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Abstract

The gut microbiota is compartmentalized in the intestinal lumen and induces local immune 

responses, but it remains unknown whether the gut microbiota can induce systemic response and 

contribute to systemic immunity. We report that selective gut symbiotic gram-negative bacteria 

were able to disseminate systemically to induce immunoglobulin G (IgG) response, which 

primarily targeted gram-negative bacterial antigens and conferred protection against systemic 

infections by E. coli and Salmonella by directly coating bacteria to promote killing by phagocytes. 

T cells and Toll-like receptor 4 on B cells were important in the generation of microbiota-specific 

IgG. We identified murein lipoprotein (MLP), a highly conserved gram-negative outer membrane 

protein, as a major antigen that induced systemic IgG homeostatically in both mice and humans. 

Administration of anti-MLP IgG conferred crucial protection against systemic Salmonella 

infection. Thus, our findings reveal an important function for the gut microbiota in combating 

systemic infection through the induction of protective IgG.
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INTRODUCTION

Bloodstream infection is a major cause of morbidity and mortality despite advances in 

antimicrobial treatment (Angus et al., 2001). More than 750,000 cases of sepsis occur 

annually in the United State (Angus et al., 2001). Bacteremia due to gram-negative 

symbiotic bacilli, most commonly Escherichia coli, accounts for 25%–50% of all 

bloodstream infections globally and poses a serious challenge due to increasing antibiotic 

resistance (Kang et al., 2004). The gut microbiota plays critical roles in the development of 

the immune system (Kamada et al., 2013b). For example, gut microbiota-induced local 

responses, such as secretory immunoglobulin A (IgA) and local T helper 17 (Th17) cells and 

regulatory T cells, contribute to gut homeostasis and/or protection against enteric pathogens 

(Macpherson et al., 2012; Peterson et al., 2007). However, little is known regarding whether 

the gut microbiota provides direct protection against systemic infections such as sepsis. 

Most of the bacteria responsible for extra-intestinal infections are of enteric origin (MacFie, 

2004; Sedman et al., 1994), which are manifested due to disrupted mucosal barrier function 

after the use of chemotherapeutics, irradiation, or long-term antibiotics (Alverdy and Chang, 

2008). It remains unclear under homeostatic conditions whether the immune system has 

acquired defense mechanisms to directly combat systemic attacks from bacteria that have 

inhabited our intestinal tract since birth.

As an essential link between adaptive immunity and effector functions of innate immunity, 

antigen-specific antibodies offer direct and specific protection against pathogens. Polyclonal 

intravenous immunoglobulins (IVIGs) are frequently used in critically ill septic patients, due 

to their unique functions in eradication of microbes and neutralization of endotoxins (Angus 

et al., 2001; Shankar-Hari et al., 2012). However, multiple clinical trials of IVIGs in sepsis 

did not demonstrate consistent beneficial effects of IVIGs, perhaps because the IVIGs used 

in these studies lacked specificities against sepsis-causing microbes. Emerging studies have 

now supported additional benefits in using IVIGs prepared from donors who have antibodies 

that can target microbes related to causative bacteria in sepsis (Alejandria et al., 2013; 

Almansa et al., 2015). However, the specificities of protective antibodies in sepsis and their 

origin remain undefined. Because many bacterial antigens are highly conserved in both 

symbiotic and pathogenic bacteria, we hypothesized that the gut microbiota is a source of 

antigens that drive protective antibodies against translocated symbiotic bacteria or invasive 

enteric pathogens in systemic infection.

In the gut, dendritic cells (DCs) have been shown to extend dendrites through epithelial cells 

and directly sample bacteria in proximity to the luminal side of the epithelium (Rescigno et 

al., 2001), and commensal-loaded DCs induce selective and local IgA response in gut-

associated lymphoid tissues (GALTs) (Macpherson and Uhr, 2004). Mucosal IgA then 

further prevents symbiotic bacteria from breaching the epithelial barrier by blocking their 

access to epithelial receptors (Mantis et al., 2011). Additionally, physical barriers such as the 

epithelium and mucus layer prevent translocation of symbiotic bacteria to extra-intestinal 

organs, thereby limiting the systemic response to symbiotic bacteria, such as IgG response 

(Macpherson and McCoy, 2013; Macpherson and Uhr, 2004). However, bacterial 

translocation to extra-intestinal organs has been reported in mice and healthy humans (Haas 

et al., 2011; Sedman et al., 1994). Currently, it remains poorly understood whether there is a 
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systemic IgG response to symbiotic bacteria under homeostatic conditions. In this study, we 

demonstrated in mice that under homeostatic conditions, a small subset of primarily gram-

negative symbiotic bacteria from the gut was capable of disseminating systemically to 

induce systemic IgG, which conferred critical protection against systemic infections by 

symbiotic bacteria and pathogens through recognition of conserved antigens. We also 

identified murein lipoprotein (MLP), an outer membrane protein conserved in gram-negative 

symbiotic bacteria and pathogens, as a major microbiota-derived antigen that drives 

protective IgG in mice.

RESULTS

Homeostatic Induction of Systemic IgG to Gram-Negative Symbiotic Bacteria

To determine whether there is pre-existing systemic IgG against symbiotic bacteria in mice 

under homeostatic conditions, we measured serum IgG, IgA, and IgM against fecal bacteria 

by ELISA in naive wild-type (WT) specific-pathogen-free (SPF) or germ-free (GF) mice, 

and in immunoglobulin- and B cell-deficient JH
−/− SPF mice. Appreciable concentrations of 

fecal bacteria-specific IgG, IgA, and IgM were detected in sera of WT naive SPF mice, at 

levels significantly higher than that in JH
−/− and WT naive GF mice of the same age (Figure 

1A). Symbiotic bacteria-specific IgG included IgG3, IgG2b, IgG1, and IgG2c in decreasing 

abundance (Figure 1B). The concentrations of IgG and IgA against symbiotic bacteria were 

reduced by about 90% and 50%, respectively, in αβ T cell-deficient Tcrb−/− mice, 

suggesting that the induction of symbiotic bacteria-specific IgG is dependent on T cells but 

that T cells were dispensable for innate IgM production (Figure 1C). Furthermore, the 

concentration of serum IgG reactive to fecal bacteria increased by 8-fold as the mice aged 

from 4 weeks to 40 weeks (Figure 1D). To elucidate the types of B cells involved in 

generating microbiota-specific IgG, we performed an ELISpot assay with peritoneal B1 and 

B2 cells and with splenic marginal zone (MZ) and follicular (FO) B cells from WT SPF 

mice. All four types of B cells exhibited the ability to produce IgG that recognized heat-

killed fecal bacteria, after stimulation by LPS, or heat-killed fecal bacteria or E. coli ex vivo 

for 72 hr (Figures 1E and S1). B1 and MZ cells are associated with production of T-cell-

independent IgG3 (Cerutti et al., 2013). Therefore, B2 and FO cells were probably 

responsible for the IgG1 and IgG2b with specificities against symbiotic bacteria (Figure 1B).

