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Abstract

Background and aims: Gut microbial lipopolysaccharide (LPS) induces endotoxemia, an
independent risk factor for cardiovascular disease (CVD). However, no studies have
demonstrated how structural differences in the each bacterial LPS contribute to endotoxemia.
Here, we investigated the effects of different acyl chains in the lipid A moiety of LPS on
endotoxemia and the subsequent immune response and atherosclerotic plaque formation.
Methods: Apoe”™ mice were intraperitoneally administered 2 mg/kg of Escherichia coli-
derived LPS (E. LPS, as a representative of hexa-acylated lipid A), Bacteroides-derived LPS
(B. LPS, as a representative of penta- or tetra-acylated lipid A), or saline (control) once a week,
six times. An immunohistological assessment was performed on the plaque sections.

Results: E. LPS administration induced endotoxemia, but B. LPS and saline did not. In E. LPS-
treated mice, total plaque areas in the aortic root were significantly increased, and neutrophil
accumulation and increased formation of neutrophil extracellular traps (NETs) were observed
at the plaque lesions, but not in B. LPS-treated mice. A single dose of E. LPS significantly
increased the accumulation of neutrophils in plaque lesions on day 3, and NET formation on
day 7. E. LPS also increased interleukin-1 beta (IL-1B) production in plaque lesions on day 7.
Furthermore, NET formation and IL-1fB production were also observed in human coronary
plaques.

Conclusions: We identified a previously unknown link between structural differences in LPS



and atherosclerosis. Lowering microbial LPS activity may reduce NET formation in plaques

and prevent CVD progression.

Clinical Trial Registration: Unique identifier: UMIN 000040747

URL: https://upload.umin.ac.jp/cgi-open-bin/icdr_e/ctr view.cgi?recptno=R000046521



Introduction

Endotoxemia, characterized by high plasma lipopolysaccharide (LPS) activities, is strongly
associated with cardiovascular disease (CVD) progression. Clinical studies have shown that
high plasma LPS levels are an independent risk factor for CVD ! by stimulating an innate
immune response and producing pro-inflammatory cytokines via Toll-like receptor 4 (TLR4)
signaling 2. Furthermore, plasma LPS levels have been reported to be elevated in patients with
ischemic stroke relative to those in controls and correlate with worsening disability > *.

Since the translocation of gut microbial LPS induces endotoxemia, the gut microbiota and gut
permeability play a key role in the pathophysiology underlying endotoxemia. Indeed, patients
with type 2 diabetes show gut dysbiosis, and gut bacteria are detected in their blood °. In
particular, a high-fat diet causes a chronic increase in plasma LPS activities, called metabolic
endotoxemia °. An interventional study indicated that modifying the gut microbiota alleviates
metabolic endotoxemia in patients with metabolic syndrome ’. In heart failure patients, plasma
LPS levels are elevated during acute edematous exacerbation, and enhanced diuretic
administration can normalize LPS levels 8. These findings suggest that the gut microbiota
composition and intestinal permeability are the main determinant factors for metabolic
endotoxemia.

The lipid A moiety of LPS is the main microbe-associated molecular pattern (MAMP) that acts

on TLR4, and the number of acyl chains in lipid A is a key determinant of immune activation



by the LPS-TLR4 system. Interestingly, the penta- or tetra-acylated lipid A moiety of LPS
derived from Bacteroides species (B. LPS) showed lower immunogenicity than the hexa-
acylated lipid A of E. coli LPS (E. LPS), as we have previously reported °. Specifically, B. LPS
mediated the production of relatively lower levels of pro-inflammatory cytokines than E. LPS
in vitro and did not induce sepsis in vivo °. A recent study on endotoxemia and atherosclerosis
suggests that neutrophils, especially NETs, exacerbate atherosclerosis by recruiting monocytes
to the arterial wall '°. However, no studies have demonstrated how structural differences in the
lipid A moiety of each bacterial LPS contribute to endotoxemia and the subsequent immune
response as well as atherosclerotic plaque formation.

To address this gap, we aimed to administer E. LPS and B. LPS to atherosclerotic mice to
induce endotoxemia and examine the systemic and local immune responses and atherosclerotic
plaque progression. The findings of this study might be valuable in clarifying whether the
composition of gut microbiota is a target for regulating endotoxemia-related inflammatory

diseases, including CVD.



Materials and methods

LPS extraction and lipid A isolation

LPS was purified using the hot phenol-water method as previously described by Yoshida et al.
%, Lipid A isolation was performed as described by Sandor et al. with minor modification !!.
Briefly, lipid A was extracted from each LPS using mild-acid hydrolysis with 1 % (v/v) AcOH
and shaking at 100 °C for 1 h, and the solution was lyophilized; 1 mL distilled water was then
added, and the solution was centrifuged (8,000 x g, 4 °C, 10 min). The pellet was washed with
distilled water four times. All lipid A samples were dissolved in methanol/trichloromethane

(95:5, v/v), sonicated, and finally filtered via a 0.22-um filter.

