs have recently
been characterized. They exhibit a superior efficacy pro-
file compared to cells, essentially due to their potential
to get through biological barriers and possibly to avoid
tumorigenicity. They showed to be effective in in vivo and
ex vivo models of liver and kidney disease [24, 29].

The aim of this work was to investigate the therapeu-
tic effect of the intravenous administration of HSLCs or
HSLC-derived extracellular vesicles in a clinically rel-
evant murine model of sepsis.

Our hypothesis was that treatment with HLSCs or
HLSC-EVs could improve acute lung injury and dysmy-
elopoiesis and ultimately enhance survival.

Methods

Animals

C57/BL6 male mice weighing 25-30 g were purchased
from Charles Rivers (Italy). The experimental protocol
(number 0253358) for this study was in accordance with
the institutional animal welfare guidelines and approved
by the Bioethical Committee of the University of Turin
(approval date: 23/02/2012). Mice were housed, provided
free access to standard food and water in a controlled
facility with a 12-h light and dark cycle.

Culture of HLSC and fibroblasts

HLSCs were isolated from human cryopreserved normal
hepatocytes provided in kind by Lonza (Basel, Switzer-
land) and characterized as previously described (Herrera
et al, 2006). Briefly, HLSCs were cultured in a stand-
ard culture medium containing a 3 to 1 proportion of
a-minimum essential medium and endothelial cell basal
medium-1, supplemented with L-glutamine 2 mM, peni-
cillin 100 UI/ml/streptomycin 100 pg/ml and 10% Fetal
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Calf Serum (a-MEM/EBM/FCS; Gibco/Cambrex) and
maintained in a humidified 5% CO2 incubator at 37 °C.
Cells at about 80% confluence were trypsinized and har-
vested by centrifugation at 1200 rpm for 5 min and used
for further expansion or for in vivo injection.

Primary normal Human Dermal Fibroblasts (NHDF)
(provided in kind by Lonza, Basel, Switzerland) were cul-
tured in FGM-2 Growth Media (Lonza, Basel, Switzer-
land) supplemented with bullet kit. Cells at about 80%
confluence were trypsinized and harvested by centrifuga-
tion at 1200 rpm for 5 min and used for further expan-
sion or for in vivo injection.

Isolation and characterization of EVs from HLSCs

EVs were obtained from supernatants of HLSCs cultured
in RPMI medium (Fig. S1). After centrifugation at 3000 g
for 20 min to remove debris, followed by a filtration using
a 0.22 pm vacuum filter unit to eliminate large vesicles,
the cell-free supernatants were centrifuged at 100000 g
(Beckman Coulter Optima L-90 K ultracentrifuge; Beck-
man Coulter, Fullerton, CA) for 2 h at 4 °C. EVs were
resuspended in RPMI+ 1% DMSO and stored at —80 °C.
Each EV preparation was verified by size distribution
using the NanoSight NS300 system (NanoSight, Ames-
bury, UK): 5 different preparation were diluted in sterile
saline solution (1:200) and particle number and size were
analysed with NanoParticle Tracking Analysis (NTA)
System of the NTA 3.2 Analytical Software as described
previously [32].

EV phenotype was confirmed using bead-based mul-
tiplex analysis by flow cytometry (MACSPlex Exosome
Kit, human, Miltenyi Biotec) [33]. Briefly, 1x10° EVs
were diluted in 120 pL. of MACSPlex buffer (MPB) and
15 puL of MACSPlex Exosome Capture Beads (containing
39 different antibody-coated bead subsets) and 5 pL each
of APC-conjugated anti-CD9, anti-CD63, and anti-CD81
detection antibodies were added to each tube. The sus-
pensions were then incubated in an orbital shaker for 1 h
at 450 rpm at room temperature, protected from light.
After washing, the supernatant was carefully removed
and EVs were used for the acquisition using BD FACS-
Celesta” Flow Cytometer. The analysis of the marker
expression was performed using the BD FACSDiva"™
Software.

