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Abstract

Background & Aims—Liver CRIg+ (complement receptor of the immunoglobulin superfamily)
macrophages play a critical role in filtering bacteria and their products from circulation.
Translocation of microbiota-derived products from an impaired gut barrier contributes to the
development of obesity-associated tissue inflammation and insulin resistance. However, the
critical role of CRIg+ macrophages in clearing microbiota-derived products from bloodstream in
the context of obesity is largely unknown.

Methods—We performed studies with CRIg™~, C37/~, cGAS™~, and their wildtype littermate
mice. CRIg+ macrophage population and bacterial DNA abundance were examined in both mouse
and human liver by either flow cytometric or immunohistochemistry analysis. Gut microbial DNA
containing extracellular vesicles (MEVs) were adoptively transferred into CRIg™~, C37/~, or WT
mice, and tissue inflammation and insulin sensitivity were measured in these mice. After
cocultured with gut mEVs, cellular insulin responses and cGAS/STING-mediated inflammatory
responses were evaluated.
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Results—Gut mEVs can reach metabolic tissues in obesity. Liver CRIg+ macrophages efficiently
clear mEVs from the bloodstream through a C3-dependent opsonization mechanism, while obesity
elicits a marked reduction in CRIg+ macrophage population. Depletion of CRIg+ cells results in
the spread of mEVs into distant metabolic tissues and subsequently exacerbating tissue
inflammation and metabolic disorders. Additionally, /n vitro treatment of obese mEVs directly
triggers inflammation and insulin resistance of insulin target cells. Depletion of microbial DNAs
blunts the pathogenic effects of intestinal EVs. Furthermore, cGAS/STING pathway is crucial for
microbial DNA-mediated inflammatory responses.

Conclusions—Deficiency of CRIg+ macrophages and leakage of intestinal EVs containing
microbial DNA contribute to the development of obesity-associated tissue inflammation and
metabolic diseases.
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Introduction

Insulin resistance is an antecedent, pathophysiological defect in the great majority of
patients with Type 2 diabetes mellitus (T2DM) 1. 2. Obesity is the main driver of insulin
resistance in humans worldwide 3. The ongoing obesity epidemic is driving a parallel rise in
the prevalence of T2DM. It has become clear that obesity-induced chronic, subacute tissue
inflammation, particularly when it occurs in adipose tissue and liver, can cause insulin
resistance 4.

Obesity is characterized by an impaired and defective gut barrier which results in the
translocation of microbiota-derived products into the circulation and distant organs of host
6-10, The microbiota component and function change dramatically with diet and the
development of obesity 1. Recent studies have highlighted the pathogenic effects of obesity-
associated microbial metabolites on the development of tissue inflammation and metabolic
disorders 1217 In addition to microbial metabolites, emerging evidence indicates that
microbial DNAs are enriched in the circulation and various metabolic tissues of both obese
humans and mice 1822, Recent studies suggest that these circulating microbial DNAs can be
biomarkers predicting the development of metabolic diseases 18- 21, However, whether these
circulating microbial DNAs are parts of the influx of microbiota-derived products into the
portal system or due to the translocation of microbiota through obese disrupted gut barrier
remains unclear. Various types of extracellular vesicle (EV) serve as vehicles to transport a
variety of cargoes, including RNAs, DNAs, lipids, and proteins between the neighbor or
distant cells 23. Budding events of microbial EVs and their release into the circulation of
host have been reported for a wide range of microbiota species 24 25, Thus, this led us to
hypothesize that microbiota-derived bacterial DNA-containing EVs can pass through the
disrupted intestinal barrier, subsequently exacerbating obesity-associated tissue
inflammation and insulin resistance.

The liver plays a critical role in filtering bacteria and their byproducts in the blood flow from
the portal vein draining the intestine. However, obesity elicits increased levels of endotoxins
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in circulation, supporting the notion that obesity reduces the clearance of bacterial products
in liver 726, The ability of liver to remove bacterial components from bloodstream is mainly
attributed to the phagocytosis of Kupffer cells, majority of which express a complement
receptor of the immunoglobulin superfamily (CRIg) 27- 28, Previous studies have
demonstrated that CRIg expression is critical for Kupffer cells to efficiently bind and
phagocytize complement C3-opsonized bacterial products 28-31, However, the critical role of
CRIg+ Kupffer cells in clearing microbiota-derived products from bloodstream in the
context of obesity is largely unknown.

Here, we show that the leakage of gut microbial DNA-containing EVs (MEVS) results in a
marked accumulation of bacterial DNASs in metabolic tissues in obesity, subsequently
fueling obesity-associated tissue inflammation and insulin resistance. High fat diet feeding
remarkably decreases the population of CRIg+ Kupffer cells which exert pronounced effect
on blocking the spread of mEVs into distant metabolic tissues. In addition, complement
component C3 is required for the interaction between CRIg+ macrophages and mEVSs,
whereas CRIg+ Kupffer cells fail to clear mEVs from circulation in C3 knockout mice. mEV
engulfment can trigger inflammatory responses and insulin resistance of insulin target cells,
both /n vivoand in vitro. In contrast, depletion of microbial DNAs blunts the ability of obese
intestinal EVs to induce inflammation and insulin responses, indicating that microbial DNAs
are the key functional cargoes within these EVs. Finally, the cGAS/STING pathway, one of
the key sensors for bacterial DNAs, is crucial for mEV-mediated cellular inflammation and
insulin resistance.

