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Abstract

Intestinal IgA, which is regulated by gut microbiota, plays a crucial role in maintenance of 

intestinal homeostasis and in protecting the intestines from inflammation. However, the means by 

which microbiota promotes intestinal IgA responses remain unclear. Emerging evidence suggests 

that the host can sense gut bacterial metabolites in addition to pathogen-associated molecular 

patterns and that recognition of these small molecules influences host immune response in the 

intestines and beyond. We reported here that microbiota metabolite short-chain fatty acid acetate 

promoted intestinal IgA responses, which was mediated by “metabolite-sensing” GPR43. 

GPR43−/− mice demonstrated lower levels of intestinal IgA and IgA+ gut bacteria compared to 

those in WT mice. Feeding WT but not GPR43−/− mice acetate but not butyrate promoted 

intestinal IgA response independent of T cells. Acetate promoted B cell IgA class switching and 

IgA production in vitro in the presence of WT but not GPR43−/− dendritic cells (DC). 

Mechanistically, acetate induced DC expression of Aldh1a2, which converts Vitamin A into its 

metabolite retinoic acid (RA). Moreover, blockade of RA signaling inhibited the acetate induction 
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of B cell IgA production. Our studies thus identified a new pathway by which microbiota 

promotes intestinal IgA response through its metabolites.

Introduction

The intestinal mucosa establishes state of hypo-responsiveness against commensal bacteria 

and of active readiness against pathogens1. Despite enormous challenges by the microbiota, 

the intestine lives in harmony with it, in part due to interactions of the microbiota with the 

host to maintain intestinal homeostasis2. Multiple host mechanisms have evolved to regulate 

this relationship. One of the important strategies to generate immune protection and 

maintain intestinal homeostasis is the production of IgA, the most abundant antibody isotype 

in the host, which provides a first line of immune protection at the mucosal surface3–5. IgA 

regulates the microbiota, and gut bacteria, in turn, adapt to IgA by altering their gene 

expression patterns6, 7. Several recent studies have shown that IgA binds colitogenic 

members of the microbiota8, 9, and that mice deficient in IgA or polymeric Ig receptor 

(pIgR), the epithelial cell receptor for exporting IgA into the lumen, develop more severe 

colitis following inflammatory insults10. The findings further the importance of intestinal 

IgA in the regulation of microbiota-induced inflammatory disease. However, in spite of 

recent advances, the function and regulation of intestinal IgA remain poorly understood.

The microbiota has a major impact on many host systems, particularly on the development 

of the intestines and the immune system. The critical role of gut microbiota has long been 

well established in the regulation of IgA production in the intestinal mucosa, as intestinal 

IgA-secreting cells and IgA production are almost absent in germ-free (GF) animals and 

rapidly induced by the presence of commensal bacteria11, 12, which is consistent with its 

major role in host protection at the mucosal-luminal interface6. Multiple signals, including T 

cell-dependent and -independent pathways, regulate IgA induction13. A role for microbial 

signals via TLRs has been reported in mediating intestinal epithelial cell (IEC) and DC 

induction of the production of IgA through the induction of BAFF and APRIL14, 15. 

Furthermore, IEC and T cell expression of MyD88, which mediates most TLR pathways, 

promotes B cell IgA production14, 16. However, under steady-state conditions, lack of TLR 

signaling in MyD88−/− mice results in more intestinal IgA production compared to that in 

WT mice after colonization with commensal bacteria, which has been considered as a 

mechanism functionally compensating for innate immune deficiency in the clearance of 

invading microbiota17. Thus, the components of the microbiota critically responsible for 

regulating intestinal IgA response are still not completely clear.

Emerging evidence indicates the host immune system can sense gut bacterial metabolites in 

addition to pathogen-associated molecular patterns (PAMP) and that recognition of these 

small molecules can influence the host immune response in the gut and beyond18–20. Of 

particular interest are short-chain fatty acids (SCFA), which are solely metabolized by gut 

bacteria from otherwise indigestible carbohydrates of fiber-rich diets21, and have been 

shown to ameliorate disease in animal models of colitis and allergic asthma20, 22. Acetate, 

propionate and butyrate are the most abundant SCFA. Their collective concentrations in 

colonic lumen in humans range from 50 – 150 mM21. While the exact mechanisms for the 
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action of SCFA are still not completely clear, most notable among the SCFA targets is the 

“metabolite-sensing” mammalian G protein-coupled receptor pair of GPR41 and GPR43. 

