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Bacterial membrane vesicles restore gut
anaerobiosis
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Inflammation damages the epithelial cell barrier, allowing oxygen to leak into the lumen of the gut.
Respiring E. coli and other Enterobacteriaceae produce proinflammatory lipopolysaccharide,
exacerbating inflammatory bowel disease. Here we show that respiring membrane vesicles (MV) from
E. coli ameliorate symptoms in a mouse model of gut inflammation. Membrane vesicle treatment
diminished weight loss and limited shortening of the colon. Notably, oxygenation of the colonic
epitheliumwas significantly decreased in animals receiving wild typeMVs, but not MVs from an E. coli
mutant lacking cytochromes. Metatranscriptomic analysis of the microbiome shows an increase in
anaerobic Lactobacillaceae and a decrease in Enterobacteriaceae, as well as a general shift towards
fermentation in MV-treated mice. This is accompanied by a decrease in proinflammatory TNF-α. We
report that MVs may lead to the development of a novel type of a therapeutic for dysbiosis, and for
treating IBD.

Gut inflammation is a prevalent health concern that manifests in
a host of conditions, including IBS1, IBD2,3, Alzheimer’s4,5, and
inflammaging6,7. While the etiology of gut inflammation is
multifaceted, with risk factors including stress, genetics, infections,
diet, and xenobiotics, mounting evidence has implicated the gut
microbiome as having an often-pivotal role in the development, pro-
gression, and chronic persistence of gut inflammation8–10. Loss of short-
chain fatty acid (SCFA)-producing obligate anaerobes and an increase
in inflammatory, facultatively anaerobic Enterobacteriaceae is a com-
mon hallmark of an inflamed gut, where oxidants are thought to drive
this gut dysbiosis11–15. In a healthy gut, intestinal epithelial cells (IECs)
metabolize SCFAs through β-oxidation and oxidative phosphorylation,
a process, which converts O2 to H2O and limits the oxygen supplied by
blood vessels from diffusing into the gut. Low oxygen levels also limit
the production of NO3 from NO caused by the inflammatory response.
Nitrate serves as an alternative electron acceptor for the respiratory
chain and supports the growth of Enterobacteriaceae16. Diminishing
SCFAs or damaging IECs can shift the IECs’ metabolism towards gly-
colysis that does not consume oxygen, allowing it to diffuse into the gut.
Oxygen in the intestinal lumen kills obligately anaerobic bacteria and,
together with NO3, causes blooms of facultative anaerobes. The facul-
tative anaerobes that take advantage of these environments are mem-
bers of the Enterobacteriaceae family, a clade comprised of many
pathogens and pathobionts that express amultitude of virulence factors
and immunogens, such as inflammatory lipopolysaccharide (LPS), also
known as endotoxin. The cascade of events arising from oxygenation of

the gut can cause or exacerbate gut inflammation, which further dis-
rupts IEC function and helps maintain the chronic presence of facul-
tative microbes13,15. Oxygen-driven dysbiosis of the gut has been
confirmed in mouse models for colitis17, colorectal cancer18,19, cancer
cachexia20, and graft-versus-host disease21. Oxygen-induced dysbiosis
and gut inflammation links an otherwise disparate set of animal
models, and the similarities between these signatures and those found
in diseases like Alzheimer’s and inflammaging highlights the deleter-
ious role gut oxygenation may play across a host of conditions.

We reasoned that oxygen can be depleted in the gut by bacterial
membrane vesicles containing the respiratory chain. We employed mem-
brane vesicles (MVs) fromE. coli to remove oxygen from the gut in amouse
model of inflammation. This treatment improved mouse health, reduced
inflammation and produced a functional shift in the microbiome, favoring
symbionts producing SCFAs.

Results
Membrane vesicles inhibit pathogenic Enterobacteriaceae
growth through the reduction of oxygen
Our approach was to use membrane vesicles from E. coli to deplete oxygen
and diminish the growth of facultatively anaerobic bacteria such as Enter-
obacteriaceae in the gut. In order to eliminate contaminating LPS, we used
ClearColi, which have a modified LPS containing only the non-
inflammatory lipid IVA

22. Succinate is commonly present in the gut, is
enriched during inflammation23 and is the substrate of membrane-bound
succinate dehydrogenase, an enzyme of the respiratory chain. We took
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advantage of this, and prepared membrane vesicles from E. coli grown
aerobically in a medium with succinate. E. coli were disrupted at high
pressure, which produces inverted vesicles of the inner membrane, with
succinate dehydrogenase facing outward. The vesicles (wt MVs) were first
characterized in vitro, where they rapidly depleted oxygen in the presence of
succinate (Fig. 1a). A hemB knockout of ClearColi (Fig. 1b) was made to
produce control vesicles (ΔhemBMVs) which cannot biosynthesize heme b
an essential cofactor for oxidases (Fig. 1c). As expected, ΔhemB vesicles do
not respire (Fig. 1a) but have similar morphology to wild type vesicles (Fig.
1d). Next, we examined the ability of MVs to suppress the growth of three
different species of Enterobacteriaceae - Escherichia coli, Klebsiella pneu-
moniae, and Citrobacter rodentium—under aerobic conditions (Fig. 1e).
After 7 hours, thewtMVs inhibited the growth of all three strains indicating
they may be effective at reducing the burden of pathogenic Enterobacter-
iaceae in vivo.