Animal model

Apolipoprotein E-deficient mice (offspring of homozygous Apoe” mice, backcrossed onto the
C57BL/6 background) were bred in a specific pathogen-free environment in the institute for
Eexperimental Aanimals, at Kobe University. Tlr4” mice on a C57BL/6] background were
purchased from Charles River Japan (Yokohama, Japan). They were allowed ad libitum access
to water and a standard chow (CE-2, CLEA, Tokyo, Japan) and kept under a 12-h light-dark
cycle. 8-week-old Apoe”” female mice were fed a western diet (CE-2 82.7 %, cocoa butter 17 %,
cholesterol 0.2 %, CLEA, Tokyo, Japan) for 6 weeks. E. coli LPS purified by phenol extraction

(#L2630; Sigma-Aldrich) was used as E. LPS. Mice were injected intraperitoneally with 2



mg/kg of E. LPS or a total of 2 mg/kg B. LPS from B. dorei and B. vulgatus, one half of each
in 200 pl of LPS-free water once a week. A total of 200 pl LPS-free water was used as a control.
Three days after the last LPS administration, the mice were euthanized for analyses. In NETs
inhibition model, 8 weeks-old Apoe”” female mice were fed a western diet for 6 weeks. Mice
were injected intraperitoneally with 2 mg/kg of E. LPS once a day, and 10 mg/kg DNase |
(#D5025; Sigma-Aldrich) in 100 pl 0.9 % sodium chloride solution or as control 100 pul 0.9 %
sodium chloride only five times weekly, and euthanized three days after the last LPS
administration.

To investigate the morphological changes in atherosclerotic plaque after a single dose of LPS
administration, 8-week-old Apoe-/- female mice were fed a western diet for 10 weeks, and the
mice were injected intraperitoneally with 2 mg/kg of E. LPS or 2 mg/kg of B. LPS in 200 pL
of LPS-free water three or seven days before euthanization. As a control, 200 puL of LPS-free
water was administered three days before euthanization. In the experiment to confirm LPS in
the plaque, mice were euthanized 24 hours after an intraperitoneal administration of 2 mg/kg
of Alexa Fluor 594-conjugated E. coli-derived LPS (#L23353; Invitrogen). Anti-Ly6G (clone
1A8, #BE0075-1; Bio X Cell), anti-rat kappa immunoglobulin (clone MAR 18.5, #BE0122;
Bio X Cell), and isotype controls (#BE0089 and #BE0085; Bio X Cell) were intraperitoneally
injected starting the day before LPS administration to deplete neutrophils following the

1' 12

schemes and dosage described by Boivin et al. ' and mice were euthanized seven days after



LPS administration. After euthanization, the aortae were rinsed by perfusion with phosphate-
buffered saline from the left ventricle of the heart. Subsequently, the hearts and aortae were
removed and fixed with 4 % paraformaldehyde at 4 °C overnight, and frozen sections of the
aortic root were prepared and analyzed. This study was approved by the Animal Ethics
Committee at Kobe University (P190706) and conducted following the guidelines for animal

experiments at Kobe University School of Medicine.

Atherosclerotic lesion assessment

Samples were obtained from the proximal ascending aorta to the aortic sinus to analyze aortic
root lesions. The samples were embedded in an optimal cutting temperature compound (#4583;
Tissue-Tek Sakura Finetek, Tokyo, Japan). Six (for Figure1E, S1F) or seven (for Figure S2M)
consecutive sections (10 um in thickness) spanning 600 um (for FigurelE, S1F) or 700 pm
(for Figure S2M) of the aortic sinus from each mouse were stained with Oil Red O (#154-
02072; Sigma-Aldrich) in 60 % isopropyl alcohol for 10 min, washed with water, and
counterstained with Mayer’s hematoxylin for lesion quantification. The stained sections were
captured digitally using a microscope (#BZ-8000; Keyence, Osaka, Japan). For the quantitative
analysis of the extent of atherosclerosis, the total lesion area was calculated for six separate
sections obtained from each mouse using the Image] software, as previously described '*. For

immunofluorescence staining of the aortic root, adjacent sections were used. The tissue was



permeabilized with 0.2 % Triton X-100 in PBS for 10 min and blocked with 2 % goat or donkey

serum at room temperature for 1 h and then incubated at 4 °C overnight with the primary

antibodies diluted in blocking buffer: anti-CD68 (#137011; BioLegend), anti-mac2 (clone

M3/38, # CED-CL8942LE; BIOZOL), anti-Ly6G (clone 1A8, #BD551461; BD Biosciences),

anti-Histone H3 (citrulline R2 + R8 + R17) antibody (#ab5103; Abcam), and anti-IL-1p/IL-