Materials and Methods

Glucose tolerance and insulin tolerance tests

For glucose tolerance tests, mice received one dose of dextrose (1 g/kg body weight) via i.p.
injection after 12 hr of fasting. For insulin tolerance tests, mice were fasted for 6 hr and then
i.p. injected with insulin (0.35 units/kg body weight for HFD mice; 0.175 units/kg body
weight for NCD mice).

In vivo EV trafficking assays

PKH26-labeled EVs (5x10° EVs per mouse) were delivered to either NCD or HFD recipient
mice through either injection into tail vein or jejunum section. After 2 hours or 16 hours EV
injection, parts of Liver, skeletal muscle, and eWAT were collected for detecting the
appearance of PKH26 red fluorescence.

Depletion DNA of intestinal EVs

The intestinal EV pellet was dissolved in 100 uL PBS. As previously described 34-36, these
EVs were loaded into a Gene Pulser/micropulser Cuvettes (Bio-Rad) for electroporation
(GenePulser Xcell electroporator, Bio-Rad) and then treated with DNase | (300U) for 30
mins, 37°C.
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Quantification of bacterial DNA using real-time PCR

Levels of bacterial DNAs were assessed by qPCR using the Femto Bacterial DNA
Quantification Kit by following the manufacturer’s instructions (Cat. No. D4301, Zymo
Research).

In vivo and in vitro EV treatment

For in vitrotreatment, 0.5x106 3T3-L1 cells or hepatocytes were treated with 5x108 EVs for
24 hours and then used for either glucose uptake or output assays. For /n vivo treatment,
recipient mice were tail vein injected with 5x10° EV's twice per week. Intestinal EVs derived
from obese C3KO mice were intravenously injected into NCD C3KO recipient mice (5x10°
EVs/mouse).

Statistical Analysis

Results

Tests used for statistical analyses are described in the figure legends. To assess whether the
means of two groups are statistically different from each other, unpaired two-tailed Student’s
t test was used for statistical analyses using Prism8 software (GraphPad software v8.0;
Prism, La Jolla, CA). Pvalues of 0.05 or less were considered to be statistically significant.
Degrees of significance were indicated in the figure legends. For the results of glucose and
insulin tolerance tests, statistical comparisons between every two groups at each time point
were performed with unpaired two-tailed Student’s t test.

Gut mEVs are translocated into the circulation and metabolic tissues of obese host.

To examine whether obesity results in accumulation of bacterial DNAs in host, we probed
16s rRNA abundance in the key metabolic tissues. As shown in Figure 1A and Figure S1A,
bacterial DNAs were rarely detected in the liver, skeletal muscle, and adipose tissue of
healthy lean mice, whereas 16s rRNAs were highly enriched in the key metabolic tissues of
mice after a 16-week high fat diet (16wks HFD) feeding regimen. Consistently, obese
human liver also contained a greater level of bacterial DNAS than in healthy normal human
liver, as evidenced by a robust fluorescent signal in obese human liver stained with 16s
rRNA probes (Figure 1B). gPCR analysis also indicates that obese human hepatocytes
contained a greater abundance of bacterial DNAs than healthy human hepatocytes (Figure
S1B). In addition, the circulating EVs of 16wks HFD-fed mice or obese human contained
greater abundance of bacterial DNAs, compared to lean/healthy plasma EVs (Figure 1C).
More importantly, in plasma samples we found that the majority of bacterial DNAs were
transported with EVs, as indicated by a marked reduction in 16s rRNA abundance in plasma
after EV depletion (Figures 1D and S1C). Taken together, these results indicate that there is
an enrichment of bacterial DNAs in metabolic tissues in obesity.

Obesity is characterized by an impaired and defective gut integrity, subsequently resulting in
the translocation of microbiota-derived products into the circulation of host. We next
addressed whether intestinal EVs harboring microbial DNAs can be penetrated into the
circulation and then transported into the key metabolic tissues of host. We purified EVs from
the small intestinal lumen contents of 16wks HFD fed WT mice, and the characteristics of
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these EVs were evaluated by measuring particle size, morphology, and EV-related protein
markers (Figures S1D and S1E). Furthermore, gPCR analysis with 16s rRNA primers
suggests that microbial DNASs are one of the cargoes within these intestinal EVs (Figure 1E).
Interestingly, obese intestinal EVs harbored more bacterial DNAs than the intestinal EVs of
lean mice (Figure 1E). Bacterial DNA abundance were similar within EVs derived from
different lumen sections of small intestine (Figure S1F). We further validated whether
intestinal mEVs pass through gut barrier. After labeled with the PKFI26 red fluorescent dye,
mEVs isolated from 16wks HFD WT mice were injected (5x10° EVs per mouse) into the
jejunum section of either lean or obese WT recipient mice. As a result of obesity-induced
gut barrier breach, PKH26 mEVs were readily leaked into the key metabolic tissues of obese
recipients, as demonstrated by the appearance of strong red fluorescence in liver, skeletal
muscle, and epididymal fat after 16 hours injection of PKH26 mEVs (Figure 1F, Figure
S1G). By contrast, the intact gut barrier of lean recipient mice prevented the penetration of
PKH26-labeled mEVs into metabolic tissues of host (Figure 1F, Figure S1G). In addition, in
the liver of obese recipients, most of PKH26 red fluorescent signals were co-localized with
the green fluorescence-conjugated 16s rRNAS, thus indicating microbial DNAs are one of
the key cargoes within intestinal EVs (Figure 1F).

