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Abstract: This study tested the hypothesis that healthy adipose-derived mesenchymal stem cell (ADMSC)-derived
exosomes (HMSCH®) and apoptotic (A) (induced by 12 h hypoxia/12 h starvation)-ADMSC-derived exosomes
(AMSC®°) were comparably effective at alleviating sepsis syndrome [SS; induced by cecal-ligation and puncture
(CLP)]-induced systemic inflammation and reduced organ damage and unfavorable outcomes in rats. SD rats were
divided into sham control (SC), SS only, SS + HMSC®° (100 ug intravenous administration 3 h after CLP), and
AMSC®, By day 5 after CLP procedure, the mortality rate was significantly higher in SS than in SC and HMSC®©
(all P < 0.01), but it showed no significant different between SC and HMSC®¥?, between AMSC®° and HMSC¥° or
between SS and AMSCH© (P > 0.05). The levels of inflammatory mediators in circulation (CD11%°/Ly6G/MIF), bron-
chioalveolar lavage (CD11>¢/Ly6G) and abdominal ascites (CD11%°/CD14/Ly6G/MIF) were highest in SS, lowest in
SC and significantly higher in AMSCE® than in HMSC®® (all P < 0.001). The circulating/splenic levels of immune cells
(CD34+/CD4+/CD3+/CD8+) were expressed in an identical pattern whereas the T-reg+ cells exhibited an opposite
pattern of inflammation among the groups (all P < 0.001). The protein expressions of inflammation (MMP-9/MIF/
TNF-0/NF-kB/IL-13) and oxidative stress (NOX-1/NOX-2/oxidized protein), and cellular expressions (CD14+/CD68+)
in lung/kidney parenchyma exhibited an identical pattern of inflammatory mediators (all P < 0.001). The kidney/
lung injury scores displayed an identical pattern of inflammatory mediators among the groups (all P < 0.001). In
conclusion, HMSC®® might be superior to AMSC®® for improving survival and suppressing the inflammatory reac-
tions in rats after SS.
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Introduction pharmaceutical therapies, continuous evolu-
tion of new antibiotics, hygiene education pro-
grams and upgrades in guidelines for health

education and prevention of infection, SS

Sepsis syndrome (SS), i.e., systemic inflamma-
tory response associated with infection, is a

common public health issue and a major health
problem worldwide, and results in a heavy eco-
nomic burden through health care costs in
developed countries [1-3]. Despite advanced

remains one of major leading causes of death
in hospitalized patients for any disease world-
wide [4-7]. Especially, in ICUs, SS causes unac-
ceptable high mortality, ranging from 35% from
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sepsis to over 60% from septic shock [1-9].
Clearly, there is an urgent need for innovative
and efficacious therapies for SS.

The incidence of SS and its prognosis are clear
[1-3, 8]; however, its underlying mechanisms
remain heavily debated [8, 10-12]. Overwhel-
ming inflammation is proposed to play a crucial
role in the patient/host response to septic chal-
lenge [8, 12]. This hyper-inflammatory response
involves the innate immune system [8, 10-13],
neutrophil and macrophage accumulation [12],
cytokine secretion [10, 14], recruitment of T
and B cells [12, 15] and the formation of anti-
bodies [16] in an attempt to eliminate caus-
ative pathogens but this process also causes
bystander attack on the major organs/tissues,
leading to anergy of host-defense mechanisms,
rapid organ failure and potential decline to
death [17].

Exosomes, one kind of micro-vesicles derived
from a variety of cells, are membrane frag-
ments with a size of around 60-120 nm [18-
20]. Additionally, exosomes contain distinct
subsets of microRNAs depending upon the
cell type from which they are secreted [21].
Furthermore, a growing body of experimental
data has revealed that the mesenchymal stem
cell (MSC)-derived exosomes which are involved
in (1) angiogenesis, (2) immunomodulation, (3)
anti-inflammation and (4) the paracrine effect
improve organ function following injury in pre-
clinical studies [21-26]. Interestingly, much evi-
dence has demonstrated that stem cells, espe-
cially adipose-derived mesenchymal stem cells
(ADMSCs), possess intrinsic capacity for immu-
nomodulation [27, 28]; therefore, attenuating
inflammation and immune responses [27-29].
We previously showed that apoptotic-ADMSC
therapy is more effective than healthy-ADMSC
therapy at inhibiting SS-induced inflammation
and oxidative stress, as well as mortality in rats
[30]. Several reports [18-30] have raised the
hypothesis that exosomes derived from apop-
totic ADMSCs should be comparable to exo-
somes derived from healthy ADMSCs for inhib-
iting inflammatory reactions and improving
unfavorable outcomes in SS.

Materials and methods

Animals and ethics statement

All animal experimental protocols and proce-
dures were approved by the Institute of Animal
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Care and Use Committee at Kaohsiung Chang
Gung Memorial Hospital and performed in
accordance with the Guide for the Care and
Use of Laboratory Animals [The Eighth Edition
of the Guide for the Care and Use of Laboratory
Animals (NRC 2011)].

Animals were housed in an Association for
Assessment and Accreditation of Laboratory
Animal Care International (AAALAC)-approved
animal facility in our hospital with controlled
temperature and light cycles (24°C and 12/12
light cycle).

