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Intestinal colonization
regulates systemic
anti-commensal immune
sensitivity and hyperreactivity
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Healthy host-microbial mutualism with our intestinal microbiota relies to a large

degree on compartmentalization and careful regulation of adaptive mucosal and

systemic anti-microbial immune responses. However, commensal intestinal

bacteria are never exclusively or permanently restricted to the intestinal lumen

and regularly reach the systemic circulation. This results in various degrees of

commensal bacteremia that needs to be appropriately dealt with by the systemic

immune system. While most intestinal commensal bacteria, except for

pathobionts or opportunistic pathogen, have evolved to be non-pathogenic,

this does not mean that they are non-immunogenic. Mucosal immune

adaptation is carefully controlled and regulated to avoid an inflammatory

response, but the systemic immune system usually responds differently and

more vigorously to systemic bacteremia. Here we show that germ-free mice

have increased systemic immune sensitivity and display anti-commensal

hyperreactivity in response to the addition of a single defined T helper cell

epitope to the outer membrane porin C (OmpC) of a commensal Escherichia coli

strain demonstrated by increased E. coli-specific T cell-dependent IgG

responses following systemic priming. This increased systemic immune

sensitivity was not observed in mice colonized with a defined microbiota at

birth indicating that intestinal commensal colonization also regulates systemic,

and not only mucosal, anti-commensal responses. The observed increased

immunogenicity of the E. coli strain with the modified OmpC protein was not

due to a loss of function and associated metabolic changes as a control E. coli

strain without OmpC did not display increased immunogenicity.
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1 Introduction

The commensal microbes that make up our intestinal

microbiota have established a carefully tuned relationship with

our immune system to allow for a peaceful co-existence. The

microbiota modulates mucosal and systemic immune responses

of the host. Microbial metabolites are key molecular mediators

between the host and the microbiota (1). Local mucosal adaptive

immune adaptations to intestinal microbial colonization include

induction of secretory IgA as well as a carefully orchestrated CD4 T

cell response consisting of Th1, Th17, and regulatory T cell (Treg)

responses, for example (2). More recent work suggests that

intestinal microbes, such as Akkermansia muciniphila, also induce

systemic antibody responses even under homeostatic conditions

with an intact intestinal barrier (3–5).

The systemic adaptive immune response towards commensal

bacteria reaching systemic sites is different to local mucosal

responses and mainly driven by antigen-specific Th1 and IgG (6).

Systemic commensal bacteremia is rather common and can be

caused by reduced intestinal barrier function as a result of infections

(7), mucosal damage due to dental hygiene (8), non‐steroidal anti‐

inflammatory drugs (9) or dietary fats (10, 11), to just mention a few

examples. Several studies have demonstrated robust levels of

systemic IgG with anti-commensal reactivity in healthy

individuals with higher titers in patients with Crohn’s disease

(12–17).

Most studies have investigated how microbial metabolites

modulate the innate and adaptive immune response towards

commensal bacteria residing and contained within the intestinal

lumen (1). However, it is now evident that metabolites derived from

the intestinal microbiota can also modulate systemic immune

responses, for example against cancer cells (18–23).

Whether the intestinal commensal microbiota also modulates

systemic anti-commensal immune responses when these microbes

reach systemic sites has so far not been studied to the same degree.

We therefore tested the hypothesis that intestinal colonization at

birth regulates systemic anti-commensal hyperreactivity in

adulthood. We developed and previously described a model to

study commensal Escherichia coli-specific CD4 T cell responses

using a genetically modified commensal E. coli strain expressing a

single additional defined T helper neo-antigen (24). In this model,

the MHCII I-Ab-restricted epitope gp61, derived from the

Lymphocytic Choriomeningitis Virus (LCMV) glycoprotein, was

introduced into loop 7 of the outer membrane porin C (OmpC) of

E. coli. To achieve this, we first generated an OmpC deletion mutant

E. coli DompC and then inserted a modified ompC gene with the

gp61 epitope inserted into loop 7 to generate E. coli DompC::

ompC_gp61 (hereafter referred to as E. coli ompC_gp61 for

simplicity) (24).

We have previously demonstrated that the modified OmpC

protein is processed following intravenous injection of live E. coli

and the gp61 neo-epitope is presented on the MHC II I-Ab molecule

to gp61-specific T cells (24). In this study, we investigated whether

the systemic immune system is sensitive enough to recognize this

addition of a single additional T helper cell epitope and how this is

modulated by the intestinal microbiota.
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We found that the systemic immune system of germ-free mice

displayed a higher sensitivity and was able to detect the addition of a

single T cell epitope to OmpC resulting in increased systemic, but

not local mucosal, immunogenicity reflected by increased E. coli-

specific T cell-dependent IgG responses. This E. coli-specific

hyperreactivity was only observed in germ-free female C57BL/6

mice and was abrogated when mice were colonized with a defined

intestinal microbiota at birth indicating that intestinal colonization

also modulated systemic anti-commensal reactivity. The term

‘hyperreactivity’ is used in this study as it relates to E. coli-specific

IgG responses and does not refer to hyperreactivity observed in

allergic hypersensitivity, for example.

Although we were not able to detect gp61-specific T cell

responses by tetramer staining, the observed increased E. coli-

specific IgG responses were T cell dependent and, importantly,

were also MHC II haplotype-dependent. Increased E. coli-specific

reactivity was only observed in germ-free C57BL/6 mice (I-Ab) that

are able to present the I-Ab-restricted gp61 peptide but not in germ-

free BALB/c mice (I-Ad and I-Ed) that are not able to present the

gp61 peptide, which provides indirect evidence for gp61-specific T

cell-dependence. Furthermore, increased immunogenicity was not

mediated by structural changes in the E. coli surface structure or

changes in OmpC function. Increased immunogenicity was no

longer observed in mice colonized with a defined microbiota

indicating that intestinal colonization not only modulates local

mucosal responses but also regulates systemic anti-commensal

immune sensitivity and hyperreactivity.
2 Materials and methods

2.1 Mice

Adult 8 to 12-week-old C57BL/6, BALB/c and TCRbd-/- were

bred and housed under germ-free or gnotobiotic conditions in

flexible film isolators (NKP isotec) at the germ-free/gnotobiotic

facility of the International Microbiome Centre (IMC), University

of Calgary, Canada. sDMDMm2 gnotobiotic animals were

generated as previously described (25, 26). Germ-free or

colonization status was confirmed by a combination of fecal

Gram-staining, Sytox green DNA staining, aerobic and anaerobic

culture, and 16S rRNA gene amplicon sequencing. All experiments

were performed using animal use protocols AC16-0235 and AC21-

0075 approved by the University of Calgary Health Sciences Animal

Care Committee (HSACC).
2.2 Bacterial culture conditions,
intravenous injections and quantification

The bacterial strains used in this study are listed in Table 1.

Various E. coli strains, Citrobacter rodentium, Pseudomonas

aeruginosa and Salmonella typhimurium were grown aerobically

in LB medium. Akkermansia muciniphila was grown in BHI under

anaerobic conditions and Klebsiella oxytoca was aerobically

cultured in tryptic soy broth.
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For intravenous E. coli injections, a single colony was inoculated

in 15ml LB media and grown overnight at 37°C with shaking at

220rpm. Bacteria were harvested by centrifugation, washed in sterile

PBS and resuspended at a concentration of 5x107 CFU/ml in PBS,

200µl were used for intravenous injections resulting in a final dose

of 1x107 CFU. All steps were performed aseptically under a sterile

laminar flow hood. Peracetic acid inactivation was performed as

described previously (27). Briefly, an aliquot of the respective E. coli

strain was incubated in 10ml 0.4% peracetic acid for 1 hour at room

temperature. The inactivated bacteria suspension was washed three

times with sterile PBS and resuspended to a concentration of 5x107

CFU/ml in PBS. 200µl was used for intravenous injections resulting

in a final dose of 1x107 CFU. Sterility of peracetic acid killed

inoculum was confirmed by standard culture methods.