Approximately 5000 single-bead events per sample
have been recorded. Median fluorescence intensity (MFI)
for all 39 capture bead subsets was subjected to a correc-
tion of background by subtracting respective MFI val-
ues from matched media controls. All bead populations
can be identified and gated based on their respective
fluorescence intensity according to the manufacturer’s
instructions.
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Sepsis model caused by caecal ligation and puncture

The caecal ligation and puncture (CLP) model (Fig. 1a)
was performed as previously described [34]. Briefly,
after a ventral midline incision (1 c¢cm), the cecum was
ligated by silk 7-0 immediately after the valve to induce
high-grade sepsis, then the cecum was punctured twice
through-and-through with a 18-gauge needle and
returned into the abdominal cavity. In sham-operated
mice, the cecum was exteriorized and manipulated but
not ligated or punctured. After surgical suture, 1 ml
NaCl 0.9% was administered intra-peritoneally. After the
surgical procedure, an of 1 mg/Kg of tramadol chlorhy-
drate was injected intramuscularly at 0, 6, 24 and 48 h, as
a postoperative analgesia; no antibacterial therapy was
administrated.

After CLP, three groups of animals were randomly
assigned to receive through the tail vein either 0.2 ml
normal saline (CLP group, n=5) as positive control,
1*10° Human Liver Stem Cells resuspended in 0.2 ml
normal saline (HSLC group, #=5) or 1.4*10° of Human
Liver Stem Cells’ Extracellular vesicles resuspended in
0.2 ml normal saline (HSLC-EV group, n=5). HSLC
and HSLC-EV dose was chosen based on previous pub-
lished data and unpublished pilot experiments. [29, 35]
Randomization was performed using opaque sealed
envelopes containing the randomization schedule. Injec-
tion in the tail vein was performed always by the same
operator (VN), who was the only investigator unblinded
and was not involved in the assessment of experimental
outcomes. A fourth group which underwent laparotomy
without CLP was obtained as negative control group
(SHAM group, n=5). Animals were euthanized under
anaesthesia by exsanguination via cardiac puncture with
subsequent cervical dislocation.

Survival

In a separate experiment, mice from each experimental
group (n=9 per group) were monitored for survival dur-
ing the six postoperative days (144 h). This study included
a fifth experimental group, which received 1*10° NHDFs
intravenously after CLP (FB group).

Lung mechanics
Twenty-four hours after CLP or sham surgery, mice were
anaesthetised, the trachea was exposed after median
neck incision and a tracheostomy with a 20G cannula
(standard length) was performed to allow measurement
of lung mechanical properties. Full median sternotomy
was then performed with mediastinum exposure, and full
blood was collected from direct cardiac puncture.

Lungs were ventilated through the tracheostomy tube
to derive lung elastance and airway pressure; gas flow
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Fig. 1 Panel A: In-vivo experimental model of sepsis. The figure represents the caecal ligation and puncture (CLP) procedure together

with the experimental protocol timeline. Panel B: HLSC-EVs Characterization. Representative Nanoparticle tracking analyses showing the size
distribution of HLSC-EVs, with scale bar of 100 nm. Panel C: MACS multiplex bead-based flow cytometry assay of different surface markers,

only expressed markers were reported as mean fluorescent intensity (MFI). The graph shows a quantification of the median APC fluorescence
values for all bead populations after background correction (medium control values subtracted from measured EV-HLSC values) of five different
preparations. No statistically significant differences were observed among them. Panel D: Survival analysis among groups (Gehan—Breslow—
Wilcoxon test). CLP: mice subjected to Caecal Ligation and Puncture treated with IV normal saline; HLSCs: mice subjected to Caecal Ligation

and Puncture treated with IV Human Liver Stem Cells; HLSC-EVs: mice subjected to Caecal Ligation and Puncture treated with IV Human Liver Stem
Cells'Extracellular vesicles; FB: mice subjected to Caecal Ligation and Puncture treated with IV Fibroblasts. *=p < 0.001 versus CLP and FB groups.
Panel E: Analysis of the bacterial load in peripheral blood samples. Sham: mice subjected to simple median laparotomy without performing CLP;
CLP: mice subjected to Caecal Ligation and Puncture treated with IV normal saline; HLSCs: mice subjected to Caecal Ligation and Puncture treated
with IV Human Liver Stem Cells; HLSC-EVs: mice subjected to Caecal Ligation and Puncture treated with IV Human Liver Stem Cells' Extracellular
vesicles. *p < 0.05 CLP versus all other groups; *p < 0.05 Sham versus all other groups. One-way ANOVA with Tukey post-hoc test