SCFA can regulate cell function either by inhibiting histone deacetylase activity, thus, 

affecting gene transcription, or through the activation of GPRs. The dietary fiber has been 

shown to enhance oral tolerance and induced intestinal IgA response23. A recent report 

further demonstrated that SCFA promote intestinal IgA responses24. However, the 

mechanisms by which SCFA regulate intestinal IgA responses are still unknown. In this 

report, we demonstrated that acetate promoted intestinal IgA responses, which was mediated 

by GPR43. Mechanistically, acetate induced the DC expression of Aldh1a2, which converts 

Vitamin A into its metabolite retinoic acid (RA), to promote B cell IgA production. We 

thereby identified a new pathway by which microbiota promotes intestinal IgA production 

through production of metabolite SCFA.

Results

1. Intestinal IgA production is decreased in GPR43−/− mice

GPR43 is one of the predominant receptors for SCFA25, and GPR43-SCFA interaction has 

been implicated in the maintenance of intestinal homeostasis, in that GPR43−/−mice develop 

more severe colitis than do WT mice upon inflammatory insults26. To investigate whether 

GPR43 regulates intestinal IgA responses, which could contribute to its regulation of 

intestinal homeostasis, we first determined intestinal IgA production in littermates of WT 

and GPR43−/− mice. Fecal pellets were collected, and IgA levels determined by ELISA. 

Fecal IgA production was significantly decreased in GPR43−/− mice compared to that in WT 

mice (Fig.1A). As IgA-coating gut bacteria have been implicated in regulation of intestinal 

homeostasis8, 9, we assessed IgA+ gut bacteria in WT and GPR43−/− mice. Interestingly, 

IgA+ bacteria were decreased in GPR43−/− mice compared to that in WT mice (Figs.1B and 

C).

The levels of IgA in intestinal lumen are determined by two critical steps: production by B 

cells and transportation across epithelium to intestinal lumen. Once produced by IgA-

producing plasma cells in the mucosa, IgA secretion relies on pIgR, which is expressed on 

the basolateral surface of epithelial cells, to transport across the intestinal epithelium27. 

Thus, the levels of IgA in intestinal lumens depend on B cell IgA production and the rate of 

IgA binding to pIgR, which is dictated by the expression levels of the pIgR27. To determine 

whether GPR43 deficiency affected intestinal epithelial cell (IEC) expression of pIgR, thus 

contributing to deceased sIgA in the intestines of GPR43−/− mice, we measured pIgR 

expression in the IEC of WT and GPR43−/− mice by quantitative real time PCR (qRT-PCR).

However, comparable levels of pIgR expression were observed in IEC from both WT and 

GPR43−/− mice (Supplementary Fig.1A), indicating that GPR43 does not affect IEC 

expression of pIgR. We then investigated IgA-producing B cells in WT and GPR43−/− mice. 

In contrast, IgA+ B cells were significantly decreased in the lamina propria (LP) of 

GPR43−/−mice compared to that in WT mice (Figs.1D and E). However, IgA+ B cells in 

spleens and mesenteric lymph nodes (MLN) were observed at similar levels in both WT and 

GPR43−/−mice (Figs.1F and G, and Supplementary Figs.1B and C), indicating that GPR43 
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specifically regulates intestinal mucosal IgA-producing B cells, which is consistent with the 

presence of high levels of SCFA in the intestinal lumen.

2. Supplementation with acetate promotes intestinal IgA production in WT but not in 
GPR43−/− mice

To investigate whether SCFA promote intestinal IgA production, we fed acetate, the most 

potent agonist for GPR43, in drinking water to littermates of WT and GPR43−/−C57BL/6 

mice. As many gut bacteria produce acetate and other SCFA, which are present in the 

intestines at high levels and could potentially confound the results, we first depleted gut 

bacteria to decrease gut SCFA by treating mice with broad-spectrum antibiotics for 10 days. 

The antibiotics treatment depleted about 90% of gut bacteria (data not shown). Then, a 

group of antibiotics-treated mice were fed acetate in drinking water containing antibiotics, 

and a second group received drinking water containing antibiotics only to serve as controls. 