Procedure for SS induction by cecal ligation
and puncture (CLP), sham operated control
(SC) and measurement of tail systolic blood
pressure (SBP)

Pathogen-free, adult male Sprague-Dawley
(SD) rats weighing 320-350 g (Charles River
Technology, BioLASCO, Taiwan) were utilized in
the present study.

Rats were anesthetized with inhalational 2.0%
isoflurane and placed supine on a warming pad
at 37°C with the abdomen shaved. Under ster-
ile conditions, the abdominal skin and muscle
were opened and the cecum exposed in all
groups. In the SP control animals, the abdomen
was then closed and the animal was allowed to
recover from anesthesia. In the experimental
CLP groups, the cecum was prolene suture
ligated over its distal portion (i.e., distal liga-
tion) and the cecum distal to the ligature was
punctured twice with an 18# needle to allow
the cecal contents to be expressed intraperito-
neally, as previously described [30]. The wound
was closed and the animal was allowed to
recover from anesthesia.

The tail SBP was measured (Kent Scientific
Corporation, Model no: CODA, U.S.A.) based on
our recent investigation [30] by a technician
who was blinded to the treatment protocols at
28 h (for surviving animals) after CLP or sham
procedure. In brief, the blood pressure was
measured at this interval as the majority of ani-
mals were weakest at a time interval within
18-30 h. The tail cuff approach to BP measure-
ment was conducted as follows: Initially the
rats were warmed in a box at 37°C for 20 min-
utes before being placed in a restraining appa-
ratus which was also kept at 37°C. The tail was
inserted through the cuff which contained a
photoelectric pulse detector through which the
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SBP were recorded when the first oscillation
appeared during the gradual reduction of cuff
pressure. Mean BP was determined from the
cuff pressure when the amplitude of the os-
cillation reached its maximum. The SBP was
consecutively and continuously measured 30
times for each rat. Data of SBP were recorded
for the first 10 times; and recordings made
when the animals were agitated were discard-
ed. Finally, reliable SBP data were averaged for
each rat and expressed as mean + SD.

Animal groups and treatment strategy

The adult male SD rats (n = 71) were catego-
rized into SC (n = 16), SS (n = 19), healthy (H)
ADMSC-derived exosomes (HMSCE*?) (n = 18)
(i.e., 100 pg intravenous administration 3 h
after CLP) and apoptotic (A)-ADMSC-derived
exosomes (AMSCH) (n = 18) (treatment route
and dosage was identical HMSC®®). The exo-
some dosage was as described in our previous
report [22].

Isolation of ADMSCs

For prepared allogenic ADMSCs, an additional
20 SD rats were utilized in the current study.
Adipose tissue surrounding the epididymis was
dissected, excised and prepared based on our
recent reports [31, 32]. Then, 300 pL of sterile
saline was added to every 0.5 g of adipose tis-
sue to prevent dehydration. The tissue was
carefully cut into < 1 mm? size pieces using a
pair of sharp, sterile surgical scissors. Sterile
saline (37°C) was added to the homogenized
adipose tissue in a ratio of 3:1 (saline: adipose
tissue), followed by the addition of stock colla-
genase solution to a final concentration of 0.5
units/mL. The centrifuge tubes with the con-
tents were placed and secured on a Thermaline
shaker and incubated with constant agitation
for 60 minutes at 37°C. After 40-45 minutes of
incubation, the contents were triturated with a
25-mL pipette for 3 minutes. The isolated cells
were put back into the rocker for incubation.
The contents of the flask were transferred to 50
mL tubes after digestion, followed by centrifu-
gation at 600 g for 5 minutes at room tempera-
ture. The fatty layer and saline supernatant
from the tube were discarded gently in one
smooth motion or removed using vacuum suc-
tion. The cell pellet thus obtained was resus-
pended in 40 mL saline and then centrifuged
again at 600 g for 5 minutes at room tempera-
ture. After being resuspended again in 5-mL
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saline, the cell suspension was filtered through
a 100 um filter into a 50-mL conical tube to
which 2 mL of saline was added to rinse the
remaining cells through the filter. The flow-
through was pipetted into a new 50-mL conical
tube through a 40-um filter. The tubes were
centrifuged for a third time at 600 g for 5
minutes at room temperature. The cells were
resuspended in saline. An aliquot of cell sus-
pension was then removed for cell culture in
Dulbecco’s modified Eagle’s medium (DMEM)-
low glucose medium containing 10% FBS for
14 days. Approximately 2.0-3.0x10° ADMSCs
were obtained from each rat.

Preparation, isolation and dosage of exosomes

The preparation, isolation and dosage of
ADMSC-derived exosomes were based on our
recent report [24]. The exosomes were isolated
from the culture medium of ADMSCs and were
pooled for protein separation and characteriza-
tion, as well as western blot analysis. The pro-
teins in Dulbecco’s modified Eagle medium
(DMEM) (Gibco) supplemented with 10% serum
before and after cell culture were separated
by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The exosomes in
DMEM were purified and the proteins in differ-
ent exosome fractions (1 ug, 2 pg, 10 pg, and
50 pg) were also separated by SDS-PAGE. The
gel was stained with Coomassie blue for analy-
sis. The following primary antibodies were used:
mouse monoclonal anti-CD63 (Santa Cruz Bio-
technology), rabbit polyclonal anti-tumor sus-
ceptibility gene-101 (TSG101) (Abcam) and
anti-B-catenin (Abcam).