1F2 antibody (#AF-401-NA; R&D Systems). Slides were washed and incubated at room

temperature for 2 h with the secondary antibodies: Alexa Fluor 647-conjugated goat anti-rabbit

IgG (#A21244; Invitrogen) and Alexa Fluor 647-conjugated donkey anti-goat IgG (#ab150135;

Abcam). The slides were then counterstained with DAPI (#422801; BioLegend). Finally, the

slides were mounted in Dako fluorescence mounting medium (#S3023; Dako) and captured

digitally using a fluorescence microscope (#¥BZ-8000; Keyence, Osaka, Japan). We evaluated

CD68-positive or Ly6G-positive living cell counts co-stained with DAPI excluding the

fractioned DAPI staining by setting the threshold of intensity of DAPI signals to exclude the

fractioned nuclei. We used TUNEL Assay Kit (#48513; Cell Signaling Technology) in TUNEL

staining according to the manufacturer’s instructions. Images were analyzed using the BZ-X

analyzer. We also analyzed en face atherosclerotic lesion size stained by Oil Red O in the lesser

curvature of the ascending to arch aortae (between the aortic root and the left subclavian artery).



Cell collection and flow cytometry

For flow cytometry analysis, peripheral blood samples were collected from mice with heparin-
coated capillary tubes. Erythrocytes were lysed by 1X RBC lysis buffer (BioLegend) for 10
min and the number of total blood cells was counted by diluting 1:20 with RBC lysis buffer.
For the analysis of bone marrow hematopoietic cells, femurs were crushed with a mortar and
pestle and filtered via a 40-um nylon mesh. The spleens were homogenized and filtered using
a 40-um nylon mesh, and erythrocytes were lysed by 1X RBC lysis buffer. The antibodies used
for the flow cytometry are listed in Table S1. Flow cytometry was performed by a LSR Fortessa

cell analyzer (BD Biosciences) and the data were analyzed by FlowJo v10.7.1 (Tree Star, Inc.).

Human samples

We prospectively enrolled patients according to the AHA/ACC guidelines '#'6. The
participants provided oral and written informed consent, and the study was conducted
according to the guidelines of the Declaration of Helsinki. This study was approved by the
Ethics Committee of Kobe University (approval no. B200139) and registered with the UMIN
Clinical Trials Registry (trial registration no. UMIN 000040747). Samples of coronary artery
plaque were obtained following directional coronary atherectomy (DCA) performed on
patients with the acute coronary syndrome (ACS) and were fixed in 4 % paraformaldehyde

overnight. The sections were then embedded in paraffin. Subsequently, the sections were sliced



with a thickness of 4 um, and stained with hematoxylin and eosin and Masson’s trichrome.

Immunohistochemistry was performed using anti-CD68 antibody (#¥M0876; Dako), followed

by biotinylated secondary antibodies and streptavidin—horseradish peroxidase. For

immunofluorescence staining, tissue sections were incubated at 4 °C overnight with anti-

human myeloperoxidase (MPO) (#AF3667; R&D Systems), anti-histone H3 (citrulline R2 +

R8 + R17) antibody (#ab5103; Abcam), and anti-human IL-1 f (#MAB601; R&D Systems)

antibodies. The slides were washed and incubated with the following secondary antibodies:

Alexa Fluor 568—conjugated donkey anti-goat (#ab175704; Abcam), Alexa Fluor 488—

conjugated donkey anti-rabbit (#406416; BioLegend), and Alexa Fluor 647—conjugated

donkey anti-mouse (#A-31571; Invitrogen). Finally, the slides were mounted and captured

digitally using a fluorescence microscope.

Statistical analysis

Statistical analyses were performed using the GraphPad Prism version 8.3.1. The Shapiro—Wilk

test was used to determine data normality. The results were presented as the mean + SEM. For

two-group comparison, the two-tailed Student’s t-test was used for normally distributed data

or the Mann—Whitney U test was used for non-normally distributed data. For multiple

comparisons, one-way analysis of variance (ANOVA) with Tukey’s post-hoc test was used for

normally distributed data or Kruskal-Wallis test with Dunn’s post-hoc test was used for non-



normally distributed data. Quantitative comparisons of each plaque area at six aortic root

sections were performed with two-way ANOVA. Statistical significance was defined at p <

0.05.