To assess bacterial load in the blood, 50µl blood was collected

(from tail vein) in heparin tubes and plated on LB agar plates.
2.3 Bacterial flow cytometry to measure E.
coli-specific Ig responses in serum

Bacterial flow cytometry of bacterial specific serum immunoglobulins

was performed as previously described (28). Briefly, a single colony of

plated bacteria was inoculated in 3ml of the appropriate growth media

and cultured overnight at 37°C. Bacteria were washed twice in sterile

filtered PBS/2%BSA/0.02% NaN3 before resuspending at a density of

approximately 107 CFU/ml. Serum samples were incubated at 56°C for

30 minutes to inactivate complement and serially diluted with staring

dilutions at 1:10. 25µl of bacterial suspension (approx. 105 bacteria per

sample) were then incubated with diluted serum for 1 hour at 4°C.

Samples were washed twice and incubated with secondary anti-IgG2b-

BV786 (clone R12-3, BD Bioscience), anti-IgG2c-BV421 (clone RMG2a,

Biolegend), and anti-IgM-PE (clone R6-60.2, BD Bioscience) over night.

After washing, samples were resuspended in PBS/2%BSA/0.02% NaN3

containing SYTO BC (Thermo Fisher) and acquired on a FACS Canto

flow cytometer (BD Biosciences) using FSC and SSC parameters in

logarithmic mode and a low FSC and SSC threshold to allow bacterial

detection. FACS data were analyzed using FlowJo software (TreeStar,

USA) and the levels of bacteria-specific antibodies present in the samples

were expressed as geometric mean fluorescent intensity (gMFI) against
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absolute immunoglobulin concentration in the sample (measurement of

total immunoglobulin concentration is outlined below).
2.4 Measurement of bacterial IgA coating
in feces by flow cytometry

IgA-coated fecal bacteria were measured by flow cytometry as

previously described (29). Briefly, fecal material was collected from

the SI and colon of mice. The weight of the fecal material was

determined, and samples were reconstituted to 100mg/ml in sterile

PBS. Fecal homogenates were centrifuged to remove large particles,

and the supernatant was passed through a sterile 22µm sterile nylon

filter. An aliquot of the bacterial suspension was washed in PBS/1%

BSA, subsequently non-specific binding sites were blocked with

PBS/1%BSA/20% rat serum for 20 minutes at 4°C. Bacteria were

washed twice and incubated with secondary anti-IgA-BV605 (clone

10-3, BD Biosciences) for 1 hour at 4°C. After washing, samples

were resuspended in PBS/1% BSA/Syto BC (Thermo Fisher) and

data were acquired on a FACS Canto flow cytometer (BD

Biosciences) using FSC and SSC parameters in logarithmic mode

and a low FSC and SSC threshold to allow bacterial detection. FACS

data were analyzed using FlowJo software (TreeStar, USA).
2.5 Flow cytometry

Spleens of E. coli primed or LCMV infected mice were collected

14 days post infection and filtered through a 70µm cell strainer to

obtain a single cell suspension. Following red blood cell lysis, I-Ab/

gp61-PE Tetramer (NIH Tetramer Core Facility) staining was

performed for 1h at 37°C in FACS buffer (PBS, 2% FCS, 2mM

EDTA). Cells were washed and stained with fixable viability dye

eFluor506 (eBioscience) and FcR-block (BD Biosciences) in PBS for

20 minutes at 4°C. Subsequently, cells were washed and stained for

surface markers in FACS buffer for 20 minutes at 4°C, followed by

fixing with 2% PFA. The following antibodies were used for the cell

surface staining: CD45-BV421 (clone 30-F11, BD Biosciences),

TCRb-BV786 (clone H57-597, BD Biosciences), CD4-BV605

(clone RM4-5, BD Biosciences) and CD8a-AF700 (clone 53-6.7,
TABLE 1 Bacterial strains.

Strain Genotype description Reference/Source

Escherichia coli MG1655 wildtype (24)

OmpC‐deficient E. coli DompC::TetRA (24)

OmpC_gp61 E. coli DompC::ompC_gp61 (24)

Citrobacter rodentium DBS100 wildtype ATCC 51459

Akkermansia muciniphila wildtype ATCC BAA-835

Klebsiella oxytoca wildtype ATCC 68831

Pseudomonas aeruginosa wildtype In-house strain

Salmonella typhimurium wildtype ATCC SL1344

E. coli Xen14 wildtype Perkin Elmer, Cat # 119223
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1030395
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Burkhard et al. 10.3389/fimmu.2023.1030395
BD Biosciences). Data was acquired on a Sony SP6800 flow

cytometer, and analyzed using FlowJo software (TreeStar).
2.6 LCMV infection

LCMV-Armstrong was kindly provided by Dr. Marc Horwitz

and viral stocks were prepared by a single passage on BHK-21 cells.

Mice were infected intravenously with 200 plaque forming units

(PFU) of LCMV-Armstrong to generate an acute infection.
2.7 Immunoglobulin
electrochemiluminescence immune assay

Total concentrations of different immunoglobulin isotypes in

the serum were determined using the Mouse Isotyping Panel 1 kit

according to the manufacturer’s protocol (Meso Scale Discovery).
2.8 Membrane integrity characterization

Overnight cultures or subcultured bacteria (grown to OD600

0.5) were centrifuged, and washed twice with sterile PBS.

Approximately 105 bacteria per sample were labelled with SYTOX

Green (Thermo Fisher) or SYTO BC (Thermo Fisher) nucleic acid

stains for 5 minutes at room temperature and cells were

subsequently analyzed by a BD Bioscience FACSCanto.
2.9 Metabolomics

Metabolites were extracted from the supernatant and pellet of

liquid E. coli at exponential and lag growth phases. The different E.

coli strains were grown overnight or subcultured to OD600 = 0.5.

Metabolites from supernatant were extracted in 100% methanol,

precipitated at -20°C for 1 hour, centrifuged and diluted into a

linear range (1:20 final dilution) with 50% methanol. To extract

intracellular metabolites, bacterial pellets were snap-frozen in liquid

nitrogen, resuspended in cell lysis buffer (1M Tris, 5M NaCl, 0.5M

EDTA, 10% SDS in H2O) and sonicated. Samples were subjected to

untargeted metabolomics analysis using LC-MS. Metabolomics data

were acquired at the Calgary Metabolomics Research Facility.