The presence of serum IgG that was able to target gut symbiotic bacteria suggested that 

some gut bacteria or bacterial products might be able to circulate systemically in spite of 

intact intestinal barriers. Therefore, to investigate how symbiotic bacteria from the gut 

induce systemic IgG response under homeostatic conditions, we first detected and confirmed 

the presence of bacterial 16S rRNA gene in the spleens (Figure 2A) and mesenteric lymph 

nodes (MLNs) (not shown) of WT SPF mice, which was absent in these organs from GF 

mice. Additionally, Illumina sequencing of the bacterial DNA from the spleen, MLNs, and 

fecal bacteria from the same naive WT SPF mice revealed vastly different compositions of 

bacteria in the spleens and MLNs in comparison to the bacterial population in the feces. In 

particular, gram-negative bacterial families such as Enterobacteriaceae and Moraxellaceae 

were the predominant families in the spleen and MLNs but were of very low abundance in 

the fecal population. On the other hand, there were very minimal concentrations of gram-
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negative Porphyromonadaceae and Prevotellaceae in the spleen and MLNs despite high 

abundance of these bacteria in the fecal population (Figures 2B and 2C). Consistently, 

immunoblotting analyses revealed that IgG in sera of WT naive mice recognized antigens 

from fecal bacteria, symbiotic gram-negative E. coli and Klebsiella pneumonia from the 

Enterobacteriaceae family, but not gram-positive Enteroccocus faecalis and Clostridium 

bifermentans (Figure 2D). Taken together, our data suggest that under homeostatic 

conditions, a selective group of gram-negative symbiotic bacteria might be able to breach 

the intestinal epithelial barrier and disseminate systemically to induce IgG response.

Protective Role of Pre-existing Symbiotic-Specific IgG in DSS-Induced Bacteremia

Gut microbiota-induced IgA has been extensively studied (Geuking et al., 2012), but the role 

of gut microbiota-induced IgG is yet to be defined. We first assessed the role of pre-existing 

microbiota-specific IgG in bacteremia induced by dextran sodium sulfate (DSS). WT SPF 

mice were given 2.5% DSS in drinking water for 7 days, which is known to damage the 

colonic epithelium and subsequently leads to bacteremia (Hofer et al., 2010). Despite no 

changes in serum concentrations of microbiota-specific IgG, IgA, and IgM in DSS-treated 

mice (Figure S2A), fecal concentrations of symbiotic bacteria-specific IgG and IgA were 

increased in DSS-treated WT mice compared to that in naive mice (Figure 3A). In addition, 

flow cytometric analysis of fecal bacteria taken directly from mice revealed that there was a 

small population (~2%) of fecal bacteria with a detectable IgG coating in mock-treated mice, 

and the population of IgG-coated fecal bacteria increased significantly to more than 10% on 

day 7 in DSS-treated mice (Figure 3B), suggesting that coating by microbiota-specific IgG 

might be a mechanism to prevent bacterial translocation when the epithelium is disrupted. 

To determine whether pre-existing microbiota-specific IgG is protective, bacteremia was 

induced by DSS in immunoglobulin-deficient JH
−/− and WT mice that had been co-housed 

for at least 4 weeks. Colonic inflammation in WT and JH
−/− mice appeared similar on day 5 

(Figure S3B). However, compared to WT mice, JH
−/− mice exhibited increased numbers of 

aerobic and anaerobic bacteria in the blood (Figure 3C), spleen, and liver (Figure S2C), as 

well as increased mortality, which was reduced by administration of broad-spectrum 

antibiotics prior to and during DSS treatment (Figure 3D). Previous studies have reported 

conflicting results on the role of IgA in the regulation of the gut microbiota (Suzuki et al., 

2004; Thoene-Reineke et al., 2014; Wei et al., 2011). However, we did not observe 

perturbed gut microbiota in JH
−/− mice after 4 weeks of co-housing with WT mice prior to 

DSS treatment (Figure S2D). To identify translocated bacteria in DSS-treated JH
−/− mice 

that might be associated with mortality of these mice, we sequenced >30 bacterial isolates 

from the blood, spleen, and liver of day 7 DSS-treated JH
−/− mice. Gram-negative E. coli 

and E. fergusonii were the predominant translocated symbiotic bacteria on day 7 after DSS 

treatment, together accounting for more than 60% of total isolates (Figure 3E). 

Subsequently, WT and JH
−/− mice were challenged by intraperitoneal injection with one of 

the E. coli isolates, referred to as ECM6L4 hereafter. ECM6L4 was recovered from the 

peritoneum after 6 hr and analyzed for surface IgG and IgA coating. More than 7% of 

ECM6L4 bacteria were coated by IgG, but no IgA coating was observed in WT mice 

(Figure 3F), suggesting rapid recognition of ECM6L4 by pre-existing IgG in WT mice. 

Importantly, 100% of JH
−/− mice and >70% of FcγR-deficient mice (Fcer1g−/−), which lack 

the FcR g chain required for assembly and signal transduction for activating all FcgRs, 
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succumbed to infection by ECM6L4 within 24–48 hr, whereas all WT mice remained alive 

for longer than 10 days (Figure 3G). All JH
−/− mice were rescued by transfer of purified 

serum IgG from WT naive mice, but not by purified IgG from 6-week-old quasi-monoclonal 

(QM) mice with very contracted B cell repertoire (Figure 3H; Cascalho et al., 1996, 1997). 

QM mice displayed no microbiota-specific serum IgG despite normal concentrations of total 

serum IgG, IgA, and IgM, and importantly, increased mortality after i.p. infection with 

ECM6L4 as seen in JH
−/− mice (Figures S1E–S1G). Collectively, these results demonstrate 

a vital role for pre-existing microbiota-specific IgG in protecting mice from systemic 

infection by translocated symbiotic bacteria from the intestine.

