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Abstract

Sepsis is associated with acute peritonitis, which can be induced by lipopolysaccharide exposure and feces. Generally,
lipopolysaccharide induces mono-microbial peritonitis, whereas feces cause poly-microbial peritonitis; the latter is a more
complicated and closer to the clinical diseases. Although several reports have discussed the mechanism of immune response
in peritonitis-induced sepsis, however, the role of natural killer (NK) cells in sepsis, especially the relationship between NK
cells and stabilization of the vascular endothelial barrier, is still unclear. Accordingly, in this study, we assessed the roles
of NK cells in an acute sepsis model in mice. NK cells were injected via the tail vein into mice with acute sepsis, and nitric
oxide (NO), anti-inflammatory cytokine, and angiogenic factors were tested to explore the effects of NK cells on sepsis.
The survival rate of septic model mice infused with NK cells was significantly improved compared with the control group.
Interestingly, the levels of NO, interleukin-10, and vascular endothelial growth factor (VEGF) decreased in NK cells therapy
group. After the injection of NK cells, CD3 | positive endothelial cells significantly increased in the kidneys and liver, although
the expression of VEGF, ANGPT-/, and ET-1 was downregulated. Consistent with our hypothesis, the transfusion of NK cells
into mice with sepsis blocked inflammation and increased endothelium integrity. Overall, these findings suggest that NK cells
may block sepsis by modulating the VEGF pathway.
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inflammatory effects on the microcirculation'. Sustained
inflammation during sepsis leads to disseminated microvas-
cular thrombosis and organ ischemia. Furthermore, sepsis can
manifest as disseminated intravascular coagulation (DIC),
which is fatal’. A report by the National Heart, Lung, and
Blood Institute proposed a unifying concept for sepsis as a
severe endothelial dysfunction syndrome that results in mul-
tiorgan failure in response to intravascular or extravascular
microbial agents'. Endothelial dysfunction leads to a wide-
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spread increase in vascular permeability’. Microcirculatory
perfusion is responsible for fine-tuning of the oxygen supply
to the organs* and microcirculatory alterations may play
important roles in the pathogenesis of sepsis-related organ
dysfunction’. These alterations have been reported in experi-
mental models of sepsis in many organs, including the liver
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and small bowel mucosa®, and their occurrence has been
evaluated’. Thus, increasing microvascular permeability and
leukocyte activation, along with reduced vascular resistance
and blood flow caused by sepsis, may result in tissue damage,
multiple organ failure, and even death without appropriate
treatment®,

Despite continual developments in treatment methods
for sepsis, the effects of novel treatments are not sufficient.
The most common treatment methods are antibacterial and
antiendotoxin treatments’, antitissue factor and anticoagu-
lation therapy'?, anticytokine therapy'!, and recombinant
human activated protein C treatment'?. Sepsis is character-
ized by inflammatory cytokine release, disruption of the
vascular endothelial barrier, and alterations in fibrinolysis
homeostasis'?, often resulting in death. Although immune
cells can launch a response to the alterations observed in
sepsis, these responses have not been thoroughly defined.
Therefore, further studies are needed to elucidate the
immune mechanisms associated with sepsis to facilitate the
development of novel and effective therapeutic strategies
for the management of severe sepsis.

Natural killer (NK) cells are essential components of the
natural immune system. These cells function to maintain
homeostasis by killing tumor cells and virus-infected cells in
the absence of specific immunization directly or by secreting
various cytokines'*. Moreover, NK cells provide continual
and rapid responses to cancer or infections!® and can regulate
the immune state by affecting a variety of immune responses
and by interacting directly with other immune cells. NK cells
also can positively regulate adaptive immune responses by
promoting the functions of T cells or dendritic cells (DCs)'®
and can negatively regulate these same immune responses via
other mechanisms!”. In addition, NK cells could secrete cyto-
kines, such as vascular endothelial growth factor (VEGF),
which is important for endothelial function and angiogenesis'®;
however, the roles of NK cells in sepsis are still unclear.

Accordingly, in this study, we hypothesized that NK cells
may have substantial effects in sepsis. Therefore, we investi-
gated whether NK cells could decrease the inflammatory
response or play protective roles in a mouse model of sepsis.
As the key contributors to the pathogenesis of sepsis, proin-
flammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), interleukin (IL)-1p, and IL-6 significantly increased
by 18 h after sepsis induction'®, so we injected NK cells at
0 and 19 h to reduce mortality and repair the injury in time.
Furthermore, we carried out a preliminary study on the mech-
anisms of NK cell treatment with the goal of exploring the
effects and mechanisms of NK cells in sepsis.

Method

Animals Studies

Our animal studies were performed with 8- to 10-week-old
male C3H mice from HFK Bio (Beijing, China). Mice were

housed under specific pathogen-free conditions (Animal
laboratory code: SYXK LU20200017). Mice had an aver-
age weight of 22 g (range: 20-25 g) prior to the start of the
experiments.