Fecal pellets were collected 21 days after feeding acetate to determine IgA production. The 

WT mice treated with acetate exhibited a significant increase in fecal IgA compared to that 

in control mice (Fig.2A). Fecal IgG production was also measured with no difference 

between acetate-treated mice and control mice (Fig.2B), indicating that acetate specifically 

induced IgA production in the intestines. The levels of IgA+ B cells were also increased in 

the intestinal LP of acetate-treated mice compared to those in control mice (Figs.2C and D). 

However, there was no difference of IgA+ B cells in spleens and MLN between acetate-

treated mice and control mice (Figs.2E and F, and Supplementary Fig.2), indicating that 

acetate specifically induced IgA+ B cells in the intestinal mucosa. To determine the role of 

GPR43 in acetate-induction of intestinal IgA responses, antibiotics-treated GPR43−/− mice 

were also fed acetate in drinking water. Interestingly, treatment with acetate did not increase 

fecal IgA production (Fig.3A) and IgA+ B cells in LP (Figs.3B and C), spleen, and MLN in 

GPR43−/− mice (Fig.3D and E, and Supplementary Fig.3). Collectively, these data 

demonstrated a critical role of GPR43 in acetate-induction of intestinal IgA response. To 

determine if other SCFA also promoted intestinal IgA production, we fed the antibiotics-

treated mice butyrate, relatively weak agonists for GPR43, in drinking water. Fecal IgA, IgG 

and IgA+ B cells in intestines and spleens were determined 21 days later. Feeding with 

butyrate did not affect intestinal IgA+ B cells and fecal IgA (Figs. 2A–F and Supplementary 

Fig.2). These data indicated that acetate, but not butyrate, promotes intestinal IgA 

production, which is consistent with their affinity to binding of GPR43, i.e. acetate >> 

butyrate28.

3. T cells are not required for acetate induction of intestinal IgA

B cell IgA production can be regulated by both T cell-dependent and –independent 

pathways13. To investigate whether acetate induction of intestinal IgA requires T cells, we 

fed TCRβxδ−/− mice, which lack T cells but retain B cells and innate cells intact, with 

acetate in drinking water for 21 days. Acetate promoted intestinal IgA (Fig.4A) and 

increased the levels of intestinal LP IgA+ B cells in TCRβxδ−/− mice (Figs.4B and C), which 

indicated that acetate induces intestinal IgA production in the absence of T cells. In 

consistence with WT mice, acetate treatment did not increase the levels of IgA+ B cells in 

the spleens of TCRβxδ−/− mice (Figs.4D and E).
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We have previously demonstrated that Th17 cells promoted intestinal IgA responses to 

microbiota29. To further investigate the role of T cell expression of GPR43 in the acetate 

induction of intestinal IgA production, we generated Th17 cells in vitro from WT and 

GPR43−/− mice and transferred them into TCRβxδ−/− mice. Fecal pellets were collected at 

day 1 prior to T cell transfer and 4 weeks after T cell transfer for measuring IgA. IgA+ B 

cells in the spleen and intestines were also determined. Consistent with our previous 

reports29, fecal IgA was significantly decreased in TCRβxδ−/− mice compared with that in 

WT mice (Fig.5A). Transfer of WT and GPR43−/− Th17 cells significantly increased 

intestinal IgA production at similar levels in TCRβxδ−/− mice (Fig.5A). IgA+ B cells were 

also induced in LP, spleen and MLN at similar levels (Figs.5B–E, and Supplementary Fig.4). 

Taken together, these data demonstrated that T cell expression of GPR43 does not affect 

intestinal IgA responses.

4. Acetate promotes IgA production through DC but not by directly acting on B cells

As our data indicated that acetate induces intestinal IgA production in the absence of T cells, 

we then investigated whether acetate directly acts on B cells to promote IgA production. We 

isolated splenic IgD+ naïve B cells and treated them with anti-µ and CD40L in the presence 

or absence of acetate for 5–7 days. We also treated B cells with TGFβ, which has been 

shown to promote B cell IgA production13, to serve as positive controls. TGFβ induced B 

cell IgA production in the culture. However, acetate treatment did not affect B cell IgA 

production (Fig.6A), indicating that acetate did not directly act on B cells to promote their 

IgA production. We then asked whether acetate acts in synergy with TGFβ directly on B 

cells to induce IgA production. However, addition of acetate did not further enhance B cell 

IgA production induced by TGFβ (Fig.6A).