TLR4 Signaling Regulates the Generation of Microbiota-Specific IgG

To identify pattern-recognition receptor(s) that are involved in sensing symbiotic bacteria 

and induction of IgG antibodies, we screened mice with deficiencies in the toll-like receptor 

pathway (TLR)—Tlr2−/−, Tlr4−/−, Tlr2−/−Tlr4−/−, and Nod1−/−Nod2−/− and Nlrp3−/− 

mice—for serum IgG against fecal bacteria. The concentrations of IgG reactive with fecal 

bacteria were substantially reduced in Tlr4−/− and Tlr2−/−Tlr4−/− mice, at about 20% and 

10% of WT concentrations, respectively (Figures 4A and 4B). However, the total 

concentration of serum IgG in Tlr2−/−Tlr4−/− mice was comparable to that in WT mice 

(Figure S3A). Immunoblotting with bacterial lysates using sera from Tlr2−/−Tlr4−/− mice 

also showed reduced IgG in Tlr2−/−Tlr4−/− sera that recognized antigens produced by fecal 

bacteria, symbiotic bacteria E. coli and K. pneumoniae, as well as the gram-negative enteric 

pathogens Salmonella enterica serovar Typhimurium (Salmonella) and Citrobacter 

rodentium (Figure 4C). A significant reduction in microbiota-specific IgG was also observed 

in Myd88−/−Trif−/− mice but not Myd88−/− or Trif−/− mice, suggesting redundancy between 

these two signaling pathways in mediating generation of IgG response to symbiotic bacteria 

(Figure 4D). Similar to JH
−/− mice, Tlr2−/−Tlr4−/− mice exhibited higher susceptibility to 

DSS treatment and i.p. infection with ECM6L4, and ECM6L4-treated Tlr2−/−Tlr4−/− mice 

were completely rescued by transfer of purified WT IgG (Figures 4E and 4F). An increasing 

number of studies have elucidated the engagement of TLRs in modulating responses in cells 

of the adaptive immune cells (Caramalho et al., 2003; Kubinak and Round, 2012; Rawlings 

et al., 2012). Therefore, we next assessed the importance of TLRs in B cells for homeostatic 

IgG response to symbiotic bacteria by generating mixed bone marrow (BM) chimeras with 

donor BM cells from Tlr2−/−Tlr4−/− and JH
−/− mice. B-cell-specific deletion of TLR2 and 

TLR4 in these mice was verified 8 weeks after BM transplantation (Figures S3B–S3D). 

Serum concentrations of microbiota-specific IgG, but not IgA or IgM, were specifically 

diminished in BM chimeras with B-cell-specific deletion of TLR2 and TLR4, compared to 

the concentrations of these antibodies in BM chimeras transplanted with mixed WT and 

JH
−/− BM cells that had WT B cells (Figure 4G). Consistently, after ex vivo stimulation by 

heat-killed fecal bacteria, very few peritoneal B1 and B2 B cells, as well as splenic MZ and 

FO cells, from untreated Tlr2−/−Tlr4−/− mice secreted microbiota-specific IgG, in sharp 

contrast to that seen in these B cell subsets from WT mice (Figure 4F). Taken together, our 

data demonstrate that TLR4 is a critical sensor of symbiotic bacteria in the induction of IgG 

against the microbiota under homeostatic conditions and that TLR4 on B cells plays an 

indispensable role in this process.

Zeng et al. Page 5

Immunity. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gram-Negative Murein Lipoprotein Is a Major Microbiota-Derived Antigen

Identifying gram-negative antigens that drive homeostatic IgG response to symbiotic 

bacteria would provide insight as to how to harness the homeostatic symbiotic-specific IgG 

in treating infection. Given the therapeutic potential of targeting membrane antigens, we 

first fractionated WT E. coli (K-12) lysates and determined whether there were outer 

membrane proteins that were recognized by serum IgG from adult mice. Two major proteins 

of about 40 kD and 7 kD in the outer membrane fraction were recognized by serum IgG 

(Figure 5A), whereas the 7 kD protein appeared to be a major IgG-targeting antigen 

observed previously in 6- and 10-week-old mice (Figure 2D). Murein lipoprotein (MLP), a 

highly conserved outer membrane protein of ~7 kD expressed abundantly in gram-negative 

enterobacteria, was detected in the plasma of septic patients (Hellman et al., 2000; Suzuki et 

al., 1978). To determine whether naive WT SPF mice generated anti-MLP IgG 

homeostatically, reactivity of IgG in sera of 6- to 8-week-old mice against WT E. coli 

(K-12) and a K-12 strain of E. coli lacking MLP (ΔMLP) was measured by ELISA. The 

amount of IgG reactive to ΔMLP E. coli was markedly reduced to about 30% of that to WT 

E. coli (Figure 5B), suggesting the presence of anti-MLP IgG in sera from naive WT mice. 

MLP is shed from gram-negative bacteria (Hellman and Warren, 2001). Consistent with this, 

robust IgG binding was seen when ELISA plates were coated with the supernatant of over-

night cultures of WT but not ΔMLP E. coli strain (Figure 5C). Immunoblotting for IgG in 

sera from 6- to 7-week-old WT mice revealed a major protein close to 7 kD in all lanes with 

gram-negative bacterial lysates, including lysates from pathogens C. rodentium and 

Salmonella. However, this band was absent in lanes with lysates from ΔMLP E. coli or 

gram-positive E. faecalis and C. bifermentans (Figure 5D), thus confirming the presence of 

anti-MLP IgG in naive WT mice. IgA or IgM against MLP was not observed in mouse sera 

by immunoblotting (Figure S4A), and serum anti-MLP IgG appeared to belong mainly to 

the IgG2b subclass (Figure S4B). In addition, we observed significant IgG against fecal 

bacteria in sera from healthy humans (Figure 5E). There was markedly reduced binding of 

human serum IgG to ΔMLP E. coli compared to the binding to WT E. coli (Figure 5F). 

Importantly, the presence of anti-MLP IgG in human serum was confirmed by the 

observation of human IgG binding to immunoprecipitated MLP from WT E. coli lysates 

(Figure 5G). MLP was previously reported to activate TLR2 and induce production of 

proinflammatory cytokines (Shin et al., 2011). Consistently, WT BMDCs stimulated with 

heat-killed ΔMLP E. coli produced about 30%–50% less IL-1b, TNF-a, and IL-10 compared 

to BMDCs stimulated with heat-killed WT E. coli (Figure S4C). However, MLP appeared 

dispensable for E. coli to stimulate B cells, because similar proliferation of isolated splenic 

B cells was observed after stimulation with heat-killed WT or ΔMLP E. coli (Figure S4D). 

Together, our data demonstrate that gram-negative outer membrane MLP is a major 

microbiota-derived antigen that can be targeted by homeostatic IgG in both mice and 

humans.