Results

Effects of differences in E. LPS and B. LPS on plaque progression

We first isolated lipid A from E. LPS and B. LPS (B. dorei and B. vulgatus LPS) and analyzed
the structure by liquid chromatography-tandem mass spectrometry (LC-MS/MS). We
confirmed that the lipid A moiety isolated from E. LPS was hexa-acylated, whereas those
from both B. LPS were tetra- and penta-acylated (Figure 1A). The E. LPS activity, measured
via limulus amebocyte lysate (LAL) assay, was considerably higher than that of the LPS
derived from B. LPS (Figure S1A); this was consistent with the findings of previous reports
%, Next, we investigated the effects of structural differences in LPS on endotoxemia and
observed a significant elevation in plasma LPS activity 24 h after intraperitoneal
administration of 2 mg/kg of E. LPS; however, such an increase was not observed when the
same dose of B. LPS was administered (Figure 1B). We performed experiments using a
mouse model of atherosclerosis to determine the effect of repeated endotoxemia on the
atherosclerotic plaque (Figure 1C). No death was observed in both groups and no significant
differences were observed in body weight changes (Figure S1B), and total cholesterol levels
in plasma were lower in the E. LPS-treated group than in the B. LPS-treated group; however,
the triglyceride levels were not changed in the LPS-treated groups (Figure S1C). Mice with
repeated endotoxemia induced by E. LPS showed a significant increase in the area of

atherosclerotic plaque lesions, whereas those injected with B. LPS showed no changes



(Figure 1D, E). There were no differences in aortic arch plaque between each group (Figure
S1D, E). The same repeated E. LPS administration in 7LR4”~ Apoe” mice did not worsen the
plaque burden (Figure S1F). This result supports that TLR4-mediated signaling from lipid A

is critical for plaque exacerbation induced by endotoxemia.

Immunological changes in plaques induced by structural differences in LPS

Immunofluorescence staining was performed on aortic root sections to determine which
immune cells showed increased numbers in the plaque lesions (Figure 2A). There were no
significant changes in CD68 (macrophage marker)-positive area or cell counts in the LPS-
treated groups (Figure 2B), and nor in samples stained with mac2 antibody. (Figure S2B, C).
However, Ly6G (neutrophil marker)-positive area or cell counts significantly increased in the
E. LPS-treated group (Figure 2C). The CD68-positive and Ly6G-positive areas per total
plaque area did not change between 3 groups (Figure S2A). However, there was a positive
correlation between the Ly6G positive area and total lesion plaque area (Figure S2D),
suggesting that LPS with hexa-acylated lipid A may increase plaque formation by accumulating
neutrophils rather than macrophages. Interestingly, more TUNEL-positive cells were found in
the plaques of the E. LPS-treated group than control group in areas where Ly6G positive
neutrophils were accumulated (Figure S2E, F). This finding suggests that E. LPS induces both

apoptosis and NETs at the same sites in the atherosclerotic plaques, where neutrophils were



accumulated. We hypothesized that neutrophil infiltration induced by E. LPS was associated
with plaque exacerbation, and then focused on the formation of neutrophil extracellular traps
(NETs), which are involved in a mechanism underlying the promotion of atherosclerosis by
neutrophils 7. As shown in previous studies '*, citrullinated histone-3 (Cit-H3)-positive areas
were identified in the Ly6G-positive area, indicating that NETs were formed in the plaque
lesion (Figure 2D). Analysis of the total size of Cit-H3+ Ly6G+ areas in each group showed
that NET formation was significantly increased in the E. LPS-treated group compared to that
in the control and the B. LPS-treated groups, and the activity of the induction of NET formation,
adjusted for the area of neutrophils, was also higher for E. LPS than for B. LPS (Figure 2E,
F). We performed in vitro experiments to assess whether LPS stimulation directly induces NET
formation via TLR4 on neutrophils. Isolated neutrophils from murine bone marrows did not
show a significant increase in extracellular DNA after E. LPS or B. LPS stimulation in vitro
(Figure S2G, H), suggesting that NET formation in plaque lesions caused by the interactions
with other cells rather than the direct LPS stimulation. In aortic tissue with plaque lesions, we
measured mRNA expression levels of representative chemokines involved in neutrophil
recruitment and activation by real time PCR and found that Ccl5 expression was significantly
higher in the E. LPS treated-group than the B. LPS-treated or control groups (Figure S2I).
Plasma CCLS5 protein levels determined by ELISA were also higher in the E. LPS-treated group

than the B. LPS-treated group (Figure S2J). CD68-positive, Ly6G-positive, Cit-H3+ Ly6G+



areas in the plaque lesions at aortic root from T/r4”~ Apoe’ mice after repeated LPS
administration were not increased (Figure S2K). We performed a NETs inhibition experiment
by DNase I administration to confirm the effect of NETs on atherosclerotic plaque formation,
but we did not observe a significant decrease in the total plaque areas in the DNase I-treated

group (Figure S2L, M).