Animal Experiments Statement and Ethics
Declarations

All animal experiments were approved by the Ethical
Committee on Animal Experiment of Shandong University
Qilu Hospital (Approval No. DWLL-2019-023). Cord blood
was collected from normal full-term pregnant women in
department of obstetrics, and the use of cord blood was
approved by the Ethics Committee of Qilu Hospital of
Shandong University (Approval No. KYLL-2017(KS)-0143).
This study was carried out in accordance with the Animal
Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines 2.0 and relevant regulations.

Preparation of Fecal Solution

The method of inducing peritonitis and the dose of feces
refer to the published literature?*22. In brief, fresh feces were
collected randomly from male C3H mice, weighed, and
mixed with a calculated volume of normal saline solution to
give fecal concentrations of 90 mg/ml. The mixture was
thoroughly shaken before being filtered and centrifuged at
300 X g for 5 min. The supernatant was collected and stored
at —80°C until further use.

NK Cells Culture and Expanded NK Cell
Immunophenotype

NK cells expansion in genetically engineered K562 cells was
performed from umbilical cord blood mononuclear cells
(UB-MNCs). Irradiated K562 feeder cells were received from
Hangzhou Zhongying Bio-Medical Technology (Zhejiang,
China), which coexpress membrane-bound IL-21 and
CDI137L (4-1BBL)*. On day 0, UB-MNCs and 2 X 107
genetically engineered K562 cells (K562-mb215-41BBL,
Zhongying Bio-Medical Technology) were resuspended in 40
ml NK cell medium [containing 90% RPMI-1640 HyClone,
Logan, UT, USA; 10% fetal bovine serum, Gibco, Carlsbad,
CA, USA; and 100 pg/ml IL-2, R&D, Minneapolis, MN, USA].
Complete medium changes were performed every 3 days, and
the cell concentration was sustained at less than 2.0 X 10°
cells/ml. On day 7, K562-mb215-41BBL cells (8 X 107) were
added again. The cells were observed and counted every 3
days, and flow cytometry was conducted every 5 days.

Flow cytometry was performed to characterize NK cells.
The following cell surface epitopes of NK cells were
detected using mouse antihuman CD3 conjugated with fluo-
rescein isothiocyanate (FITC) (Cat. No. ab34275; Abcam,
Cambridge, UK), mouse antihuman CD56 conjugated with
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phycoerythrin (PE) (Cat. No. ab191100; Abcam), mouse
antihuman NKG2D conjugated with PE (Cat. No. ab178446;
Abcam), and mouse antihuman NKp30 conjugated with PE
(Cat. No. FAB1849P; R&D). All antibodies were diluted
100 times and used according to the manufacturer’s proto-
col. Flow cytometry was performed using the Guava easy-
Cyte 6HT (EMD Millipore, Billerica, MA, USA).

Mouse Peritonitis-Sepsis Model and
Therapy Design

Male C3H mice were randomly divided into three groups:
normal group (n = 12), in which 0.5 ml of 1 mg/ml saline was
injected intraperitoneally (i.p.) in each mouse; control group
(n = 12), in which 0.5 ml of 1.5 mg/ml fecal solution was
injected i.p. in each mouse; and test group (n = 12), in which
0.5 ml of 1.5 mg/ml fecal solution was injected i.p. in each
mouse. The experimental design was shown in Fig. 2A. The
general conditions and survival states of mice were observed
and recorded hourly. In our mouse model, bacterial load was
fairly uniform, and the results were not affected by clinical
procedures, including anesthetic and surgical techniques.

At 0 and 19 h after infection, mice received 0.2 ml of 1
mg/ml normal saline (normal and control groups) or 103 NK
cells/kg in 0.2 ml (test group) injected via the tail vein. This
NK cell injection dose is based on published data**?. Their
general condition and survival states were observed and
recorded hourly.

Evaluation of Bacterial Clearance

Bacterial load was determined in blood and peritoneal
lavage. In brief, mice were anesthetized with excess pento-
barbital sodium at 24 h postinfection. The blood samples
were collected in heparinized tubes through retro orbital
sinus, mixed, and placed on ice bath. Mice were then injected
2 mL sterile saline i.p. and abdomen was gently massaged.
Later the skin over the abdomen was cleansed with 70%
alcohol and cut open to expose the peritoneal cavity to col-
lect the peritoneal lavage fluid (PLF). PLFs and blood (100 pl)
were placed on ice and serially diluted with sterile saline;
10 ul of each diluted sample was placed on Blood Agar
Plates (Huankai Microbial, Guangdong, China) and incu-
bated at 37°C for 24 h. The numbers of bacterial colonies
were then counted and expressed as colony-forming units
(CFUs) per milliliter of blood and peritoneal lavage.

Nitric Oxide (NO) Detection in Serum and Tissue
Homogenates

At 19-h postinfection, the general conditions of the mice
were observed. Upon euthanasia, cardiac blood was col-
lected, and organs were removed. Mice were euthanized 24
h after infection if not prior, and excess pentobarbital sodium
(Solarbio, Shanghai, China) was injected i.p. Cardiac blood

was collected and centrifuged to obtain serum for the detec-
tion of NO levels. Peripheral blood (PB) was collected to
measure routine blood biochemistry. The liver, brain, skin,
spleen, bone marrow (BM), and kidneys were removed, and
a portion of each tissue was stored at —80°C for later use; the
other portion was homogenized for the detection of NO
concentrations.