Protective Role of Anti-MLP IgG in Systemic Infection by E. coli

To address whether pre-existing anti-MLP IgG protects against systemic infection, we first 

assessed whether the presence of MLP affected the killing of bacteria opsonized by heat-

inactivated mouse serum. We observed that in vitro opsonization with WT serum enhanced 
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killing of WT E. coli but not ΔMLP E. coli by neutrophils, and the difference in killing of 

these two strains of E. coli was absent when JH
−/− serum was used for opsonization (Figure 

6A). To assess the physiological relevance of pre-existing anti-MLP IgG, we i.p. injected 6- 

to 8-week-old mice with 5 × 107 CFU of WT or ΔMLP E. coli, and the presence of bacteria 

coated with IgG was assessed by flow cytometry. At 6 hr after injection, the percentage of 

IgG coating was higher on WT E. coli than on ΔMLP E. coli (Figure 6B). Furthermore, WT 

mice infected with 107 CFU of ΔMLP E. coli showed more neutrophils in the peritoneum 24 

hr after i.p. infection (Figure 6C), probably because of impaired clearance of ΔMLP E. coli 

in these mice, because higher burdens of ΔMLP E. coli in the spleen and liver were observed 

in these mice at 24 hr after infection (Figure 6D). Higher concentrations of CXCL1 were 

detected in both sera (Figure S5) and peritoneal fluid (not shown) of mice infected with 

ΔMLP E. coli, probably reflecting enhanced inflammation due to delayed clearance of 

ΔMLP E. coli in these mice. In addition, immunoglobulin-deficient JH
−/− mice showed 

overall higher burdens of both strains of E. coli than WT mice, but there was no difference 

in the clearance between WT and ΔMLP E. coli in JH
−/− mice (Figure 6D). We next 

determined whether a monoclonal IgG antibody against MLP conferred protection against 

ECM6L4, which induced 100% mortality of J −/− mice upon systemic infection (Figure 

3G). Incubation of monoclonal anti-MLP IgG with E. coli in vitro resulted in robust IgG 

coating of WT but not ΔMLP E. coli (Figure 6E). Furthermore, i.p. administration of 

monoclonal anti-MLP IgG 24 hr prior to i.p. injection with 107 CFU of ECM6L4 

significantly reduced the mortality of JH
−/− mice from 100% to only ~20% (Figure 6F), thus 

demonstrating a role for anti-MLP IgG in protecting mice against systemic E. coli infection.

Protective Role of Anti-MLP Antibodies in Systemic Salmonella Infection

Because MLP is also expressed in pathogenic gram-negative bacteria, such as C. rodentium 

and Salmonella (Figure 5D), we hypothesized that pre-existing anti-MLP IgG also plays a 

protective role in systemic infection by gram-negative pathogens such as Salmonella. To 

first assess the immunogenicity of MLP and the significance of that in the context of 

pathogenic infection, we first immunized GF mice by i.p. injection with 107 CFU of WT or 

ΔMLP E. coli for 2–3 weeks to allow induction of anti-MLP IgG. The mice immunized with 

WT E. coli produced significantly higher concentrations of serum IgG against fecal bacteria 

than mice with ΔMLP E. coli, but the concentrations of IgA and IgM against fecal bacteria 

in these two groups were comparable and not significantly increased compared to the 

concentrations in GF mice (Figure 7A). The presence and absence of anti-MLP IgG in mice 

immunized with WT or ΔMLP E. coli, respectively, were also confirmed by immunoblotting 

for IgG in the sera of immunized mice and GF mice that bound to immunoprecipitated MLP 

from WT E. coli cell lysate (Figure 7B). The mice were then challenged with 104 CFU of 

Salmonella M525P i.p. Pre-immunization, with either WT or ΔMLP E. coli, significantly 

reduced Salmonella burdens in the spleens and livers compared to that in non-immunized 

GF mice. Importantly, lower burdens of Salmonella in these tissues were found in mice pre-

immunized with WT E. coli than with ΔMLP E. coli (Figure 7C). Additionally, we observed 

binding of anti-MLP IgG to Salmonella in vitro (Figure 7D), and pre-incubation of 

Salmonella with anti-MLP IgG led to enhanced killing of Salmonella by neutrophils in vitro 

(Figure 7E). To further confirm the protective role of anti-MLP IgG, we treated 6- to 8-

week-old WT SPF mice with 1 mg of monoclonal anti-MLP IgG or isotype by i.p. injection 
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24 hr prior to sublethal i.p. infection with Salmonella. On day 3 after infection, mice pre-

treated with anti-MLP IgG had about 10% more monocytes (CD11b+LY6C+LY6Glo) in the 

peritoneum than mice pre-treated with isotype (not shown) but otherwise had no apparent 

exaggerated inflammatory response, as indicated by comparable concentrations of local and 

systemic inflammatory cytokines and chemokines (Figures S6A and S6B). Significantly 

lower CFUs of Salmonella were found in both spleens and livers of mice pre-treated with 

anti-MLP IgG (Figure 7F). Together, our data demonstrated robust immunogenicity of MLP 

and a role for anti-MLP IgG in protecting against systemic infection by MLP-expressing 

pathogens.

DISCUSSION

Although bacteria residing in our gastrointestinal tract vastly outnumber host cells by 10-

fold, host-microbial symbiosis is maintained, largely because bacteria are effectively 

compartmentalized in our gastrointestinal tract. Many vital functions provided by the gut 

microbiota, including digestion of complex polysaccharides and resistance to pathogen 

colonization, are achieved while the gut microbiota remains in the intestinal lumen (Kamada 

et al., 2013a). The intestinal epithelium, mucosal mucus layer, and an army of immune cells 

in the lamina propria on the basal side of the epithelium represent a concerted effort to 

prevent dissemination of symbiotic bacteria from the intestine and to maintain 

immunological ignorance toward symbiotic bacteria. This conventional view is supported by 

rare detection of live commensal bacteria in extra-intestinal organs under homeostatic 

conditions in immunocompetent hosts. A T-cell-independent primitive intestinal IgA 

response to symbiotic bacteria is induced locally in the intestine (Macpherson et al., 2000). 

On the other hand, it remains largely unknown whether under normal homeostatic 

conditions the gut microbiota is capable of inducing systemic IgG immune response. 