Samples were centrifuged (max. speed, 15 minutes, 4°C), then

200µL was transferred to a deep-well 96-well plate (Thermo

Fisher). Further processing was performed at the Calgary

Metabolomics Research Facility (CMRF). Briefly, metabolites were

separated using Ultra High-Performance Liquid Chromatography

(UHPLC) Mass Spectrometry (MS). A hydrophilic interaction liquid

chromatography column was used as the stationary phase (Syncronic

HILIC, Thermo Fisher) and the mobile phase was comprised of a

gradient of Solvent A (20mM ammonium formate pH 3 in H2O) and

B (MS Grade Acetonitrile with 0.1% formic acid). MS data were

collected on a Q Exactive HF Hybrid Quadrupole-Orbitrap Mass

Spectrometer using negative-mode electrospray ionization. For

targeted analysis, metabolites were identified using retention times
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and MS profiles of a library of in-house verified standards using

MAVEN freeware. Relative abundance was estimated based on area

under the curve of spectral profiles. Downstream analysis was

performed in the RStudio environment (30) using R programming

language (31). Data manipulation was performed using the dplyr

package (32). For principal coordinates analysis, Durbin scaling was

applied, and analyses were performed using functions from the vegan

package (33). For differential abundance analysis, data were

normalized to the average of the WT samples. Plots were generated

using the ggplot (34) and pheatmap (35) packages.
2.10 Statistical analyses

Biological replicates consisted of separate individual mice.

Normally-distributed data are show as mean ± standard error of

the mean (SEM), and tested using unpaired T-test (to compare 2

groups) or one-way ANOVA followed by Tukey’s post-hoc (for >2

groups). Non-normally distributed data is shown as median ±

interquartile range and tested using Mann-Whitney U test (for 2

groups), or Kruskal-Wallis followed by Dunn’s multiple

comparisons test (for >2 groups). Statistical significance was set at

P<0.05. Data analysis and visualization were performed using

GraphPad Prism® version 5.0 (GraphPad Software, Inc., USA).
3 Results

3.1 Germ-free mice display anti-
commensal hyperreactivity following
priming with E. coli ompC_gp61

The genetically modified commensal E. coli ompC_gp61 strain

was initially developed to be able to study E. coli (gp61)-specific

CD4 T cell responses (24). We have previously demonstrated that

this model allows the tracking of E. coli (gp61)-specific CD4 T cell

responses following systemic i.v. priming. Here, we investigated

whether the genetic modification to insert the gp61 T cell epitope

into loop 7 of OmpC, as described for microbial cell-surface display

(36), has an impact on induction of mucosal versus systemic

humoral E. coli-specific immunoglobulin (Ig) responses. Because

the precursor frequency of gp61-specific CD4 T cells in naïve

C57BL/6 mice is very low (37–39), we did not expect that

addition of a single additional epitope to the E. coli genome

would have a significant impact on the overall immunogenicity

and therefore we tested this hypothesis.

We first confirmed that both the parental wild-type E. coli

MG1655 and the genetically modified E. coli ompC_gp61 strain

colonize germ-free mice to the same level. Germ-free C57BL/6 mice

were colonized with pure cultures of either strain. Both strains

equally colonized the small intestine (SI), cecum, colon, and fecal

pellet to the same level (Figure 1A). We next measured the

induction of E. coli-specific IgA in the colon and SI by measuring

the amount of E. coli surface bound IgA using bacterial flow

cytometry and found no significant difference in the induction of

E. coli-specific IgA by the two strains (Figure 1B).
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Next, we investigated the induction of total (non-specific)

immunoglobulin responses following systemic priming. We tested

this in germ-free mice in the absence of intestinal colonization with

other bacteria and their metabolites. To do so, we systemically

immunized germ-free female C57BL/6 mice with the parental WT,

the E. coli ompC_gp61, or the ompC-deficient E. coli DompC strain,

to control for potential effects mediated by a complete OmpC loss of

function, by i.v. priming on (d0) and boosting on (d7) with 107 CFU

to obtain optimal Ig responses (Figure S1A).

Following i.v. immunization all three E. coli strains (WT,

ompC_gp61 and DompC) were cleared from the blood stream

with identical kinetics (Figure S1B). Intravenous prime-boost
Frontiers in Immunology 05
immunization resulted in elevated total non-specific serum levels

of IgM, IgG2b, and IgG2c compared to naïve germ-free levels (mice

injected with PBS) with no difference in total (non-specific) serum

Ig levels observed between the three immunized groups (Figure 1C).

We next measured E. coli-surface specific Ig responses by bacterial

flow cytometry (Figure S1C). Sera from mice immunized with the

genetically modified E. coli ompC_gp61 strain displayed

significantly increased E. coli-specific IgG2b and IgG2c

immunoreactivity compared to sera from WT or E. coli DompC

immunized mice (Figures 1D–F). No differences in IgG1 or IgG3

reactivity were observed (data not shown). This indicated that the

commensal E. coli ompC_gp61 strain exhibited increased systemic
B C

D

E

F

A

FIGURE 1

Hyperreactive anti-E. coli IgG responses following immunization with E. coli_gp61. (A) E. coli colonization levels in small intestine (SI), cecum, colon
and in fecal pellets 14 days post systemic E. coli priming. Data representative of two independent experiments, error bars represent mean ± SEM. P
values were calculated with a standard student t test or in case of significantly different variance between groups a non-parametric Kruskal Wallis
with Dunn’s post-test. (B) E. coli specific IgA was assessed by bacterial flow cytometry in SI and colon content collected 14 days post systemic E.
coli priming. Error bars represent mean ± SEM. (C) Total serum Ig titers 14 days post systemic priming with WT E. coli, E. coli ompC_gp61 and E. coli
DompC. Data representative of four independent experiments, error bars represent mean ± SEM. Representative plots (D) and gMFI quantification (E)
of bacterial flow cytometric analysis of E. coli incubated with the indicated mouse sera (serum dilution 1:10, autologous incubation). Data
representative of four independent experiments, error bars represent mean ± SEM. (F) E. coli bacterial flow cytometric analysis with serial dilution of
serum (1:10, 1:30, 1:90 and 1:270, autologous incubation). Each line represents one mouse. The x-axis denotes total Ig concentration in the assay.
Data representative of four independent experiments. ns: P > 0.05; *P ≤ 0.05; **P ≤0.01; ***P ≤0.001.
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immunogenicity compared to the parental WT E. coli or OmpC-

deficient E. coli DompC strains.
3.2 Hyperreactive anti-commensal IgG
responses are T cell-dependent and
regulated by intestinal colonization

One potential explanation for the observed increased

immunogenicity could be that primed endogenous gp61-specific

T cells significantly enhance class switch recombination of E. coli-

specific B cells. Therefore, we measured gp61-specific CD4 T cells in

the spleen by tetramer staining following priming with the three

different E. coli strains (Figure 2A). As a positive control we used

infection with 200pfu LCMV Armstrong. While LCMV, as

expected, induced a strong gp61-specific systemic CD4 T cell
Frontiers in Immunology 06
response, we could not detect any gp61-specific CD4 T cells by

tetramer staining following priming with either of the E. coli strains

including E. coli ompC_gp61 (Figure 2A) This is likely due to the

very low frequency of gp61-specific CD4 T cells present in naïve

C57BL/6 mice (37–39) and much weaker T cell priming by E. coli

compared to a productive viral infection with a replicating virus.