To comprehensively characterize the microbial DNA composition within intestinal EVs, we
conducted 16s rRNA gene sequencing of bacterial DNAs from lean and obese intestinal
EVs. Sequences were clustered based on similarity into operational taxonomic units and
compared against a reference 16s rRNA database to identify their bacterial classifications.
As shown in Figures 1G and S1H and Table S1, comparison between the microbial DNA
abundance within lean and obese mEVs revealed that DNAs derived from obesity-associated
phyla such as Firmicutes were remarkably enriched in obese mEVs, while lean mEVs
carried higher abundance of Bacteroidetes DNAs. Thus, these results have shown that parts
of microbial DNAs within mEVs mirror the components of small intestine microbiota 2.

macrophages are the critical effectors filtering mEVs from circulation.

CRIg+ macrophages residing in liver serve as the key player clearing bacteria and its
byproducts from bloodstream. To assess the role of liver CRIg+ macrophages in blocking
the penetration of mEVs into the metabolic tissues of host, PKH26-labeled obese mEVs
(5x10° EV's per mouse) were delivered into lean recipient mice through an intravenous
injection. As expected, PKH26 mEVs quickly accumulated in the liver of lean mice after 2
hours injection (Figure 2A). More importantly, most of injected mEVs co-localized with
CRIg+ cells in liver, as shown by overlapping PKH26 red fluorescence with the CRIg
signals, suggesting the ability of CRIg+ macrophages to capture mEVs (Figure 2A). In line
with findings from previous studies, CRIg was mainly expressed on Kupffer cells, whereas,
we found that a prolonged HFD feeding regimen resulted in a remarkable decrease in the
population of CRIg+ macrophages in liver (Figures 1A and 2B). We also found that obese
human liver contained notably less amount of CRIg+ cells than in healthy lean human liver
(Figures 1B and S2A). However, there was a comparable population of CRIg+ Kupffer cells
between lean and 4wks HFD WT mice (Figure 2B). To further validate the importance of
CRIg+ Kupffer cells on preventing the spread of mEVSs into distant metabolic tissues,
PKH26-labeled obese mEVs (5x10° EV's per mouse) were intravenously injected into lean
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CRIgKO mice. As shown in Figures 2A and 2C, knockout of CRIg resulted in more mEVs
passing through liver and subsequently accumulating in the skeletal muscle and epididymal
fat of lean recipient mice, whereas, a minimal level of PKH26 red fluorescence was
observed in the distant metabolic tissues of lean WT mice. In addition, 4wks HFD fed
CRIgKO mice exhibited greater levels of 16s rRNA abundance in the key metabolic tissues
than in the 4wks HFD WT mice (Figure 2D). Thus, these data suggest that CRIg+
macrophages play a crucial role in filtering circulating mgVs.

We further addressed how obesity causes a marked reduction in CRIg abundance. We first
ruled out the impact of microbiota and its byproducts on CRIg expression, as evidenced by
significantly lower CRIg abundance in the liver of 16wks HFD-fed germ-free mice than in
normal chow diet (NCD)-fed germ-free mice (Figures S2B and S2C). In addition, treatment
of obese mEVs had negligible effect on the population of CRIg+ Kupffer cells in NCD WT
mice (Figure S2D). We next tested the effect of lipids, which are highly enriched in HFD, on
CRIg expression. After 2 weeks oral gavage of palmitate acid/corn oil mixture into NCD
WT mice, we found that the proportion of CRIg+ macrophages was significantly decreased,
compared to the control mice without lipid treatment (Figure 2E). In addition, in vitro
treatment of palmitate acid induced the apoptosis of CRIg+F4/80+ macrophages (Figure
2F).

The leakage of gut mEVs causes tissue inflammation and insulin resistance.

Emerging evidence indicates that gut microbiota-derived products can exacerbate tissue
inflammation and insulin resistance in obesity. Given that the absence of CRIg+
macrophages can result in accumulation of microbial DNASs in the key metabolic tissues of
host, we next evaluated the roles of CRIg+ macrophages in regulating obesity-associated
tissue inflammation and insulin resistance. After 4 weeks HFD feeding, CRIgKO mice had
similar body weight with WT littermates (Figure S3A). However, compared to HFD WT
mice, the phenotypes of HFD CRIgKO mice were most pronounced in worse glucose
intolerance and insulin resistance, as measured by glucose and insulin tolerance tests
(Figures 3A and 3B). Consistent with these results, ablation of CRIg led to decreased extents
of insulin responses, as indicated by less insulin-stimulated AKT phosphorylation in the
liver, skeletal muscle, and epididymal adipose tissue of HFD CRIgKO mice (Figure S3B).
As expected, HFD feeding can result in an increase in proinflammatory adipose tissue
macrophage (ATM) population, while more M1-like (CD11b+F4/80+CD11c+CD206-)
ATMs were recruited into visceral adipose tissue of obese CRIgKO mice (Figure S3C). In
addition, the liver of HFD CRIgKO mice accumulated more recruited liver macrophages
(CD11b+Ly6c+F4/80-), compared to HFD WT mice (Figure S3D). Consistently, g°PCR
analysis also suggests that HFD CRIgKO mice had greater levels of proinflammatory
cytokines in liver and epididymal adipose tissue (Figure S3E). Overall, these results indicate
that depletion of CRIg can exacerbate obesity-induced tissue inflammation and insulin
resistance.