NO content was measured using an NO detection kit
(KeyGen Biotech, Nanjing, China) using the nitrate reduc-
tase method. Absorbance was determined at 550 nm using a
spectrophotometer (DNM-9602; Beijing Pulang New
Technology Co., Ltd, Beijing, China). Overall nitrite levels
were calculated as an indicator of total NO production.

Immunohistochemistry

BM was collected and stored at —80°C until subsequent use.
Parts of the skin, liver, brain, kidneys, and spleen were
stored at —80°C as well. The other portions were fixed with
4% formaldehyde (Solarbio), embedded in paraffin, and
sectioned into 4-pm-thick sections. Immunohistochemistry
was performed using an SP Rabbit & Mouse HRP Kit
(3, 3’-diaminobenzidine, DAB; CWBIO, Beijing, China)
according to the manufacturer’s instructions. Anti-CD31
primary antibodies (Cat. No. ab28364; Abcam; 1:100) were
used to detect blood vessels within the tissues. The positive
region of interest was measured in three independent sec-
tions from each sample (Olympus DP73; Tokyo, Japan).

Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR)

Total RNA was extracted with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. RNA concentrations were measured by determining
A260/280 absorption on a spectrophotometer (Merinton,
Ann Arbor, MI, USA). RNA was then reverse transcribed
into complementary DNA (cDNA) with a ReverTra Ace
qRT-PCR RT Master Mix kit with genomic DNA (gDNA)
Remover (TOYOBO, Osaka, Japan). The primers used for
each gene are listed in Table 1 (BioSune, Shanghai, China).
qRT-PCR was performed on an Applied Biosystems 7500
RT-PCR System (Applied Biosystems, Foster City, CA,
USA) and detection using SYBR Green Realtime PCR
Master Mix (TOYOBO) in 20 pl of reaction mixture: Stage
1: 95°C 30 s reps | and Stage 2: 95°C 5 s, 53°C 10 s, 72°C
15 s reps 40. Data were analyzed using Sequence Detection
Software 1.4 (Applied Biosystems). Samples were assayed
in triplicate, and mean values were calculated; gene expres-
sion level was determined by normalization to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) expression, and
expression in the normal group was set to 1. The mean rela-
tive gene expression was determined and calculated using
the 2724 method, and a melt curve was performed to check
the integrity of the amplifications.
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Table 1. Primers Used in qRT-PCR.

Gene name Primer sequence
GAPDH-80F 5'-ACTGAGCAAGAGAGGCCCTA
GAPDH-80R 5 -TATGGGGGTCTGGGATGGAA
EDNI-I0IF 5'-CTACGAAGGTTGGAGGCCAT
EDNI-10IR 5-CGGTTGTGCGTCAACTTCTG
ANGPT |-95F 5'-GCTTGATCTTACACGGTGCC
ANGPT[-95R 5'-CCACCAACCTCCTGTTAGCAT
VEGFA-76F 5-AAATCCTGGAGCGTTCACTG
VEGFA-76R 5-TACACGTCTGCGGATCTTGG
ILI10-112F 5-GCTCTTGCACTACCAAAGCC
ILI10-112R 5'-CTGCTGATCCTCATGCCAGT

qRT-PCR: quantitative reverse transcription polymerase chain reaction.

Western Blot Analysis

Western blot analysis was carried out to analyze the expres-
sion of VEGFA (vascular endothelial growth factor A) and
VEGFR2 (vascular endothelial growth factor receptor 2) in
spleen, liver, BM, and skin. In brief, the total protein of the
petrous part of the temporal bone samples was extracted using
Radio-Immunoprecipitation Assay (RIPA) protein extraction
reagent (Beyotime, Shanghai, China) supplemented with
phenylmethylsulfonyl fluoride (Beyotime) at 4°C for 20 min.
Samples were then centrifuged at 4°C (15 min, 14,000 X g).
The protein concentrations were measured using a bicincho-
ninic acid (BCA) protein detection kit (Thermo, USA). The
lysates were separated by 10% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and then transferred onto
a polyvinylidene fluoride membrane. After blocking with
5% bovine serum albumin, the membrane was incubated with
primary antibodies raised against VEGFA (Cat. No. ab46154;
Abcam; 1:1000), VEGFR2 (Cat. No. ab11939; Abcam,;
1:500), and GAPDH (loading control; ZSGB-BIO, Beijing,
China). Goat antirabbit antibodies conjugated to horseradish
peroxidase were used as secondary antibodies (1:500;
SA00001-2, Proteintech, Rosemont, IL, USA), and proteins
were visualized using enhanced chemiluminescence (Tanon,
Tanon-5200, Shanghai, China). The band intensity was quan-
tified using ImagelJ software. Three independent experiments
were performed.

