Vﬂfe“ European Journal of Histochemistry 2021; volume 65:3292

Swertianolin ameliorates immune dysfunction in sepsis via blocking
the immunosuppressive function of myeloid-derived suppressor cells
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In this study, we studied the long-term proliferation trajectory of myeloid-derived suppressor cells (MDSCs) in
murine sepsis model and investigated whether swertianolin could modulate the immunosuppressive function of
MDSCs. A murine sepsis model was established by cecal ligation and perforation (CLP), according to the
Minimum Quality Threshold in Pre-Clinical Sepsis Studies (MQTiPSS) guidelines. The bone marrow and
spleen of the mice were collected at 24 h, 72 h, 7 and 15 d after sepsis induction. The proportions of monocyt-
ic-MDSCs (M-MDSCs; CD11b*LY6GLY6CH) and granulocytic-MDSCs (G-MDSC, CD11b* Ly6G* Ly6Cv)
were analyzed by flow cytometry. Then, we have investigated whether swertianolin could modulate the
immunosuppressive function of MDSCs in in vitro experiments. G-MDSCs and M-MDSCs increased acutely
after sepsis with high levels sustained over a long period of time. G-MDSCs were the main subtype identified
in the murine model of sepsis with polymicrobial peritonitis. Furthermore, it was found that swertianolin
reduced significantly interleukin-10 (IL-10), nitric oxide (NO), reactive oxygen species (ROS), and arginase
production in MDSCs, while reducing MDSC proliferation and promoting MDSC differentiation into dendritic
cells. Swertianolin also improved T-cell activity by blocking the immunosuppressive effect of MDSCs. Both
subsets of MDSCs significantly increased in the bone marrow and spleen of the mice with sepsis, with G-
MDSCs being the main subtype identified. Swertianolin effectively regulated the functions of MDSCs and
reduced immune suppression.
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Introduction

Sepsis is defined as a life-threatening organ dysfunction
caused by a dysregulated immune response to infection.!?
Approximately 27 million people worldwide develop sepsis every
year, resulting in 8 million deaths. The incidence of sepsis is
increasing as the population ages and the number of immunosup-
pressed people (cancer patients) increases.’> Owing to the rapid
recognition and improved therapeutic and supportive care, the
early survival rate of septic patients has increased, meaning that
several patients survive the early stages of sepsis, normally in the
first 72 h. However, these survivors might soon show signals of
immunosuppression, failure to clear the primary infection, higher
susceptibility to opportunistic infections and reactivation of latent
viruses.®® During the development of sepsis in humans, circulating
myeloid-derived suppressor cells (MDSCs) increase persistently,
contributing to immunosuppression and other adverse out-
comes.”! However, thus far, the expression trajectory of the two
subtypes of MDSCs during the pathophysiological process of sep-
sis has not been extensively studied and the blockage of MDSC-
mediated immunosuppression or reducing the levels of MDSCs is
expected to improve the overall outcome of sepsis.

MDSCs are a heterogenic population of immature myeloid
cells consisting of myeloid progenitors and precursors of
macrophages, granulocytes, and dendritic cells (DCs).!!!?
Recently, two different MDSC subsets were identified in mice,
according to the differences in the expression levels of LY6G and
LY6C, two different epitope-specific antibodies to GRI.
Granulocyte-like MDSCs (G-MDSC) have the
CD11b'LY6G'LY6C" ™ phenotype, while monocyte-like MDSCs
(M-MDSCs) have the CDI11b" LY6GLY6C" phenotype.'>'¢ The
activation of these cells in a pathological context results in the pro-
duction of immunosuppressive mediators, including arginase-1,
inducible nitric oxide synthase (iNOS), reactive oxygen species
(ROS), transforming growth factor f (TGF-p), and interleukin 10
(IL-10). These mediators can inhibit T-cell proliferation and acti-
vation, and innate immune cell functions.”