As DCs have been implicated as being crucial in driving B cell IgA production13, we asked 

if acetate induces B cell IgA production through regulating DC. We pretreated splenic DCs 

with acetate for 6 hrs. After washing to remove free acetate, these acetate-treated DCs were 

cultured with IgD+ naïve B cells for 5–7 days. As shown in Figure 6B, B cells produced 

significantly higher levels of IgA when cultured with acetate-treated WT DC compared to 

those cultured with control DCs. However, acetate-treated GPR43−/− DC did not affect B 

cell IgA production, further confirming the role of acetate binding of DC GPR43 in the 

induction of B cell IgA.

In order for B cells to produce antibody, activated B cells must undergo class switch 

recombination (CSR) through immunoglobulins (Ig) heavy chain locus rearrangement. The 

Ig recombination is facilitated by the enzyme activation-induced cytokine deaminase 

(Aicda)30. Upon stimulation with IgA-promoting factors, B cells undergo IgA CSR. These B 

cells are thus permanently differentiated and can only produce IgA. To determine if acetate 

induces CSR, B cells were cultured with acetate-treated DCs, and RNA was collected daily 

from day 1 to day 4 to determine CSR events. Acetate enhanced B cell expression of Aicda 
(Fig.6C), promoted germ-line production of IgA (GLT) on day 2, and continued to day 3, 

with CSR to IgA commencing on day 2 (CT). The enhanced transcription of IgA after CSR 

(PST) was also detected on day 2, in accordance with CSR induction (Fig.6D).
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5. Acetate induces DC production of RA to promote B cell IgA production

Several pathways have been identified to mediate DC induction of B cell IgA production. 

Intestinal DCs initiate IgA responses by activating B cells after loading luminal bacteria and 

producing BAFF/APRIL5, 31. TGFβ is known to induce IgA CSR and maturation. RA, 

which is enriched in the intestine, has been shown to enhance B cell IgA production through 

a mechanism that may affect IgA CSR and the differentiation of IgA class-switched B cells 

into IgA-secreting plasma cells32, 33. We first investigated whether acetate induces DC 

production of TGFβ or expression of BAFF, thus could potentially promote B cell IgA 

production. We treated DCs with acetate and assessed TGFβ production by ELISA and 

BAFF expression by qRT-PCR. Acetate did not induce DC production of TGFβ (Fig.7A) or 

promote DC expression of BAFF (Fig.7B). Addition of TACI-Ig, an inhibitor blocking 

BAFF/APRIL signaling, to B cell cultures with acetate-treated DC did not inhibit B cell IgA 

production (Fig.7C). Together, these data indicated that DC production of TGFβ or 

expression of BAFF is not involved in the acetate induction of B cell IgA production.

We then investigated if acetate induced RA production in DC. RA, a metabolite of vitamin 

A, is produced by retinal dehydrogenases, mainly the aldehyde dehydrogenase family 1, 

subfamily A1 (ALDH1a1) and A2 (ALDH1a2)34. We treated DCs with acetate and 

determined the expression of ALDH1a1 and ALDH1a2 24 hrs later by qRT-PCR. ALDH1a1 

expression was not detected in both acetate-treated DC and control DC (data not shown), 

whereas expression of Aldh1a2 was significantly increased in acetate-treated DC. (Fig.7D). 

However, butyrate treatment did not increase the expression of Aldh1a2 of DC 

(Supplementary Fig. 5). To determine if acetate induction of RA expression enhances B cell 

IgA production, we added an antagonist of RAR, receptor for RA, to block RA signaling34 

in B cell cultures with acetate-treated DC. Blockade of RAR signaling significantly inhibited 

B cell IgA production (Fig.7E). Furthermore, addition of conditioned medium from acetate-

treated DC to B cell cultures promoted IgA production, which was inhibited by blockade of 

RAR signaling (Fig.7F). To further confirm the role of acetate-induced RA expression in B 

cell IgA production, we directly added RA to B cell cultures with anti-µ and CD40L. As 

previously reported32, RA treatment promoted B cell IgA production (Fig.7G). Together, 

these data indicated that RA induction in DC by acetate mediates B cell IgA production.