Distinctive systemic immune response attributed to structural differences in LPS

Blood, spleen, and bone marrow cells obtained after repeated LPS administration were
analyzed by flow cytometry to confirm the systemic immune response to endotoxemia. No
changes were observed in the counts of monocytes, T cells, and B cells in the blood, but the
neutrophil count was significantly reduced in the E. LPS-treated group (Figure 3A and Figure
S3A). In the spleen, a minor increase was observed in the neutrophils count in the E. LPS-
treated group compared to that in the B. LPS-treated group; however, the difference was not
significant (Figure 3B and S3B). In the bone marrow, both LPS groups showed an increase in
cell numbers; however, only the E. LPS-treated mice showed a tendency of reduction in the
number of mature neutrophils and a significant increase in the number of neutrophil progenitor
cells (pre-neutrophils and immature neutrophils) (Figure 3C, D). We observed a reduced
population of monocytes in bone marrow in the E. LPS-treated group, but no changes were

observed in monocyte progenitor cells (Figure S3C, D). The percentage of CXCR2-negative



neutrophils in peripheral blood significantly increased the day after E. LPS administration and

normalized on day 3, but these changes were not observed in the B. LPS-treated group

(FigureS3E, F, and G), suggesting that E. LPS stimulation promotes emergency

granulopoiesis and immature neutrophils are released from bone marrow. These results suggest

that endotoxemia enhances the production of neutrophil progenitor cells and the release of

neutrophils from bone marrow, leading to the migration of neutrophils from peripheral blood

to tissues such as aortae.

The course of NET formation and IL-1§ production in plaque caused by a single LPS

administration

To investigate the causal relationship between neutrophil accumulation in the plaque and

plaque exacerbation due to endotoxemia, we performed murine experiments with a single LPS

administration (Figure 4A). First, to confirm whether the administered LPS was present in the

plaque lesion, mice were euthanized 24 h after intraperitoneal administration of 2 mg/kg of E.

coli derived LPS conjugated with Alexa Fluor 594 aortic root sections were observed.

Conjugated E. LPS was observed on the plaque surface and between the plaque and vascular

endothelium (Figure 4B). Second, the mice were euthanized on day 3 or day 7 after LPS (non-

conjugated) administration, and the aortic root sections were analyzed via immunofluorescence

staining. No significant changes were observed in the macrophage areas, but the neutrophil



areas increased on day 3 after E. LPS administration and then decreased on day 7 (Figure 4C,

D). In the E. LPS-treated group, the formation of NETs increased on day 7 and was delayed

after the increase in the neutrophil area (Figure 4C, D). In addition, the IL-1B-positive area

significantly increased in the E. LPS-treated group on day 7 when the formation of NETs

increased (Figure 4E, F). Immunofluorescence staining revealed that IL-1f was more

abundant in the regions around neutrophils and NETs (Figure 4C, E). There were no significant

changes in the areas of macrophages, neutrophils, NETs formation, and IL-1p production in

plaque lesions in the B. LPS-treated group (Figure 4D, F, and Figure S4A, B). Single LPS

administration did not affect total plaque areas on day 7. (FigureS4C). In the neutrophil

depletion experiment (Figure S4D), anti-Ly6G treatment decreased the number of neutrophils

in the blood and Ly6G-positive areas in the aortic root plaque lesions (Figure S4E, F). There

were no differences in total plaque area on day 7 after anti-Ly6G treatment (Figure S4H), but

a pattern of slightly decreased IL-1B-positive areas relative to CD68-positive areas (Figure

S4G). These data indicated that neutrophil accumulation in the plaque lesion might be involved

in activation of macrophages and production of inflammatory cytokines.

Immunohistochemical analysis of human coronary artery plaque

Immunostaining was performed with plaque lesions from patients with ACS who underwent

DCA to elucidate whether neutrophil accumulation, NET formation, and IL-1B production



occur in human coronary plaques. In human coronary plaques, neutrophils, characterized by

MPO-positive cells, were accumulated in macrophage-rich areas, and Cit-H3 positive cells

were also observed in the same areas (Figure SA, B). Furthermore, we observed an IL-1p-

positive area at the near site of NET formation (Figure 5C, D). These results indicate that NET

formation and IL-1 production also occur in human atherosclerotic plaque lesions, suggesting

that neutrophil migration by endotoxemia may be involved in CVD progression.



Discussion

In this study, we clarified that structural differences in the lipid A moiety of each bacterial LPS
contribute to endotoxemia and the subsequent immune response and atherosclerotic plaque
formation. The primary findings are listed as follows: 1) Escherichia coli LPS (hexa-acylated
lipid A) strongly induced endotoxemia, whereas LPS of Bacteroides species (penta- or tetra-
acylated lipid A) did not; 2) Endotoxemia induced the accumulation of neutrophils in
atherosclerotic plaque lesions and subsequent NET formation and IL-1f production; 3) NET
formation and IL-1f production were observed in human coronary artery plaques. Overall, our
findings provide insights into the roles of the gut microbial LPS structure in endotoxemia and
CVD progression.