Circulating IgG against symbiotic bacteria has been reported in healthy humans and at 

higher concentrations in patients with Crohn’s disease and diabetes (Benckert et al., 2011; 

Harmsen et al., 2012; Mohammed et al., 2012). The higher IgG response to symbiotic 

bacteria in these patients could be a result of leaky guts and increased bacterial translocation, 

and at the same time might serve as a compensatory protective mechanism, given that as 

shown in our study, pre-existing microbiota-specific IgG plays a protective role in systemic 

infection. From an evolutionary point of view, the systemic IgG response, albeit at low 

concentrations under steady-state conditions, might be an important mechanism to ensure 

confinement of the gut microbiota in the gastrointestinal tract and thereby preserve host-

microbial symbiosis. Additionally, the pre-existing microbiota-specific IgG recognizes 

conserved antigens on pathogens to mediate elimination of pathogens. Therefore, induction 

of systemic microbiota-specific IgG might represent a previously unappreciated yet critical 

function of the gut microbiota to maintain host homeostasis.

A recent study reported on the ability of natural IgG to bind both gram-negative and gram-

positive bacteria indirectly after the bacteria are opsonized with ficolin and mannan-binding 

lectin (MBL), two ancestral lectins of the innate immune system (Panda et al., 2013; Puga 

and Cerutti, 2013). There are two major characteristics about the spontaneous symbiotic 

bacteria-specific IgG discovered in our study that distinguish it from natural IgG. First, 

whereas the interaction of natural IgG with bacteria is indirect and dependent on host innate 
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immune factors, microbiota-specific IgG displays remarkable specificities against proteins 

of bacterial origin, as we have demonstrated by immunoblotting, and can directly interact 

with bacteria through recognition of the bacterial antigen, such as MLP. The high specificity 

of microbiota-specific IgG is also supported by its absence in GF mice. Second, natural IgG 

is generally produced by innate-like B1 and marginal zone B cells in a T-cell-independent 

manner. However, as shown by our ELISpot data, in addition to B1 and marginal zone B 

cells, follicular B cells also possess the capacity to secret IgG that targets fecal bacteria. This 

observation is in line with our finding that the subclasses of microbiota-specific IgG include 

IgG1 and IgG2b, in addition to IgG3, which is primarily produced by innate-like B1 and 

marginal zone B cells (Cerutti et al., 2013). Additionally, generation of at least some of the 

microbiota-specific IgG by follicular B cells is consistent with our finding of an important 

role of T cells in generating microbiota-specific IgG.

Our observation of increased susceptibility of Tlr2−/−Tlr4−/− mice to DSS treatment is 

consistent with previous reports of increased DSS-induced mortality in Myd88−/− and 

Tlr4−/− mice and in mice with B cell-specific Myd88 deficiency (Kirkland et al., 2012; 

Rakoff-Nahoum et al., 2004). The indispensible role of TLR4 on B cells in the generation of 

microbiota-specific IgG, as shown by our data, illustrates another example of the importance 

of TLR in B cells for microbial antibody response, which has been supported by numerous 

studies (Bekeredjian-Ding and Jego, 2009; Kirkland et al., 2012). For example, TLRs in B 

cells have been shown to be critical for class switch recombination, plasma cell 

differentiation, and antigen presentation. It remains unclear how TLR4 on B cells 

contributes to the generation of microbiota-specific IgG, or where B cells sense microbial 

products via TLR4. There are B cells in the gut lamina propria and Peyer’s patches, which 

might be where TLR4-mediated microbial priming of B cells occurs initially, followed by 

circulation of these B cells systemically. However, we also detected bacterial DNA in the 

spleens of SPF WT mice, suggesting possible TLR4-mediated B cell priming in systemic 

organs such as the spleen. These two scenarios might not be mutually exclusive. Of note, the 

important role of TLR4 in the generation of microbiota-specific IgG is consistent with the 

observation of primarily gram-negative bacteria being recognized by the pre-existing 

microbiota-specific IgG in mice.

It remains unclear how symbiotic bacteria are able to breach the epithelium and induce IgG 

response homeostatically. One possibility is that the symbiotic bacteria involved in inducing 

homeostatic IgG response express additional virulent factors, such as seen in pathobionts, 

that allow a small number of these bacteria to disseminate to the bloodstream and activate 

systemic immune response. Pathobionts are resident microbes with pathogenic potential, and 

many have been described to possess distinct properties to allow adherence to and invasion 

of the mucosal epithelium (Chow et al., 2011). Some pathobionts employ mechanisms to 

resist killing by phagocytes, such as resistance to complement as recently described 

(Hasegawa et al., 2014). Systemic dissemination of a small number of pathobionts, although 

transient and insufficient to cause disease, might be sufficient to mount a systemic IgG 

response and generate memory against them. Mounting evidence has emerged to point to 

Peyer’s patches localized in the small intestine as the portal of entry for AIECs (Barnich et 

al., 2007) and pathogens (Clark et al., 1998; Lelouard et al., 2012). This is in agreement with 
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the observation of primary gram-negative Enterobacteriaceae such as E. coli translocated in 

the spleens and also targeted by serum IgG, given that Enterobacteriaceae are found mostly 

in the small intestine. More work is required to delineate the bacterial species that give rise 

to the homeostatic protective IgG.

In infants, the first colonizers in the gastrointestinal tract are facultative aerobes such as 

Proteobacteria within the Enterobacteriaceae family, which deplete oxygen to create a new 

environment suitable for colonization of strict anaerobes such as Bacteroides, Clostridium, 

and Bifidobacterium spp. (Rodríguez et al., 2015). Therefore, our discovery of MLP, a 

highly conserved gram-negative outer membrane protein found in abundance in 

Enterobacteriaceae such as E. coli, as a primary antigen for systemic IgG response in 

younger mice might coincide with these bacteria being among the first colonizers. In 

addition, geographic location of these bacteria, namely in the small intestine with Peyer’s 

patches and M cells, might also contribute to the relative readiness of Proteobacteria to 

disseminate to systemic organs. MLP is highly conserved, and anti-MLP IgG is found in 

both humans and mice. Importantly, our data demonstrate the effectiveness of anti-MLP IgG 

in protecting mice from systemic infection by both E. coli and Salmonella. MLP was 

previously found at high concentrations in the bloodstream of septic patients, probably as a 

result of shedding from the causative bacteria (Hellman and Warren, 2001). Because MLP 

itself can, as previously shown, activate TLR2 to induce production of proinflammatory 

cytokines (Liang et al., 2005), circulating MLP in the bloodstream might further exacerbate 

the fatal ‘‘cytokine storm’’ in sepsis. Hence, in addition to its role in eliminating MLP-

expressing bacteria, anti-MLP IgG might also be involved in neutralizing excessive 

proinflammatory MLP in gram-negative sepsis and contribute to protection. Therefore, the 

potential of anti-MLP IgG in treating gram-negative sepsis should be further explored.