Discussion

In this report, we demonstrated that microbiota metabolite acetate promoted intestinal IgA 

responses to microbiota, which was mediated in part by GPR43. This response reveals a new 

pathway for microbiota regulation of the host immune response and may be indicative of a 

novel mechanism for maintenance of intestinal homeostasis. Different from microbiota 

component TLR ligands which induce DC expression of BAFF/APRIL through binding of 

TLRs, which promotes intestinal IgA responses, acetate promotes intestinal IgA responses in 

part through DC production of RA. Thus, both arms of the microbiota components could 

cooperatively promote intestinal IgA responses.

The gut microbiota has long been appreciated in the promotion of intestinal IgA responses to 

microbiota11, 12, 35. However, the mechanisms by which gut bacteria promote intestinal IgA 

production and the gut bacterial components mediating microbiota function are still largely 

Wu et al. Page 6

Mucosal Immunol. Author manuscript; available in PMC 2017 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



unclear. TLR ligands, the gut bacterial components which are sensed through the host cell 

TLRs, have been shown to trigger several immune responses that are critical for maintaining 

host microbial homeostasis in the intestines36. TLR-TLR ligand signaling through MyD88 

in various cells has been shown to regulate the intestinal IgA response14, 16, 17. Commensal 

bacteria-specific IgA was markedly reduced in MyD88−/− mice17. However, under steady-

state conditions, lack of TLR signaling in MyD88−/− mice still resulted in substantial 

intestinal IgA production after colonization with commensal bacteria37, possibly meaning 

that other components of gut microbiota, in addition to TLR ligands, are able to promote 

intestinal IgA responses. We now demonstrated that acetate, the metabolite of gut 

microbiota, can promote the intestinal IgA response to microbiota, which is consistent with a 

recent report24. Feeding mice with acetate increased intestinal IgA+ B cells and IgA 

production. Interestingly, acetate also promoted intestinal IgA production in TCRβxδ−/− 

mice, suggesting that acetate can induce intestinal IgA in the absence of T cells. However, as 

recent studies demonstrated that SCFA promoted the development and function of intestinal 

Treg cells20, 38, which have been shown to regulate intestinal IgA responses39, it is 

warranted to investigate the role of Treg cells in acetate-induction of intestinal IgA 

responses. Adding acetate directly to B cell cultures did not induce IgA production. 

However, acetate induced IgA production when B cells were cultured with DCs, and 

pretreating DCs with acetate promoted B cell IgA class switching recombination and IgA 

production. Our data thereby indicated that acetate induced B cell IgA production at least in 

part through DC, but not by directly acting on B cells.

Underneath the epithelium, DCs are at the center of virtually all signaling networks 

underlying immune protection and homeostasis in the intestinal mucosa. DCs acquire B-

cell-licensing functions, including IgA-inducing activity, following stimulation by 

microbiota and various cytokines5, 13, 40. DCs can sense commensal bacteria by recognizing 

highly conserved microbial signatures through multiple families of pattern-recognition 

receptors, including TLRs40. In the present study, we demonstrated that DCs can also sense 

the metabolite SCFA of gut microbiota to regulate the intestinal IgA responses. Intestinal 

DCs initiate IgA responses by activating B cells after loading luminal bacteria and 

production of BAFF/APRIL and other factors5, 13, 31. In addition, gut DCs produce RA in 

response to microbial stimulation32, which enhances IgA production by increasing IgA CSR 

and possibly plasma cell differentiation and IgA secretion, as well as by facilitating the 

migration of IgA class-switched B cells to the gut lamina propria32, 33. Our data indicated 

that acetate did not stimulate DC expression of BAFF and blockade of BAFF/APRIL 

signaling by TACI, an inhibitor of BAFF/APRIL signaling, did not affect the acetate 

induction of B cell IgA production. In contrast, acetate induced RA production in DC, and 

the blockade of RA signaling inhibited acetate-induction of B cell IgA production. It is 

currently unknown how acetate induces DC production of RA. Our preliminary data 

indicated that acetate also activated DC mama mechanistic target of rapamycin (mTOR) 

pathway and blockade of mTOR inhibited acetate induction of B cell IgA production (data 

not shown), indicating that acetate signals through the mTOR pathway in DC to promote B 

cell IgA production. We are currently investigating if acetate-activation of DC mTOR 

pathway mediates RA production.
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These data thereby suggested to us that acetate induction of RA in DC, but not BAFF/

APRIL, at least in part, mediates promotion of IgA production. As gut microbiota can 

stimulate DC expression of BAFF/APRIL through TLR-TLR ligand interaction, it is very 

likely that both components of microbiota, namely TLR ligands and SCFA, promote 

intestinal IgA production in a cooperative manner.