Swertia species (Gentianaceae) are widely used in traditional
medicine in many Asian countries such as China, India and
Japan.'® Pharmacological research indicated that the plants of the
Swertia genus have a wide range of biological effects, including
hepatoprotective, antiinflammatory, antioxidant action, and inhibit
the growth and metastasis of hepatocellular carcinoma cells.!-?
Swertianolin, a xanthone glucoside isolated from the Swertia
species, is one of the representative constituents of many Swertia
species, and has been reported to possess antiinflammatory, hep-
atoprotective, antioxidant activity while improving the immune
function.?'->* CD34"MDSCs were firstly described in cancer
patients in 1995 as the main cause of immune escape and metasta-
sis progression. Subsequently, MDSCs have been reported in the
areas of inflammation, infectious diseases, especially chronic
infections, and sepsis. Since tumor immunity and sepsis immunity,
particularly in the later stages of sepsis, are surprisingly similar, we
speculated that swertianolin might regulate the immune response
in the late stages of sepsis, by improving the functionality of
MDSCs.!22427 [n summary, our objective was to elucidate the long-
term proliferation trajectory of MDSCs and explore an effective
drug that can modulate the function of MDSCs.

[European Journal of Histochemistry 2021; 65:3292]

Materials and Methods

Experimental animals and late sepsis model

Eight-week-old C57BL/6 mice (body weight ranging from 25
to 30 g) were purchased from Shanghai SLAC Laboratory Animal
Co. Ltd. The animals were housed in clear plastic cages with free
access to water and food in an established animal house with a
temperature set to 22 + 2°C, 50% humidity atmosphere, and a 12-
h light/dark cycle.

Severe sepsis group (40 mice) was induced by using a clinical-
ly relevant model of polymicrobial peritonitis caused by cecal lig-
ation and puncture (CLP), which has been extensively used to
investigate sepsis. CLP was performed as previously described.?¢2’
After CLP, the animals were resuscitated using an injection of pre-
warmed normal saline (37°C; 5 mL per 100 g body weight) subcu-
taneously. A treatment with butorphanol was used for postopera-
tive analgesia and this was repeated every 6 h for at least 2 days
(d). Organ/system dysfunction was assessed based on increased
serum concentrations of bilirubin (liver injury marker) and creati-
nine (kidney function marker). Sham-operated group (20 mice)
were treated identically except their cecum was neither ligated nor
punctured. The experiments were performed according to the
National Institutes of Health guidelines and approved by the
University of Southern Medical Animal Care and Use Committee.

Fluorescence-activated cell sorting staining and flow
cytometry

The bone marrow and spleen of both sepsis and sham groups
were harvested after 1, 3, 7, and 15 d. A single-cell suspension of
the bone marrow or spleen was prepared by pipetting and filtering
through a 70-um nylon strainer, followed by erythrocyte lysis.
Then, cells were labeled with the appropriate fluorochrome-conju-
gated antibodies by incubation for 30 min at 4°C, in staining buffer
(PBS plus 2% of fetal bovine serum [FBS]). After washing, sam-
ples were analyzed using LSRII Flow Cytometer (Becton
Dickinson), each sample contains 5x103 cells and data were ana-
lyzed using Flowjo software.

Sepsis-surviving mice were treated with Legionella
pneumophila

1.5x10° CFU/mL of Legionella pneumophila serotype 1
(CR1326) was inoculated on a BCYE plate. After 72 h of incuba-
tion at a constant temperature of 37°C with 5% CO, the colonies
were counted. Next, the bacteria were collected and dissolved in
phosphate buffer saline to a total volume of 1.25x10° CFU/mL. On
the 15" day after CLP, sepsis-surviving mice were randomly and
double-blind divided into two groups, a Legionella pneumophila
treated group (LP group) and phosphate buffer saline group (PBS
group). A healthy control group (HC group) was also set up in par-
allel. Mice in the LP group and HC group were given 40 pL of sus-
pension containing 5107 bacterial colonies injected into the nasal
cavity, respectively. In the PBS group, 40 uL. PBS was dropped
into the nasal cavity at the same time of other two groups.

Lung tissue section preparation and HE staining

The euthanized mice in each group were fixed on the operating
table, and the chest was opened to fully expose the heart and lung.
The left hilum was ligated and the left lung tissue was extracted.
The tissue sample was sent to the testing unit for quantitative bac-
terial detection within 30 min after collection. The tube was insert-
ed into the pulmonary artery, which was then rinsed repeatedly
with normal saline. After that 4% formaldehyde was injected into
the artery. The right middle lobe of the lung was removed and fixed
in 4% formaldehyde solution for more than 48 h, then embedded
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in paraffin, and continuously cut into 3 um thick sections for HE
routinary staining.