Membrane vesicles protect against colitis-induced weight loss
and colon shortening
Having designed membrane vesicles that inhibited the growth of C.
rodentium through reducing oxygen,wenext tested if these vesicles could be
used as a therapeutic to reduce inflammation. To accomplish this, we added
membrane vesicles to food in aC. rodentium-induced colitismodel inC3H/
HeNCrl mice (C3H) (Fig. 2a). Mice were weighed every 24 hours to assess
progression of the disease24. Mice treated with wt MVs had a significantly
higher bodyweight than the colitis andΔhemBMVs groups, indicating that
the treatment reduced the severity of the disease (Fig. 2b, c). Furthermore,
weight loss between the colitis control and ΔhemBMVs groups was nearly
identical, suggesting that the improvement in health by treatment with wt
MVs is due to the vesicles’ ability to reduce oxygen. C3Hmice are unable to
clearC. rodentiumwhichmeans that unless the pathogen is fully eradicated,
as with antibiotic treatment, the infection will be fatal. This is why although
we see an improvement in the health of wt MV treated mice, they still lose
weight. Colon length also decreases in colitis and serves as an important
marker of disease. We observed a significant increase in the colon length of
mice treatedwith thewtMVs,while therewasno change in theΔhemBMVs
group (Fig. 2d). Taken together, these results show that treating mice with
respiring MVs reduces disease severity.

Membrane vesicles reduce the colonic epithelium andmodulate
the cytokine response
In ahealthy gut, the level of oxygen is low in the epithelial layer, but increases
with inflammation18. We therefore compared oxidation of the epithelial
layer of mice with colitis to that of animals treated with MVs using pimo-
nidazole labeling. Pimonidazole is a 2-nitroimidazole that forms covalent
bondswith thiols of aminoacidsupon reduction.Thepimonidazole-protein
adducts can then be probed with fluorescently-labeled antibodies allowing
for visualization of oxygen levels in the tissue25. Mice treated with wt MVs
had less oxygen in their intestinal epithelial surfaces than mice in the colitis
control or those treated with ΔhemB MV (Fig. 3a, b). We specifically
quantified the pimonidazole adducts along the epithelium of the distal
colon, as this is where C. rodentium establishes before moving into the
proximal colon and therefore where we would expect to see the most cell
damage and oxygenation26. Analyzing the histopathology of the colonic
tissue, we did not observe differences between the colitis groups (Fig. S1).
This is potentially due to the severe progression of the disease coupled with
the semiquantitative nature of the analysis.

Having observed that wt MVs reduced oxygen in the gut we next
wanted to determine if the treatment changed the cytokine response.
Inflammation is modulated through cytokines, and we suspected that
because MVs improved colitis symptoms they may be modulating the
cytokine response27. The differences in cytokine concentration were visua-
lized in a volcano plot where each point and color represent a cytokine
enriched in that corresponding group (Fig. 3c). The comparisonsmadewere
between the ΔhemBMVs to wt MVs group in purple, colitis control to wt
MVs group in red andwtMVs to both combinedΔhemB and colitis control
groups in green. Notably, treatment with MVs decreased cytokines asso-
ciated with inflammation in the C. rodentium-infected mice. The pro-
inflammatory TNF-α was the most significantly decreased cytokine in wt
MVs treated group. In contrast, the anti-inflammatory IL-10 was the most
enriched (p-value 0.08) cytokine in the wt MVs group. TNF-α and IL-10
have been strongly associated with worsening or ameliorating colitis
respectively28.Moreover, the expression of these cytokines in colitis has been
linked to themicrobiome. In IL-10knockoutmice thedevelopmentof colitis
is contingent on a gutmicrobiota, as germ-free IL-10 knockoutmice do not
develop inflammation29. TNF-α was first identified through studying

Fig. 1 | Membrane vesicles inhibit the growth of
pro-inflammatory Enterobacteriaceae by con-
suming oxygen. a Respiration of membrane vesi-
cles. The medium contained 20 mM potassium
phosphate, 650 mM succinate at a pH of 7 with
325 µg/mL of either wt or ΔhemB MVs.
bElectrophoresis on a 0.8% agarose gel for 1 h, hemB
was amplified with P3 and P4 primers. Expected
amplicon sizes for ΔhemB (hemB::kanR) were
1466 bp and wt hemB was 1114 bp. c Pathway of
heme b biosynthesis from 5-aminolevulinate.
d Transmission electron microscopy images of
ΔhemB andwtMVs. eCell density ofEscherichia coli
AR350, Klebsiella pneumoniae ATCC 43816, and
Citrobacter rodentium ATCC 51459 after 7 hours of
growth in LB aerobically and shaking at 37 °C n = 5
for all cultures. Cultures were inoculated with 1/400
dilution of overnight cultures, 13 mM succinate and
1.6 mg/mL of MVs. Statistical significance was
determined using one-way ANOVA with Šídák’s
multiple comparisons test, bars represent mean ±
SEM. Adjusted p values were as follows, **p < 0.01,
****p < 0.0001.
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bacterial infections and the success of anti-TNF-α in treating IBD has been
linked to patients’ microbiomes, highlighting the relationship between
TNF-α and the microbiome28,29. IL-3 is the most suppressed in the wt MV
group and is elevated in IBD patients30. Taken together, these data suggest
that MV treatment reduces the inflammatory cytokine response, likely
through interactions with the microbiome.