To assess the pathogenic effects of obese mEVs on the incidence of tissue inflammation and
insulin resistance, obese mEVs were intravenously injected (5x10° EV's per mouse, twice
per week) into either NCD CRIgKO or WT recipient mice. After 4 weeks treatment, all mice
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had comparable body weight (Figure S3F). Importantly, treatment of obese mEVs led to
impaired glucose tolerance and insulin sensitivity of NCD CRIgKO mice, compared to NCD
CRIgKO control mice, as measured by glucose and insulin tolerance tests (Figures 3C and
3D). Assessment of AKT phosphorylation in response to insulin stimulation suggested that
tissue insulin sensitivities were significantly reduced after 4 weeks obese mEV treatment
(Figures 3E). The effects of obese mEVs on insulin sensitivity were further confirmed by
hyperinsulinemic-euglycemic clamp studies. NCD CRIgKO treated with obese mEVs
exhibited lower glucose infusion rates, decreased insulin-stimulated glucose disposal rates,
and a lower degree to insulin-mediated suppression of hepatic glucose production and
circulating free fatty acid levels (Figure 3F). In addition, flow cytometric analysis suggested
that treatment of obese mEVs increased the population of proinflammatory macrophages in
both visceral adipose tissue and liver, accompanied by greater levels of proinflammatory
cytokines (Figures S3G-S3J). In NCD WT recipient mice, obese mEV treatment had
minimal effects on the population of CRIg+ Kupffer cells (Figure S2D). Concomitantly,
NCD WT mice treated with obese mEVs exhibited comparable metabolic phenotypes and
tissue inflammation with NCD WT controls (Figures 3G and 3H, Figures S3K-S3N). Thus,
in the absence of CRIg+ macrophages, obese mEVs can induce tissue inflammation and
insulin resistance.

The ability of CRIg+ macrophage to capture microbial products requires the complement
component C3-mediated opsonization. Thus, we further addressed the crucial role of C3
protein in mediating the interaction between CRIg+ macrophages and gut mgEVs. While
circulating C3 levels were comparable between obese and lean WT mice, the abundance of
C3 bound with plasma EVs was greater in the context of obesity (Figure 4A, Figure S4A). In
line with previous findings, we observed that knockout of C3 blunted the capacity of CRIg+
Kupffer cells to recognize obese mEVs, as evidenced by less PKH26 red fluorescence co-
localizing with CRIg+ cells in the liver of NCD C3KO mice injected with PKH26-labeled
C3KO mEVs (Figure 4B). Consequently, more intestinal C3KO mEVs were leaked into
skeletal muscle and adipose tissue of NCD C3KO recipient mice (Figure S4B). Concomitant
with the penetration of mEVs into these metabolic tissues, treatment of obese C3KO mEVs
impaired glucose tolerance and insulin sensitivity of NCD C3KO mice, although high
abundance of CRIg+ cells resided in the liver of these mice (Figures 4B-4D). Consistently,
compared to control NCD C3KO mice, the levels of insulin-stimulated AKT
phosphorylation were decreased in the key metabolic tissues of mEVs-treated NCD C3KO
mice (Figure 4E). Obese C3KO mEYV treatment also activated tissue inflammation of NCD
C3KO mice, as evidenced by switching macrophage activation towards a proinflammatory
M1-like state and greater abundance of proinflammatory cytokines in both adipose tissue
and liver (Figures 4F and 4G). Thus, these results suggest the important role of complement
component C3 in the ability of CRIg+ macrophages to capture mEVs.

Gut mEVs can trigger cellular inflammation and insulin resistance.

Given the notable /in vivo effects of obese mEVs on insulin sensitivity, we next evaluated the
direct impact of obese mEVs on insulin target cells by conducting /n vitro studies of insulin
action in adipocytes and hepatocytes. Consistent with the effective transportation of mEVs
into metabolic tissues, the appearance of a strong red fluorescence in 3T3-L1 adipocytes or
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hepatocytes indicated efficient uptake of PKH26-labeled obese mEVs (Figures S5A and
S5B). As shown in Figure 5A, co-culturing obese mEVs with 3T3-L1 adipocytes resulted in
a significant decrease in insulin-stimulated glucose uptake. In primary hepatocytes isolated
from lean WT mice, glucagon treatment enhanced hepatic glucose production, whereas
insulin can effectively repress this glucagon-induced glucose output (Figure 5B). However,
treatment of obese mEVs blunted the ability of insulin to suppress glucagon stimulation on
hepatic glucose production (Figure 5B). In line with these findings, we observed that less
amount of insulin-stimulated phosphorylation of AKT in these insulin target cells treated
with obese mEVs (Figures 5C and 5D). Consistently, we also observed that obese mEV
treatment impaired insulin sensitivity of healthy human hepatocytes (Figures S5C and S5D).
We also found that obese mEV treatment led to increased levels of proinflammatory
cytokines in these cells (Figures 5E and 5F). Therefore, obese intestinal mEVs exert
pathogenic effects on cellular inflammatory activation and insulin sensitivity.