was recorded (ICU-Lab, KleisTEK Advanced Electronic
Systems, Bari, Italy). The diaphragm was removed and
a median sternotomy with ribs’ draw back was per-

formed to eliminate the
elastance. Lung elastance w

chest wall components of
as calculated with the super

syringe method [36]: briefly, a 30 ml syringe linked
to a mechanical pump with electronic controls was

connected to the tracheostomy tube after a few seconds
of disconnection of the lungs from the system to allow
complete lung deflation. The airway pressure was meas-
ured by a pressure transducer (zero referred to atmos-
pheric pressure). Gas flow was constant at 2 ml/min
and the inflation was stopped once reached an inspira-
tory pressure (Pi) of 30 cmH,O. Positive end-expiratory
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pressure (PEEP) was 0 cmH,0O, so the lung elastance
was calculated as follows:

E AP  (Pi—PEEP) 30
SV 4 %
where E is lung elastance (expressed in cmH,0O/ml), Pi is
the given target maximum inspiratory pressure and V is
the total volume required to reach the target Pi from the
beginning of lung inflation.

After lung mechanics assessment, the following proce-
dures were performed to assess additional endpoints.

Broncho-alveolar lavage protein concentration

and cytokines

Broncho-alveolar lavage (BAL) was performed on the
isolated left lung. Briefly, left lung was lavaged twice with
0.5 ml normal saline and centrifuged at 3000 g for 10 min;
the supernatant was snap-frozen and stored at — 80 °C for
further analysis. BAL protein concentration was used to
assess the alveolar—capillary barrier permeability. Total
proteins in the BAL were measured by micro-bicin-
choninic acid protein assay (Thermo Scientific, Rockford,
IL).

Quantitative analysis of tumour necrosis factor-o
(TNF-«) and Interleukin-10 (IL-10) in the BAL superna-
tant was performed using the murine and human ELISA
(RayBiotech, Inc Norcross, GA, USA). Briefly, 50 pl of
sample in duplicate were used and incubated following
the vendor instructions, to induce a colorimetric reac-
tion, red on the Biorad 680 microplate reader at 450 nm.

Histological analysis

The right lung was fixed in 4% paraformaldehyde solu-
tion according to standard methods (Sigma-Aldrich) and
paraffined. Lung Sects. (3 pm) were stained with haema-
toxylin and eosin. A pathologist blinded to experimental
groups analyzed nine random fields of view. Lung injury
was quantified using a 4-point score (LIS: 0, none; 1,
mild; 2, moderate; 3, severe) based on four features: (1)
alveolar oedema, (2) capillary congestion, (3) neutrophil
infiltration and (4) septal thickening [37]

Bacterial count in peripheral blood

Bacterial count was assessed as previously described
[38]. Briefly, following sham or CLP surgery, blood was
collected under sterile conditions and 10 pl of blood was
plated on Muller-Hinton agar dishes (Difco Laborato-
ries, Detroit, USA) and incubated at 37 °C. Colony-form-
ing units (CFU) were analyzed after 24 h, and the results
were expressed as CFU per ml of blood.
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Bone marrow analysis

Bone marrow was harvested from femoral and tibial
diaphysis through flushing with ice-cold HBSS followed
by mechanical dissociation with a plunger on a 70 pm
cell strainer to obtain a mononuclear cell suspension
for downstream analysis.

Colony-forming cells (CFC) were assessed using the
assay based on methylcellulose medium (MethoCult",
Stem Cell Technology). The bone marrow-derived cells
were cultured by plating 1 x 10* cells in a 100 pm diam-
eter in the presence of erythropoietin (10 ng/ml) for
6-7 days. The colonies formed were then counted.

For cytological analysis, bone marrow smears were
stained with May—Griinwald solution. In each mouse
bone marrow and blood were analyzed by flow cytome-
try to evaluate the frequency of hemopoietic stem cells
(Scal*KDR™ and Scal®™LINT, respectively).

Statistical analysis

Data are expressed as means * standard deviation (SD).
The Kolmogorov—Smirnov test confirmed that the data
followed a normal distribution for each variable ana-
lysed. One-way ANOVA with Tukey post-hoc analy-
sis was used to compare data between study groups.
Kaplan—Meier analysis has been performed to assess
survival with Gehan-Breslow—Wilcoxon test. Dif-
ferences were considered statistically significant for
p<0.05. Statistical analysis was performed with Prism
9.4 software (GraphPad Software, San Diego, CA,
USA).