Definition of apoptotic ADMSCs and prepara-
tion of AMSC®©

Serum deprivation of cells in vitro for induction
of apoptosis was performed according to previ-
ous [33] and our recent [30] studies with some
modifications. Hence, ADMSC were first cul-
tured in normal culture medium followed by 12
hours of hypoxia (1% oxygen) and 12 hours of
serum-free cell culture. The percentages of via-
ble and apoptotic cells were determined by flow
cytometry using double staining of annexin V
and propidium iodide (PI). This is a simple and
popular method for the identification of apop-
totic cells (i.e., early [annexin V+/PI-] and late
[annexin V+/PI+] phases of apoptosis). The pur-
pose of serum deprivation and hypoxia of the
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ADMSCs was to create a stress for the ADM-
SCs, i.e., preconditioning. Therefore, we defined
this preconditioning of ADMSCs as AMSC®,
Therefore, for preparation of (AMSCEX), (i.e.,
allogenic exosomes), the ADMSC were cultured
under hypoxic conditions for 12 h and starva-
tion (i.e., serum deprivation in cell culturing) for
12 h, followed by exosome collection.

Analysis of circulating level of TNF-&

Blood samples were drawn from rats in each
group and stored at -80°C until analyses of
tumor necrosis factor (TNF)-a was performed in
batches at the end of the experiment. Serum
TNF-a concentration was assessed in duplicate
with a commercially available ELISA kit (R&
D Systems, Minneapolis, MN). Intra-individual
variability in TNF-« level was assessed in each
group with the mean intra-assay coefficient of
variance < 1.8%.

Isolation of splenic mononuclear cells for as-
sessment of immune cells

Mononuclear cells in the spleen were obtain-
ed by homogenization of the spleen using a
Tenbroeck tissue grinder followed by passage
through a 0.4-mm-pore-size cell strainer to
obtain a single cell suspension. These cells
were then suspended in RPMI and separated
by Ficoll-paque Plus (GE Healthcare) for identifi-
cation of immune cells.

Flow cytometric quantifications of inflamma-
tory cells in circulation bronchoalveolar lavage
(BAL) circulation and ascites, and helper, cyto-
toxic, and regulatory (Tregs) T cells in circula-
tion and in the spleen

Flow cytometric analysis was performed to
identify and characterize immune cells and
inflammatory cell surface markers. The proce-
dure and protocol of flow cytometric analysis
for immune cells was based on our recent
report [30]. Briefly, peripheral blood mononu-
clear cells and splenocytes (1.0x108 cells
for each population) were triple-stained with
FITC-anti-CD3 (BioLegend), PE-anti-CD8a (BD
Bioscience), and PE-Cy™5 anti-CD4 (BD bio-
science). To identify CD4+CD25+Foxp3+ Tregs,
peripheral blood mononuclear cells and spleno-
cytes were triple-stained with Alexa Fluor 488-
anti-CD25 (BioLegend), PE-anti-Foxp3 (BiolLe-
gend), and PE-Cy5 anti-CD4 (BD Bioscience)
using the Foxp3 Fix/Perm buffer set according
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to the manufacturer’s protocol. The numbers of
CD3+CD4+ helper T cells, CD3+CD8+ cytotoxic
T cells, and CD4+CD25+Foxp3+ Tregs were
analyzed using flow cytometry (FC500, Beck-
man Coulter).

Kidney injury scores at day 5 after SS induc-
tion procedure

Histopathology scoring was assessed in a blin-
ded fashion as we have previously described
[29]. Briefly, the kidney specimens from all ani-
mals were fixed in 10% buffered formalin,
embedded in paraffin, sectioned at 5 um and
stained with hematoxylin and eosin (H&E) for
light microscopy. The scoring system reflects
the grading of tubular necrosis, loss of brush
border, cast formation, and tubular dilatation in
10 randomly chosen, non-overlapping fields
(200x) as follows: O (none), 1 (£10%), 2 (11-
25%), 3 (26-45%), 4 (46-75%), and 5 (=76%)
[29].

Histological measurement of lung injury and
criteria for lung injury score

The lung specimens were sectioned at 5 um for
light microscopy for each animal. H&E staining
was performed to estimate the number of alve-
olar sacs in a blinded fashion as we previously
reported [28, 34]. Three lung sections from
each rat were analyzed and three randomly
selected high-power fields (HPFs; 100x) were
examined in each section. The mean number
per HPF for each animal was then determined
by summation of all numbers divided by 9. The
extent of the crowded area, which was defined
as the region of thickened septa in lung paren-
chyma associated with partial or complete col-
lapse of alveoli on H&E-stained sections, was
also measured in a blinded fashion. The follow-
ing scoring system [28, 34] was adopted: O =
no detectable crowded area; 1 = < 15% of
crowded area; 2 = 15-25% of crowded area; 3 =
25-50% of crowded area; 4 = 50-75% of crowd-
ed area; 5= > 75-100% of crowded area/HPF.