Membrane vesicle treatment modifies the microbiome
To determine if theMV treatment altered the active colitis microbiome, we
analyzed the stool microbiome through metatranscriptomics. RNA from
mouse stool was extracted and sequenced with Illumina sequencing, then
taxonomy was annotated using Kaiju31. A principal coordinate analysis
(PCoA) of Bray-Curtis dissimilarity was generated using bacterial genera as
features to visualize the similarities and differences between the micro-
biomes of the groups (Fig. 4a). This analysis showed that the wtMV treated
group was distinct from the colitis control and ΔhemB MV groups which
clustered closely together.Tobetter understand these changes,we compared
the taxonomy of individual samples and the phylogeny of the groups (Fig.
4b, c). In the phylogenetic treewe see that themicrobiome is primarilymade
up of a small set of highly abundant families belonging to the clades Ver-
rucomicrobiota, Bacteroidia, Gammaproteobacteria, Bacilli and Clostridia
with an overall drop in diversity in all the C. rodentium-infected groups
relative to the healthy group. This loss of diversity as well as the PCoA
separation show that in this model the wt MV treatment did not protect
from colitis by reestablishing the initial diversity. To better understand the
microbiome differences thatmay have contributed to the therapeutic effects
of removing oxygen from the gut we used linear discriminant analysis effect
size (LEfSe). LEfSe is a method that uses both significance and effect size to
rank features that are most likely to explain the differences between the
groups32. Using LEfSe we saw that the top five distinguishing features
between the wt MV and ΔhemBMV/colitis control groups at a family level
were an increase in Lactobacillaceae and a decrease in Bacteroidaceae,

Enterobacteriaceae, Enterococcaceae, and Akkermansiaceae (Fig. 4e). The
LEfSe comparisons were made between colitis control or ΔhemB MV
groups to wt MV and wt MV to ΔhemB and colitis control combined. The
differences between the colitis control and the wt MV group were less
significant than theΔhemBMVs and as such these comparisonswere not in
the top five. However, though not significant, all the families shown as
enriched in the ΔhemBMV group were also enriched in the colitis control
relative to the wt MV group (Fig. S2). We also visualized the differences
between taxa identified through LEfSe to quantify relative abundance and
significance changesbetween the groups (Fig. 4f). Basedonprevious studies,
the relative decrease in Enterobacteriaceae and increase in Lactobacillaceae
likely plays a significant role in the improvement in mouse health we
observed33–35.Lactobacillaceaeahave beenpreviously shown to be inhibitory
to Enterobacteriaceae and it is possible that the decrease in relative abun-
dance of Enterobacteriaceae is due to inhibition from the increase in
Lactobacillaceaea36. We therefore ran a Spearman correlation and found a
weak and non-significant negative correlation between the abundance of
Enterobacteriaceae and Lactobacillaceae, indicating that the decrease of
Enterobacteriaceae in the wt MV treated mice is unlikely to be primarily
driven by the increase of Lactobacillaceae (Fig. 4d).

MV treatment alters the metatranscriptome and metabolome
Having established that MV treatment altered the microbiome, we wanted
to understand the mechanism behind these changes by investigating the
metatranscriptome and metabolome of the stool microbiome. To accom-
plish this cDNA reads were annotated to proteins using the program
DIAMOND37 and then assigned to SEED subsystems using MEGAN38. A
PCoA of the SEED annotated subsystems was used to understand how the
conditions within different groups changed the expression of pathways
within themicrobiome (Fig. 5a). This analysis showed a similar result to that
seen in thePCoAusing taxonomic data;mainly that the pathways inhealthy
mice clustered closely together, the colitis control and ΔhemBMV treated

Fig. 2 | Membrane vesicles ameliorate colitis. a Schematic of the mouse experi-
ment. b Body weight of mice as a percent of the initial weight recorded at day 1.
Points represent the mean ± SEM. Healthy group n = 10, colitis control n = 10,
ΔhemBMVsn = 15, andwtMVsn = 15. cCompiled percent of initial weight for each
mouse from days 2 to 8. Healthy n = 70, colitis control n = 70, ΔhemBMVs n = 105,
wt MVs n = 105. Line and error bars represent the mean ± SEM. Significance

determined using Kruskal-Wallis test with Dunn’s multiple comparisons test.
Adjusted p values were as follows, ***p = 0.0005, ****p < 0.0001. d Length of colon
distal of the cecum. Healthy n = 10, colitis control n = 10, ΔhemB MVs n = 14, wt
MVs n = 15. Bars represent the mean ± SEM. Significance determined using one-
way ANOVA with Tukey’s multiple comparisons test. Adjusted p values were as
follows, **p = 0.0021, ***p < 0.001, ****p < 0.0001.
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mice clustered together, and the wt MVs clustered largely together. This
indicates that both inducing colitis and treating with wt MVs caused an
observable change in the microbial metatranscriptome. To better under-
standwhat transcriptional changes are driving the separation between these
groups, biplot vectors were used to display the top two subsystems with the
highest loadings and depict how they influenced the separation of the
samples. Through this we found that the 50S ribosomal subunit and mixed
acid fermentation best separated the samples. Mixed acid fermentation is a
metabolic pathway, while changes in expression of the 50S ribosomal sub-
unit suggest differences in translation and likely energy expenditure between
the groups39. Collectively these results suggest that themain influence of the
MV treatment is on pathways associated with energy. In light of this, we
generated a heatmap of all the energy subsystems in the SEED database,
which showed three distinct clusters associated with one of either healthy,
colitis control andΔhemBMV,orwtMVsgroups (Fig. 5b).The clusteringof
pathway abundance within groups reinforced the observation that MV
treatment induces transcriptomic changes within energy associated sub-
systems. We then compared the abundance of reads across all energy
subsystems and reported relevant systems that were significantly different
between thewtMVs treatment and the colitis control orΔhemBMVgroups
to highlight the changes causedbywtMVs in a colitis environment (Fig. 5c).
These results were then grouped into centralmetabolism, fermentation, and
respiration to observe trends in the context of these larger systems. Three
subsystems within the fermentation group were identified as significantly
different: acetoin and butanediol fermentation, lactate fermentation, and
mixed acid fermentation all of which were higher in the wt MV treated
group than in any of the other groups. Conversely, three subsystems within

respiration: cytochrome d ubiquinol oxidase, Na-translocating NADH-
quinone oxidoreductase (Na+NQR), and succinate dehydrogenase (SDH)
and fumarate reductase (FRD) complexes, were all lower in the wt MV
group relative to the other colitis groups. These results suggest that by
reducing oxygen in the gut, the wt MVs are steering the microbial meta-
bolism away from respiration and towards fermentation.