Microbial DNAs are the key pathogenic cargoes within intestinal EVs that induce tissue
inflammation and insulin resistance.

The findings that intestinal EVs delivered microbial DNAs into metabolic tissues raise the
possibility that microbiota-derived EVs within these obese intestinal EVs exert profound
regulation on the tissue inflammation and insulin resistance of host. We also observed that
gut mEVs derived from lean WT mice can cause metabolic disorders (Figures S6A and
S6B). To address the role of microbial DNAs within gut EVs, we collected intestinal EVs
from 16wks HFD fed germ-free mice (GF EVs) and delivered these EVs into NCD CRIgKO
mice through tail vein injection (5x10° EVs per mouse, twice per week). In addition, to
make DNA-free gut EVs for /n vivo experiment, we depleted microbial DNA cargoes in
intestinal EVs by electroporating obese mEVs and then treating these EVs with DNase
(Figure S6C). All mice had similar body weight after 4 weeks treatment of EVs (Figure
S6D). Consistently, obese mEV treatment caused decreased glucose tolerance and insulin
sensitivity, whereas NCD CRIgKO recipients treated with either GF EVs or DNA-free EVs
had comparable metabolic responses with the control mice without EV treatment (Figures
6A and 6B). In addition, GF EVs or DNA-free EVs did not trigger tissue inflammation in
the adipose tissue of NCD CRIgKO recipients, as shown by similar proinflammatory
adipose tissue macrophage population among these mice (Figure S6E).

Addition of obese mEVs into 3T3-L1 adipocytes led to a reduction in insulin-stimulated
glucose uptake, compared to the control cells without EV treatment (Figure 6C). By
contrast, co-culturing GF EVs with 3T3-L1 adipocytes had a negligible effect on cellular
insulin sensitivity, as evidenced by similar levels of glucose uptake between GF EVs or
DNA-free EVs-treated cells and control cells (Figure 6C). In contrast to the suppressive
effect of obese mEVs on hepatic insulin sensitivity, the glucagon-stimulated glucose
production of primary mouse hepatocytes treated with either GF EVs or DNA-free EVs was
effectively blocked by insulin, thus indicating that GF EVs did not affect hepatic insulin
responses (Figure 6D). Overall, there results indicate that microbial DNAs are the key
pathogenic cargoes within obese intestinal EVs that induce tissue inflammation and insulin
sensitivity.
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Microbial DNAs within intestinal EVs trigger the activation of cGAS/STING pathway that
enhances inflammatory responses.

Bacterial DNAs can activate the cGAS/STING pathway that subsequently initiates
inflammatory action. In addition, obese mEV treatment can activate inflammatory status in
both /n vivoand in intro experiments, whereas depletion of microbial DNAs prevented these
effects of obese mEVs (Figure 6). Thus, we further assessed whether obese mEVs mediated
the inflammatory responses of target cells through a cGAS/STING-mediated mechanism. As
a result of a marked accumulation of microbial DNAs after obese mEV treatment, all
metabolic tissues of NCD CRIgKO mice contained greater abundance of cGAS and
phosphorylated STING than in the control CRIgKO mice without mEV treatment, thus
demonstrating that obese mEVs trigger the cGAS/STING-mediated inflammatory responses
(Figures 7A-7C). We also observed that obese C3KO mEV treatment enhanced the
activation of cGAS/STING signaling in NCD C3KO mice (Figure S7A). In line with these
in vivo phenotypes, obese mEV treatment elevated the levels of cGAS expression and
STING phosphorylation in insulin target cells (Figures 7D and 7E). We observed that obese
human liver contained greater levels of cGAS and phosphorylated STING than that in
healthy human hepatocytes (Figure S7B). In addition, obese mEV treatment caused elevated
activation of cGAS/STING pathway in healthy human hepatocytes (Figures S5D and S7C).
There were greater levels of cGAS and phosphorylated STING in the liver, skeletal muscle,
and epididymal fat of HFD CRIgKO mice, compared to HFD WT mice (Figure S7C).
Consistent with the minimal effects of GF EVs or DNA-free EVs on the tissue inflammation
of recipients, depletion of microbial DNAs completely blocked the ability of obese mEVs to
initiate activation of cGAS/STING pathway in the key metabolic tissues (Figures S7D and
STE). To further confirm the critical role of cGAS in the pathogenic effects of obese mEVs,
we prepared cGASKO primary adipocytes and hepatocytes from lean cGASKO mice. As
shown in Figures 7F and 7G, knockout of cGAS had negligible effects on cellular insulin
responses, while deletion of cGAS prevented the suppressive effect of obese mEVs on
insulin action (Figures 7F and 7G). Consistently, obese mEV treatment had minimal effects
on the metabolic responses of HFD/obese cGASKO mice (Figures 7H and 71, STF-S7H).
Thus, these results demonstrate the important role of cGAS/STING-mediated pathways in
the ability of obese mEVs to regulate inflammation and insulin sensitivity of target cells.