We therefore employed an alternative indirect approach to test

whether the observed effect is dependent on the presence of an I-Ab

molecule required for the presentation of the gp61 epitope. The

same prime/boost protocol was applied to germ-free female BALB/c

mice that harbour I-Ad and an I-Ed MHC class II molecules and do

not possess the required I-Ab molecule to present gp61. In germ-

free BALB/c mice we could no longer observe increased IgG

immunoreactivity after priming with E. coli ompC_gp61

(Figures 2B, C). Interestingly, we observed increased E. coli-

specific IgM immunoreactivity following E. coli ompC_gp61
B

C

D

A

FIGURE 2

Anti-commensal IgG hyperreactivity is T cell-dependent and regulated by the microbiota. (A) Representative flow cytometry dot plots and
quantification of gp61/I-Ab tetramer positive splenic CD4 T cells. Mice were i.v. primed (d0) and boosted (d7) with either of the three E. coli strains or
were infected with 200pfu LCMV-Arm on d0. Gp61-specific CD4 T cell responses in the spleen were assessed on day 14. (B) gMFI quantification of
bacterial flow cytometric analysis of E. coli incubated with the indicated sera of female germ-free BALB/c mice primed with either WT E. coli or E.
coli ompC_gp61. Error bars represent mean ± SEM. (C) E. coli bacterial flow cytometry analysis with serial dilution of serum (1:10, 1:30, 1:90 and
1:270, autologous incubation) of germ-free BALB/c mice iv injected with the indicated E. coli strain. Each line represents one mouse. The x-axis
denotes total Ig concentration in the assay. (D) gMFI quantification of bacterial flow cytometric analysis of E. coli incubated with the indicated sera
of germ-free female sDMDMm2 colonized C57BL/6 mice i.v. injected with the indicated E. coli strain. Error bars represent mean ± SEM. *P ≤ 0.05;
**P ≤0.01; ***P ≤0.001; ****P ≤ 0.0001.
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pr iming of ge rm-f ree BALB/c mice , ind ica t ing the

potential existence of a T cell-independent hyper-reactivity. To

demonstrate T cell-dependence of the observed IgG effect we

subjected germ-free female T-cell deficient Tcrbd-/- C57BL/6 mice

to the same prime-boost protocol with WT E. coli or E. coli

ompC_gp61 and measured E. coli-specific reactivity in the serum

one week after the boost. We found that the induction of E. coli-

specific IgG2b and IgG2c was T cell-dependent and, therefore,

increased IgG reactivity was no longer observed in the absence of T

cell help. On the other hand, IgM immunoreactivity was still

observed further indicating an additional potential T cell-

independent mechanism (Figure S2A).

We next investigated how intestinal colonization after birth

impacts on the observed anti-commensal hyperreactivity. We used

female C57BL/6 mice colonized with the stable defined moderately

diverse gnotobiotic intestinal microbiota (sDMDMm2) (25, 26) and

subjected the mice to the same prime/boost protocol using the three

E. coli strains. In sDMDMm2 colonized female C57BL/6 mice

hyperreactive E. coli-specific IgG responses following priming

with E. coli ompC_gp61 were no longer observed (Figure 2D).

Furthermore, hyperreactive E. coli-specific IgG responses were

only observed in germ-free female but not in germ-free male

C57BL/6 mice (Figure S2B). In germ-free C57BL/6 males, E. coli

ompC_gp61 priming resulted in increased E. coli-specific IgM

immunoreactivity but not increased E. coli-specific IgG

immunoreactivity (Figure S2B), similar to what we observed in

germ-free BALB/c mice (Figure 2A). Such sex differences in the

adaptive immune response have also previously been described (40,

41). Therefore, we performed all subsequent experiments in germ-

free female C57BL/6 mice to investigate the observed increased IgG

immunoreactivity following priming with E. coli ompC_gp61.

Taken together, these findings indicate that the systemic

immune system of germ-free female mice is sensitive enough to

detect the addition of a single T helper epitope to a commensal E.

coli strain resulting in a hyperreactive E. coli-specific IgG response.

Intestinal colonization abrogates this systemic anti-commensal

hyperreactivity indicating that intestinal colonization not only

induces local mucosal regulation of anti-commensal responses but

also regulates systemic anti-commensal hyperreactivity.
3.3 Consequences of OmpC modification
on bacterial surface structure, OmpC
function, and bacterial metabolism

An alternative hypothesis for the observed increased

immunogenicity of E. coli ompC_gp61 is that this is mediated by

either structural or metabolic changes in E. coli ompC_gp61. To test

whether increased immunogenicity was mediated by structural

changes in the bacterial surface of the E. coli ompC_gp61 strain,

we incubated serum samples from female germ-free C57BL/6 mice

primed with either of the three E. coli strains (WT, ompC_gp61, and

DompC) not just with the autologous strain that was used for

priming but also with the other two strains to check for cross-

reactivity. We found that IgG2b and IgG2c from sera of E. coli

ompC_gp61 immunized mice displayed increased E. coli surface
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binding to the autologous E. coli ompC_gp61 as well as the E. coli

DompC strain (Figures 3A, B). Intriguingly, we did not observe

increased IgG2b reactivity and increased E. coli-specific IgG2c

reactivity did not reach statistical significance when E. coli

ompC_gp61 primed serum was tested against the WT E. coli

strain (Figure 3B). It is possible that modification of ompC in E.

coli ompC_gp61 and deletion of ompC in E. coli DompCmight have

introduced changes in the E. coli surface structure that allow for

better accessibility of immunoglobulins to antigens. Nevertheless,

serum from E. coli ompC_gp61 primed mice still exhibited increased

E. coli-specific reactivity when tested against E. coli ompC_gp61 or

E. coli DompC compared to sera from mice primed with either WT

E. coli or E. coli DompC (Figure 3B).

In addition, the IgM, IgG2b, and IgG2c responses induced by all

three E. coli strains did not display cross-reactivity with other

bacterial species as no significant binding to species such as P.

aerginosa, S. typhimurium, C. rodentium, K. oxytoca or A.

muciniphila was observed (Figures S3A, B). There was also no

significant cross-reactivity with the E. coli strain Xen14, confirming

that the Igs induced by the three E. coli strains are very specific for

the MG1655 strain background (Figure S3).

We next investigated whether increased immunogenicity of E.

coli ompC_gp61 is mediated by changes in the presence or

abundance of E. coli-derived metabolites. First, we tested whether

the observed increased immunogenicity required immunization

with live bacteria. We performed prime-boost immunizations of

germ-free female C57BL/6 mice with either live E. coli strains, as

before, or peracetic acid killed and fixed E. coli strains. Peracetic

acid fixation kills bacteria but maintains bacterial surface and

antigen integrity (42).

We found that while peracetic acid killed/fixed E. coli strains

still induced E. coli-specific IgM, IgG2b, and IgG2c responses, E.

coli-specific IgG hyperreactivity following priming with E. coli

ompC_gp61 was no longer observed (Figure 3C). We concluded

that the observed hyperreactivity required immunization with live

bacteria with an active metabolism.

We next measured the metabolite profiles of the WT E. coli, E.

coli ompC_gp61, and E. coli DompC strains. Each of the three E. coli

strains was grown in liquid cultures using the same LB media that

was used to grow bacteria for i.v. injections. Both, the culture

supernatant as well as the bacterial pellet were then subjected to

metabolomic analysis by liquid chromatography with tandem mass

spectroscopy including standards to identify peaks to measure

changes in the presence and abundance of secreted and

intracellular metabolites.

Principal component analysis of all detected secreted

(supernatant) and intracellular (pellet) metabolites did not reveal

any significant metabolic differences between the three strains

(Figure 4A). To assess changes in more detail, we generated

heatmaps of the 25 metabolites that were most differentially

abundant to identify potential metabolites that may be produced

or secreted differentially in the three E. coli strains and could

contribute to the observed altered immunogenicity (Figure 4B).