Fermentation and respiration are endpoints of metabolism, so to
understand the changes upstream of these systems, we looked at the sig-
nificantly differential pathways within central metabolism between the
groups. We observed that enzymes associated with glycolysis and gluco-
neogenesisweremorehighly transcribed in themicrobiomes ofmice treated
with wtMVs.While these pathways share amajority of the same reversable
enzymes, they accomplish opposing goals either the catabolism or anabo-
lism of glucose. To separate the reactions, we looked at the transcription of
two irreversible enzymes, 6-phosphofructokinase (EC 2.7.1.11) and pyr-
uvate kinase (EC 2.7.1.40), which are found in the glycolytic pathway40–42.
Both enzymes were transcribed at higher relative abundance in the wt MV
treated samples than in samples from the other groups (Fig. S4).
6-phosphofructokinase can be bypassed during gluconeogenesis via the
irreversible fructose-bisphosphatase (EC 3.1.3.11), which is unchanged in
the colitis samples, or the reversable diphosphate-fructose-6-phosphate
1-phosphotransferase (PFP) (EC 2.7.1.90) that is transcribed at a lower
relative abundance in the wt MV treated samples. Pyruvate kinase converts
phosphoenolpyruvate to pyruvate and can be bypassed during gluconeo-
genesis via the reversable enzymes pyruvate water dikinase (EC 2.7.9.2) or
pyruvate phosphate dikinase (EC 2.7.9.1). Alternatively, phosphoenolpyr-
uvate can be catabolized through the irreversible enzymes

a

Fig. 3 | Membrane vesicles reduce the colonic epithelium and modulate the
cytokine response. a Representative images of the distal colonic epithelium. Mice
were injected intraperitoneally with pimonidazole 1 hour before euthanasia.
Pimonidazole adducts were detected using Hypoxyprobe-1 RED ATTO 594 dye-
conjugated IgG1 mouse monoclonal antipimonidazole antibody (red fluorescence).
Hoechst 33342 was used as a nuclear counter stain (blue fluorescence). No adjust-
ments were made to the images. b Quantification of the RED ATTO 594 dye. 3
sections of the distal epithelium were quantified and averaged per mouse, healthy

n = 10, colitis control n = 10, ΔhemBMVs n = 14, and wt MVs n = 15. Box displays
the range from the first to the third quartile, with a line at the median value, and
Tukey whiskers. Significance was determined using one-way ANOVA with Šídák’s
multiple comparisons test. Adjusted p values were as follows, *p = 0.0147,
**p = 0.0024, ***p < 0.001. c Volcano plot displaying serum cytokines that were
increased in, colitis control vs. wtmembrane vesicles in red,ΔhemBMVs vs. wtMVs
in purple, and wt MVs vs. colitis control and ΔhemB MVs in green.
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phosphoenolpyruvate carboxykinase using GTP (EC 4.1.1.32) or phos-
phoenolpyruvate carboxykinase using ATP (EC 4.1.1.49). Notably, all four
of these enzymes involved in catabolizing phosphoenolpyruvate remain
relatively unchanged in the colitis treatments. Although we cannot make a
conclusion from the increasedabundance of PFPbecause it is reversable, the
transcriptional abundance of the other observed enzymes suggest that

glycolysis is more relatively abundant in the wt MV treated microbiomes
than in the colitis control or ΔhemBMV groups. During anaerobic glyco-
lysis bacteria use pyruvate formate lyase (PFL) to catalyze the conversion of
coenzyme A (CoA) and pyruvate into acetyl-CoA and formate43,44. PFL is
strongly linked to anaerobic glycolysis due to its oxygen sensitivity, and its
expression in E. coli increases by a magnitude when grown in anaerobic
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versus aerobic conditions. Viewed holistically, these data indicate that
treatment with wtMVs increases anaerobic glycolysis and the generation of
ATP through substrate level phosphorylation. The pyruvate from this
process is then metabolized into lactate or acetyl-CoA via PFL and con-
verted into acetate and ethanol through mixed acid fermentation45. This
increase in acetate can be inhibitory and is likely compensated for by uti-
lizing the NADH from butanediol metabolism to further catabolize acetate
into ethanol46. In agreement with this we observed an increase in the
transcription of acetate kinase (E.C. 2.7.2.1) in thewtMV treatment relative
to the other colitis groups (Fig. S4), which in conjunction with a decrease in
TCA enzymes suggests an increase in acetate production. Contrary to the
increased anaerobic glycolysis and fermentationwe observewith thewtMV
treatment, the microbiomes of mice in the colitis and ΔhemBMV controls
have higher relative levels of transcripts associated with the tricarboxylic
acid cycle (TCA). It appears that relative to the other groups, the micro-
biomeswithin theΔhemBMVand colitis controlmice are using the TCA to
power the ETC to generate ATP through respiration.