Discussion

In this study, we have shown that the obesity-induced leakage of gut microbial DNA-
containing EVs can trigger cellular inflammation and impair glucose tolerance and insulin
sensitivity. CRIg+ macrophages exert profound function on preventing the infiltration of
mMEVs into the key metabolic tissues, whereas obesity significantly decreases the population
of CRIg+ macrophages. Thus, when lean insulin sensitive CRIgKO mice are treated with
obese MEVs, they exhibit elevated tissue inflammation, concomitant with systemic insulin
resistance and glucose intolerance. In contrast, obese mEV treatment has minimal effects on
the metabolic phenotypes of lean WT recipients. C3 is crucial for CRIg+ macrophages to
recognize intestinal mEVSs, as evidenced by the penetration of injected mEVs into the key
metabolic tissues and a subsequent decrease in insulin sensitivity and glucose tolerance of
lean C3KO mice. /nn vitro experiments show that treatment with obese mEVs directly
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triggers cellular inflammatory responses and decreases insulin signaling in adipocytes and
hepatocytes. However, depletion of microbial DNAs blocks the ability of obese mEVs to
regulate the tissue inflammation and metabolic responses of host. Finally, we demonstrate
that accumulation of microbial DNAs, as a result of intestinal mEV delivery, activates
CGAS/STING-mediated inflammatory signaling, whereas ablation of cGAS blunts the
cellular responses to the enrichment of microbial DNAs. Taken together, these studies
suggest that microbial DNAs encapsulated with intestinal EVs are pathogenic for the
development of obesity-associated tissue inflammation and metabolic disorders.

As a result of obesity-induced gut barrier disruption, various microbiota-derived products
can be translocated into the circulation of host 11, In current study, we found that a greater
abundance of microbial DNAs was accumulated in various metabolic tissues, including liver,
skeletal muscle, and adipose tissue of obese individuals, thus suggesting a leakage of
microbial DNAs from gut into host. Indeed, in line with findings from previous reports,
HFD-fed mice contained greater levels of microbial DNAs in blood and tissues than lean
mice 18 19. 21 However, how these microbial DNAs are transported beyond the gut lumen
remains debated. In current study, in both human and mouse plasma samples we found that
microbial DNAs were mainly enriched within circulating EVs, as a result of the leakage of
microbial DNA-containing EVs from gut. Bradley et al. suggest that bacteria can be bound
by platelets and rapidly removed from bloodstream #8. In line with this observation, previous
studies have also shown that bacterial DNAs are mainly found in the blood buffy coat layer
which contains platelets 19,

In addition to intact gut barrier, liver serves as an important blood-filtering organ that can
prevent the spread of microbial products into distant organs. Our study highlights the critical
role of CRIg+ macrophages, majority of which are Kupffer cells 28, in blocking the invasion
of gut microbial DNA-containing EVs into metabolic tissues. Notably, prolonged obesity
can reduce the population of CRIg+ macrophages residing in the liver of both humans and
mice. We further confirmed that treatment with palmitate acid can decrease the population of
liver CRIg+ macrophages in both /n vivoand in vitro experiments. Thus, obesity-induced
loss of CRIg+ cells allows for the translocation of microbial DNAs/gut EVs into host
metabolic tissues. In addition to CRIg, previous studies have suggested that the scavenger
receptor A plays an important role in the interaction between Kupffer cells and invaded
bacteria 49. However, we observed that liver failed to clean gut mEVs in the experiment with
NCD CRIgKO mice intravenously injected with PKH26-labeled gut mEVs, suggesting that
scavenger receptor A may not interact with gut meVs.

Complement component C3-mediated opsonization plays a central role in the ability of
CRIg+ macrophages to recognize foreign particles from the bloodstream 28:37-40 |
agreement with the requirement of C3 opsonization for the clearing function of CRIg+
macrophages, ablation of C3 resulted in much less interaction between mEVs and CRIg+
macrophages in the liver of lean C3KO mice, accompanied by more mEVs infiltrating into
distant organs. A previous study by Broadley et al. suggests that, before C3-mediated
opsonization, Kupffer cells rapidly remove L/steria from bloodstream through a scavenger
receptor-dependent manner 48, In addition, Zeng et al. suggest that hepatic CRIg+
macrophages interact with Gram-positive bacteria through directly binding with bacterial
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lipoteichoic acid (LTA) component 27. While we did not evaluate the function of scavenger
receptor and LTA, the liver of NCD C3KO mice failed to block gut mEVs after injection
with PKH26-labeled mEVs. This support the critical role of C3 in the ability of CRIg+
macrophages to capture meVvs.

Emerging evidence indicates that EVs encapsulating various cargoes exert profound
regulation on the development of obesity-associated tissue inflammation and insulin
resistance. Previous studies, including ours, have shown that EVs derived from immune cells
or insulin-targeting cells play a critical role in regulating the functions of neighbor cells or
the cells residing at distal site through transferring various cargoes including non-coding
RNAs, proteins, and lipids 23 33, While several studies have reported the functions of
microbiota-derived EVs in various disease models 224243 our novel findings from current
study reveal the pathogenic effects of microbial DNAs-encapsulating gut EVs on host tissue
inflammation and metabolic disorders.