The heatmaps revealed that the abundance profile of the 25 most

differentially abundant metabolites in E. coli ompC_gp61 was closer

to the OmpC-deficient strain for the secreted metabolites while the
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three profiles looked similar for all three strains for the intracellular

metabolites (Figure 4B). Even at the level of individual metabolites,

we could not detect significant differences between E. coli

ompC_gp61 and E. coli DompC (Figure 4C). Since anti-

commensal hyperreactivity was only observed with E. coli

ompC_gp61 and not E. coli DompC, it is therefore unlikely that

metabolic changes contributed to the observed effect. However,

these findings show that OmpC function in E. coli ompC_gp61 is

compromised. Because OmpC is known to be involved in

controlling bacterial cell wall/membrane permeability due to its

function as a passive diffusion channel, we also investigated whether

the alteration of OmpC in E. coli ompC_gp61 affected bacterial

membrane permeability. Altered membrane integrity can be

detected by measuring the entry of membrane impermeable

molecules such as SYTOX Green (43) or SYTO BC, a cell

permeable dye, into the cell (44).

We cultured the three different E. coli strains under the same

conditions that were used for preparing the bacteria for i.v. injections

and then performed a permeability assay using SYTOX and SYTO

BC. Like for the measured metabolite profiles, E. coli ompC_gp61
Frontiers in Immunology 08
displayed similar membrane permeability defect as E. coli DompC and

both showed increased permeability compared to the parental WT

strain (Figures 5A, B). However, increased membrane permeability

alone does not explain the observed increased immunogenicity of E.

coli ompC_gp61 because E. coli DompC did not display increased

immunogenicity (Figures 1E, F). Based on these findings, the E. coli

DompC strain is the more appropriate experimental control than the

WT E. coli strain for the presented experiments.

Taken together, our findings demonstrate that germ-free female

mice display a hypersensitive systemic immune system that is able

to detect addition of a single epitope to E. coli responding with

hyperreactive E. coli-specific IgG responses that are T cell-

dependent. Intestinal colonization regulates this systemic anti-

commensal hyperreactivity.
4 Discussion

It is well described that intestinal colonization induces local

mucosal immune regulation to limit anti-commensal reactivity (1).
B

C

A

FIGURE 3

Cross-reactivity between the three MG1655 E. coli strains. Representative plots (A) and gMFI quantification (B) of bacterial flow cytometric analysis of
E. coli incubated with the indicated mouse sera (serum dilution 1:10). Dashed line indicates E. coli incubated with sera of germ-free mice. Data
representative of three independent experiments, error bars represent mean ± SEM. (C) gMFI quantification of bacterial flow cytometric analysis of
IgM, IgG2b and IgG2c of E. coli (live or peracetic acid treated) incubated with the indicated mouse sera (serum dilution 1:10, autologous incubation).
Error bars represent mean ± SEM. ns: P > 0.05; *P ≤ 0.05; **P ≤0.01; ***P ≤0.001.
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BA

FIGURE 5

Effects of OmpC modification on membrane integrity. Fold induction of (A) SYTOX Green and (B) SYTO BC positive cells as assessed by bacterial flow
cytometry of E coli stained at stationary phase and log-phase. Pooled data from four independent experiments. Error bars represent mean ± SEM.
*P ≤ 0.05; ***P ≤0.001.
B

C

A

FIGURE 4

Impact of OmpC modification on metabolomic profiles of secreted and intracellular metabolites. (A) Principal component plots showing the 2 axes
that explain most variation in the metabolite profiles of the supernatant and cell pellets of WT E. coli, E. coli ompC_gp61 and E. coli DompC
(supernatant: P = 0.29, cell pellet: P=0.61) (B) Heatmap of the 25 most differentially abundant metabolites based on strain in the supernatant and cell
pellet. (C) Violin plots for the abundance of specific metabolites. One representative of three independent experiments with similar results is shown.
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Whether intestinal colonization also regulates systemic anti-commensal

reactivity remained unclear. It is now well accepted and demonstrated

that intestinal microbiota-derived metabolites modulate local as well as

systemic immune responses (1). For example, short chain fatty acids

(SCFA) such as butyrate or acetate promote local regulatory T cell

induction and microbiota-derived inosine has been shown to be able to

promote systemic anti-tumor responses (1, 23). Most of the studies

investigating the crosstalk between intestinal commensal bacteria and

the immune system and the role of bacterial metabolites have focused

on commensal bacteria residing and contained within the intestinal

lumen. It is well known, however, that the intestinal barrier can be

temporarily compromised leading to increased permeability resulting in

repeated systemic translocation of intestinal bacteria causing systemic

immune priming including, in addition to rapid innate immune

responses, also systemic adaptive immune responses. How

commensal-derived metabolites modulate systemic adaptive anti-

commensal immune responses is less well studied.

Although the gp61-specific CD4 T cell precursor frequency is very

low (37–39), we found that addition of the gp61epitope to a commensal

E. coli resulted in increased E. coli-specific IgG immunoreactivity.

However, this was only observed in germ-free female C57BL/6 mice

and hyperreactivity was abrogated in mice that were colonized at birth.

It is known that males and females differ in their immune

responses to foreign and self-antigens (40), which includes vaccine

responses (45) and anti-viral responses (46, 47). While sex

differences in intestinal microbiome composition and function

have also been described (48, 49), microbiome effects can be

excluded in our study as sex differences were observed in the

immune responses of germ-free mice.

Because anti-commensal hyperreactivity was only observed

following priming with live bacteria, we also investigated

whether differential metabolic profi les potentially also

contribute to systemic anti-commensal hyperreactivity. We

show that the OmpC modification to introduce the gp61

epitope generates a loss-of-function phenotype although the

protein is still expressed, processed, and gp61 is presented

(24). OmpC and OmpF are major passive diffusion channels

for small hydrophilic molecules in the outer membrane of E. coli

(50). Furthermore, it has been shown that porins play an

important role in the maintenance of membrane integrity (51)

and deletion of these molecules has been associated with

resistance to antibiotics (52). E. coli anti-OmpC antibodies

have been found in sera of Crohn’s disease patients and their

families as well as healthy individuals, indicating that OmpC is a

dominant immunogen (13). Of note, OmpC-specific antibodies-

initiated antibody-dependent classical pathway for the clearance

of E. coli and loss of OmpC contributes to escaping bactericidal

activity (53). The immunogenicity of OmpC was also

investigated in mice, Liu et al. demonstrated that the

recombinant OmpC and OmpF proteins from E. coli (ExPEC)

stimulated strong IgG1 and IgG2a responses (54). Therefore, we

also investigated whether insertion of gp61 into loop 7 of OmpC

had an impact on bacterial surface structure or OmpC function

as a passive diffusion channel. We found that the, compared to

the E. coli ompC_gp61 and the E. coli DompC strain, the WT E.

coli strain displayed reduced binding to hyperreactive serum
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from E. coli ompC_gp61 primed mice, indicating a possible

reduction in surface antigen accessibility.

Hence, our findings indicate that the systemic immune system

of germ-free female mice displays increased sensitivity allowing for

the detection of a single additional T cell epitope resulting in a

hyperreactive anti-commensal IgG response, which is regulated and

abrogated in mice colonized at birth.