The composition of the gut microbiota and intestinal permeability are considered crucial for
developing endotoxemia. Our results provide insights into the role of lipid A, a ligand for TLR4,
and a potent determinant of immune activation, as it plays a pivotal role in endotoxemia and
CVD. TLR4 forms the TLR4-MD-2 complex, and lipid A activates TLR4 by binding to MD-
2. Compared to the hexa-acylated lipid A, the penta-acylated lipid A binds with a lower affinity
to MD-2, and different charge distributions and orientations affect the binding ability *°.
Interestingly, acyloxyacyl hydrolase (AOAH), which inactivates LPS by cleaving the
secondary fatty acyl chain of lipid A, has been demonstrated to reduce carotid plaque lesions

in mice after LPS exposure 2°. This finding strongly supports our hypothesis that structural



differences in LPS determine CVD progression. Among many species of the gut microbiota,
we demonstrated that LPS from B. dorei and B. vulgatus, which is composed of penta- or tetra-
acylated lipid A, is significantly less immunogenic than E. LPS, which consists of hexa-
acylated lipid A, as assessed via an in vitro stimulation assay and in vivo sepsis model °. We
also demonstrate that the abundance of B. dorei and B. vulgatus is significantly reduced while
that of E. coli tends to increase in the gut of patients with coronary artery disease >'. Another
clinical study performed in China with many patients also supports our data, showing a relative
decrease in Bacteroides species and enrichment of E. coli in patients with atherosclerotic CVD
22, Moreover, we have previously demonstrated a significant negative correlation between the
abundance of Bacteroides and the LPS activity in human feces °. These findings indicate that
high LPS immunogenicity of the gut microbiota may be associated with CVD progression, and
the current results support the hypothesis that increased abundance of B. dorei and B. vulgatus
may prevent endotoxemia and subsequent CVD.

Atherosclerosis is considered to be a chronic inflammatory disease involving many different
cells, and previous studies have focused on the enhanced inflammatory response mediated by
macrophages. Specifically, monocytes that accumulate on activated endothelial cells
differentiate into macrophages, which are activated by the binding of MAMPs and damage-
associated molecular patterns (DAMPs), and release inflammatory molecules such as pro-

inflammatory cytokines, chemokines, and oxygen radicals. In fact, E. LPS (major MAMP) was



localized in the human carotid plaque 23, which is consistent with the hypothesis that upon
entering the bloodstream, bacterial LPS induces inflammation by depositing on plaque lesions.
This study showed that the administered LPS adhered to the plaque lesions on the following
day. Several studies have reported that inflammatory immune responses induced by LPS

injection in mice exacerbate atherosclerosis 242

, and a significantly low dose of LPS can also
exacerbate atherosclerosis >’. However, the effect of LPS with penta- or tetra-acylated lipid A
on atherosclerosis was not elucidated. In this study, administration of B. LPS did not induce
endotoxemia and did not significantly worsen atherosclerosis. Because E.LPS did not affect
enlargement of plaque area in the lesser curvature of the ascending to arch aortae, but severely
affected plaque thickness in the aortic root section, we focused on aortic roots to evaluated the
effect of E.LPS and B.LPS in this manuscript. Unexpectedly, there was no difference in
macrophage accumulation between the LPS-treated and control groups, but endotoxemia
induced by E. LPS significantly increased the accumulation of neutrophils in the plaque.
Neutrophils are crucial for atherogenesis and arterial wall inflammation 2. The present study
showed an increase of protein levels of CCL5 in plasma and mRNA expression levels of Ccl5
in aorta. The stimulation of neutrophils with CCL5 did not induce NET formation ?°, suggesting
that other chemokines and cellular signals may be involved in the NETs formation. In addition,

increased neutrophil accumulation and NETs formation after LPS administration was canceled

in Tlr4”~ Apoe”” mice. Although we did not clarify the source of CCLS5, it has been reported to



be secreted by many different cell types, such as endothelial cells, smooth muscle cells,
macrophages, and platelets 33, One of the studies demonstrated that platelet-derived CCL5
promotes arterial neutrophil recruitment **. Another study showed that LPS stimulation via
platelet TLR4 induce platelet-neutrophil binding and neutrophil degranulation, resulting NET
formation **. These data suggest that E. LPS stimulated CCL5 expression from platelets,
endothelial cells or macrophages to induce the recruitment of neutrophils and NET formation
through TLR4. In neutrophils of plaques, citrullination of histone tails, decondensation of
chromatin, and disruption of the nuclear membrane occur, and the granular contents are
released with the nuclear material !”. NETs formed in these processes activate macrophages to
produce inflammatory cytokines '®. Our time-series analyses revealed the dynamic immune
responses in atherosclerotic plaque following endotoxemia. The percentage of CXCR2-
negative neutrophils in the peripheral blood was markedly increased the day after E. LPS
administration and normalized on day 3. This result is consistent with the study demonstrating
that E.LPS treatment lowered CXCR2 expression on neutrophils *°. The increased number of
neutrophil progenitor cells in the bone marrow also suggests that E. LPS stimulation may
promote emergency hematopoiesis and release immature neutrophils into the blood stream.
Neutrophil accumulation in plaque lesions was observed 3 days after administering a single
dose of E. LPS, followed by subsequent NET formation and IL-1f production on day 7. These