Results

Characterization of HLSC-EVs

NanoSight analysis showed that HLSC-EVs have a
consistent profile among different preparations, with
a mean size distribution of 149+ 25 nm (Fig. 1b). The
analysis using MACS multiplex bead-based flow cytom-
etry assay showed that the EVs expressed typical HLSC
markers, such as CD44, CD105, CD146, SSEA4, CD49e
and CD29, and were positive for exosomal tetraspanins
(CD81, CD63, CDY) (Fig. 1c), as previously shown [35].

Survival analysis

The administration of HLSCs and HLSC-EVs after CLP
showed to significantly improve survival in the experi-
mental animals compared to both positive control
groups, who underwent CLP without further treatment
(CLP group) or received 1*10° NHDFs after CLP (FB
group; p<0.05 HLSC and HLSC-EVs vs. both CLP and
FB group—Fig. 1d).
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Bacterial count in peripheral blood

In the HLSC and HLSC-EV groups, the number of
bacterial CFU in the blood was significantly lower
than those observed in the positive CLP control
(90.5+10.0 vs. 80.0+15.1 vs. 135.7 £37.0 CFU respec-
tively, p <0.05) and comparable to those observed in the
SHAM (0.2+0.5 CFU) group (Fig. le).

Lung mechanics

Lung elastance was significantly lower in the HLSC and
HLSC-EV groups compared to the CLP group (23.1+3.0
cmH,O/ml and 22.7+1.0 cmH,O/ml vs. 27.1+2.3
c¢cmH,O/ml, respectively; p <0.05) and comparable to the
SHAM group (Fig. 2a).
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BAL protein concentration and cytokines

The protein concentration in the BAL, which is a sur-
rogate measure of the alveolar—capillary permeabil-
ity, was significantly lower in the HLSC and HLSC-EV
groups than in the CLP group (171+20 vs. 173+31 vs.
326+ 121 pg/ml, respectively; p<0.05), and comparable
to the SHAM group (143 + 29 pg/ml) (Fig. 2b).

The concentration of the pro-inflammatory cytokine
TNFa and the anti-inflammatory cytokine IL-10 was
not affected by CLP (TNFa 0.09+0.01 and IL-10
1.50 +0.44 pg/ml), HSLCs (TNFa 0.10 +£0.02 and IL-10
1.36 £ 0.40 pg/ml) or HSLC-EVs (TNFa 0.08 £ 0.01 and
IL-10 1.45+0.28 pg/ml) treatment. The SHAM group
had also similar BAL concentration of TNFa and

o
*

600 1
E .
[=)
= 4004 -
12
c
g
2 .
Q2004
9 ° A4 -v—Y:v-
< ° A v
m °
0 T T
Q& < O Q
3 N S N
6‘0 O x\z\\/ %C)'
L N
@) Q x
Q\/
2.5+
n
R 2.0 1 A v
E 154 * v
o)) . ° s 4
=2 —e— = A -~
o
< 1.0 4 °®
= A
0.5 +
0.0 T T T T
Q& 03 O Q
2 v 9
%‘Q @) x\b\/ %OQ
N R
0 X
O\g

Fig. 2 Lung specific elastance calculated with the super syringe method (panel A); Bronchoalveolar lavage fluid (BAL) protein concentration
(panel B), as a surrogate of alveolar-capillary barrier permeability; Quantitative analyses of TNFa (Panel C) and IL10 (panel D) concentrations
in the BAL supernatant. Sham: mice subjected to simple median laparotomy without performing CLP; CLP: mice subjected to Caecal Ligation
and Puncture treated with IV normal saline; HLSCs: mice subjected to Caecal Ligation and Puncture treated with IV Human Liver Stem Cells;
HLSC-EVs: mice subjected to Caecal Ligation and Puncture, treated with IV Human Liver Stem Cells Extracellular vesicles. *p <0.05 CLP versus all

other groups. One way ANOVA with Tukey post-hoc test
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IL-10 (0.08+0.03 and 1.25+0.41 pg/ml, respectively)
(Fig. 2c, d).