Our data showed low concentrations of symbiotic bacteria-specific IgG in younger mice, 

which increased steadily as the mice aged. Conversely, microbiota-specific IgG in human 

infants and toddlers might not reach optimal concentrations to confer best protection, which 

might partly explain the heightened susceptibility of young children to infection. Therefore, 

microbiota-specific IgG could be transported from the mother to the fetus through the 

placenta or to the infant through breast milk to provide passive immunity in the developing 

fetus or infant. The dependence of the gut microbiota for proper induction of IgG against 

potentially harmful symbiotic bacteria and pathogens also highlights the importance of 

having balanced gut microbiota especially in early years of life. In fact, a study showed that 

infants who developed sepsis began life with low microbial diversity and acquired a 

predominance of Staphylococci, whereas healthy infants had more diverse gut microbiota 

with predominance of Clostridium, Klebsiella, and Verilonella (Madan et al., 2012). In light 

of these studies and our findings, excessive use of antibiotics in young children might 

potentially delay or impair proper development of IgG response and immune memory 

against symbiotic bacteria and have a profound impact on later life. Therefore, our results 

underscore the importance of having a balanced microbial community in the intestine in 

early life.
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EXPERIMENTAL PROCEDURES

Animals

WT SPF C57BL/6J mice were originally purchased from Jackson Laboratory and bred in-

house. Tlr2−/−Tlr4−/−, Tlr4−/−, and Tlr2−/− mice were kindly provided by Shizuo Akira 

(Osaka University, Japan). JH
−/− and QM (JH

−/− × HOM) mice were kindly provided by 

Marilia Cascalho (Univ. of Mich-igan) (Cascalho et al., 1996, 1997). All mice were on the 

C57BL/6 background. Germ-free C57BL/6J mice were also originally obtained from 

Jackson Laboratory, re-derived into GF conditions, and bred and maintained GF in the 

University of Michigan GF Mouse Facility. GF mice were housed in double isolators and 

were free of all bacteria, fungi, viruses, and parasites. Sterility was verified by regular 

interval aerobic and anaerobic cultures as well as gram stains of feces and bedding. All 

animal studies were approved by the University of Michigan Committee on the Care and 

Use of Animals.

ELISA

For measurement of commensal bacteria-specific IgG, IgM, and IgA, fecal bacteria were 

isolated from naive WT SPF mice (8–10 weeks old) used to coat ELISA plates. Fecal 

bacteria from ~200 mg fecal pellets (~5–7 pellets) were isolated by homogenization in 

sterile PBS, filtered through a 40 μm cell strainer, and separated from debris/mouse cells by 

removing the pellet after centrifugation at 1,000 rpm for 5 min. Isolated fecal bacteria were 

washed twice, heat-killed at 85° C for 1 hr, and resuspended in 10 ml coating buffer, and 

100 μL was added to each well of a 96-well ELISA plate for overnight coating at 4° C. Wells 

were blocked with 1% (w/v) BSA in PBS for 2 hr at room temperature. Mouse sera were 

diluted at 1:20 and 1:100 and incubated overnight at 4° C for detection of IgG, IgM, and 

IgA. Anti-mouse IgG and HRP substrate were purchased from Bethyl Laboratories. Anti-

mouse IgA and IgM were from Southern Biotech. To measure luminal and fecal IgG and 

IgA, small intestine content or feces was resuspended with sterile PBS (100 mg/mL) and 

filtered through a 40 μm cell strainer to remove debris, and 200 μL was added to each well. 

The same antibodies were used for quantification of total IgG, IgA, and IgM concentrations, 

where captured mouse IgG, IgA, and IgM and reference serum were purchased from Bethyl 

Laboratories. ELISAs for cytokines (IL-1β, IL-6, TNF-α, IL-23, IL-12/23 p40) were 

performed by the University of Michigan ELISA Core.

Immunoprecipitation and Immunoblotting

109 CFU of WT E. coli (K-12) were lysed in 1 mL of lysis buffer (20 mM Tris-HCl, 150 

mM NaCl, 1 mM EDTA, 1% (v/v) NP-40, and 1 mM PMSF [pH 7.5]) and sonicated. 200 

μL of cell-free supernatant was first incubated with 20 μL of Protein G resin (50% slurry) 

(GenScript) at 4° C for 1 hr, and supernatant was then incubated with anti-MLP (5 μg/mL) 

overnight at 4° C before incubation with 20 μL of Protein G resin at 4° C for 2 hr. After that, 

Protein G resin was pelleted, washed five times with cold lysis buffer, and resuspended in 30 

μL of lysis buffer for immunoblotting. Proteins were separated by 4%–20% precast gels 

(Mini-PROTEAN TGX Gels; Bio-Rad) and transferred to PVDF membranes by 

electroblotting (BioRad), and membranes were immunoblotted with WT mouse serum (1: 

200), human serum (1:400), or anti-mouse monoclonal MLP (1:2,000) overnight at 4° C. 
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Proteins were detected with goat anti-mouse IgG, goat anti-mouse IgM, goat anti-human 

IgG (Jackson ImmunoResearch Laboratories), or goat anti-mouse IgA (Santa Cruz 

Biotechnology) and enhanced chemiluminescent substrate (Thermo Scientific).

DSS-Induced Bacteremia and Taxonomic Identification of Bacteria

WT and J −/− mice co-housed for at least 4 weeks were administered 2.5% dextran sodium 

sulfate (DSS) (MP Biomedicals) in drinking water for 7 days and then switched to regular 

water. Body weights and stool consistency were checked daily, and inflammation and 

colonic damage were examined by histology of colons from day 5 mice. In some 

experiments, 2 days prior to DSS treatment, mice were given an antibiotic cocktail (500 μg 

ampicillin, 250 μg vancomycin, 250 μg metronidazole, 250 μg gentamycin, and 500 μg 

neomycin) by oral gavage daily for the entire duration of experiments (about 20 days). At 

day 7 after DSS administration, aerobes and anaerobes were cultured from the blood, 

spleens, and livers on brain-heart infusion (BHI) plates. Bacterial DNAs of a total of 32 

isolates from day 7 JH
−/− blood, spleen, and liver homogenates were purified, and 16S 

rRNA gene was amplified by PCR using universal primers 8F (5′-AGA GTT TGA TCC 

TGG CTC AG-3′) and 1492R (5′-CGG TTA CCT TGT TAC GAC TT-3′) (PCR Kit: 

Expand High Fidelity PCR System, Roche). The amplicons were sequenced by Sanger 

sequencing (University of Michigan DNA Sequencing Core), and identities of isolates were 

determined by BLAST (NCBI BLAST) of amplicon sequences.