Isolation and purification of MDSCs

MDSCs were collected from the bone marrow and spleen from
mice 7-10 d after sepsis by using the method previously
described.’ The fluorochrome-conjugated antibody FITC-GR-1
and APC-CD11b identified the MDSCs together. The LSRII Flow
Cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) was used
to assess the purity of GR-1*CD11b* cells was >90%.

ELISA

Concentrations of IL-10, NO, ROS, and argininase in the cul-
ture supernatant were measured. ELISA kits were used in accor-
dance to the product instructions. Each sample was tested three
times. Mouse Nitric oxide (NO) ELISA Kit (WK-SU17963,
Shanghai Walan Biotechnology Co., Ltd., Shanghai, China),
Mouse Reactive oxygen species (ROS) ELISA Kit (WK-SU00321,
Shanghai Walan Biotechnology Co., Ltd), Mouse argininase (Arg-
1) ELISA Kit (WK-SU22504, Shanghai Walan Biotechnology Co.,
Ltd.), Mouse interleukin-10(IL-10) ELISA Kit (H009-1, Nanjing
Jiancheng Bioengineering Institutes, Nanjing, China) were used.

MDSC:s proliferation assay

After the swertianolin treatment, MTT was used to detect the
proliferation of MDSCs at 24, 48, and 72 h after inducing sepsis,
in both the experimental and the control group.
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Dendritic cell (DC) flow cytometry

The cell population characteristic phenotype of DC was
CDllc. The proportion of the DC population was determined by
PE-CD11C flow antibody (LSRII Flow Cytometer, Becton
Dickinson).

CD3* T-cell proliferation assay

To observe the inhibitory function of MDSC cells and swer-
tianolin on T cells, its proliferation was detected by flow cytometry
(LSRII Flow Cytometer, Becton Dickinson). Briefly, after 72 h of
culture, cells in each group were collected and PE-CD3 monoclon-
al antibody and CFSE were added. Then, cells were incubated in
the dark at 4°C for 30 min, washed three times with PBS, and cen-
trifuged at 1000 rpm for 5 min. The supernatant was discarded, and
cells were suspendedin 200 pL PBS prior to detection by flow

cytometry.

Statistical analysis

The measurements were expressed as mean £SD, N>3. And
analyzed by variance analysis of factorial design data using the
SPSS24 software package, with a significance level of 0.05. Two
independent sample #-tests were used to analyze ELISA test data
and the proportion of DCs, with a significance level of 0.05.
GraphPad was used for graphic analysis.
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Figure 1. G-MDSCs (CD11b* LyG* LyC™ and M-MDSCs (CD11* LyG- LyC") analyzed by FACS (n=3 mice per group). A,B) The fre-
quency and number of CD11b"LYGLYC" and CD11b* LyG* LyC"" of bone marrow cells from sepsis group and control group. C,D)
CD11b*LYGLYC" and CD11b*LyG*LyC" of spleen cells from sepsis group and control group.
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Results

Acute increase and long-term maintenance of G-MDSCs
and M-MDSCs after sepsis

Figure 1 shows G-MDSCs (CD11b*Ly6G*Ly6C*") and M-
MDSCs ((CD11b*Ly6G Ly6C") in marrow and spleen, analyzed
by FACS (n >3 mice per group). Both G-MDSCs and M-MDSCs
increased sharply and persistently over time in the marrow and
spleen in the sepsis groupm during the 15-day study period.
Furthermore, their levels remained high compared to those in the
control group (Figure 2 A-D). G-MDSCs and M-MDSCs increased
rapidly in the bone marrow, on the first day after sepsis, but did not
markedly increase in the spleen before the third day.

The concentration of G-MDSCs was significantly higher in the
sepsis group, compared to the sham group ( =17541.591, p=0.000),
with 28.56 £+ 0.14% and 2.54 + 0.14%, respectively. The two groups
also showed significant differences at different times (F=255.759,
p=0.000). The results of multiple-comparison tests showed that the
proportion of G-MDSCs was highest at 15 d after sepsis, with sig-
nificant differences at all time points. Additionally, the concentration
of G-MDSCs was significantly different in bone marrow and spleen
(F=5237.541, p=0.000). The interaction effect among all combina-
tions was also significant (p=0.000), and the fitting effect of the
model was very ideal. The adjustment R? was 0.999.