Histological analysis

In mice exposed to CLP and treated with HLSCs or
HLSC-EVs, the total LIS was significantly lower com-
pared to the positive control animals after CLP (3.8 +1.3
vs. 3.6+ 1.3 vs. 6.8+2.3 A.U,, respectively; p <0.05). Total
LIS was lower in the SHAM group (0.8+1.5 A.U) com-
pared to all the other experimental groups (0.8+1.5 A.U
vs. all; p<0.05) (Fig. 3b). In particular, the HLSC and
HLSC-EVs groups showed significantly lower alveolar
oedema (HLSCs 2.0+0.8 A.U. and HLSC-EVs 1.6+0.6
A.U. vs. CLP 2.7+0.5 A.U,; p<0.05—Fig. 3d) and septal
thickening (HLSCs 0.0+ 0.0 A.U. and HLSC-EVs 0.0+ 0.0
A.U.vs.CLP 1.0+ 0.7 A.U,; p<0.05—Fig. 3e) compared to
the positive controls. However, administration of HLSCs
and HLSC-EVs was not able to prevent neutrophil infil-
tration or capillary congestion induced by CLP (Fig. 3c,
f).

Bone marrow analysis

CLP resulted in a significant decrease in the total
number of CFC from the bone marrow compared to
the SHAM (CLP 44+11 CFC vs. SHAM 62+ 8 CFC;
p<0.01). The treatment with 1*10° HLSCs after CLP
resulted in higher number of CFC (137 + 13 CFC) com-
pared to the CLP and compared to the SHAM group
(Fig. 4a). The administration of HLSC-EVs after CLP
resulted in a higher number of CFC (68 + 8 CSC) than
in the CLP group, similar to those in the SHAM group
(Fig. 4a).

Compared to the positive CLP controls, the admin-
istration of HLSCs and HLSC-EVs after CLP resulted
in a significantly higher number of SCal+lineage
negative hematopoietic precursors in both bone mar-
row (p<0.05; Fig. 4b) and matched blood samples
(p <0.05; Fig. 4c), reaching similar levels of the SHAM
group. Moreover, we didn’t find any significant statisti-
cal difference between the groups of animals receiving
HLSC-EVs and HLSCs.

(See figure on next page.)
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Discussion
This study demonstrates that the administration of
HLSCs or HLSC-EVs was effective in improving the out-
come in a pre-clinical model of lethal sepsis. The admin-
istration of HLSCs or HLSC-EVs in this model resulted
in improved bacterial clearance, improved lung function,
as well as increment of bone marrow murine hematopoi-
etic progenitors and ultimately enhanced survival.
Previous investigations demonstrated the therapeutic
effect of cell-based treatment in animal models of sepsis
[5, 14-16]. As highlighted in the systematic review and
meta-analysis by Shujun Yang et al. [39], only 13 stud-
ies explored the therapeutic effect of stem cell-derived
EVs in a clinically relevant model of septic shock, such
as CLP. Of these studies, only two employed unfrac-
tionated EVs, [40, 41] with just one specifically utilizing
MSC-derived EVs [40] rather than exosomes and none of
them used HLSC derived EVs. The CLP model is consid-
ered the gold standard for sepsis research [42], because
it narrows the gap between experimental and clinical
conditions, compared to other models of sepsis, such
as endotoxin or bacteria administration [43]. CLP more
accurately reproduces the time course and the complex-
ity of the pathophysiological changes, which occur dur-
ing sepsis and septic shock in a living organism after
the original insult, with a persistent release of bacteria
in blood, conditioning a protracted and severe disease
with impact on survival [44]. In our study, we targeted a
model of lethal CLP-induced sepsis, which caused mor-
tality in all the positive control animals (100% mortality)
within 48 h. This approach aimed to enhance the statisti-
cal power of our study by identifying a treatment effect
while minimizing the number of experimental animals
required, thus serving as a proof of concept. Indeed,
treatment with HLSCs or HLSC-EVs 6 h after CLP
resulted in a significant increase in survival with an effect
size of ~20% (Fig. 1d). The positive controls in our model
undergoing CLP had a high total bacterial load in periph-
eral blood, which was significantly reduced after HLSCs
or HLSC-EVs administration (Fig. 1e). This is consistent
with previous findings both from rodent models of CLP-
induced sepsis [16, 45—48] and E. coli induced pneumo-
nia [49], in which treatment with MSCs was associated