Flow Cytometry

To analyze IgG or IgA coating fecal bacteria ex vivo, two to three mouse fecal pellets from 

the same mouse were homogenized in cold sterile PBS (100 μg/mL) thoroughly, filtered 

through a 40 mm cell strainer, and centrifuged at 900 × g for 5 min to remove debris and 

mouse cells in the pellet. Fecal bacteria in the supernatant were washed several times with 

cold PBS, pelleted by centrifugation at 3,700 × g for 10 min, and stained for mouse IgG, 

IgA, and CD45 with FITC-anti mouse IgG (eBioscience), PE-anti mouse IgA (eBioscience), 

and APC-anti mouse CD45 (eBioscience; 30-F11). Stained bacteria were then washed with 

FACS buffer once, resuspended with FACS buffer containing DAPI, and analyzed by 

FACSAriaIII (BD Bioscience). Data were analyzed by Flow Jo (Tree Star).

Statistical Analyses

Statistical analysis was performed with Prism v.6.0 (GraphPad). Comparisons between two 

groups were determined by Student’s t test. Data with abnormal distribution or with fewer 

than eight samples were analyzed by the Mann-Whitney test. For multiple comparisons, 

one-way ANOVA was used. For survival assays, comparisons were performed with the 

Log-rank test. A p value of less than 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Gut microbiota induces homeostatic IgG response to commensal antigens

• Homeostatic commensal-specific IgG antibodies recognize gram-negative 

antigens

• Commensal-specific IgG opsonizes pathogens to mediate clearance

• Gram-negative murein lipoprotein (MLP) is a major commensal antigen for IgG 

response
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In Brief

It is not clear whether gut microbiota can induce systemic responses. Nunez and 

colleagues find that the gut microbiota induces the generation of IgG antibodies under 

homeostatic conditions. These IgG antibodies mainly recognize gram-negative 

commensal antigens and confer protection against systemic infection by targeting 

conserved antigens on pathogens.
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Figure 1. Gut Microbiota Induces Antigen-Specific IgG in the Steady State
(A) ELISA of serum IgG, IgA, and IgM against fecal bacteria (FB) in naive SPF JH

−/− and 

WT mice and GF WT mice. 6–10 mice were used for each genotype.

(B) ELISA of serum IgG1, IgG2c, IgG2b, and IgG3 against fecal bacteria in 6- to 8-week-

old naive SPF WT mice. Six WT mice were used.

(C) ELISA of serum IgG, IgA, and IgM against fecal bacteria in 6- to 8-week-old WT and 

Tcrb−/− naive mice. 6–10 mice were used for each genotype.

(D) ELISA of serum IgG against fecal bacteria of 4-, 6-, 10-, and 40-week-old mice.

(E) Peritoneal B1 and B2 cells and splenic marginal zone (MZ) and follicular (FO) B cells 

were stimulated ex vivo with LPS, heat-killed fecal bacteria, or E. coli for 3 days, and cells 

producing IgG that recognized fecal bacteria were detected by ELISpot.

Data represent two to three independent experiments. Error bars indicate SD. *p < 0.05, **p 

< 0.01,

***p < 0.001. See also Figure S1.
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Figure 2. Spontaneous Systemic Dissemination of Gram-Negative Symbiotic Bacteria
(A) qPCR of bacterial 16S rRNA gene in the spleens of SPF and GF WT mice. Each dot 

represents one mouse.

(B) Compositions of bacterial communities in mesenteric lymph nodes (MLNs), spleens 

(SPL), and fecal bacteria (FB) of same WT SPF mice.

(C) Abundance of gram-negative Enter-obacteriaceae, Porphyromondaceae, and Pre-

votellaceae in MLNs, spleens, and feces from WT SPF mice. Each dot represents one 

mouse.

(D) Immunoblotting of bacterial antigens from fecal bacteria (FB), Escherichia coli (EC), 

Klebsiella pneumoniae (KP), Enterococcus faecalis (EF), and Clostridium bifermentans 

(CB) that were recognized by IgG in the serum of a 4-, 6-, or 10-week-old SPF WT mouse. 

A SDS-PAGE gel was separately stained with Coomassie blue to indicate total amounts of 

cell lysates loaded.

Data are representative of two to three independent experiments. Error bars indicate SD.

*p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Gut Microbiota-Induced IgG Confers Protection against DSS-Induced Bacteremia
(A) ELISA of fecal IgG, IgA, and IgM against fecal bacteria in feces of naive (mock) or day 

7 DSS-treated mice (mock = 5 mice; day 7 DSS = 7 mice).

(B) Flow cytometry for IgG on fecal bacteria from naive (mock) or day 7 DSS-treated mice.

(C) WT and JH
−/− mice were treated with DSS for 7 days and CFU of aerobes and 

anaerobes in the blood were determined. Each dot represents one mouse.

(D) Survival of WT and JH
−/− mice, treated with or without antibiotics, after administration 

of 2.5% DSS in drinking water for 7 days.

(E) Percentages of bacterial isolates from spleens, livers, and blood of day 7 DSS-treated 

JH
−/− mice.

(F) WT and JH
−/− mice were i.p. injected with 5 × 107 CFU of ECM6L4 (an isolate from a 

DSS-treated JH
−/− mouse), and E. coli was recovered from the peritoneum 6 hr after 

infection and analyzed for IgG or IgA coating by FACS.

(G) Survival of WT, JH
−/−, and Fcer1g−/− mice after i.p. injection with 107 CFU of M6L4 

(WT n = 9; JH
−/− n = 8; Fcer1g−/− n = 8).

(H) Survival of untreated JH
−/− mice or JH

−/− mice that were administered 400 mg of 

purified serum IgG from WT or QM mice 24 hr prior to i.p. infection with 107 CFU of 

ECM6L4 (JH
−/− n= 6; JH

−/− +WT IgG n = 7; JH
−/− +QM IgG n = 6).

Data represent two to three independent experiments. Error bars indicate SD. *p < 0.05, **p 

< 0.01,

***p < 0.001. See also Figure S2.
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Figure 4. TLR4 Signaling Is Required for Induction of Microbiota-Specific IgG
(A) Serum concentrations of IgG against fecal bacteria in age-matched WT, Tlr2−/−, 

Tlr2−/−Tlr4−/−, Nod1−/−Nod2−/−, and Nlrp3−/− mice (n = 4–8 per genotype).