Immunohistochemical (IHC) and immunofiluo-
rescent (IF) staining

The procedure and protocol for IHC and IF stain-
ing have previously been reported in detail [22,
31, 35]. For IHC and IF staining, rehydrated par-
affin sections were first treated with 3% H,0,
for 30 minutes and incubated with Immuno-
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Figure 1. ELISA measurement and flow cytometric analysis for determining circulating inflammatory levels at 24 h
and 72 h after SS induction. A: Circulating level of tumor necrosis factor (TNF)-a at 24 h after SS induction, * vs.
other groups with different symbols (T, 1, §), P < 0.001. B: Circulating level of CD11** cells, * vs. other groups with
different symbols (1, f, §), P < 0.001. C: Circulating level of Ly6G+ cells, * vs. other groups with different symbols
(t, ¥, 8), P < 0.001. D: Circulating level of macrophage migration inhibitor factor (MIF)+ cells, * vs. other groups
with different symbols (1, , §), P < 0.001. All statistical analyses were performed by one-way ANOVA, followed by
Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, t, I, §) indicate significance at
the 0.05 level. SC = sham control; SS = sepsis syndrome; AMSC® = apoptotic adipose-derived mesenchymal stem

cell-derived exosomes; HMSC®® = healthy adipose-derived mesenchymal stem cell-derived exosomes.

Block reagent (BioSB, Santa Barbara, CA, USA)
for 30 minutes at room temperature. Sections
were then incubated with primary antibodies
specifically against CD14 (1:50, Santa Cruz),
CD68 (1:100, Abcam), and y-H2AX (1:1000,
Abcam) while sections incubated with irrelevant
antibodies served as controls. Three kidney
sections from each rat were analyzed. For
quantification, three randomly selected HPFs
(200x for IHC; 400x for IF) were analyzed in
each section. The mean number of positively-
stained cells per HPF for each animal was then
determined by summation of all numbers divid-
ed by 9.

Western blot analysis

The procedure and protocol for Western blot
analysis have been described in our previous
reports [22, 31, 35]. Briefly, equal amounts
(50 pg) of protein extract were loaded and sep-
arated by SDS-PAGE using acrylamide gradi-
ents. After electrophoresis, the separated pro-
teins were transferred electrophoretically to
a polyvinylidene difluoride (PVDF) membrane
(Amersham Biosciences, Amersham, UK). Non-
specific sites were blocked by incubation of the
membrane in blocking buffer [5% nonfat dry
milk in T-TBS (TBS containing 0.05% Tween 20)]
overnight. The membranes were incubated
with the indicated primary antibodies [matrix
metalloproteinase (MMP)-9 (1:3000, Abcam,
Cambridge, MA, USA), tumor necrosis factor
(TNF)-a (1:1000, Cell Signaling, Danvers, MA,
USA), nuclear factor (NF)-kB (1:600, Abcam,
Cambridge, MA, USA), NADPH oxidase (NOX)-1
(1:1500, Sigma, St. Louis, Mo, USA), NOX-2
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(1:750, Sigma, St. Louis, Mo, USA), interleukin
(IL)-1B (1:1000, Cell Signaling, Danvers, MA,
USA), macrophage migratory inhibitor factor
(MIF) (1:2000, Abcam, Cambridge, MA, USA)
and actin (1:10000, Chemicon, Billerica, MA,
USA)] for 1 hour at room temperature. Horsera-
dish peroxidase-conjugated anti-rabbit immu-
noglobulin IgG (1:2000, Cell Signaling, Danvers,
MA, USA) was used as a secondary antibody for
one-hour incubation at room temperature. The
washing procedure was repeated eight times
within one hour. Immunoreactive bands were
visualized by enhanced chemiluminescence
(ECL; Amersham Biosciences, Amersham, UK)
and exposed to Biomax L film (Kodak, Roch-
ester, NY, USA). For quantification, ECL signals
were digitized using Labwork software (UVP,
Waltham, MA, USA).

Assessment of oxidative stress

The procedure and protocol for assessing the
protein expression of oxidative stress have
been detailed in our previous reports [22, 31,
35]. The Oxyblot Oxidized Protein Detection Kit
was purchased from Chemicon, Billerica, MA,
USA (S§7150). DNPH derivatization was carried
out on 6 pg of protein for 15 minutes accord-
ing to the manufacturer’s instructions. One-
dimensional electrophoresis was carried out
on 12% SDS/polyacrylamide gel after DNPH
derivatization. Proteins were transferred to
nitrocellulose membranes which were then
incubated in the primary antibody solution
(anti-DNP 1:150) for 2 hours, followed by incu-
bation in secondary antibody solution (1:300)

Am J Transl Res 2018;10(4):1053-1070
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Figure 2. Flow cytometric analysis for determining circulating and splenic levels of immune cells at day 5 after SS
induction. A: Circulating number of CD3/CD4+ cells, * vs. other groups with different symbols (1, , §), P < 0.001. B:
Circulating number of CD3/CD8+ cells, * vs. other groups with different symbols (1, f, §), P < 0.001. C: Circulating
number of Treg+ cells, * vs. other groups with different symbols (1, %, §), P < 0.001. D: Splenic level of CD3/CD4+
cells, * vs. other groups with different symbols (1, ¥, §), P < 0.001. E: Splenic level of CD3/CD8+ cells, * vs. other
groups with different symbols (1, %, §), P < 0.001. F: Splenic level of regulatory T (Treg)+ cells, * vs. other groups
with different symbols (1, , §), P < 0.001. All statistical analyses were performed by one-way ANOVA, followed by
Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, T, %, 8) indicate significance at
the 0.05 level. SC = sham control; SS = sepsis syndrome; AMSCH = apoptotic adipose-derived mesenchymal stem
cell-derived exosomes; HMSC® = healthy adipose-derived mesenchymal stem cell-derived exosomes.
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Figure 3. Flow cytometric analysis for bronchioalveolar lavage (BAL) and levels of inflammatory biomarkers in asci-
tes at day 5 after SS induction. A: BAL level CD11%¢* cells, * vs. other groups with different symbols (t, £, §), P <
0.001. B: BAL level Ly6G+ cells, * vs. other groups with different symbols (1, F, §), P < 0.001. C: Level of CD11%°*
cells in ascites, * vs. other groups with different symbols (1, 1, §), P < 0.01. D: Level of Ly6G+ cells in ascites, * vs.
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other groups with different symbols (T, 1, §), P < 0.0001. E: Level of CD14+ cells in ascites, * vs. other groups with
different symbols (1, f, §), P < 0.0001. F: Level of macrophage migration inhibitory factor (MIF)+ cells in ascites,
* vs. other groups with different symbols (1, %, §), P < 0.0001. All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, t, , §) indi-
cate significance at the 0.05 level. SC = sham control; SS = sepsis syndrome; AMSC° = apoptotic adipose-derived
mesenchymal stem cell-derived exosomes; HMSCE© = healthy adipose-derived mesenchymal stem cell-derived exo-
somes.