The proportion of M-MDSCs had also significantly differed
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between the sepsis and control groups (F=2956.242, p=0.000), and
the proportion of M-MDSCs within the sepsis group (8.42 +
0.09%) was higher than that in the control group (1.41 + 0.09%).
Multiple-comparison analysis showed that both groups were sig-
nificantly different at different times (F=349.439, p=0.000),
although this difference was more pronounced on the seventh day
after sepsis. The levels of M-MDSCs showed a significantly differ-
ence between bone marrow and spleen (F=1264.368, p=0.000).
The interaction effect among all combinations was significant
(p=0.000), and the fitting effect of the model was quite ideal, with
an adjustment of R?=0.994.

G-MDSCs are the main subtype identified in mice with
polymicrobial peritonitis sepsis

The proportions of G-MDSCs and M-MDSCs in marrow on
the first day of sepsis (d1) were 41.53 £0.61% and 4.40 £ 0.65%
respectively, and the proportions of G-MDSCs were about 10
times that of M-MDSCs.The G-MDSCs in the marrow of d3, d7,
and d15 are about 3 times that of M-MDSC. At the same time, G-
MDSCs showed the same trend in the spleen.

G-MDSCs were the dominant cellular subtype in the bone
marrow and spleen of septic mice (Figure 2 E-F). This is consistent
with previous in septic patients.>*® The accumulation of G-MDSCs
was significantly stronger than that of M-MDSCs in most animal
and humans with tumors, suggesting that sepsis immunity can be
similar to tumor immunity.
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Figure 2. Percentages G-MDSCs and M-MDSCs in a murine sepsis over 15 days, *p<0.01 compare to control. A) Marrow G-MDSC per-
centages are significantly elevated in sepsis group compared to control group at all time-points; marrow G-MDSC increased sharply on
the first day after sepsis and remained at high levels. B) M-MDSC percentages in marrow are significantly elevated in sepsis group com-
pared to control group at all time-points. C) Spleen G-MDSC percentages are dramatically increased from day 3 after CLP in sepsis
group compared to control group on D3, D7, D15 with significant differences. D) Spleen M-MDSC percentages are not elevated until
the third day after CLP, there was a significant difference compared to control group on D7 and D15. E,F) In sepsis group, G-MDSCs

in both marrow and spleen were the dominant cellular subtype.

[European Journal of Histochemistry 2021; 65:3292]

OPEN 8J\CCESS



press

Swertianolin can effectively reduce the secretion of IL-
10, NO, ROS, and argininase (Arg) in MDSCs

Before the formal experiment, we have first determined the
most effective concentration of swertianolin for our mice model.
MDSC isolated from sepsis mice was treated with different con-
centrations (12.5-200 wmol/L) of swertianolin for 24, 48, and 72 h,
before the OD 490 was detected by MTT.

Figure 3A shows that the inhibitory effect of swertianolin on
MDSCs becomes more obvious with higher concentrations.
However, this effect leveled off if concentrations were above 50
umol/L, particularly after 48 and 72 h, as the OD 490 did not sig-
nificantly decrease with double the drug concentration. Therefore,
we decided that 50 pmol/L was the most effective concentration
for our model.

The concentration of NO in the experimental group (MDSCs +
swertianolin co-culture) was 0.228 + 0.021 umol/L, while that of
the control group (MDSCs culture alone) was 0.529 + 0.017
umol/L (Figure 3B). Furthermore, the differences between the two
groups were statistically significant (t= -19.218, p=0.00). On the
other hand, Figure 3C indicates that ROS concentration in the
experimental group was of 0.193 = 0.01 pmol/L and in the control
group was 0.396 + 0.19 pmol/L, with a statistically significant dif-
ference between groups (t=-15.997, p=0.00). Arginase was signif-
icantly depleted in the experimental group with a concentration of
0.033 + 0.013 pmol/L, compared to the control group 0.444 +
0.037 umol/L (t=-17.89, p=0.00) (Figure 3D). Finally, the concen-
trations of IL-10 in the experimental group and the control group

were 50.2 8+ 2.38 pg/mL and 658.12 + 23.33 pg/mL respectively,
and the difference between the two groups was statistically signif-
icant (t= -44.883, p=0.00) (Figure 3E).