Zeng et al. have previously demonstrated that systemic IgG

induced by a complex intestinal microbiota is cross-reactive

enough to protect from systemic infection by other symbiotic or

even pathogenic bacteria (4). While we found no evidence for cross-

reactivity of IgG induced by E. coli in our experiments, it is important

to realize that our experiments were performed by immunizing germ-

free mice, indicating that the protective IgG described by Zeng et al.

likely requires the presence of a complex microbiota.

We further show that anti-commensal hyperreactivity is not

directed against the OmpC protein specifically but rather against

the bacterial cell surface in general or maybe against another

dominant antigen found in the bacterial cell wall. Zeng et al. have

identified Murein Lipoprotein (MLP) as a major microbiota-derived

antigen inducing steady-state IgG responses in mice colonized with a

complex microbiota (4). MLP is a major component of the outer

membrane of gram-negative enteric bacteria, and it is therefore likely

the observed increased immunogenicity in our study is, at least

partially, also directed against MLP in our study.

The outer membrane of gram-negative bacteria controls the

cellular uptake of beneficial as well as toxic compounds such as bile

acid, detergents, and antibiotics. OmpC and OmpF, the major outer

membrane proteins in E. coli, allow the diffusion of small hydrophilic

molecules, including nutrients and antibiotics (52, 55). Mutations and

deletions of these porins have been associated with antibiotics

resistance (51, 52). Moreover, altered transport of small molecules

and antibiotics across the outer membrane have been described in

OmpC mutants isolated from clinical strains of multi-drug resistant E.

coli (56). Besides their role as channels, porins also contribute to

membrane stability (52). For example, ompC forms a complex with the

lipoprotein MlaA, this complex is critical for the maintenance of the

outer membrane lipid asymmetry in E. coli (57). Accordingly, cells

lacking ompC display permeability defects (51, 57) and subsequently

enhanced sensitivity to envelop stress, including SDS/EDTA (57) and

salt stress (51, 58). Interestingly, high salt concentration have previously

shown to modulate OmpC expression (59) and increase the

permeability for b-lactams and lactose through OmpC in E. coli (58).

In conclusion, intestinal colonization also regulates systemic

anti-commensal hyperreactivity. Future studies will investigate

whether the same or different metabolites/factors that promote

local mucosal regulation are involved in systemic regulation.
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SUPPLEMENTARY FIGURE 1

(A) Experimental setup for the prime boost experiments. (B) Bacteraemia

levels in the blood following intravenous injection of 107 CFU of the indicated
E. coli strain into germ-free female C57BL/6 mice measured by aerobic

plating on LB agar plates. Error bars represent mean ± SEM. (C) Gating
strategy for bacterial flow cytometric analysis.

SUPPLEMENTARY FIGURE 2

Increased systemic immunogenicity is T cell- and sex-dependent. (A) E. coli
bacterial flow cytometry analysis with serial dilution of serum (1:10, 1:30, and
1:90, autologous incubation) of female germ-free TCRbd-/- mice iv injected

with the indicated E. coli strain. Each line represents one mouse. The x-axis
denotes total Ig concentration in the assay. Data representative of two

independent experiments (B) gMFI quantification of bacterial flow
cytometric analysis of E. coli incubated with the indicated sera (serum

dilution 1:10, autologous incubation) of male C57BL/6 mice. Error bars

represent mean ± SEM.

SUPPLEMENTARY FIGURE 3

E. coli-induced Ig responses are not species cross-reactive. gMFI

quantification of bacterial flow cytometric analysis of (A) IgG2b and (B)
IgG2c of bacteria incubated with the indicated mouse sera (serum dilution

1:30). Blue bars indicate background fluorescence (samples stained with

fluorescently labelled secondary antibody only). Data representative of two
independent experiments, error bars represent mean ± SEM.
References
1. Geuking MB, Burkhard R. Microbial modulation of intestinal T helper cell
responses and implications for disease and therapy. Mucosal Immunol (2020)
13:855–66. doi: 10.1038/s41385-020-00335-w

2. Geuking MB, Cahenzli J, Lawson MA, Ng DC, Slack E, Hapfelmeier S, et al.
Intestinal bacterial colonization induces mutualistic regulatory T cell responses.
Immunity (2011) 34:794–806. doi: 10.1016/j.immuni.2011.03.021

3. Koch MA, Reiner GL, Lugo KA, Kreuk LS, Stanbery AG, Ansaldo E, et al.
Maternal IgG and IgA antibodies dampen mucosal T helper cell responses in early life.
Cell (2016) 165:827–41. doi: 10.1016/j.cell.2016.04.055

4. Zeng MY, Cisalpino D, Varadarajan S, Hellman J, Warren HS, Cascalho M, et al.
Gut microbiota-induced immunoglobulin G controls systemic infection by symbiotic
bacter ia and pathogens . Immunity (2016) 44:647–58. doi : 10.1016/
j.immuni.2016.02.006

5. Ansaldo E, Slayden LC, Ching KL, Koch MA, Wolf NK, Plichta DR, et al.
Akkermansia muciniphila induces intestinal adaptive immune responses during
homeostasis. Science (2019) 364:1179–84. doi: 10.1126/science.aaw7479

6. Macpherson AJ, Harris NL. Interactions between commensal intestinal bacteria
and the immune system. Nat Rev Immunol (2004) 4:478–85. doi: 10.1038/nri1373

7. Guttman JA, Finlay BB. Tight junctions as targets of infectious agents. Biochim
Biophys Acta (2009) 1788:832–41. doi: 10.1016/j.bbamem.2008.10.028
8. Lucas VS, Gafan G, Dewhurst S, Roberts GJ. Prevalence, intensity and nature of
bacteraemia after toothbrushing. J Dent (2008) 36:481–7. doi: 10.1016/j.jdent.2008.03.005

9. Sigthorsson G, Simpson RJ, Walley M, Anthony A, Foster R, Hotz-Behoftsitz C, et al.
COX-1 and 2, intestinal integrity, and pathogenesis of nonsteroidal anti-inflammatory drug
enteropathy in mice. Gastroenterology (2002) 122:1913–23. doi: 10.1053/gast.2002.33647

10. Stenman LK, Holma R, Korpela R. High-fat-induced intestinal permeability
dysfunction associated with altered fecal bile acids. World J Gastroenterol (2012)
18:923–9. doi: 10.3748/wjg.v18.i9.923

11. Stenman LK, Holma R, Eggert A, Korpela R. A novel mechanism for gut barrier
dysfunction by dietary fat: epithelial disruption by hydrophobic bile acids. Am J Physiol
Gastrointest Liver Physiol (2013) 304:G227–234. doi: 10.1152/ajpgi.00267.2012

12. Landers CJ, Cohavy O, Misra R, Yang H, Lin YC, Braun J, et al. Selected loss of
tolerance evidenced by crohn's disease-associated immune responses to auto- and
microbial antigens. Gastroenterology (2002) 123:689–99. doi: 10.1053/gast.2002.35379

13. Mei L, Targan SR, Landers CJ, Dutridge D, Ippoliti A, Vasiliauskas EA, et al. Familial
expression of anti-escherichia coli outer membrane porin c in relatives of patients with
crohn's disease. Gastroenterology (2006) 130:1078–85. doi: 10.1053/j.gastro.2006.02.013