A B < 24 hours C 24 ~ 48 hours
__ 1507 40+ 40+
- B * _ T =
SE t . T 301 T 304
= £ 100 = =
o [ m©
Lo 2 20 i % 204
232 504 § 3
a0 @ 104 t @ 104
o : [ m =
D 48 ~ 72 hours 72 ~ 96 hours F Total
401 40- 60- t
$ 20 S 20 S g
g g S 20-
@ 10- @ 10- ®
-=j .=j—==_—. l
0- 0- 0-
G 100 | gaa; s [ ]sc
T 78 _l_l_l—. — S8 M ss
> g .
z —— SS-HMSC [l Hmscexo
= - SS-AMSC
& s T— B amsce
[
(3]
o
o 25 Log Rank Test
p=0.005
c L L 1 ] 1 1
0 20 40 60 80 100 120

Hours

Figure 4. Blood pressure at 28 h and 5-day survival rate among the four groups of the animals. (A) The systolic blood
pressure by 28 days after SS induction, * vs. other groups with different symbols (1, ), P < 0.0001. All statistical
analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols
(*, T, $) indicate significance at the 0.05 level. (B-F) Showing the time points of survival rate after SS induction.
For (A) analytical results, * vs. other groups with different symbols (1, f), p = 0.035. (F) The survival rate of four
groups by rate Pairwise comparisons (without Bonferroni’s correction), * vs. 1, P = 0.005. Symbols (*, t, 1) indicate
significance at the 0.05 level. (G) Kaplan Meier survival cure. By log Rank test, P = 0.005. SC = sham control; SS
= sepsis syndrome; AMSC™° = apoptotic adipose-derived mesenchymal stem cell-derived exosomes; HMSCH© =
healthy adipose-derived mesenchymal stem cell-derived exosomes.

for 1 hour at room temperature. The washing
procedure was repeated eight times within 40
minutes. Immunoreactive bands were visual-
ized by enhanced chemiluminescence (ECL;
Amersham Biosciences, Amersham, UK) which
was then exposed to Biomax L film (Kodak,
Rochester, NY, USA). For quantification, ECL sig-
nals were digitized using Labwork software
(UVP, Waltham, MA, USA). For Oxyblot protein
analysis, a standard control was loaded on
each gel.
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Statistical analysis

Quantitative data are expressed as means +
SD. Statistical analysis was adequately per-
formed by ANOVA followed by Bonferroni multi-
ple-comparison post hoc test. Statistical an-
alysis was performed using SPSS statistical
software for Windows version 22 (SPSS for
Windows, version 22; SPSS, IL, U.S.A.). A value
of P < 0.05 was considered as statistically
significant.
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symbols (*, 1, §), P < 0.0001. M.W. = molecular weight. B: Protein expression of tumor necrosis factor (TNF)-a at
lung parenchyma, * vs. other groups with different symbols (t, 1, §), P < 0.0001. C: Protein expression of TNF-a at
kidney parenchyma, * vs. other groups with different symbols (t, #, §), P < 0.0001. D: Protein expression of nuclear
factor (NF)-kB at lung, * vs. other groups with different symbols (1, 1, §), P < 0.0001. E: Protein expression of NF-kB
at kidney, * vs. other groups with different symbols (1, ¥, §), P < 0.0001. All statistical analyses were performed
by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*,
T, £, 8§) indicate significance at the 0.05 level. SC = sham control; SS = sepsis syndrome; AMSC®° = apoptotic
adipose-derived mesenchymal stem cell-derived exosomes; HMSC®® = healthy adipose-derived mesenchymal stem
cell-derived exosomes.

Results ited an identical pattern of TNF-a among the
four groups.

ELISA assessment and flow cytometric analy-

sis for determining circulating inflammatory

levels at 24 h and 72 h after SS induction

(Figure 1)

Flow cytometric analysis for identification of
circulating and splenic levels of immune cells
at day 5 after SS induction (Figure 2)

The flow cytometric results showed that circu-
lating and splenic levels of adaptive immune
cells (CD3/CD4+, CD3/CD8+) were highest in
SS, lowest in SC and significantly lower in
SS-HMSC®® than in SS-AMSCH©. On the other
hand, circulating level of T-reg+ cells, another

The ELISA assessment at 24 h showed that the
circulating level of TNF-q, an indication of acute
innate inflammatory reaction, was highest in
SS, lowest in SC and significantly lower in
SS-HMSCH® than in SS-AMSCE, Additionally,

the flow cytometric analysis demonstrated that
the circulating levels of CD11%¢*, Ly6G+ and
MIF+ cells, three indices of inflammation, exhib-
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adaptive immune cell, displayed an opposite
pattern of CD3/CD4+ cells among the four
groups.