Swertianolin can reduce the proliferation of MDSCs
and promote the differentiation of MDSCs into dendrit-
ic cells

The differentiation of MDSC into mature DCs was significant-
ly higher in the experimental group than that in the control group,
after treatment with swertianolin (t=36.09, p=0.00) (Figure 3F).
The mean proportion of dendritic cells was 15.04+0.39% and 3.11
+ 0.41% in the experiment and control groups, respectively. This
means that the the proliferation of MDSCs was significantly inhib-
ited after swertianolin treatment (Figure 3G), as the mean OD570
(0.363 + 0.005) was significantly lower than the control (0.626 +
0.005). This significance was retained across all three tested times
(F=60.412, p=0.000). The model-fitting effect was quite ideal
(R>=0.993).

MDSC:s inhibited T-cell proliferation, while swertiano-
lin improved T-cell activity by blocking the immuno-
suppressive effect of MDSCs

The proliferation rate of the T-cell culture alone was of 42.87%
(Figure 4 A-D). The co-culture of T cells and swertianolin did not
significantly promote T-cell proliferation (46.26%), while T-cell
proliferation was significantly inhibited when T cells were co-cul-
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Figure 3. Effect of swertianolin on MDSC iz vitro. A) MDSC were isolated from sepsis mice and treated with different concentrations
(12.5-200 pmol/L) of swertianolin for 24, 48, 72 h then OD490 was detected by MTT. B-E) MDSCs were treated with 50 umol/L swer-
tianolin for 24 h, concentrations of NO, ROS, Arg-1, IL-10 in the culture supernatant was tested by ELISA kit with statistically signif-
icant difference from control. F) MDSCs were treated with swertianolin (50 pmol/L) for 24 h, then MDSCs were collected and the num-
ber of dendritic cells (CD11c+) were analyzed by FACS; compared with the control group, the difference was statistically significant.
G) The proliferation of MDSCs was significantly inhibited after swertianolin treatment; OD 570 was significantly different between the
experimental group and control groups. EG, experimental group; CG, control group.
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tured with MDSCs (21.34%, inhibition rate of 50%). When T cells,
MDSCs, and swertianolin were co-cultured, we found that the
inhibitory effect of MDSCs on T-cell proliferation was significant-
ly decreased (35.96%, inhibitory rate of 17%). Since the stimula-
tive effect of swertianolin on the proliferation of T cells is limited,
we believe that swertianolin promoted T-cell proliferation by act-
ing on MDSCs.

Immune dysfunction in sepsis-surviving mice

After exposure to Legionella pneumophila, HE staining of
lung tissue of mice in the health control group showed a thin alve-
olar wall, well inflated alveolar cavity, and no exudate in the alve-
olar cavity (Figure 5A). In the PBS group, mice showed inflamma-
tory exudation in alveolar cavity, and some air-filled alveoli were
visible in the field of vision (Figure 5B). In contrast, in the LP
group mice showed thickening of lung septum, edema of alveolar
wall, large amount of inflammatory exudate in lumen, and almost
no inflatable alveoli in field of vision (Figure 5C).
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Discussion