(B) Serum concentrations of IgG, IgA, and IgM against fecal bacteria in age-matched and 

cohoused WT and Tlr2−/−Tlr4−/− mice (n = 8–10 per genotype).

(C) Immunoblotting for IgG in sera from age-matched WT and Tlr2−/−Tlr4−/− mice that 

bound to gram-negative C. rodentium (CR), Salmonella (ST), E. coli (EC), and K. 

pneumoniae (KP). Coomassie-stained SDS-PAGE gels loaded with lysates are shown.

(D) Serum concentrations of IgG, IgA, and IgM against fecal bacteria in age-matched and 

co-housed WT, Myd88−/−, Trif−/−, and Myd88−/−Trif−/− mice.

(E) Survival of WT and Tlr2−/−Tlr4−/− mice and of Tlr2−/−Tlr4−/− mice after treatment of 

2.5% DSS for 7 days (WT n = 9; Tlr2−/−Tlr4−/− n = 7).

(F) Survival of WT and Tlr2−/−Tlr4−/− mice and of Tlr2−/−Tlr4−/− mice that were 

administered 400 mg of purified serum IgG from WT or QM mice 24 hr prior to i.p. 

infection with ECM6L4 (WT n = 5; Tlr2−/−Tlr4−/− n= 6; Tlr2−/−Tlr4−/− +WT IgG n = 6; 

Tlr2−/−Tlr4−/− +QM IgG n = 5).

(G) Serum concentrations of IgG, IgA, and IgM against fecal bacteria in co-housed bone 

marrow chimeras that were transplanted with JH
−/−, WT+ JH

−/−, or Tlr2−/− Tlr4−/− + JH
−/− 

bone marrow cells.

(H) Peritoneal B1 and B2 cells, and splenic marginal zone (MZ) and follicular (FO) B cells 

from WT or Tlr2−/−Tlr4−/− mice were stimulated ex vivo with heat-killed fecal bacteria for 

72 hr before analysis by ELISpot to determine the number of cells secreting IgG that 

recognized fecal bacteria. Data represent two to three independent experiments. Error bars 

indicate SD. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3.
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Figure 5. Gram-Negative Murein Lipoprotein Is a Major Microbiota-Derived Antigen to Induce 
Steady-State IgG Response
(A) Immunoblotting for serum IgG from a 10-week-old WT naive mice that bound to E. coli 

total cell lysate, cytosolic membrane proteins (CM), and outer membrane proteins (OM).

(B) Reactivity of serum IgG in WT SPF or GF mice to WT or MLP-deficient E. coli 

(ΔMLP). Eight WT SPF mice were used; three GF mice were used.

(C) Reactivity of serum IgG in a WT SPF mouse to particles in culture supernatants from 

WT or ΔMLP E. coli. Eight WT SPF mice were used.

(D) Immunoblotting for IgG in the serum from a 6-week-old WT SPF mouse that bound to 

bacterial antigens from gram-negative C. rodentium (CR), Salmonella (ST), E. coli (EC), 

and K. pneumoniae (KP) and gram-positive E. faecalis (EF) and C. bifermentans (CB). 

Immunoblotting was performed separately for MLP using an anti-MLP monoclonal 

antibody.

(E) ELISA of human serum IgG against fecal bacteria (n = 5).

(F) Binding of human serum IgG to WT or MLP-deficient E. coli. Each dot represents one 

person.

(G) Immunoprecipitation of MLP from WT E. coli lysate by anti-MLP or isotype and 

immunoblotting with human serum or anti-MLP. Data represent two to three independent 

experiments. Error bars indicate SD. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure 

S4.

Zeng et al. Page 22

Immunity. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Anti-MLP IgG Promotes Killing of E. coli In Vitro and In Vivo
(A) Neutrophil killing of WT or ΔMLP E. coli that were opsonized with PBS, WT, or JH

−/− 

serum (fold of killing over killing of non-opsonized E. coli).

(B) 5 × 107 CFU WT or ΔMLP E. coli were i.p. injected into 8-week-old WT mice and 

harvested 6 hr later to analyze surface IgG or IgA by flow cytometry.

(C and D) WT mice of 6–8 weeks were i.p. injected with 5 × 107 CFU WT and or ΔMLP E. 

coli. The absolute numbers of monocytes/macrophages (CD11b+LY6C+LY6Glo), 

neutrophils (CD11b+LY6Ghi), T cells (CD3+), and B cells (B220+) were determined by flow 

cytometry at 24 hr after infection (C). Bacterial numbers of E. coli in spleens and livers were 

determined at 24 hr (D). Each dot represents one mouse.

(E) WT and ΔMLP E. coli were incubated with anti-MLP or isotype-matched control IgG 

for 30 min. The bacterial numbers of IgG-coated bacteria were determined by flow 

cytometry.

(F) Survival of JH
−/− mice that were administered 1 mg of monoclonal anti-MLP IgG or 

isotype 24 hr prior to i.p. infection with 107 of ECM6L4 (isotype n = 7; anti-MLP n = 10).

Data represent two to three independent experiments. Error bars indicate SD. *p < 0.05, **p 

< 0.01, ***p < 0.001. See also Figure S5.
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Figure 7. IgG against Murein Lipoprotein Confers Protection against Salmonella Infection
(A–C) GF mice were i.p. administered PBS or 107 WT or ΔMLP E. coli. 2 weeks later, the 

concentrations of serum IgG, IgA, and IgM against fecal bacteria were determined by 

ELISA (A), and the presence of anti-MLP IgG in the sera of these mice were also confirmed 

by immunoprecipitation of MLP from WT E. coli lysates and immunoblotted using sera 

from these mice or monoclonal anti-MLP (B). 2–3 weeks after administration of PBS or 107 

CFU of WT and or ΔMLP E. coli, GF mice were i.p. infected with 104 CFU of Salmonella 

M525P and the levels in spleens and livers were determined at 72 hr (C).

(D and E) Salmonella were incubated with anti-MLP IgG or isotype for 30 min, and then 

assessed for surface IgG coating (D) and killing by neutrophils in vitro (E). 6- to 8-week-old 

WT mice were i.p. administered 1 mg of anti-MLP IgG or isotype for 24 hr before i.p. 

infection with 4 × 104 ST M525P. CFU of ST M525P in spleens and livers were determined 

at 72 hr.

Data represent two to three independent experiments. Error bars indicate SD. *p < 0.05, **p 

< 0.01,

***p < 0.001. See also Figure S6.
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