Statistical Analysis

All data are presented as the mean * standard error of the
mean (SEM) of three separate experiments. An unpaired
Student’s ¢-test was used to compare two groups, and one-way
analysis of variance (ANOVA) followed by Bonferroni’s mul-
tiple comparison test was conducted to determine statistically
significant differences among more than two groups. Statistical
analyses were performed using SPSS Statistics 21.0 (SPSS,
Inc., Chicago, IL, USA). A two-sided probability level less
than 0.05 (P < 0.05) was regarded as statistically significant.

Results
Expansion of NK Cells

The overall experimental design and experimental grouping
are shown in Fig. 1A. NK cells can be expanded upon activa-
tion by IL-2; therefore, we used genetically engineered K562
cells as feeder cells and IL-2 to enhance NK cell expansion
in vitro, we obtained almost 4.3 X 10% cells with a high
purity of up to 92%. The total number of expanded cells and
the purity of CD3"CD56* NK cells will reach a peak on day
15 and then drop slightly (Fig. 1B, C). An example of the
immunophenotype of NK cells pre- and postexpansion and
after infusion is shown in Fig. 1D, E. Expanded NK cells
exhibited very high CD56 expression. Cell surface expres-
sion of the activating receptors NKp30 and NKG2D was also
increased on expanded NK. These data demonstrate that NK
cells are markedly activated after expansion. Therefore, NK
cells expanded to day 15 were used in the following animal
experiments.

Injection of NK Cells Improved the General

Condition and Survival Rates of Sepsis
Model Mice

After intraperitoneal injection of fresh fecal solution, we
observed that mice in the control and test groups showed less
activity than those in the normal group. Mice in the control
and test groups also showed adverse responses to touching of
their abdomens; this response was not observed in the nor-
mal group. At 18, 20, and 21 h after infection, one mouse in
the control group was euthanized; no mice in any of the other
groups were euthanized (Fig. 2A).

Injection of NK Cells Weakened the
Inflammatory Response and Decreased
NO Concentrations

The highest NO levels were observed in the control group,
whereas the lowest NO levels were observed in the normal
group in blood and tissue homogenates 24 h after sepsis
induction. Compared with the control group, injection of NK
cells in the test group decreased NO concentrations, although
not to the level of the normal group. Therefore, treatment
with NK cells significantly suppressed the increases in NO
levels, to some extent, following induction of sepsis (P <
0.05; Fig. 2B).

After fecal solution intraperitoneal injection, the numbers
of leukocytes and neutrophils in PB and PLF were signifi-
cantly higher than those in the normal group (Fig. 2C-F,
P < 0.05 vs normal group). The number of neutrophils in PB
was significantly reduced by tail vein infusion of NK cells
(Fig. 2C, D, P < 0.05 vs normal group). Although NK cell
infusion also reduced the number of leukocytes in PB, and
the number of leukocytes and neutrophils in PLF, there was
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no significant difference compared with the control group
(Fig. 2C, E, F, P > 0.05 vs control group).

To determine whether the protective effect of NK cells in
the sepsis model was due to antimicrobial activity, bacterial
CFUs were estimated in PB and PLF. NK cells showed sig-
nificant reduction in bacterial count in PB (P < 0.05 vs con-
trol group) while no significant reduction in PLF (Fig. 2G, P
> (.05 vs control group).

NK Cells Improved Microcirculation in Kidneys
and Liver

There are abundant blood vessels in the liver, kidneys, and
skin. We used immunohistochemical technique to label
CD31 positive vascular endothelial cells, which appear as
brown during DAB staining. Feces-induced sepsis resulted
in a significant reduction in the number of capillaries with
brown positive signal in the kidney and liver (P < 0.01 vs
normal group; Figs. 3 and 4). After the injection of NK cells,
the number of brown positive capillaries significantly
increased in the kidneys and liver (P < 0.01 vs control group;
Figs. 3 and 4). However, no significant differences were
observed in the skin and spleen following NK cell injection
(data not shown).

Injection of NK Cells Decreased the mRNA of
IL-10, Angiopoietin-1 (ANGPT-1), Endothelin
(ET)-1, and VEGF

Using RT-PCR method, we analyzed the mRNA of four cyto-
kines in different tissues. Compared with that in the normal
group, induction of sepsis in the control group resulted in
increased IL-10, VEGF, ANGPT-1, and ET-1 expression lev-
els; this effect was blocked by NK cell injection in the test
group. Thus, injection of NK cells improved the condition
and integrity of blood vessels at the gene level (Fig. 5).