results are consistent with reports stating that NETs can activate macrophages to promote



cytokine production, and explain why E. LPS treatment did not change macrophage
accumulation but exacerbated plaque. Furthermore, our study showed that this neutrophil
accumulation and NETs formation by endotoxemia were not observed within a few hours but
observed after a relatively long time (several days). NETs inhibition experiment by DNase |
administration could not significantly suppress E. LPS induced plaque progression. The
limitations of this experiment were that the influence of substances in neutrophils other than
DNA, such as neutrophil elastase and chemotactic granule proteins like cathelicidin, could not
be excluded. Further, LPS stimulated neutrophils directly and strongly; hence, the effect of
DNase I could not be confirmed. In the neutrophil depletion experiment, anti-Ly6G treatment
did not significantly reduce the IL-1p positive area. However, the effect of NETs could not be
eliminated in this model because blood neutrophils were not removed on day 7; therefore,
further studies are needed to understand the impact of NET formation by endotoxemia on
plaque progression. Finally, NET formation and production of IL-13 were observed in human
coronary plaques from the patients with ACS obtained by DCA. NET-derived H4 has been
shown to bind to and lyse smooth muscle cells, accelerating plaque destabilization in mice 3°.
A human study has shown that serum endotoxin levels in patients with end stage kidney disease
with ACS was significantly higher than that without ACS ¥’. Several human studies have
reported plasma markers of NETs, such as dsDNA and nucleosome were higher in patients with

ACS than those with stable angina pectoris and control group ** *. Other human studies in



patients with ST-elevation myocardial infarction have shown that MPO, dsDNA and Cit-H3
levels were higher at the culprit lesion site than at the femoral site ** #!. Inhibition of
endotoxemia and NET formation may contribute to the prevention of plaque exacerbation and
the reduction of ACS events.

This previously unknown association between the LPS structure and endotoxemia and
subsequent atherosclerotic plaque progression is the novelty of the present study. From a
clinical perspective, given that gut microbial LPS is associated with the progression of not only
CVD but also many other diseases, our findings may pave the way for future research on gut
microbial LPS as a novel and attractive therapeutic strategy to suppress the inflammatory
response and could contribute to the development of treatments for many patients. We have
previously demonstrated that Bacteroides-based probiotics or resistant starch increase the

abundance of Bacteroides in a gut model *#?

, and are investigating their clinical applications.
In summary, we demonstrated that B. LPS, unlike E. LPS, does not induce endotoxemia and
does not promote atherosclerosis (Figure S5). Clinically, intervention on gut microbial

composition to enrich the abundance of Bacteroides may prevent the progression of

endotoxemia and consequent CVD.
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Figure legends

Figure 1. Structural differences in LPS determine atherosclerotic progression in a murine
model.

(A) Representative predicted structures and LC-MS/MS analysis of lipid A isolated from E.
coli, Bacteroides dorei, and Bacteroides vulgatus LPS. We identified hexa-acylated structures
from E. coli lipid A, and both penta- and tetra-acylated structures from B. dorei and B. vulgatus
lipid A. (B) Plasma LPS activity of Apoe”” mice that were administered 2 mg/kg of E. LPS, B.
LPS, and LPS-free water. The blood was collected 24 h after LPS injection. (C) Experimental
design for a murine model with repeated LPS administration. Female Apoe”” mice were fed a
western diet for six weeks with the administration of 2 mg/kg of E. LPS, B. LPS, or saline
(control) intraperitoneally once a week for a total of six times. The mice were euthanized three
days after the last LPS administration. (D) Representative microscopic images of Oil Red O
staining of the area of atherosclerotic lesions in the aortic root derived from mice. Scale bars,
200 um. (E) Quantitative analysis of each plaque area at six sections from the aortic root (left
panel); the total plaque areas calculated from the area under the curve (AUC) shown in the left
panel (right panel) (13 to 15 mice per group pooled from two independent experiments). Data
are represented as mean + SEM. Statistical analysis was performed using one-way ANOVA,
followed by Tukey’s post-hoc test for multiple comparisons (B, right panel of E), two-way

ANOVA, followed by Dunnett’s multiple comparison test, compared to the control. (left panel



of E): ¥*p <0.01, ***p <0.001. EU indicates endotoxin unit.

Figure 2. E. coli LPS demonstrates a high ability to induce NET formation in plaque
lesions.