14. Harmsen HJ, Pouwels SD, Funke A, Bos NA, Dijkstra G. Crohn's disease
patients have more IgG-binding fecal bacteria than controls. Clin Vaccine Immunol
(2012) 19:515–21. doi: 10.1128/CVI.05517-11
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1030395/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1030395/full#supplementary-material
https://doi.org/10.1038/s41385-020-00335-w
https://doi.org/10.1016/j.immuni.2011.03.021
https://doi.org/10.1016/j.cell.2016.04.055
https://doi.org/10.1016/j.immuni.2016.02.006
https://doi.org/10.1016/j.immuni.2016.02.006
https://doi.org/10.1126/science.aaw7479
https://doi.org/10.1038/nri1373
https://doi.org/10.1016/j.bbamem.2008.10.028
https://doi.org/10.1016/j.jdent.2008.03.005
https://doi.org/10.1053/gast.2002.33647
https://doi.org/10.3748/wjg.v18.i9.923
https://doi.org/10.1152/ajpgi.00267.2012
https://doi.org/10.1053/gast.2002.35379
https://doi.org/10.1053/j.gastro.2006.02.013
https://doi.org/10.1128/CVI.05517-11
https://doi.org/10.3389/fimmu.2023.1030395
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Burkhard et al. 10.3389/fimmu.2023.1030395
15. Christmann BS, Abrahamsson TR, Bernstein CN, Duck LW, Mannon PJ, Berg
G, et al. Human seroreactivity to gut microbiota antigens. J Allergy Clin Immunol
(2015) 136, 1378–1386.e1371–1375. doi: 10.1016/j.jaci.2015.03.036

16. Hegazy AN, West NR, Stubbington MJT, Wendt E, Suijker KIM, Datsi A, et al.
Circulating and tissue-resident CD4(+) T cells with reactivity to intestinal microbiota are
abundant inhealthy individuals and function is alteredduring inflammation.Gastroenterology
(2017) 153:1320–37.e1316. doi: 10.1053/j.gastro.2017.07.047

17. Fadlallah J, Sterlin D, Fieschi C, Parizot C, Dorgham K, El Kafsi H, et al.
Synergistic convergence of microbiota-specific systemic IgG and secretory IgA. . J
Allergy Clin Immunol (2019) 143:1575–85.e1574. doi: 10.1016/j.jaci.2018.09.036

18. Vetizou M, Pitt JM, Daillere R, Lepage P, Waldschmitt N, Flament C, et al.
Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science
(2015) 350:1079–84. doi: 10.1126/science.aad1329

19. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets TV,
et al. Gut microbiome modulates response to anti-PD-1 immunotherapy in melanoma
patients. Science (2018) 359:97–103. doi: 10.1126/science.aan4236

20. Matson V, Fessler J, Bao R, Chongsuwat T, Zha Y, Alegre ML, et al. The
commensal microbiome is associated with anti-PD-1 efficacy in metastatic melanoma
patients. Science (2018) 359:104–8. doi: 10.1126/science.aao3290

21. Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillere R, et al. Gut
microbiome influences efficacy of PD-1-based immunotherapy against epithelial
tumors. Science (2018) 359:91–7. doi: 10.1126/science.aan3706

22. Tanoue T, Morita S, Plichta DR, Skelly AN, Suda W, Sugiura Y, et al. A defined
commensal consortium elicits CD8 T cells and anti-cancer immunity. Nature (2019)
565:600–5. doi: 10.1038/s41586-019-0878-z

23. Mager LF, Burkhard R, Pett N, Cooke NCA, Brown K, Ramay H, et al.
Microbiome-derived inosine modulates response to checkpoint inhibitor
immunotherapy. Science (2020) 369:1481–9. doi: 10.1126/science.abc3421

24. Kwong Chung CK, Ronchi F, Geuking MB. Detrimental effect of systemic
antimicrobial CD4(+) T-cell reactivity on gut epithelial integrity. Immunology (2017)
150:221–35. doi: 10.1111/imm.12682

25. Brugiroux S, Beutler M, Pfann C, Garzetti D, Ruscheweyh HJ, Ring D, et al.
Genome-guided design of a defined mouse microbiota that confers colonization
resistance against salmonella enterica serovar typhimurium. Nat Microbiol (2016)
2:16215. doi: 10.1038/nmicrobiol.2016.215

26. Uchimura Y, Wyss M, Brugiroux S, Limenitakis JP, Stecher B, Mccoy KD, et al.
Complete genome sequences of 12 species of stable defined moderately diverse mouse
microbiota 2. Genome Announc (2016) 4. doi: 10.1128/genomeA.00951-16

27. Moor K, Wotzka SY, Toska A, Diard M, Hapfelmeier S, Slack E. Peracetic acid
treatment generates potent inactivated oral vaccines from abroad range of culturable bacterial
species. Front Immunol (2016) 7:34. doi: 10.3389/fimmu.2016.00034

28. Moor K, Fadlallah J, Toska A, Sterlin D, Balmer ML, Macpherson AJ, Gorochov
G, Larsen M, Slack E. Analysis of bacterial-surface-specific antibodies in body fluids
using bacterial flow cytometry. Nat Protoc (2016) 11, 1531–53.

29. Palm NW, De Zoete MR, Cullen TW, Barry NA, Stefanowski J, Hao L, et al.
Immunoglobulin a coating identifies colitogenic bacteria in inflammatory bowel
disease. Cell (2014) 158:1000–10. doi: 10.1016/j.cell.2014.08.006

30. Team R. RStudio: integrated development for r. Boston, MA: RStudio, Inc (2015).

31. Development Core Team R. R: a language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Computing (2013).

32. Wickham H, François R, Henry L, Müller K. Dplyr: a grammar of data
manipulation. In: R package version 0.7.6 (2018).

33. Oksanen J. BFG, Friendly M, Kindt R, Legendre P, Mcglinn D, Minchin PR, et al.
Vegan: community ecology package. (2020).

34. Wickham H. ggplot2: elegant graphics for data analysis. (2016).

35. Kolde R. Pheatmap: pretty heatmaps. (2015).

36. Lee SY, Choi JH, Xu Z. Microbial cell-surface display. Trends Biotechnol (2003)
21:45–52. doi: 10.1016/S0167-7799(02)00006-9

37. Oxenius A, Bachmann MF, Zinkernagel RM, Hengartner H. Virus-specific
MHC-class II-restricted TCR-transgenic mice: effects on humoral and cellular immune
responses after viral infection. Eur J Immunol (1998) 28:390–400. doi: 10.1002/(SICI)
1521-4141(199801)28:01<390::AID-IMMU390>3.0.CO;2-O
Frontiers in Immunology 12
38. Whitmire JK, Benning N, Whitton JL. Precursor frequency, nonlinear
proliferation, and functional maturation of virus-specific CD4+ T cells. J Immunol
(2006) 176:3028–36. doi: 10.4049/jimmunol.176.5.3028

39. Bocharov G, Argilaguet J, Meyerhans A. Understanding experimental LCMV
infection of mice: the role of mathematical models. J Immunol Res (2015) 2015:739706.
doi: 10.1155/2015/739706

40. Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev Immunol
(2016) 16:626–38. doi: 10.1038/nri.2016.90

41. Elderman M, De Vos P, Faas M. Role of microbiota in sexually dimorphic
immunity. Front Immunol (2018) 9:1018. doi: 10.3389/fimmu.2018.01018

42. Hapfelmeier S, Lawson MA, Slack E, Kirundi JK, Stoel M, Heikenwalder M, et al.
Reversible microbial colonization of germ-free mice reveals the dynamics of IgA
immune responses. Science (2010) 328:1705–9. doi: 10.1126/science.1188454