Sepsis is not a specific disease, but a pathological syndrome
involving complex immune responses with tissue and organ dam-
age.”3 Although infection triggers sepsis, even after the success-
ful treatment of infection, the immune response caused by the
invading pathogen often fails to return to homeostasis.>!*To
enable the study of the entire pathophysiological course of sepsis
and the sepsis survivors, to the mice it was administered an
intraperitoneal injection of imipenem cilastatin sodium (Merck
Sharp & Dohme Corp., Kenilworth, NJ, USA; 25 mg/kg) and fluid
resuscitation (0.9% NaCl solution 37°C; 5 mL/100 g of body
weight) after the onset of sepsis. The death pattern in sepsis shows
a three-way distribution. Early death is mainly due to incomplete
fluid resuscitation or acute respiratory and circulatory failures.
With improvements in early identification of sepsis and level of
organ function support, the death rate of sepsis has decreased sig-
nificantly.?*3¢ Currently, the peak of deaths happens mostly after
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Figure 4. Effect of swertianolin on T cells proliferation iz vitro. A) CD3+Tcells were cultured alone for 72 h, cell proliferation was deter-
mined by CFSE labeling; the proportion of CD;* T cell proliferation was 42.87%. B) CD3+Tcells + Swertianolin (50 pmol/) cocultured
72 h, the proportion of proliferating CD;* T cells had no significant change compare to CG Il (46.26%). C) MDSCs+ CD;*Tcells co-
cultured 72 h, compared with CG lll and CG Il, the proportion of T cell proliferation (21.34%) was dramatically reduced. D)
Swertianolin (50 pmol/L)+MDSCs+ CD;*Tcells cocultured 72 h, compared with CG |, the number of T cell proliferation (35.96%) was

significantly increased.
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60 to 90 d, the main cause of late death was sepsis induced
immunosuppression, and MDSCs were the main culprit of
immunosuppression.’”* latrogenic interferences and the inability
to obtain specimens of immune organs such as bone marrow and
spleen are some of the shortcomings of the clinical research that
focuses on the role of MDSC in sepsis. In order to overcome this,
we have established an animal model for research.

In our study, the populations of cells with strong immunosup-
pressive function (G-MDSCs and M-MDSCs) increased dramati-
cally during the whole process of sepsis. To our surprise, high lev-
els of G-MDSCs and M-MDSCs persisted in the marrow and
spleen of mice that survived 15 d after antibiotic and fluid resusci-
tation treatment. The levels of G-MDSCs and M-MDSCs
increased sharply in bone marrow within 24 h after onset of sepsis,
with that of the spleed only peaking after 72 h. This may be due to
the fact that bone marrow, as a central immune organ, is quickly
mobilized to generate a large number of immature immune cells

after a severe infection. The late increase of G-MDSCs and M-
MDSCs in the spleen may indicate the presence of immunosup-
pression, as this occurred on a later stage of sepsis. Mice are natu-
rally resistant to Legionella pneumophila, but using Legionella
pneumophila to challenge the surviving sepsis mice again, the
lungs of the mice have obvious damage, which indicates that the
immune function of the surviving sepsis mice is insufficiency.

MDSCs acts as an inhibitor through a variety of mechanisms
including the up-regulation of arginase, nitric oxide synthase
(INOS), and production of ROS and IL-10.4%-4> Swertianolin, a nat-
ural product, showed to be a strong anticancer and antioxidant
activities in both tumor and chronic infection experimental sys-
tems.'® Therefore, we tested the hypothesis that swertianolin may
affect MDSCs. In in vitro experiments, swertianolin reduced sig-
nificantly the secretion of immunosuppressor factors (IL-10, NO,
ROS, argininase). Additionally, it promoted an effective differenti-
ation of MDSCs into DCs.

Figure 5. After a Legionella pneumophila challenge, HE staining images showing lung tissues of mice in healthy control group, BPS
group and LP group, scale bar: 100 um. A) In the health control group, the alveolar wall was thin, the alveolar cavity (arrow) was well
inflated and there was no exudation in the alveolar cavity. B) In the PBS group, there was inflammatory exudation in alveolar cavity
(arrow), and some air-filled alveoli were visible under the field of vision. C) In the LP group showing thickening lung septum, edema
of alveolar wall (arrow), large amount of inflammatory exudate in lumen, and almost no inflatable alveoli under the field of vision.
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In this study, we also observed that swertianolin had no signif-

icant effect on the activation and proliferation of T cells, which
may decrease the immunosuppressive function of MDSCs while
improving the activity and proliferation of T cells.In recent years,
people have made great efforts in order to research and discover
bioactive natural medicines. This article clarifies the expression
trajectory of MDSCs subgroups in sepsis and observes the effect of
a natural product, swertianolin, on MDSCs at a cellular level. The
limitation of this study is that the immunomodulatory function of
the swertianolin is only studied in vitro, and more accurate effects
need to be tested in vivo, which will be completed in our later
study. Our team aims to continue conducting an in-depth research
to clarify the target and mechanism of action of swertianolin in
additional in vitro and in vivo assays.
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