Injection of NK Cells Changed VEGFA and
VEGFR2 Expression

In all the spleen, liver, BM, and kidney tissues we tested,
VEGFA protein levels were increased in the control group
compared with those in the normal group (P < 0.01 in spleen,
liver, and BM, P < 0.05 in skin; Fig. 6). The expression of
VEGFR2 also increased after sepsis modeling (P < 0.01 in
spleen and P < 0.05 in liver). In addition, treatment with NK
cells in the test group resulted in decreased levels of VEGFA
proteins compared with those in the control group (P < 0.01
in liver and BM; Fig. 6A and E, B and F). For VEGFR2, it
was significantly downregulated in spleen and liver after NK
cell infusion, compared with those in the control group (P <
0.01 in spleen and P < 0.05 in liver). In BM and skin, the
expression of VEGFR2 increased after NK cell infusion,
compared with those in the control group (Fig. 6C and G, D

and H). These findings suggested that feces-induced sepsis
resulted in disorders of angiogenesis, whereas injection with
NK cells alleviated these alterations to some extent in spleen
and liver.

Discussion

Sepsis is a fatal disease that is frequently encountered by cli-
nicians worldwide. When organ dysfunction occurs, the mor-
tality rate increases®®. Thus, effective treatments for sepsis are
urgently needed. Sepsis is induced by microbial components
or toxins during infection, and most animal models of sepsis
are poly-microbial models that mimic intra-abdominal sepsis
and typically include feces-induced peritonitis®. In this study,
male C3H mice were injected with fresh fecal solution, imi-
tating sepsis induced by acute peritonitis?'. This mouse model
of sepsis was originally developed by Huet and colleagues®
and remains a reliable and internally consistent approach. In
our current study, three mice in the control group were eutha-
nized within 24 h after infection and showed signs of abdomi-
nal pain. In addition, /L-10, NO, and ET-1 expression levels
were upregulated, which was consistent with clinical mani-
festations of sepsis. These results suggested the occurrence of
severe inflammation, disruption of endothelial integrity, and
dysregulation of blood vessels and supported that the sepsis
mouse model was successfully constructed?’.

Injection of NK cells in our sepsis model improved sur-
vival rates in mice and reduced abdominal pain. Importantly,
NK cells regulate immune responses, such as cytotoxicity
and cytokine production, which affect DCs, macrophages,
neutrophils, T cells, and B cells?®. NK cell cytotoxic function
in human sepsis is greatly decreased?. It is apparent that NK
cells are major effectors of the final outcome in sepsis
through modulation of interferon-gamma (IFN-y) produc-
tion*’. NK cell activation provides protection from pneumo-
nia through excess production of IFN-y which inhibits
bacterial growth and has a major impact on sepsis outcome?!.
When treated with recombinant IFN-y, patients with severe
sepsis demonstrate reversal of sepsis-induced monocyte dys-
function and overall improved sepsis survival®?, Usually,
human NK cells are reinfused into severe combined immune
deficient (SCID) mice for tumor treatment experiments*23-33,
Although the immune molecules of human and mouse do not
match, the infusion of human NK cells into sepsis mice may
increase the intensity of mutual immune response. However,
many factors secreted by human NK cells, including IFN-y,
granomycin, and TNF, can also partially simulate the role of
mouse NK cells. In our study, NK cells partially protected
mice from feces-induced sepsis via downregulation of NO.
This suggests that transfusion with NK cells could improve
outcomes in patients with sepsis. Infusion of NK cells also
reduced IL-10 in septic mice, although there was no signifi-
cant difference. IL-10, a characteristic cytokine marker of
sepsis*, can counterbalance the proinflammatory response
and is substantially upregulated during sepsis. Thus, detection
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Figure 3. Infusion of NK cells significantly increased the density of CD31| positive blood vessels in the kidney. The brown ring is
considered a positive signal. The nuclei were counterstained with hematoxylin. After injection with NK cells, the positive signal
increased. (A) Normal group. (B) Control group. (C) Test group. (D) Statistical analysis of quantified data from the three groups. The
data are expressed as the mean = SEM. Bar = 100 pm. NK: natural killer. **P < 0.01.

of IL-10 levels may be useful for evaluating the severity of
sepsis®. In this study, IL-10 levels were decreased after
transfusion with NK cells, indicating that NK cells enhanced
the body’s immune response, which may have protected the

animals from death due to serious infection. In states of sep-
sis, critical illness, and states of inflammation, IL-10 potenti-
ates effector T cell suppression that prolongs recovery and
may dispose to increased complications.



Lan et al

Normal Group >

Control Group W

=

Te_st_ Group

Relative quantity
° o
N i

*%

o
=)

| ]
Normal

Test

Control

Figure 4. Infusion of NK cells significantly increased the density of CD3 1 positive blood vessels in the liver. The brown ring is
considered a positive signal. The nuclei were counterstained with hematoxylin. After injection with NK cells, the positive signal
increased. (A) Normal group. (B) Control group. (C) Test group. (D) Statistical analysis of quantified data from the three groups. The
data are expressed as the mean = SEM. Bar = 100 um. NK: natural killer. *P < 0.05; **P < 0.01.