(A) Representative immunofluorescence microscopy images of aortic root from Apoe” mice
intraperitoneally administered E. LPS or B. LPS or saline (control) once a week, six times. The
mice were euthanized three days after the last LPS administration, and aortic root sections were
stained with the macrophage marker CD68 (green), the neutrophil marker Ly6G (red), and
DNA (DAPI, blue). Scale bars, 200 um. (B, C) Quantitative analysis of CD68-positive area
and cell counts (B) and Ly6G-positive area and cell counts (C) (13 to 15 mice per group pooled
from two independent experiments). (D) Representative confocal immunofluorescence
microscopy image of the aortic root section stained with Ly6G (red), the neutrophils
extracellular trap marker citrullinated histone 3 (Cit-H3, cyan), and DNA (DAPI, blue). Scale
bars, 50 um. (E) Representative immunofluorescence microscopy image of the aortic root
section stained with Cit-H3 (cyan). Scale bars, 200 um. (F) Quantitation of cit-H3 positive
areas of the aortic root plaque (top panel) and the cit-H3 positive area relative to the Ly6G-
positive area (bottom panel) (13 to 15 mice per group pooled from two independent
experiments). Data are represented as mean = SEM. Statistical analysis was performed using

one-way ANOVA, followed by Tukey’s post-hoc test for multiple comparisons: *p <0.05, **p



< 0.01; n.s., not significant.

Figure 3. Stimulation with E. coli LPS increases the number of neutrophil progenitor cells
in the bone marrow.

(A) The numbers of total cells, monocytes, and neutrophils in the blood circulation of Apoe™
mice intraperitoneally administered 2 mg/kg E. LPS, B. LPS, or saline (control) once a week,
six times. Mice were euthanized three days after the last LPS administration, and samples were
collected (11 or 12 mice per group pooled from two independent experiments). (B) Number of
total cells, monocytes, and neutrophils in the spleen, as observed in two independent
experiments (14 to 17 mice per group). (C) Flow cytometry gating strategy used to identify
mature neutrophils, immature neutrophils, and pre-neutrophils in the bone marrow. (D)
Number of total cells, mature neutrophils, immature neutrophils, and pre-neutrophils in the
bone marrow, as observed in two independent experiments (6 or 9 mice per group). Data are
represented as mean + SEM. Statistical analysis was performed using one-way ANOVA,
followed by Tukey’s post-hoc test for multiple comparisons: *p < 0.05, **p < 0.01, ***p <

0.001.

Figure 4. Endotoxemia induces neutrophil accumulation and subsequent NET formation

in plaque lesions.



(A) Experimental design for the murine model of single LPS administration. Female Apoe”
mice were fed a western diet for 10 weeks and received 2 mg/kg of E. LPS, B. LPS, or saline
(control) was intraperitoneally administered once three or seven days before euthanization. (B)
Representative immunofluorescence microscopy images of aortic root sections from an Apoe
" mouse administered Alexa Fluor 594 conjugated LPS (yellow). Aortic root sample was
collected 24 h after LPS injection. Scale bars, 200 um. (C) Representative immunofluorescence
microscopy images of aortic root sections from the E. LPS-treated mice stained with the
macrophage marker CD68 (green), the neutrophil marker Ly6G (red), the NET marker Cit-H3
(cyan), and DNA (DAPI, blue). Scale bars, 200 um. (D) Quantitative analysis of CD68, Ly6G,
Cit-H3-positive areas observed in two independent experiments (5 or 8 mice per group). (E)
Representative immunofluorescence microscopic images of aortic root sections stained with
IL-1PB antibody (yellow). Scale bars, 200 um. (F) Quantitative analysis of IL-1B-positive area
was observed in two independent experiments (5 or 8 mice per group). Data are represented as

mean = SEM. Statistical analysis was performed using one-way ANOVA, followed by Tukey’s

post-hoc test for multiple comparisons: *p <0.05, **p <0.01, ***p <0.001; ns, not significant.

Figure 5. NET formation and IL-1f production are observed in human coronary plaques.
(A) Microscopic images of coronary artery plaque sections stained with hematoxylin and eosin

(HE) (a), Masson’s trichrome (b), CD68 (c), and myeloperoxidase (MPO) (red), citrullinated



histone 3 (Cit-H3, cyan), and DNA (DAPI, blue) (d); (b, ¢, d) close-up of the boxed area of (a).

Scale bars, 100 um. (B) High magnification images of the boxed area of Figure5A(d). Scale

bars, 50 pm. (C) Immunofluorescence microscopic images of coronary artery plaque sections

stained with MPO (red), citrullinated histone 3 (Cit-H3, cyan), IL-1P (yellow), and DNA (DAPI,

blue). Scale bars, 100 um. (D) High magnification images of the boxed area of Figure5C. Scale

bars, 50 um.
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Figure 1. Structural differences in LPS determine atherosclerotic progression in a murine model.
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Figure 5. NET formation and IL-1B production are observed in human coronary plaques.
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