Fig. 3 Representative images of lungs'histologic analysis, stained with haematoxylin and eosin at 20X and 40X magnification from left to right,
respectively (panel A) and Lung Injury Score (Panel B to F) between groups. Panel B: total Lung Injury Score; panel C: Neutrophile infiltration;
panel D: Alveolar Oedema; panel E: Septal Thickening; panel F: Capillary Congestion. Sham: mice subjected to simple median laparotomy
without performing CLP; CLP: mice subjected to Caecal Ligation and Puncture treated with IV normal saline; HLSCs: mice subjected to Caecal
Ligation and Puncture treated with IV Human Liver Stem Cells; HLSC-EVs: mice subjected to Caecal Ligation and Puncture treated with IV Human
Liver Stem Cells' Extracellular vesicles; FB: mice subjected to Caecal Ligation and Puncture treated with IV Fibroblasts. *p <0.05 CLP versus all other
groups; *p < 0.05 Sham versus all other groups. One way ANOVA with Tukey post-hoc test
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Fig. 4 Number of CFC of the bone marrow-derived cells cultured

at the concentration of 1¥10% in the presence of erythropoietin

(10 ng/mL) for 6-7 days (Panel A). The colonies formed had been
enumerated, identified and counted. Sham: mice subjected to simple
median laparotomy without performing CLP; CLP: mice subjected

to Caecal Ligation and Puncture treated with IV normal saline; HLSCs:
mice subjected to Caecal Ligation and Puncture treated with IV
Human Liver Stem Cells; HLSC-EVs: mice subjected to Caecal Ligation
and Puncture treated with IV Human Liver Stem Cells’Extracellular
vesicles. Percentage of Scal +cells in the bone marrow (Panel B)
and blood (Panel C) evaluated by flow cytometry. *p <0.05 CLP
versus all other groups; *p < 0.05 HLSCs versus all other groups.
One-way ANOVA with Tukey post-hoc test
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with reduced bacterial count in the blood [16, 45], spleen
[15] and lung tissue. [49] Interestingly, MSC-derived EVs
showed the same activity as the cells themselves. Fur-
thermore, Monsel et al. showed that in vitro treatment
of human monocytes with MSC-EVs increased phagocy-
tosis against bacteria, reducing bacterial count, thereby
suggesting a potential mechanism for the beneficial effect
of cell-derived EV therapy. [49]

Distant organ damage ultimately leading multiorgan
failure and death in septic shock has been the focus of
several studies investigating the complex pathophysiol-
ogy of this condition and potential identification of thera-
peutic targets [50]. In this regard, MSCs, MSC-EVs and
exosomes have been shown to improve kidney injury [15,
16, 47] and oedema, reducing diffuse alveolar damage
and liver congestion [51], as well as mitigate liver failure
[16, 52] after CLP.

In our model of CLP-induced lethal sepsis, we investi-
gated the effect of the treatment with HLSCs or HLSC-
EVs on two major organs involved in the pathogenesis
of sepsis, such as lung and bone marrow. In contrast to
the untreated CLP positive controls, both experimental
groups treated with HLSCs or HLSC-EVs exhibited sig-
nificantly lower histological lung injury scores follow-
ing CLP (Fig. 2a). This is consistent with the findings of
a previous study from Blanco et al. in which bone mar-
row-derived EVs were able to mitigate histological diffuse
alveolar damage compared to controls after CLP in mice
[51]. In addition, in our study, we showed that HLSC-EVs
were as effective as HLSCs in preserving the compliance
of the respiratory system (Fig. 2a) and the function of
the alveolar—epithelial barrier after CLP. The latter effect
was demonstrated in our findings by the significantly
lower amount of total proteins in the BAL in treated ani-
mals compared to CLP positive controls (Fig. 2b). In our
model, the therapeutic effect of HLSCs or HLSC-EVs on
the lung was not mediated by anti-inflammatory mecha-
nisms. Indeed, administration of HLSCs and HLSC-EVs
yielded no change in the BAL concentrations of inflam-
matory mediators such as TNFa and IL-10 (Fig. 2¢, d).
Moreover, histological analysis revealed no significant
alteration in neutrophil lung infiltration in mice treated
with HLSCs or HLSC-EVs following CLP (Fig. 3c).
Interestingly, BAL cytokines concentrations were com-
parable between the CLP group and the sham controls.
These observations align with previous findings indicat-
ing lower levels of pro-inflammatory cytokines in plasma
and BAL, as well as reduced neutrophil infiltration in
the lungs of murine CLP models compared to those
induced by intra-tracheal endotoxin administration [53,
54]. Other potential mechanisms may contribute to the
increased alveolar—epithelial barrier permeability after
CLP in our model, including the increase of cellular
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apoptosis [55] and the increase of the pulmonary hydro-
static pressure due to sepsis-induced acute cardio-
myopathy [56, 57]. However, these hypotheses remain
speculative and warrant investigation in future stud-
ies. Moreover, in an ex vivo experimental model of lung
ischemia and reperfusion injury, which involves some of
the biological mechanisms observed in sepsis [58—60],
the inhibition of lung cells apoptosis resulted in reduced
oedema formation and lung mechanic improvement with
no effect on cytokine release and neutrophil infiltration
[61].