After discovering that wt MV treatment alters the metatranscriptome
relative to the colitis control groups, we sought to determine if this change
was reflected in the metabolome. To accomplish this, we analyzed the stool
using untargeted Liquid chromatography-mass spectrometry (LCMS). We
compared healthy, and colitis treated with ΔhemB MV or with wt MV
groups. A principal component analysis of these untargeted metabolomics
results shows a separation between all three groups indicating changes in the
metabolome between the healthy and colitis groups and between ΔhemB
and wtMV treatments (Fig. 5d). Sparse partial least squares-discrimination
analysis was then used to identify the metabolites that best described the
difference between the ΔhemB and wt MV treatments. While most of the
metabolites were unidentified, the annotated metabolite that best described
the difference between these groupswas glyceric acid.Glyceric acid has been
found to be enriched in the stool of colitis and IBS patients and was
hypothesized to be a consequence of liberated triacylglycerols (TAGs)
associated with the colon mucosa47,48. TAGs are energy stores for the host
cells and can bemetabolized into glyceric acid, therefore this glyceric acid in
the large intestine canbe attributed to the liberationofTAGsduringhost cell
death49 The lower levels of glyceric acid in the wt MV treated stool (Fig. 5e)
suggests that by reducing oxygen in the gut, the vesicles may help protect
against mucosal degradation which is prevalent in gut inflammation.

Discussion
Emerging research is associating gut inflammationwith an increasing range
of otherwise disparate health conditions.While studies have foundmultiple
factors can cause or predispose a person for gut inflammation, mounting
evidence suggests that the microbiome can have a causal role. Gut inflam-
mation is often correlated with an increase in proinflammatory facultative
bacteria which studies have shown is driven by the formation of nitrate, and
fromoxygen leaking into the gut.We therefore testedhowoxygen-reducing
membrane vesicles would affect colitis, an inflammatory gut disease.

Under most conditions facultatively anaerobic bacteria within the
family Enterobacteriaceae grow better aerobically or in the presence of
alternative electron acceptors such as nitrate than anaerobically50,51. This is
due to the more efficient production of ATP generated by oxidative phos-
phorylation in respiration versus the substrate-level phosphorylation car-
ried out in fermentation. It has been shown that the growth of

Enterobacteriaceaemembers such as C. rodentium during colitis is strongly
supported by the ability to use oxygen as a terminal electron acceptor52. The
reduction of oxygen can be achieved with reducing agents; however, these
compounds are limited in their therapeutic efficacy as they can be toxic and
are consumed by their reaction with oxygen. By contrast, bacterial
respiration is enzymatic and produces carbon dioxide and water. We rea-
soned that Enterobacteriaceae can be outcompeted by their respiring
membrane vesicles. Membrane vesicles from E. coli rapidly consumed
oxygen in the presence of succinate commonly present in the gut.

We found that theseMVs inhibit the growth of gut pathogens in vitro,
includingmurineC. rodentium as well as E. coli andK. pneumoniae isolated
from humans. C. rodentium displays an attaching and effacing pathotype
causing gut inflammation in mice which mirrors the pathology of colitis in
humans26,53. C. rodentium respiration leads to a bloom during gut inflam-
mation, andwe therefore chose aC. rodentium-induced colitismodel to test
the effect of MVs.

AddingMVs to the food of mice with induced colitis mitigated weight
loss and colon shortening. Notably, oxygen levels at the epithelial layer were
significantly diminished, as measured by pimonidazole. In agreement with
this, proinflammatory TNF-α was decreased in MV treated animals, while
anti-inflammatory IL-10was elevatedby comparison tomicewith colitis. By
contrast, MVsmade from an E. coli hemBmutant lacking cytochromes had
no effect.

Metatranscriptomics report both the taxonomy and the expression of
functional pathways of themicrobiome54, andwe used it to evaluate changes
in response to treatment with MVs. One of the main findings of the taxo-
nomic analysis was that the MV treatment caused an increase in Lactoba-
cillaceaewhich have been shown to be anti-inflammatory, and a decrease in
pro-inflammatory Enterobacteriaceae. Lactobacillaceae do not respire and
are at a disadvantage in aerobic conditions55. These changes are consistent
with MVs decreasing oxygen in the gut.

Analysis of the expression data shows an increase in pathways for
lactate and mixed acid fermentation as well as acetoin and butanediol fer-
mentation in MV-treated mice. Lactate fermentation is consistent with a
significant increase in the relative abundance of Lactobacillaceae in mice
treated with MVs. While it is possible that fermenting bacteria such as
Lactobacillaceae are contributing to the increase inmixed acid fermentation,
this metabolism is predominantly associated with the Enterobacteriaceae
family indicating that by removing oxygen from the gut the MV treatment
shifts the Enterobacteriaceae population towards fermentation56. In agree-
mentwith this observation,we sawadecrease in the relativenumberof reads
associated with cytochrome d oxidase with MV treatment. Cytochrome d
oxidase is part of the bd family of oxidases preferentially expressed by
Enterobacteriaceae during colitis52. This high affinity oxidase provides an
energetic advantage allowing the cells to bloom during gut inflammation. A
decrease in the transcription of cytochrome d suggests a reduction in
Enterobacteriaceae respiration in MV-treated mice. Another notable
observation is the decrease in the expression of succinate dehydrogenase in
MV-treated mice. SDH is the enzyme the MVs rely upon to respire in the
gut, and it is telling that the expression of this enzyme is suppressed in gut
Enterobacteriaceae, apparently as a result of the anaerobiosis brought
about by MVs.