The endothelial cell lining (ECL) of the vasculature is a
unique cellular system that can regulate hemostasis and
vasomotor control*®. In sepsis, severe endothelial cell dys-
function occurs, resulting in dysregulation of the ECL and
disruption of vascular activity’’. The function of the ECL is

determined largely by the glycocalyx, which is associated
with sepsis®®. Shedding of the glycocalyx is associated with
sepsis-induced organ failure and may result in endothelial
release of NO or ET*, thereby contributing to the loss of
vascular reactivity, which may lead to DIC. Notably, NO
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metabolism plays important roles in the regulatory function
of the ECL and influences vascular function. In a previous
study, NO and ET expression levels were found to increase
in endotoxic shock®. Consistent with these findings, in the
current study, we also found that NO and ET levels increased
plasma and tissue homogenates from septic mice. The main-
tenance of endothelial barrier integrity may be important in
the development of novel therapies for the treatment of
sepsis*. The inexplicable result in this experiment is that NK
cells reduced the expression of these important proangio-
genic factors, including E7-1, VEGF, and ANGPT-1, which
is opposite to the increase of vascular density in immunohis-
tochemistry item. It is also mentioned that the decrease of
VEGF may be protective. It may be more important to main-
tain the stability of existing blood vessels than angiogenesis*!.
The barrier properties of endothelial cells are critical for the
maintenance of water and protein balance between the intra-
vascular and extravascular compartments. In septic mice,
plasma VEGFA could destabilize the vascular endothelial
barrier integrity*'**. VEGF levels are significantly elevated
in septic patients and correlated with disease severity and

vascular leak*. In addition, VEGF blockade was proven to
be protective in models of experimental sepsis and is cur-
rently being tested for its therapeutic potential*’. The upregu-
lation of VEGF may increase vascular permeability*, and
reducing the level of VEGFA is beneficial to protect septic
mice*!. Therefore, the decrease of VEGFA, ANGPT-1, and
ET-1 in peripheral serum after infusion of NK cells is helpful
to reduce the mortality of septic mice and maintain the integ-
rity of vascular endothelial system.

Moreover, VEGFA and VEGFR?2 protein levels were sig-
nificantly lower in the test group than in the control group in
the spleen, liver, and BM; the opposite results were observed
in the skin. These findings suggested that there may be an
interaction between NK cells and the VEGFA pathway to
modulate angiogenesis in sepsis. However, more samples
and detailed analyses are required to confirm these findings
and elucidate the mechanism. Because NK cells can induce
vascular growth, remodel the vasculature, and secrete angio-
genic factors®, these cells may protect the integrity of the
endothelium and promote angiogenesis. Indeed, we found
that blood vessel formation increased in the kidneys and liver
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dehydrogenase. *P < 0.05; **P < 0.01.

following treatment with NK cells; however, no differences
were observed in the spleen and skin. The proangiogenic
effects of NK cells have been reported previously*®; how-
ever, little is known regarding the angiogenic functions of
NK cells in an inflammatory environment, such as sepsis.
Thus, our findings indicated that NK cells promoted angio-
genesis in the kidney and liver. Further studies are needed to

increase the observation time, to assess the roles of NK cells
in the spleen and skin.

In conclusion, we described the systematic response of mice
with feces-induced sepsis to NK cell injection. After NK cell
treatment, the levels of NO, IL-10 and VEGF in sepsis mice
decreased, the bacterial load and the numbers of NEU also
reduced. A major cause for these improvements might be the
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observed stabilization of the vascular endothelial barrier,
which rendered the treated mice more tolerant to systemic
infections. Mechanistically, the functions of NK cells in sep-
sis may be related to the VEGFA pathway and the integrity of
the endothelium may play an important role. Further studies
are needed to define the contribution of immune and vascular
effects of NK cells for sepsis therapy.

Author Contributions

Jing Lan performed all the experiments and participated in writing
the manuscript. Hong Zhang, Linghong Liu, Hui Zhao, Qing Shi,
and Dong Li assisted with the experiments. Dong Li and Xiuli Ju
conceived the project, analyzed the data, and actively participated
in manuscript writing.

Ethical Approval

This study was approved by the Ethics Committee of Qilu Hospital
of Shandong University, Jiangsu Province, China (Approval No.
KYLL-2017(KS)-0143).

Statement of Human and Animal Rights

All procedures in this study were conducted in accordance with
the Ethical Committee on Animal Experiment of Shandong
University Qilu Hospital (Approval No. DWLL-2019-023)
approved protocols.

Statement of Informed Consent

Written informed consent was obtained from each umbilical cord
blood donor.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
work was supported by the Department of Science & Technology
of Shandong Province (ZR2020MH063), Rongxiang Regenerative
Medicine Foundation of Shandong University (No. 2019SDRX-
18), and Quancheng Industrial Leader Project (2017018).

ORCID iD

Dong Li https://orcid.org/0000-0002-6496-4605

References

1. Hawiger J, Musser JM. How to approach genome wars in
sepsis? Crit Care. 2011;15(6): 1007.

2. Brindle NP, Saharinen P, Alitalo K. Signaling and functions
of angiopoietin-1 in vascular protection. Circ Res. 2006;98(8):
1014-23.

3. Goldenberg NM, Steinberg BE, Lee WL. Broken barriers: a
new take on sepsis pathogenesis. Sci Transl Med. 2011;3(88):
88ps25.