Bacterial DNAs are pathogenic molecules that can trigger the inflammatory responses of
host 4. As previously reported, microbiota can secrete various types of EVs which are main
components of intestinal EVs 25 42.43_|n our study, 16s rRNA sequencing analysis suggests
that parts of microbial DNA contents, such as Firmicutes-associated DNAs, within intestinal
EVs mirror the composition of microbiota in small intestine. Previous studies have reported
that Proteobacteria-related DNAs are enriched in non-alcoholic fatty human liver 2150, while
our data showed no significant difference in this bacterial DNA abundance within both NCD
and HFD gut EVs derived from mouse small intestine. It is possible that mEVs leaked from
other intestinal sections may harbor high abundance of Proteobacteria DNAs and contribute
to the accumulation of Proteobacteria-related DNAs within obese liver. In addition to EVs,
gut microbial DNAs may be translocated into host tissues through other manners2%. More
importantly, our data reveal a new mechanism by which microbial DNAs induce tissue
inflammation and metabolic disorders after leakage of gut mEVs. Ortiz et al. also report that
translocation of microbial DNAs may contribute to the inflammatory responses and insulin
resistance of morbid obese patients 22. However, these results can not exclude the potential
functions of other cargoes of intestinal EVs such as protein and lipids which have been
reported their profound functions in previous studies 23. In addition, Jing et al. suggest that
EVs derived from intestinal epithelial cells exert profound regulation on intestinal tract
immune balance that is important for the development of inflammatory bowel disease 1.

In line with the critical roles of cGAS/STING pathway in sensing bacterial DNAs and
triggering cellular inflammatory responses 444% microbial DNA-containing intestinal EVs
elevated the activation of cGAS/STING signaling in both /n vivo and /n vitro experiments.
Ablation of cGAS blunts the cellular responses to the treatment of obese intestinal mEVs,
suggesting that cGAS is required for intestinal mEV-induced cellular abnormalities. Bai et
al. have reported that mitochondrial DNA release can induce the activation of cGAS/STING
pathway, contributing to adipose tissue inflammation in obesity 46. In addition, depletion of
STING can attenuate liver inflammation and fibrosis 47. Emerging evidence indicates that
the nucleotide-binding oligomerization domain (NOD) proteins are important mediators
detecting bacterial peptides and initiating cellular inflammatory responses 2. However,
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whether microbial EVs contain sufficient amount of NOD ligands for NOD-associated
signaling activation is still unknown.

In summary, we find that microbial DNA-containing intestinal EV's can penetrate through
obese disrupted gut barrier and exacerbate tissue inflammation and metabolic disorders.
CRIg+ macrophages contribute to the ability of liver to filter gut microbial DNAs
encapsulating EVs, whereas obesity elicits decreased CRIg+ macrophage population and
subsequently facilitates the spread of microbial DNA-containing EVs into various metabolic
tissues. It is recognized that various microbiota-derived products are pathogenic for obesity-
associated tissue inflammation and insulin resistance. Based on these studies, we suggest a
new mechanisms whereby leaky microbial DNAs trigger tissue inflammation in obesity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What You Need to Know
Background and Context

As a hallmark of obesity, microbiota-derived products can be translocated through
disrupted gut barrier into host circulation, subsequently exacerbating obesity-associated
tissue inflammation and insulin resistance.

New Findings

Obesity reduces liver CRIg+ macrophages that clear circulating microbiota EVs.
Infiltration of microbiota EVs exacerbates tissue inflammation and insulin resistance.
Microbial DNAs are responsible for the microbiota EV effects.

Limitations

This study was performed in mice and human liver samples. Further studies are needed in
humans.

Impact

Strategies to increase liver CRIg+ macrophages might be developed for treatment of
obesity-associated tissue inflammation and insulin resistance.
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Lay Summary

Gut microbiota extracellular vesicles can translocate through obese disrupted gut barrier.
Liver CRIg+ macrophages can clear circulating microbiota-derived extracellular vesicles
that exacerbate tissue inflammation and insulin resistance in obesity.
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Figure 1. Obesity induces the translocation of microbial DNA containing EVs from gut into
circulation.
The abundance of 16s rRNA and CRIg in the liver of NCD or 16wks HFD WT mice (A) and

healthy lean or obese human liver (B). (C) The abundance of 16s rRNA within plasma EVs
of both NCD and 16wks HFD-fed WT mice, and healthy and obese humans. (D) 16s rRNA
abundance in plasma, EV fraction, and EV-free fraction of 16wks HFD WT mice. (E) 16s
rRNA abundance within the intestinal EVs of NCD or 16wks HFD WT mice. (F) The levels
of PKH26 red fluorescence, 16s rRNA, and CRIg in liver after injection of PKH26-labeled
intestinal EVs into the jejunum sections of both NCD and 16wks HFD WT mice. (G) Top 20
microbial DNAs with the most significant abundance difference between NCD and 16wks
HFD WT gut lumen EVs. Data are presented as mean = SEM. n=6-8 per group (C); n=5 per
group (D), n=4 per group (E), n=6 per group (G). (A, B, and F) scale bar=50 pm. */<0.05,
Student’s t test. mEV, microbial DNA-containing extracellular vesicle.
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Figure 2. Liver CRIg+ macrophages exert profound function clearing intestinal mEVs from
circulation.
(A) The levels of PKH26 red fluorescence, CRIg, and F4/80 in the liver of either NCD WT