SCFA have been shown to regulate host immune response through intracellular targets such 

as histone deacetylases (HDAC)41–43 or by binding cell-surface receptors such as GPR41, 

GPR43 and GPR109α43, 44. While propionate and butyrate are the most potent agonists for 

GPR41, but weak agonists for GPR43, acetate is the potent agonist for GPR43, but a weak 

agonist for GPR4125. SCFA-GPR43 interaction has been implicated in regulating intestinal 

inflammatory responses and other inflammatory diseases45. GPR43−/− mice develop more 

severe inflammation in animal models of colitis upon inflammatory insults26, an indicator of 

the importance of SCFA-GPR43 interaction for maintenance of intestinal homeostasis. 

Deficiency in SCFA-GPR43 interaction also leads to exacerbated or unresolved 

inflammation in animal models of arthritis and asthma26, which may be the consequence of 

broken intestinal homeostasis as well. A recent study further demonstrated that SCFA 

activated the NLRP3 inflammasome in IEC by the binding of GPR43 and GPR109a, which 

contributed to its protection against intestinal inflammation44. More recently, dietary fiber 

has been shown to enhance oral tolerance, probably through induction of intestinal IgA, 

which was dependent on GPR43 and GPR4123, suggesting that GPR43 and GPR41 could 

mediate high dietary fiber-induction of intestinal IgA. Our current study demonstrated that 

GPR43 mediated the acetate induction of intestinal IgA response to microbiota, in that 

GPR43−/− mice demonstrated lower IgA production and decreased numbers of IgA+ B cells 

in the intestines. Although both acetate and butyrate binds GPR43, the affinity of binding by 

acetate is much higher than that of butyrate. Feeding with acetate promoted intestinal IgA in 

WT but not GPR43−/− mice, however, feeding with butyrate did not promote intestinal IgA. 

While acetate-treated WT DCs promoted B cell IgA production, acetate-treated 

GPR43−/−DCs failed to do so. As SCFA propionate also binds GPR43, even at a low affinity, 

we are actively investigating whether it also promotes intestinal IgA responses. Although it 

has been shown that SCFA inhibit histone deacetylases in a GPR41- and GPR43-

independent manner, a recent report also suggested that HDAC activity could be regulated in 

a GPR43-dependent manner20, 46. We are still unclear at this point as to whether HDAC 

inhibitory activity of acetate is involved in the regulation of the intestinal IgA responses.

Materials and Methods

Mouse models and housing conditions

C57BL/6 (WT) mice and TCRPx5−/− mice were purchased from Jackson Laboratory. 

GPR43−/− (Ffar2tm1Lex) mice were obtained from Bristol-Myers Squibb. All of the mice 

strains were housed and maintained in the animal resource center of the University of Texas 

Medical Branch. The littermates of WT and GPR43−/− mice from breeding pairs of 

GPR43+− mice were used as indicated in text. Female mice between 6 and 12 weeks were 

used for all experiments. All experiments were reviewed and approved by the Institutional 
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Animal Care and Use Committees of the University of Texas Medical Branch. All the 

methods were carried out in accordance with the approved guidelines.

Reagents and antibodies

The following antibodies were used for flow cytometry: Anti-CD19 and anti-IgA antibodies 

were purchased from Biolegends (San Diego, CA). The Live/Dead Fixable Dead Cell Stain 

Kit was purchased from Life Technologies (Carlsbad, CA). RAR inhibitor LE135 from 

Tocris Bioscience (Ellisville, MO), and acetate and butyrate from Sigma. All-trans-RA was 

purchased from Sigma-Aldrich (St. Louis, MO), TGFβ from Biolegends (San Diego, CA), 

anti-µ from Jackson ImmunoResearch Laboratories (West Grove, PA), and CD40L from 

BioXCell (West Lebanon, NH).