The bone marrow is a crucial organ in the regulation
of the response of the immune system to insults caused
by infective micro-organisms, as reservoir of multipo-
tent hemopoietic progenitors and stromal cells providing
the appropriate generation and release into the systemic
circulation of cells accountable for the innate and adap-
tive immunity. Concurrently, the bone marrow can also
be a target of the biological mechanisms triggered dur-
ing sepsis, with consequent potential impairment and
dysfunction [9, 62, 63]. Inflammatory insults and infec-
tion can trigger the activation of the so called “emergency
myelopoiesis’, to release mature myeloid cells, such as
neutrophils and monocytes [64]. Zhang et al. reported
in a murine model that granulocyte—macrophage CFUs
were significantly increased in the bone marrow after
endotoxin administration [65]. The same authors dem-
onstrated that bacteraemia in mice, caused by E. coli iv
injection, resulted in an expansion of a committed hemat-
opoietic cell pool (c-kit*/Scal*) in the bone marrow with
a significant increase in granulocyte/macrophage CFU
activity [66]. However, this emergency myeloid response
might lead to reduced functionality, self-renewal and dif-
ferentiation potential of the hematopoietic compartment
[64]. This has been confirmed by Rodriguez et al. in a
murine model of lethal sepsis induced by Pseudomonas
aeruginosa inoculation, in which the expansion of the
hematopoietic stem cells in the bone marrow was asso-
ciated with their impairment in terms of myeloid differ-
entiation and production [67]. Similarly, Skirecki et al.
showed that early hematopoietic stem and progenitor
cell proliferation increased while committed progenitor
production decreased in the bone marrow of humanized
mice, which underwent either CLP sepsis or endotox-
emia [68].

The administration of exogenous hematopoietic stem
cells has been proposed to restore adequate myelopoiesis
and improve survival after septic insults. Morales-Man-
tilla et al. showed in a murine model of gram-positive
bacteria-induced sepsis that the administration of hemat-
opoietic stem and progenitor cells (HSPCs), taken from
naive donor mice, trigger a robust myeloid response,
together with hematopoietic stem cells restoring in
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the bone marrow without direct engrafting [69]. These
results confirmed the detrimental effect of sepsis on the
bone marrow and demonstrated, as proof of concept,
that this injury is responsive to cell-based treatment.
However, the proposed therapeutic approach, using pro-
genitor cells from genetically identical healthy subjects,
cannot be translated into clinical practise. Our study
demonstrated for the first time that the administration
of exogenous clinically available stromal cells or their
derivatives, such HLSCs and HLSC-EVs, in pre-clinical
models of sepsis resulted in the preservation of ade-
quate haematopoiesis in the murine bone marrow and
improved survival compared to positive controls (Fig. 4).
This is confirmed by the detection with flow cytometry of
murine pluripotent hematopoietic stem cells both in the
bone marrow (Fig. 4b) and in blood (Fig. 4c). This may be
ascribed to the complex cell-to-cell interaction between
the administered stem cells on the native hematopoietic
murine precursor in the bone marrow, which is known
to be mediated via adhesion molecules and paracrine sig-
nalling, being cytokines and EVs the potential vehicles of
this last mechanism [70-72]. Extracellular vesicles in par-
ticular are known to deliver specific mRNA to the target
bone marrow cells [21, 73]. The administration of HLSCs
or their EVs was able to preserve the native bone mar-
row replicative potential. This is consistent with the con-
comitant reduction in bacterial load in the treated mice
and the consequent improved survival. In this regard,
HLSC-EVs showed similar potential compared to the
whole HLSCs, allowing us to speculate that EV-mediated
paracrine signalling to bone marrow cells is a key mecha-
nism in our model. The therapeutic equivalence between
HLSCs and their EVs is of relevant clinical importance
because EVs have a safer profile compared to HSLCs as
they are stable for long term storage avoiding the use of
carcinogenic cryoprotective agents, together with an
intrinsic inability to induce tumours. Moreover, EVs have
a lower probability of triggering an immune response and
can effectively reach the target tissues, as they easily pass
biological barriers [74, 75].