We also performed a metabolome analysis, and the most notable
change was in glyceric acid, whose levels were lower in the MV-treated

Fig. 4 | Membrane vesicle treatment modifies the microbiome. a PCoA of Bray-
Curtis dissimilarity using bacterial genera as features. Each point represents a single
sample, points are colored by groups. Healthy n = 10, colitis control n = 10, ΔhemB
MVs n = 9, wt MVs n = 12. b Phylogenetic tree of all bacterial families identified in
the samples. Heatmap depicts average z-score of each bacterial family within a
group. Bars represent the average relative abundance of bacterial families within a
group. c Bar graph showing the relative abundance of all bacterial genera identified
in each sample, as well as the average for each group. d Linear regression for the
relative abundance of Enterobacteriaceae to Lactobacillaceae within the colitis
control, Δhemb MVs and wt MVs groups. Each point represents a single sample

(n = 31), best-fit line in red. e Top 5 LEfSe results represented by LDA-score of wt
MVs group to ΔhemB MVs group. f Relative abundance of the top 5 LEfSe results
between wt MVs group and colitis control or ΔhemB MVs group, only significant
differences shown. All boxes display the range from the first to the third quartile,
with a line at the median value, and Tukey whiskers. For Lactobacillaceae com-
parison significance was determined using Kruskal-Wallis test with Dunn’smultiple
comparisons with adjusted p value, *p < 0.05. For all other comparisons significance
was determined using a two-tailed Mann-Whitney test, p values were as follows,
*p < 0.05, **p = 0.0073.
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Fig. 5 | MV treatment alters the metatranscriptome and metabolome. a PCoA of
Bray-Curtis dissimilarity using SEED subsystems as features annotated using
MEGAN. Each point represents a single sample, points are colored by groups,
dashed arrows represent biplot vectors of the top two loadings.Healthyn = 10, colitis
control n = 10, ΔhemB MVs n = 9, wt MVs n = 12. b Heatmap of all SEED energy
subsystems annotated by MEGAN, clustered by subsystems (rows). c Selected
energy subsystems that showed significant differences in number of assigned tran-
scripts between wt MVs and either ΔhemBMVs or colitis control groups, organized

into subcategories. All boxes display the range from the first to the third quartile,
with a line at the median value, and Tukey whiskers. Significance was determined
using one-way ANOVA test with Tukey’s multiple comparisons. d Principal com-
ponent analysis fromuntargeted LCMS analysis with analytes as features. Each point
represents a sample, and points are colored by group. Healthy n = 7, ΔhemB MVs
n = 4, and wt MVs n = 4. e Comparison of peak area for glyceric acid between wt
MVs and ΔhemB MVs, identified with LCMS and compound discoverer. Sig-
nificance was determined using a two-tailed Mann-Whitney test, *p = 0.0286.
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group. Increases in glyceric acid has been reported in IBD studies and are
thought to be a consequence of the release of TAGs associated with the
colonic mucosa47,48. TAGs, the main source of energy for humans, are
comprised of a glycerol conjugated to three fatty acyl chains and are syn-
thesized ubiquitously by human cells57. TAGs can be metabolized into fatty
acids andglycerol,which canbeoxidized intoglyceric acid58.Glycerols in the
gut originate fromeither diet or thedegradationof epithelial cells. Sincediets
are consistent between groups ofmice, the increase in glyceric acid is likely a
consequence of cell death and degradation of the colonic epithelium49.
Indicating damage to the mucosal layer which provides a critical barrier
between the microbiome and the host. An increase in mixed acid fermen-
tation and butanediol fermentation, which cells use to compensate for
acetate overflow46, indicate higher levels of acetate production by the
microbiomewithMVtreatment.Acetate andother SCFAshavebeen shown
to reduce inflammation and help restore gut integrity59,60. Taken together,
these observations suggest that the MV treatment may help reduce both
oxygen levels and mucosal degradation during gut inflammation.

This study provides proof-of-principle for bacterialmembrane vesicles
to deplete oxygen, restoring the environment of a healthy gut. One limita-
tion of this study is that the membrane vesicles were not protected from
degradation on their way to the colon.MVsweremixed inwith food, which
provides some protection. Formulating drugs in capsules for delivery to the
colon, taking advantage of the higher pHof the human gut that dissolves the
protective layer, is common practice. However, the pH of the mouse gut is
acidic. In the future, a tailored formulation will be established for MV
delivery. This will enable one to perform a dose-dependent study. It is
reasonable to expect that an optimal dose ofMVs will have a stronger effect
on depleting oxygen and ameliorating symptoms of disease. Another lim-
itation is the inflammation model used in this study. While the mouse
Citrobacter infectionmodel we used produces symptoms that are similar to
human colitis, the infection does not resolve, and the animal ultimately
succumbs to the disease. Examining MVs in additional models of inflam-
mation such as DSS or inmicewith a knockout in IL-10 will be necessary to
better assess the promise of using MVs as a therapeutic particularly for
chronic inflammation. Additionally observing the effects of the MVs on a
healthy gut and ultimately in a human microbiome will better inform the
prospects of MVs as a therapeutic to treat inflammation.

Naturally occurring membrane vesicles are commonly produced by
Gram-negative bacteria. These vesicleswhich are heterogeneous in size (20-
300 nm), are comprised of theoutermembrane, and can encapsulate soluble
periplasmic contents21,61. Outer-membrane vesicles (OMVs) are thought to
benefit the bacteria by breaking down extracellular compounds into
nutrients, recruiting iron and by sequestering antibiotics and bacter-
iophages. More recently Gram-positive bacteria have been shown to pro-
duce their own form of MVs called extracellular vesicles (EVs)62. Both
OMVsandEVshavebeen found topromote or reduce inflammation largely
based on the inflammatory profile of the producing bacteria61,63. The
mechanisms behind the immunomodulatory effects of these MVs is still
being researched, however, it seems likely that based on their size it is easier
for MVs to access the intestinal epithelial layer where they encounter
immune cells. If theMVsare fromcommensal bacteria, thiswould then lead
to a reduced immune response, while the opposite would happen if the
vesicles originated from immunogenic bacteria. Because of this, decorating
MVswith immunomodulatory compoundsmayhave anoversized effect on
host health and the microbiome compared to whole cells.