43. Roth BL, Poot M, Yue ST, Millard PJ. Bacterial viability and antibiotic
susceptibility testing with SYTOX green nucleic acid stain. Appl Environ Microbiol
(1997) 63:2421–31. doi: 10.1128/aem.63.6.2421-2431.1997

44. Kastenhofer J, Rajamanickam V, Libiseller-Egger J, Spadiut O. Monitoring and
control of e. coli cell integrity. J Biotechnol (2021) 329:1–12. doi: 10.1016/j.jbiotec.2021.01.009

45. Fischinger S, Boudreau CM, Butler AL, Streeck H, Alter G. Sex differences in
vaccine-induced humoral immunity. Semin Immunopathol (2019) 41:239–49. doi:
10.1007/s00281-018-0726-5

46. Lin AA, Wojciechowski SE, Hildeman DA. Androgens suppress antigen-specific
T cell responses and IFN-gamma production during intracranial LCMV infection. J
Neuroimmunol (2010) 226:8–19. doi: 10.1016/j.jneuroim.2010.05.026

47. Oldstone MBA, Ware BC, Davidson A, Prescott MC, Beynon RJ, Hurst JL.
Lymphocytic choriomeningitis virus alters the expression of Male mouse scent
proteins. Viruses (2021) 13. doi: 10.3390/v13061180

48. Markle JG, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-
Kampczyk U, et al. Sex differences in the gut microbiome drive hormone-dependent
regulation of autoimmunity. Science (2013) 339:1084–8. doi: 10.1126/science.1233521

49. Markle JG, Frank DN, Adeli K, Von Bergen M, Danska JS. Microbiome
manipulation modifies sex-specific risk for autoimmunity. Gut Microbes (2014)
5:485–93. doi: 10.4161/gmic.29795

50. Schwechheimer C, Kuehn MJ. Outer-membrane vesicles from gram-negative
bacteria: biogenesis and functions. Nat Rev Microbiol (2015) 13:605–19. doi: 10.1038/
nrmicro3525

51. Choi U, Lee CR. Distinct roles of outer membrane porins in antibiotic resistance
and membrane integrity in escherichia coli. Front Microbiol (2019) 10:953. doi:
10.3389/fmicb.2019.00953

52. Vergalli J, Bodrenko IV, Masi M, Moynie L, Acosta-Gutierrez S, Naismith JH, et al.
Porins and small-molecule translocation across the outer membrane of gram-negative
bacteria. Nat Rev Microbiol (2020) 18:164–76. doi: 10.1038/s41579-019-0294-2

53. Liu YF, Yan JJ, Lei HY, Teng CH, Wang MC, Tseng CC, et al. Loss of outer
membrane protein C in Escherichia coli contributes to both antibiotic resistance
and escaping antibody-dependent bactericidal activity. Infect Immun (2012) 80(5):
1815–22.

54. Liu C, Chen Z, Tan C, Liu W, Xu Z, Zhou R, et al. Immunogenic characterization of
outer membrane porins OmpC and OmpF of porcine extraintestinal pathogenic escherichia
coli. FEMS Microbiol Lett (2012) 337:104–11. doi: 10.1111/1574-6968.12013

55. Nikaido H, Rosenberg EY, Foulds J. Porin channels in escherichia coli: studies with
beta-lactams in intact cells. J Bacteriol (1983) 153:232–40. doi: 10.1128/jb.153.1.232-240.1983

56. Lou H, Chen M, Black SS, Bushell SR, Ceccarelli M, Mach T, et al. Altered
antibiotic transport in OmpC mutants isolated from a series of clinical strains of multi-
drug resistant e. coli. PLoS One (2011) 6:e25825. doi: 10.1371/journal.pone.0025825

57. Chong ZS, Woo WF, Chng SS. Osmoporin OmpC forms a complex with MlaA
to maintain outer membrane lipid asymmetry in escherichia coli.Mol Microbiol (2015)
98:1133–46. doi: 10.1111/mmi.13202

58. Kojima S, Nikaido H. High salt concentrations increase permeability through OmpC
channels of escherichia coli. J Biol Chem (2014) 289:26464–73. doi: 10.1074/jbc.M114.585869

59. Forst S, Delgado J, Ramakrishnan G, Inouye M. Regulation of ompC and ompF
expression in escherichia coli in the absence of envZ. J Bacteriol (1988) 170:5080–5. doi:
10.1128/jb.170.11.5080-5085.1988
frontiersin.org

https://doi.org/10.1016/j.jaci.2015.03.036
https://doi.org/10.1053/j.gastro.2017.07.047
https://doi.org/10.1016/j.jaci.2018.09.036
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1038/s41586-019-0878-z
https://doi.org/10.1126/science.abc3421
https://doi.org/10.1111/imm.12682
https://doi.org/10.1038/nmicrobiol.2016.215
https://doi.org/10.1128/genomeA.00951-16
https://doi.org/10.3389/fimmu.2016.00034
https://doi.org/10.1016/j.cell.2014.08.006
https://doi.org/10.1016/S0167-7799(02)00006-9
https://doi.org/10.1002/(SICI)1521-4141(199801)28:01%3C390::AID-IMMU390%3E3.0.CO;2-O
https://doi.org/10.1002/(SICI)1521-4141(199801)28:01%3C390::AID-IMMU390%3E3.0.CO;2-O
https://doi.org/10.4049/jimmunol.176.5.3028
https://doi.org/10.1155/2015/739706
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.3389/fimmu.2018.01018
https://doi.org/10.1126/science.1188454
https://doi.org/10.1128/aem.63.6.2421-2431.1997
https://doi.org/10.1016/j.jbiotec.2021.01.009
https://doi.org/10.1007/s00281-018-0726-5
https://doi.org/10.1016/j.jneuroim.2010.05.026
https://doi.org/10.3390/v13061180
https://doi.org/10.1126/science.1233521
https://doi.org/10.4161/gmic.29795
https://doi.org/10.1038/nrmicro3525
https://doi.org/10.1038/nrmicro3525
https://doi.org/10.3389/fmicb.2019.00953
https://doi.org/10.1038/s41579-019-0294-2
https://doi.org/10.1111/1574-6968.12013
https://doi.org/10.1128/jb.153.1.232-240.1983
https://doi.org/10.1371/journal.pone.0025825
https://doi.org/10.1111/mmi.13202
https://doi.org/10.1074/jbc.M114.585869
https://doi.org/10.1128/jb.170.11.5080-5085.1988
https://doi.org/10.3389/fimmu.2023.1030395
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Intestinal colonization regulates systemic anti-commensal immune sensitivity and hyperreactivity
	1 Introduction
	2 Materials and methods
	2.1 Mice
	2.2 Bacterial culture conditions, intravenous injections and quantification
	2.3 Bacterial flow cytometry to measure E. coli-specific Ig responses in serum
	2.4 Measurement of bacterial IgA coating in feces by flow cytometry
	2.5 Flow cytometry
	2.6 LCMV infection
	2.7 Immunoglobulin electrochemiluminescence immune assay
	2.8 Membrane integrity characterization
	2.9 Metabolomics
	2.10 Statistical analyses

	3 Results
	3.1 Germ-free mice display anti-commensal hyperreactivity following priming with E. coli ompC_gp61
	3.2 Hyperreactive anti-commensal IgG responses are T cell-dependent and regulated by intestinal colonization
	3.3 Consequences of OmpC modification on bacterial surface structure, OmpC function, and bacterial metabolism

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