Our study showed the therapeutic potential of HLSCs
and their EVs in a clinically relevant model of lethal sep-
sis. We did not evaluate whether similar effects were
achieved with different types of stromal cells, including
mesenchymal stem cells, decidual stromal cells, umbilical
cord-derived stem cells, used in other models of sepsis
[5]. However, few characteristics of the HSLCs may offer
specific benefits for their potential therapeutic applica-
tion. Clinical grade HSLCs are isolated from organ donor
liver fragments following Good Manufacturing Practice
standards and showed great proliferative potential with
telomere stability until the 17th culture passage, indi-
cating a good resistance to senescence and stability [24,
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25]. Moreover, as mentioned before, HSLCs can inhibit
T-cell proliferation to a greater extent than mesenchymal
stem cells and, in contrast to MSCs, do not induce NK
cell degranulation [31]. This aspect might be clinically
relevant, because the detrimental role of NK cells is well
documented in both animal models and human studies
and their activation is associated with worse survival [76,
77].

This study has some limitations. First, we did not per-
form a dose-response curve with different numbers of
HLSCs or HLSC-EVs: the dose administered to the treat-
ment groups was chosen after few pilot experiments
with the endpoint of obtaining a consistent number of
cells and EVs (data not shown). Second, the choice to
administer the treatment 6 h after CLP and to sacrifice
the animals 24 h after CLP for organ analysis was discre-
tional and based on the time estimated during the pilot
survival experiments for the intervention to be effec-
tive when administered after the insult with enough lag
before the potential occurrence of the lethal outcome.
Third, we did not perform a direct analysis of the poten-
tial specific beneficial cellular mechanisms of the HLSCs
or HLSC-EVs involving the interaction with T-cells and
NKs; however, HLSCs are known to effectively inhibit
T-cell proliferation without inducing NK cell degranu-
lation [31]. Fourth, the signalling pathways mediating
the protective effects of HLSCs and their EVs on lung
damage and oedema have not been elucidated. Simi-
larly, the mechanism by which therapy with this specific
cell lineage was able to improve myelopoiesis has not
been explored. Fifth, our study did not include a con-
trol group treated with antibiotics, which are the gold
standard for the treatment of sepsis and septic shock.
Sixth, we administer human-derived cells in mice, rais-
ing the risk of rejection due to immune incompatibility
between the donor and the recipient. However, there is a
large number of published studies investigating the effect
of human-derived cell therapy in animal models. Moreo-
ver, Bruno et al. demonstrated that HLSCs appear to have
greater protection against allogeneic NK cell lysis com-
pared to MSCs [31]. Furthermore, the use of ultracen-
trifugation (UC) poses challenges for clinical translation
compared to techniques more compatible with large-
scale, clinical-grade EV production, such as Tangential
Flow Filtration (TFF). However, UC provided a sufficient
concentration of vesicles for our specific experimental
setup, given the small volumes required for administra-
tion in mice. Last, we studied the potential therapeutic
effect of HLSCs or HLSC-EVs only in a mouse model of
CLP-induced lethal sepsis and not in models of sepsis
with less degree of severity. However, this study aimed to
provide a proof of concept that can be further explored in
future investigations.
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Conclusions

The treatment of experimental lethal sepsis with HLSCs
or HLSC-derived EVs proves effective in reducing bac-
teraemia, improving lung function, alleviating oedema,
as well as restoring bone marrow function, and ulti-
mately reducing mortality rates. Further studies are
needed to better define the cellular mechanisms driv-
ing this therapeutic effect and ascertain its limitations.
Our study serves as foundational groundwork for sub-
sequent evaluation of this promising cell-based therapy
in a clinical settings.
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