Unlike our artificially produced MVs, the immunomodulatory effects
of OMVs and EVs are not due to the respiration of oxygen. OMVs are
comprised of the outer membrane of Gram-negative bacteria, and they
therefore do not contain the ETC, which is imbedded in the inner mem-
brane. EVs shown to ameliorate inflammation have been from the Bifido-
bacterium genus, an anaerobic bacteria, which would not have an active
ETC in its EVs. Therefore, we believe our experiments are the first example
of the utilization of oxygen-reducing MVs to ameliorate colitis.

MVs represent a promising and novel approach to mitigate gut
inflammation. MVs may benefit from being administered in combination

with other treatments, such as anti-inflammatory 5-aminosalicylic acid,
next-generation probiotics or fecal microbiota transplants, used to treat gut
inflammation.

Methods
Membrane vesicle preparation
For wtMVs, ClearColiTM was grown in TSB without Glucose with 200mM
succinate and 1%NaCl at pH 7.5. Cells were harvested and concentrated by
centrifugation at 10,000xg for 15min and pellets were resuspended in
20mMphosphate bufferwith 650mMsuccinate and 650mM lactate at pH
8. Cells were then lysed by passing through a microfluidizer (Microfluidics
LM10) at 15,000 PSI two times. Lysate was purified with tangential flow
filtration through a 500 KDa PES hollow fiber. ΔhemBMVs were made by
growing ΔhemB ClearColi in TSB+ 1% NaCl+ 0.4% glucose at pH 7.5 in
anoxic conditions with constantN2 sparging andwith an acid and base feed
maintaining a neutral pH, all other steps were identical to wt MV
preparation.

hemBMutant
Deletion of hemB was first accomplished using lambda red
recombineering64. In brief, a kanamycin resistance cassette (kanR) was
amplified from plasmid pKD13 using primers P1 and P2, adding 50 bp of
homology to each sideof kanR. This constructwas electroporated intoE. coli
MG1655 containing the lambda recombineering plasmid pKD46. Cells
were recovered at 37 °C for 3 hours in SOCmedia and then plated on Luria
Broth Miller (LB) + kanamycin (50 µg/ml) + 0.4% glucose. Small colony
transformantswere visible after ~48 hours of incubation at 37 °C. PCRwith
primers P3 and P4 was used to verify the swap of hemB with the KanR
cassette. Deletion of hemB was further confirmed by Sanger Sequencing of
the PCR product. The hemB::kanR was moved from E. coliMG1655 to E.
coli ClearColi by P1 phage transduction and selection on LB+ 25mM
citrate and 50 µg/ml kanamycin,1%NaCl,0.4%glucose. Successful trans-
ductionwas confirmedwith PCR and catalase test. Primers in supplemental
(Table. S1).

Measuring O2 in vitro
Oxygen concentration was monitored using Oxygraph, a Clark type
polarographic sensor (Hansatech Instruments). Oxygraph uses a platinum
cathode and a silver anode connected through an electrolytic solution to
quantitate O2 concentration of a solution in real-time. The Oxygraph was
calibrated with aerated and fully reduced 20mM potassium phosphate
650mM succinate pH 7. MVs were thawed and allowed to equilibrate to
roomtemperature, theywere thendiluted into 20mMpotassiumphosphate
650mM succinate pH 7 and oxygen concentration was measured under
constant stirring.

Transmission electron microscopy
Wt andΔhemBMVsweremade as previously described.MVswere washed
and resuspended in PBS. A carbon-coated grid was applied (carbon film-
coated 200-mesh copper grid – Electron Microscopy Sciences) to a 10 μl
dropof sample for aminute then excess samplewaswickedoff by touching it
at a roughly 45° to a piece of filter paper. The grid is then rinsed 3 times by
touching it to the surface of a drop of deionizedwater (wicking off the excess
water after each rinse). This is followed by touching the grid to 2% uranyl
acetate stain 4 times and wicking off the excess stain after each. After
allowing the grid to dry completely it is viewed in a JEOL JEM 1010 TEM
operated at 60 kV by William Fowle at the Boston Electron Microscopy
Center.

Measuring Enterobacteriaceae growth with MVs in vitro
Klebsiella pneumoniae ATCC 43816, Citrobacter rodentium ATCC 51459,
and Escherichia coliAR350, were grown overnight at 37 °C with aeration at
200 r.p.m. as a starter culture. This was then diluted 1/400 into LB with
13mM succinate with and without wtMVs in aerated culture tubes aerated
at 200 r.p.m. at 37 °C.MVswere addedat a concentrationof 1.623mg/mLof
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protein. OD600 readings were taken after 7 hours with an Ultrospec
10 spectrometer. Klebsiella pneumoniae ATCC 43816, and Citrobacter
rodentium ATCC 51459 were obtained from ATCC while Escherichia coli
AR350 was obtained through the CDC.