Am J Transl Res 2018;10(4):1053-1070
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Figure 6. Protein expressions of proinflammatory cytokines in lung and kidney organs at day 5 after SS induction.
A: Protein expression of matrix metalloproteinase (MMP)-9 in lung parenchyma, * vs. other groups with different
symbols (1, %, §), P < 0.0001. B: Protein expression of MMP-9 in kidney parenchyma, * vs. other groups with differ-
ent symbols (1, 1, §), P < 0.0001. C: Protein expression of interleukin (IL)-1B lung parenchyma, * vs. other groups
with different symbols (1, £, §), P < 0.0001. D: Protein expression of IL-1f in kidney parenchyma, * vs. other groups
with different symbols (1, , §), P < 0.0001. E: Protein expression of macrophage migration inhibitory factor (MIF)
in lung parenchyma, * vs. other groups with different symbols (1, f, §), P<0.0001. F: Protein expression of MIF in
kidney parenchyma, * vs. other groups with different symbols (t, %, §), P < 0.0001. * vs. other groups with different
symbols (1, F, §), P < 0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni
multiple comparison post hoc test (n = 6 for each group). Symbols (*, t, , §) indicate significance at the 0.05 level.
SC = sham control; SS = sepsis syndrome; AMSC®™° = apoptotic adipose-derived mesenchymal stem cell-derived
exosomes; HMSCH® = healthy adipose-derived mesenchymal stem cell-derived exosomes.

o
o

Flow cytometric measurement of bronchioal-
veolar lavage (BAL) and ascites of inflamma-
tory biomarkers at day 5 after SS induction
(Figure 3)

Flow cytometric assessment showed that the
BAL levels of CD11*°* and Ly6G+ cells, two
inflammatory mediators, were highest in SS,
lowest in SC, and significantly lower in SS-
HMSC®© than in SS-AMSCE. Additionally, this
measurement showed that the ascites levels of
CD11%°*, Ly6G+, CD14+, and MIF+ cells, four
inflammatory biomarkers, exhibited an identi-
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cal pattern to that of CD11>¢* cells in BAL
among the four groups.

Blood pressure at 28 h and 5-day survival rate
among the four groups of animals (Figure 4)

By 28 h after SS induction, the systolic blood
pressure (SBP) was significantly higher in SC
than in other groups, significantly higher SS-
HMSCF*© than in SS and SS-AMSCH©, put it
only showed tendency of significantly higher in
SS-AMSC®© than in SS. Additionally, 5-day sur-
vival rate exhibited an identical pattern of SBP
among the four groups.

Am J Transl Res 2018;10(4):1053-1070
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Figure 7. Protein expressions of oxidative stress biomarkers in lung and kidney organs at day 5 after SS induction. A: Protein expression of NOX-1 in lung parenchy-
ma, * vs. other groups with different symbols (1, 1, §), P < 0.0001. B: Protein expression of NOX-1 in kidney parenchyma, * vs. other groups with different symbols
(1, £, 8), P < 0.0001. C: Protein expression of NOX-2 in lung parenchyma, * vs. other groups with different symbols (1, %, §), P < 0.0001. D: Protein expression of
NOX-2 in kidney parenchyma, * vs. other groups with different symbols (t, %, §), P < 0.0001. E: Oxidized protein expression in lung parenchyma, * vs. other groups
with different symbols (1, %, §), P < 0.0001. (Note: left and right lanes shown on the upper panel represent protein molecular weight marker and control oxidized
molecular protein standard, respectively). M.W. = molecular weight; DNP = 1-3 dinitrophenylhydrazone. F: Oxidized protein expression in lung parenchyma, * vs.
other groups with different symbols (T, %, §), P < 0.0001. (Note: left and right lanes shown on the upper panel represent protein molecular weight marker and control
oxidized molecular protein standard, respectively). M.W. = molecular weight; DNP = 1-3 dinitrophenylhydrazone. All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, T, %, 8) indicate significance at the 0.05 level. SC = sham
control; SS = sepsis syndrome; AMSC®® = apoptotic adipose-derived mesenchymal stem cell-derived exosomes; HMSC®C = healthy adipose-derived mesenchymal
stem cell-derived exosomes.
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Figure 8. Histopathological findings in lung parenchyma by day 5 after SS induction. A-D: Histopathological findings
(i.e., H&E staining) of lung parenchyma under microscopy (200x) among the four groups. E: The number of alveolar
sacs among four groups. * vs. other groups with different symbols (1, 1, §), P < 0.0001. F: Crowded scores of lung
parenchyma. * vs. other groups with different symbols (1, %, §), P < 0.0001. The scale bars in right lower corner
represent 50 um. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple com-
parison post hoc test (n = 6 for each group). Symbols (*, t, %, §) indicate significance at the 0.05 level. SC = sham
control; SS = sepsis syndrome; AMSC¥° = apoptotic adipose-derived mesenchymal stem cell-derived exosomes;
HMSCH® = healthy adipose-derived mesenchymal stem cell-derived exosomes.
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Figure 9. Histopathological findings in kidney parenchyma at day 5 after SS induction. A-D: Light microscopic find-
ings of H&E stain (400x) demonstrating significantly higher degree of loss of brush border in renal tubules (yellow
arrows), tubular necrosis (green arrows), tubular dilatation (red asterisk) protein cast formation (black asterisk),
and dilatation of Bowman’s capsule (blue arrows) in CKD and CKD-SS group than in other groups. E: * vs. other
groups with different symbols (1, %, §), P < 0.0001. Scale bars in right lower corner represent 20 um. All statistical
analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for
each group). Symbols (*, 1, %, §) indicate significance at the 0.05 level. SC = sham control; SS = sepsis syndrome;
AMSC®° = apoptotic adipose-derived mesenchymal stem cell-derived exosomes; HMSCH® = healthy adipose-derived
mesenchymal stem cell-derived exosomes.
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Figure 10. CD14+ infiltrations in lung and kidney organs at day 5 after SS induction. A-D: Immunofluorescent (IF)
microscopic findings (400) for identification of CD14+ cells (green color) in lung parenchyma. E: Analytical results
of number of CD14+ cells, * vs. other groups with different symbols (t, %, §), P < 0.0001. F-I: IF microscopic finding
(400x) for identification of CD14+ cells (green color) in kidney parenchyma. J: Analytical results of number of CD14+
cells, * vs. other groups with different symbols (1, , §), P < 0.0001. Scale bars in right lower corner represent 20
um. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n = 6 for each group). Symbols (*, 1, I, §) indicate significance at the 0.05 level. SC = sham control; SS = sep-
sis syndrome; AMSCE® = apoptotic adipose-derived mesenchymal stem cell-derived exosomes; HMSC®® = healthy
adipose-derived mesenchymal stem cell-derived exosomes.