or CRIgKO mice intravenously injected with PKH26-labeled mEVs. (B) Effect of obesity on
liver CRIg+ macrophage population. (C) The abundance of PKH26 red fluorescence in the
skeletal muscle and epididymal fat of both NCD WT and CRIgKO mice after tail vein
injection of PKH26 mEVs. (D) The abundance of 16s rRNA in the liver of both 4wks HFD
WT and CRIgKO mice. (E) Effect of palmitate acid (PA, daily 0.8g PA/mouse, 2 weeks)
treatment on the liver CRIg+ macrophage population of NCD WT mice. (F) Effect of PA
(500 uM) treatment on the apoptosis of liver CRIg+F4/80+ cells. Data are presented as mean
+ SEM. n=4 per group (B, E, and F). (A, C, and D) scale bar=50 ym. */<0.05, **F<0.01,
***P<(0.001, Student’s t test.
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Figure 3. Obese intestinal mEVs cause tissue inflammation and insulin resistance in obesity.
(A and B) Glucose and insulin tolerance tests (GTTs and ITTs) were performed in 4 weeks

HFD WT and CRIgKO mice. (C and D) After 4 weeks of adoptive transfer of obese mEVs,
GTTs and ITTs were measured in NCD CRIgKO recipient mice. (E) Insulin stimulated AKT
phosphorylation levels at S473 in the liver, skeletal muscle (SKL), epididymal white fat
(eWAT) of NCD CRIgKO mice after 4 weeks obese mEV treatment. (F) Glucose infusion
rate (GIR), insulin-stimulated glucose disposal rate (1S-GDR), hepatic glucose production
(HGP), and the percentage of suppression of free fatty-acid levels (FFA suppression) during
hyperinsulinemic-euglycemic clamp studies. (G and H) Glucose tolerance and insulin
sensitivity of NCD WT recipient mice treated with obese mEVs. Data are presented as mean
+ SEM. n=8 per group (A, B, and F); n=5 per group (C, D, G, and H). */<0.05, **/<0.01,

Student’s t test.
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Figure 4. Complement component C3 is critical for the ability of CRIg+ macrophages to capture
mMEVS.

(A) C3 abundance in plasma EVs of both NCD WT and 16wks HFD WT mice. (B) Effect of
C3 knockout on the ability of CRIg+ macrophage to capture mEVs. (C and D) After 4 weeks
treatment with obese mEVSs, glucose tolerance and insulin sensitivity of NCD C3KO
recipient mice were measured. (E) The levels of insulin-stimulated AKT phosphorylation in
liver, SKL, and eWAT of NCD C3KO recipient mice treated with obese mEVs. After 4
weeks injection with obese mEVs, the population of ATMs and their activation (F) and
proinflammatory cytokine abundance in the liver and eWAT (G) of NCD C3KO mice. Data
are presented as mean + SEM. n=6 per group (A); n=4 per group (C, D, F, and G). (B) scale
bar=50 um. */<0.05, **P<0.01, ***P<0.001, Student’s t test.
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Figure 5. Obese intestinal mEVs induce cellular inflammation and insulin resistance.
Effects of obese mEVs on 3T3-L1 adipocyte glucose uptake (A) and hepatic glucose output

(B). The levels of insulin-stimulated AKT phosphorylation of 3T3-L1 adipocytes (C) and
primary mouse hepatocytes (D) after obese mEV treatment. The induction of obese mMEVs
on proinflammatory cytokine expression in 3T3-L1 adipocytes (E) and primary mouse
hepatocytes (F). Data are presented as mean £ SEM. n=6 per group (A and B); n=4 per
group (E and F). *P<0.05, ***P<0.001, Student’s t test. GCG, glucagon; Ins, insulin.
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Figure 6. Microbial DNAs are important cargoes for the intestinal EV effects.
(A and B) the glucose tolerance and insulin sensitivity of NCD CRIgKO recipient mice

treated with either obese mEVs, obese germ-free (GF) EVs, or obese DNA-free EVs. (C and
D) Effects of intestinal EV's on 3T3-L1 glucose uptake (C) and hepatic glucose output (D).
Data are presented as mean £ SEM. n=6 per group (A-D). *P<0.05, ***F<0.001, Student’s t

test.
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Figure 7. The cGAS/STING pathway plays a critical role in the ability of mEVs to trigger
inflammatory responses.

(A-C) The levels of cGAS and STING phosphorylation in the liver, skeletal muscle, and
epididymal fat of NCD CRIgKO recipient mice after 4 weeks treatment of obese mEVs. (D
and E) Effects of obese mEVs on the activation of cGAS/STING pathway in hepatocytes
and adipocytes. (F and G) The influence of cGAS ablation on the responses of adipocytes
and hepatocytes to obese mEV treatment. (H and I) Glucose tolerance and insulin sensitivity
of 8wks HFD cGASKO mice after 4wks treatment with obese mEVs. Data are presented as
mean + SEM. n=6 per group (F and G); n=5 per group (H and I) */<0.05, **/<0.01,
Student’s t test.
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