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

Ince C. Microcirculation in distress: a new resuscitation end
point. Crit Care Med. 2004;32(9): 1963-64.

Trzeciak S, McCoy JV, Phillip Dellinger R, Arnold RC,
Rizzuto M, Abate NL, Shapiro NI, Parrillo JE, Hollenberg
SM. Microcirculatory Alterations in Resuscitation and Shock
(MARS) investigators. Early increases in microcirculatory
perfusion during protocol-directed resuscitation are associated
with reduced multi-organ failure at 24 h in patients with sepsis.
Intensive Care Med. 2008;34(12): 2210-17.

Lendemans S, Peszko A, Oberbeck R, Schmitz D, Husain B,
Burkhard M, Schade FU, Flohe S. Microcirculatory alterations
of hepatic and mesenteric microcirculation in endotoxin toler-
ance. Shock. 2008;29(2): 223-31.

Taccone FS, Su F, Pierrakos C, He X, James S, Dewitte O,
Vincent JL, De Backer D. Cerebral microcirculation is
impaired during sepsis: an experimental study. Crit Care.
2010;14(4): R140.

Jones AE, Puskarich MA. Sepsis-induced tissue hypoperfu-
sion. Crit Care Clin. 2009;25(4): 769-79.

Turnidge J. Impact of antibiotic resistance on the treatment of
sepsis. Scand J Infect Dis. 2003;35(9): 677-82.

Carraway MS, Welty-Wolf KE, Miller DL, Ortel TL, Idell
S, Ghio AJ, Petersen LC, Piantadosi CA. Blockade of tissue
factor: treatment for organ injury in established sepsis. Am J
Respir Crit Care Med. 2003;167(9): 1200-1209.

Remick DG. Cytokine therapeutics for the treatment of sep-
sis: why has nothing worked? Curr Pharm Des. 2003;9(1):
75-82.

Bernard GR. Drotrecogin alfa (activated) (recombinant human
activated protein C) for the treatment of severe sepsis. Crit
Care Med. 2003;31(Suppl 1): S85-93.

Stearns-Kurosawa DJ, Osuchowski MF, Valentine C,
Kurosawa S, Remick DG. The pathogenesis of sepsis. Annu
Rev Pathol. 2011;6:19-48.

Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions
of natural killer cells. Nat Immunol. 2008;9(5): 503—10.

Ivanova D, Krempels R, Ryfe J, Weitzman K, Stephenson
D, Gigley JP. NK cells in mucosal defense against infection.
Biomed Res Int. 2014;2014:413982.

Laouar Y, Sutterwala FS, Gorelik L, Flavell RA. Transforming
growth factor-beta controls T helper type 1 cell development
through regulation of natural killer cell interferon-gamma. Nat
Immunol. 2005;6(6): 600—607.

. Wang J, Sun R, Wei H, Dong Z, Gao B, Tian Z. Poly I:C

prevents T cell-mediated hepatitis via an NK-dependent
mechanism. J Hepatol. 2006;44(3): 446-54.

Rétsep MT, Felker AM, Kay VR, Tolusso L, Hofmann AP,
Croy BA. Uterine natural killer cells: supervisors of vascu-
lature construction in early decidua basalis. Reproduction.
2015;149(2): R91-102.

Patel A, Joseph J, Periasamy H, Mokale S. Azithromycin
in combination with ceftriaxone reduces systemic inflam-
mation and provides survival benefit in a murine model of
polymicrobial sepsis. Antimicrob Agents Chemother. 2018;
62(9):¢00752.

Shrum B, Anantha RV, Xu SX, Donnelly M, Haeryfar SM,
McCormick JK, Mele T. A robust scoring system to evalu-
ate sepsis severity in an animal model. BMC Res Notes. 2014;
7:233.


https://orcid.org/0000-0002-6496-4605

Lan et al

13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

OzerJ, Levi T, Golan-Goldhirsh A, Gopas J. Anti-inflammatory
effect of a Nuphar lutea partially purified leaf extract in murine
models of septic shock. J Ethnopharmacol. 2015;161:86-91.
Huet O, Ramsey D, Miljavec S, Jenney A, Aubron C, Aprico A,
Stefanovic N, Balkau B, Head GA, de Haan JB, Chin-Dusting
JP. Ensuring animal welfare while meeting scientific aims using
a murine pneumonia model of septic shock. Shock. 2013;39(6):
488-94.

Liu B, Cao W, Cheng J, Fan S, Pan S, Wang L, Niu J, Pan Y,
LiuY, Sun X, Ma L, et al. Human natural killer cells for target-
ing delivery of gold nanostars and bimodal imaging directed
photothermal/photodynamic therapy and immunotherapy.
Cancer Biol Med. 2019;16(4): 756-70.

Fujisaki H, Kakuda H, Shimasaki N, Imai C, Ma J, Lockey
T, Eldridge P, Leung WH, Campana D. Expansion of highly
cytotoxic human natural killer cells for cancer cell therapy.
Cancer Res. 2009;69(9): 4010-17.