Albumin level of BAL and protein expressions
of inflammatory biomarkers in lung and kid-
ney parenchyma at day 5 after SS induction
(Figures 5 and 6)

The albumin level of BAL, an indicator of SS-
induced exudate leakage in lung parenchyma,
was highest in SS, lowest in SC, significantly
higher in SS-AMSCF*© than in SS-HMSCE*©
(Figure 5). Additionally, the protein expression
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of TNF-at and NF-kB in lung and kidney organs,
two indicators of inflammatory mediators,
exhibited an identical pattern of albumin level
of BAL among the four groups (Figure 5).

The protein expressions of MMP-9, IL-1, and
MIF in lung and kidney parenchyma, another
three inflammatory biomarkers, displayed an
identical pattern to albumin level of BAL among
the four groups (Figure 6).
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Figure 11. CD68+ infiltrations in lung and kidney organ at day 5 after SS induction. A-D: Immunofluorescence (IF)
microscopy findings (400) for identification of CD68+ cells (green color) in lung parenchyma. E: Analytical results of
number of CD68+ cells, * vs. other groups with different symbols (1, %, §), P < 0.0001. F-I: IF microscopic finding
(400x) for identification of CD68+ cells (green color) in kidney parenchyma. J: Analytical results of number of CD68+
cells, * vs. other groups with different symbols (1, , §), P < 0.0001. Scale bars in right lower corner represent 20
um. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n = 6 for each group). Symbols (*, 1, I, §) indicate significance at the 0.05 level. SC = sham control; SS = sep-
sis syndrome; AMSCE® = apoptotic adipose-derived mesenchymal stem cell-derived exosomes; HMSCH® = healthy
adipose-derived mesenchymal stem cell-derived exosomes.

Protein expressions of oxidative stress bio-
markers in lung and kidney organs at day 5
after SS induction (Figure 7)

The protein expressions of NOX-1, NOX-2 and
oxidized protein in lung and kidney organs,
three indices of oxidative stress, were highest
in SS, lowest in SC and significantly higher in
SS-AMSCH® than in SS-HMSCE*°,
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Histopathological findings in lung and kid-
ney parenchyma at day 5 after SS induction
(Figures 8 and 9)

Histopathological analyses with H&E tissue
staining demonstrated that the number of
alveolar sacs was lowest in SS, highest in SC,
and significantly lower in SS-AMSC®® than in
SS-HMSCH® (Figure 8). Conversely, lung paren-
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Figure 12. Cellular expression of DNA-damage marker in lung and kidney organs at day 5 after SS induction. A-D:
Immunofluorescence (IF) microscopic findings (400) for identification of y-H2AX+ cells (green color) in lung paren-
chyma. E: Analytical results of number of y-H2AX+ cells, * vs. other groups with different symbols (t, ¥, §), P <
0.0001. F-I: IF microscopic findings (400x) for identification of y-H2AX+ cells (green color) in kidney parenchyma. J:
Analytical results of number of y-H2AX+ cells, * vs. other groups with different symbols (1, 1, §), P < 0.0001. Scale
bars in right lower corner represent 20 um. All statistical analyses were performed by one-way ANOVA, followed by
Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, T, %, 8) indicate significance at
the 0.05 level. SC = sham control; SS = sepsis syndrome; AMSC® = apoptotic adipose-derived mesenchymal stem
cell-derived exosomes; HMSCH© = healthy adipose-derived mesenchymal stem cell-derived exosomes.

chymal crowding showed a reverse pattern
compared to that of the number of alveolar
sacs among the four groups.