Ulcerative colitis model
Animal studies were approved by the Northeastern Institutional Animal
Care and Use Committee and performed at Northeastern University in
accordance with institutional animal care and use policies. Five-week-old
female C3H/HeNCrl mice were purchased from Charles River and
cohoused under specific pathogen-free (SPF) conditions with a 12-hour
day/night cycle with temperature and humidity controls at ~21 °C and
~30%, respectively, and fed PicoLab IsoPro RMH 3000 irradiated mouse
food. Mice were mixed, and weight-matched into new cages. Weight
matchingwasdone to avoid experimental differences betweengroupsdue to
initial weight variance. After 48 hours of acclimation mice were fasted (to
avoid the delivery of the inoculum into a full stomach, which could increase
variability between animals and make it less likely that the inoculum is
aspirated into the lungs) overnight then orally gavaged with 1.71×108 CFU/
100 µl of Citrobacter rodentium ATCC 51459 resuspended in PBS. C.
rodentium was grown overnight in aerated baffled flasks in LB shaking at
200 r.p.m. at 37 °C. MVs treatments were normalized to 10.151mg/ml of
protein, washed, and then resuspended in PBS and added to food at a 1:12
volume to weight. For MV treatments old food was removed and new
treated food added every 24 hours.

Cytokine analysis
After euthanasia blood was collected from heart punctures and allowed to
coagulate for 30minutes at room temperature. It was then centrifuged at
2000x g for 10minutes at 4 °C. Serumwas thencollected anddiluted 1:2 into
PBS, immediately frozen and stored at -80 °C until analysis. Cytokines were
quantitated at Eve Technologies using theMouse Cytokine/Chemokine 32-
Plex Discovery Assay® Array. ROUT outlier test, Q = 0.1% was applied to
the data.

Colon hypoxia and histopathological analysis
To assess colonic hypoxia, mice were administered 60mg/kg of pimoni-
dazole HCl through intraperitoneal injection 1 hour before euthanasia.
Colons were flushed with sterile PBS then sectioned longitudinally and
rolled into Swiss rollswhichwere then stored in 10% formalin. Sampleswere
imbedded, stained, and imaged at Applied Pathology systems as follows;
tissuewas imbedded in paraffinwith a LeicaASP-300Tissue Processor then
sectioned to a thickness of 5 µm. Tissue was blocked with BloxALL and
Animal Free Blocker/Diluent then then stained with the nuclear stain
Hoechst 33342 and Hypoxyprobe™-1 RED ATTO 594 a RED ATTO 594
dye-conjugated IgG1 mouse monoclonal antipimonidazoleantibody (clone
4.3.11.3). Slides were imaged with an Akoya PhenoImager Fusion and
exposure times were optimized for 2 fluorescence filters (DAPI, Opal 620)
and remained consistent across all images. For quantification 3 repre-
sentative images of thedistal colonwere analyzed and thefluorescenceof the
colonic epithelium was quantified and averaged. Quantification was done
using ImageJ with background subtraction, no adjusting for brightness was
done. Histopathology was scored by Applied Pathology based on criteria
from Erben et al. 65.

Metatranscriptomics
Stoolwas collected immediately after euthanasia and submerged in 500 µl of
RNAprotect® then stored at -80 °C until processing. To extract and purify
RNA, samples were spun down at 2,130 x g for 4minutes at 4 °C and
supernatantwas removed. 600 µl ofQiagenRLTwas added to the stoolwith
1% 2-Mercaptoethanol. This was transferred to MP lysing matrix E bead
tubes and shaken at 6meters/second for 40 seconds twice using an MP
FastPrep-24TM5G. Tubes were then centrifuged for 1minute at 400xg and
the supernatant was processedwith theQiagenRNeasy®Mini Kit following
manufacture’s recommended protocol. Sequencing was done at Seqcenter,

samples were DNAse treated with InvitrogenDNAse (RNAse free). Library
preparation was performed using Illumina’s Stranded Total RNA Prep
Ligation with Ribo-Zero Plus kit and 10 bp unique dual indices (UDI).
Sequencing was done on a NovaSeq X Plus, producing paired end 150 bp
reads. Demultiplexing, quality control, and adapter trimming was per-
formed with bclconvert (v4.1.5). Taxonomy was assigned with Kaiju and
normalized to 5,958,789 features per sample. Phylogenetic tree was created
with iTOL66. For functional analysis reads were normalized to 9,539,011
reads per sample.DIAMOND2.1.8was used to assign reads to proteins and
MEGAN Community Edition (version 6.24.20, built 5 Feb 2023) was used
to assign proteins to subcategories using the SEED database.

Metabolomics
After sacrifice, mouse stool was immediately weighed and frozen at−80 °C
until needed. Methanol was added at a ratio of 40 µL/mg of stool in MP
lysing matrix E bead tubes and shaken at 6m/second for 40 seconds twice
using anMPFastPrep-24TM5G. Tubeswere then centrifuged for 1minute at
400xg and 500 µLof supernatantwas added to 1.5 mLofmethanol in a glass
vial. 4 mL of cold chloroform was added and the sample was vortexed for
1minute before adding 2mL of miliQ water and again vortexing for
1minute. Samples were then centrifuged for 10minutes at 3,000 r.c.f. The
aqueous phase was then collected and analyzed byHarvardCenter forMass
Spectrometry. All samples were dried under N2, resuspended in 0.9 μL/mg
of 50% acetonitrile in water. Samples were run on a Thermo ID-X tribid
mass spectrometer on a ThermoFisher ID-X mass spectrometer (Zic pHI-
LIC column 150×2.1 mm 5 micron). LC method in supplemental (Table.
S2). Data was median centered. Peak extraction, retention time alignment,
gap filling, background subtraction, normalization, and compound identity
determination were all performed by compound discoverer version 3.3.

Data Availability
EuropeanNucleotideArchivewith theprimary accession codePRJEB80775.
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