Xing D, Ramsay AG, Gribben JG, Decker WK, Burks JK,
Munsell M, Li S, Robinson SN, Yang H, Steiner D, Shah N,
et al. Cord blood natural killer cells exhibit impaired lytic
immunological synapse formation that is reversed with IL-2
exvivo expansion. J Immunother. 2010;33(7): 684-96.

Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology
of sepsis in the United States from 1979 through 2000. N Engl J
Med. 2003;348(16): 1546-54.

Otto GP, Busch M, Sossdorf M, Claus RA. Impact of sepsis-
associated cytokine storm on plasma NGAL during acute
kidney injury in a model of polymicrobial sepsis. Crit Care.
2013;17(2): 419.

Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel
L, Lanier LL, Yokoyama WM, Ugolini S. Innate or adap-
tive immunity? The example of natural killer cells. Science.
2011;331(6013): 44-49.

Chiche L, Forel JM, Thomas G, Farnarier C, Cognet C, Guervilly
C, Zandotti C, Vély F, Roch A, Vivier E, Papazian L. Interferon-
v production by natural killer cells and cytomegalovirus in criti-
cally ill patients. Crit Care Med. 2012;40(12): 3162—69.
Giamarellos-Bourboulis EJ. Natural killer cells in sepsis: detrimen-
tal role for final outcome. Crit Care Med. 2014;42(6): 1579-80.
Broquet A, Roquilly A, Jacqueline C, Potel G, Caillon J,
Asehnoune K. Depletion of natural killer cells increases mice
susceptibility in a Pseudomonas aeruginosa pneumonia model.
Crit Care Med. 2014;42(6): e441-50.

Mathias B, Szpila BE, Moore FA, Efron PA, Moldawer LL. A
review of GM-CSF therapy in sepsis. Medicine. 2015;94(50):
e2044.

Guimaraes F, Guven H, Donati D, Christensson B, Ljunggren
HG, Bejarano MT, Dilber MS. Evaluation of ex vivo expanded

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

human NK cells on antileukemia activity in SCID-beige mice.
Leukemia. 2006;20(5): 833-39.

Hotchkiss RS, Opal S. Immunotherapy for sepsis—a new
approach against an ancient foe. N Engl J Med. 2010;363(1):
87-89.

Reinhart K, Bauer M, Riedemann NC, Hartog CS. New
approaches to sepsis: molecular diagnostics and biomarkers.
Clin Microbiol Rev. 2012;25(4): 609-34.

Aird WC. Endothelial cell heterogeneity. Cold Spring Harb
Perspect Med. 2012;2(1): a006429.

Weinbaum S, Tarbell JM, Damiano ER. The structure and
function of the endothelial glycocalyx layer. Annu Rev Biomed
Eng. 2007;9:121-67.

Ince C, Mayeux PR, Nguyen T, Gomez H, Kellum JA, Ospina-
Tascon GA, Hernandez G, Murray P, De Backer D; ADQI XIV
Workgroup. The endothelium in sepsis. Shock. 2016;45(3):
259-70.

Forni M, Mazzola S, Ribeiro LA, Pirrone F, Zannoni A,
Bernardini C, Bacci ML, Albertini M. Expression of endo-
thelin-1 system in a pig model of endotoxic shock. Regul Pept.
2005;131(1-3): 89-96.

Rodrigues SF, Granger DN. Blood cells and endothelial
barrier function. Tissue Barriers. 2015;3(1-2): €978720.
Hemdan NY, Weigel C, Reimann CM, Gréler MH. Modulating
sphingosine 1-phosphate signaling with DOP or FTY720 alle-
viates vascular and immune defects in mouse sepsis. Eur J
Immunol. 2016;46(12): 2767-77.

van derFlier M, van Leeuwen HJ, van Kessel KP, Kimpen
JL, Hoepelman AI, Geelen SP. Plasma vascular endothelial
growth factor in severe sepsis. Shock. 2005;23(1): 35-38.
Jeong SJ, Han SH, Kim CO, Choi JY, Kim JM. Anti-vascular
endothelial growth factor antibody attenuates inflammation
and decreases mortality in an experimental model of severe
sepsis. Crit Care. 2013;17(3): R97.

Ay 1, Francis JW, Brown RH Jr. VEGF increases blood-brain
barrier permeability to Evans blue dye and tetanus toxin frag-
ment C but not adeno-associated virus in ALS mice. Brain Res.
2008;1234:198-205.

Ormiston ML, Chang C, Long LL, Soon E, Jones D, Machado
R, Treacy C, Toshner MR, Campbell K, Riding A, Southwood
M, et al. Impaired natural killer cell phenotype and function
in idiopathic and heritable pulmonary arterial hypertension.
Circulation. 2012;126(9): 1099-1109.

Bruno A, Focaccetti C, Pagani A, Imperatori AS, Spagnoletti
M, Rotolo N, Cantelmo AR, Franzi F, Capella C, Ferlazzo G,
Mortara L, et al. The proangiogenic phenotype of natural killer
cells in patients with non-small cell lung cancer. Neoplasia.
2013;15(2): 133-42.