Additionally, the microscopy findings also dem-
onstrated that the kidney injury score exhibited
an identical pattern to lung parenchymal crowd-
ing among the four groups (Figure 9).
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Inflammatory cell infiltrations in lung and kid-
ney parenchyma at day 5 after SS induction
(Figures 10 and 11)

The IF microscopic findings showed that the
CD14+ cells in lung and kidney parenchyma, an
indicator of inflammation, was highest in SS,
lowest in SC and significantly higher in SS-
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AMSCH® than in SS-HMSC®® (Figure 10). Ad-
ditionally, the IF microscopic findings demon-
strated that the CD68+ cells in lung and kidney
parenchyma, another indicator of inflamma-
tion, displayed an identical pattern of CD14+
cells among the four groups (Figure 11).

Cellular expression of DNA-damage marker in
lung and kidney parenchyma at day 5 after SS
induction (Figure 12)

The IF microscopy findings showed that the
cellular expression of y-H2AX, a DNA-damage
biomarker, was highest in SS, lowest in SC and
significantly higher in SS-AMSC®® than in
SS-HMSCE*°,

Discussion

This study investigated the impact of ADMS-
derived exosome therapy on reducing organ
damage and improving outcome in SS in rat
yielded several implications. First, our results
showed that SS not only induced local but also
elicited systemic inflammatory (i.e., innate) and
immune (i.e., adaptive) reactions. Second, an
association between increasing inflammatory/
immune mediators and enhancing lung/kidney
organ damage was clearly identified in the cur-
rent study. Third, a comparable effect for inhib-
iting inflammatory/immune reactions, alleviat-
ing lung/kidney organ injury and reducing the
mortality in rats after SS was clearly identified
in the present study.

Our previous studies [30, 36] showed that an
experimental model of CLP-induced SS usually
causes 50% to 60% mortality within 3-5 days in
rodents. An essential finding in the present
study was that the 5-day mortality was 52.6%
in SS animals. Accordingly, our finding, in addi-
tion to being comparable with the findings of
our previous studies [30, 36], once again pro-
ves that our animal model of SS is consistent.
Our studies have recently demonstrated that
both autologous apoptotic/healthy ADMSC [30,
36] and even xenogenic MSC therapy signifi-
cantly improved mortality in rodents after SS.
The most important finding in the present study
was that as compared with SS animals without
treatment, the mortality rate was remarkably
reduced in SS animals after receiving healthy
ADMSC derived- or apoptotic ADMSC-derived
exosome treatment. Accordingly, our findings,
in addition to supporting our hypothesis, ex-
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tended the findings of our recent reports [30,
36]. Intriguingly, our recent studies [22, 24, 35]
have shown that ADMSC-derived exosomes
improved the outcomes in ischemia-related
organ damage settings. In this way, our findings
strengthened the findings of our recent studies
[22, 24, 35].

Overwhelming inflammatory response involving
the innate and adoptive immune system has
been well recognized [8, 10-13]. In addition,
the inflammatory cell infiltration in the dam-
aged organs [12], cytokine production [10, 14]
and recruitment of T and B cells (i.e., immune
cells) [12, 15, 16] have also been clearly estab-
lished by previous studies. A principal finding in
the present study was that both systemic and
localized inflammatory reactions were substan-
tially increased in SS animals. Additionally,
the pro-inflammatory cytokines and immune
cells were markedly upregulated in SS animals.
Our findings, therefore, were consistent with
the findings of previous studies [8, 10-16].
Importantly, these molecular-cellular perturba-
tions were significantly alleviated in those SS
animals after receiving apoptotic ADMSC-
derived or healthy ADMSC-derived exosomes,
suggesting that apoptotic ADMSC-derived exo-
somes was comparable with healthy ADMSC-
derived exosomes for treatment of the SS
setting.

Clinical observational studies have clearly iden-
tified that SS frequently affected multiple
organs [17], especially those preponderant in
kidney and lung. Our previous studies have also
shown that both kidney and lung organs are
commonly organs vulnerable to damage in the
SS setting [37]. A principal finding in the pres-
ent study was that not only the kidneys but also
the lungs were damaged by SS. Our experimen-
tal finding supported the previous clinical
observational studies [17] that multiple organs
were inevitable involved and damaged in set-
tings of SS. Of particular importance was that
apoptotic ADMSC-derived or healthy ADMSC-
derived exosome therapy effectively protected
the lung and kidney from SS-induced injury.

Study limitations

This study has limitations. First, we did not
determine the optimal dosage of apoptotic
ADMSC-derived exosomes and healthy ADMSC-
derived exosomes for the treatment of SS.
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Therefore, we do not know whether the former
is superior to the later or vice versa for sup-
pressing SS-induced organ damage and
improving the prognostic outcome. Second,
despite extensive work in the present study, the
exact underlying mechanism of SS in multi-
organ damage was still not fully identified.
Third, although the short-term outcome (i.e.,
the study period was only five days) were attrac-
tive and promising, the long-term outcome
remains uncertain.

In conclusion, the results of the present study
showed that not only localized but also systemi-
cally inflammatory reactions were elicited by
SS. Apoptotic ADMSC-derived exosomes might
be inferior to healthy ADMSC-derived exosomes
for reducing the multi-organ damage and mor-
tality rate in rodents after SS.
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