SCFA treatment

Firstly, the mice were given 1 g/l metronidazole (Sigma-Aldrich), 0.5 g/l vancomycin 

(Hospira), 1 g/l ampicillin (Sigma-Aldrich) and 1 g/l kanamycin (Fisher Scientific) in 

drinking water for 10 days. Acetate and butyrate were added separately to drinking water 

containing antibiotics at 300 mM and pH-adjusted as needed.

Fecal pellet collection

Fecal pellets were collected, weighed, and placed in PBS with 20 mM EDTA, 2 mM PMSF 

and 0.04 mg/ml soybean trypsin inhibitor. As described previously29, the mixtures were 

centrifuged to remove bacteria and insoluble debris. The supernatants were collected and 

stored at −20°C.

Th17 generation

As described previously29, CD4+ T cells were isolated from the spleens of WT and 

GPR43−/− mice by using anti-mouse CD4-magnetic beads (BD Biosciences). To polarize 

Th17 cells, CD4+ T cells were cultured with 10 ng/ml TGF-β1, 30 ng/ml IL-6, 10 µg/ml 

anti-IFN-γ, and 10 µg/ml anti-IL-4 and activated with anti-CD3 and anti-CD28 for 5 d.

LPMC isolation

As described previously29, intestines were removed, sliced, and digested with Collagense IV 

and DNase. The cells were resuspended in 40% Percoll and carefully overlaid onto 75% 

Percoll. The interface containing the lamina propria lymphocytes was collected.

Splenic DC isolation

Spleen DCs were isolated by using MACS DC isolation kits (Miltenyi Biotec Inc., San 

Diego, CA).

Generation of DC conditioned medium

Spleen DCs were isolated and treated with or without 1mM acetate (C2) for 2 days. The 

supernatant was collected at day 2 to serve as conditioned medium (CM). CM was added to 

B cell cultures at 1:1 ratio with fresh culture media.
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B cell culture

Naïve IgD+ B cells were isolated from spleens by using MACS isolation kits (Miltenyi 

Biotec Inc. San Diego, CA) and cultured with anti-µ, CD40L, or DCs as indicated in text. 

The cells were harvested for isolation of RNA, as indicated in the text, or culture 

supernatants collected at days 5–7 to measure IgA.

Isolation of IEC

The intestines were cut into small pieces (<1 cm) and incubated in HBSS buffer containing 

5% FBS at 37°C for 40 min with 5mM EDTA. After passaging through a 100-µM cell 

strainer (BD Falcon), the cells were separated from a 20%/40% Percoll interface (Amersham 

Pharmacia Biotech). The cell viability was normally>90%.

Flow cytometric analysis

FACS was performed as previously described29. Briefly, after washing with PBS, the cells 

were incubated with various conjugated mAbs, washed, and fixed in 1% buffered 

paraformaldehyde, and quantitated by using an LSRII/Fortessa and FACSDiva software 

(Becton Dickinson, Mountain View, CA). Data analysis was carried out by using FlowJo. A 

mAb of the same isotype but irrelevant specificity was used as a negative control.

Measurement of IgA-coating gut bacteria

As described previously9, fecal pellets were collected from the co-housed mice and 

homogenized by bead beating. The supernatants containing fecal bacteria were collected and 

washed with 1 mL PBS containing 1% BSA. After incubation with blocking buffer, the fecal 

homogenates were stained with PE-conjugated Anti-Mouse IgA and Live/dead dye for 30 

minutes on ice.

ELISAs

Ninety-six-well plates were coated with 1 mg/ml anti-IgA at 4°C overnight. Fecal samples 

were diluted 1/200. Usually a 2-fold serial dilution was made. Samples were incubated at 

room temperature for 2 h, and biotinylated anti-IgA was added. One 1 h later, HRP-

conjugated streptavidin was added. The plates were developed by using TMB substrate and 

analyzed at 450 nm according to the manufacturer’s instructions.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted with TRIzol (Invitrogen) and followed by cDNA synthesis with 

reverse transcriptase. qPCR was performed by using TaqMan Gene Expression Assays. 

Predesigned primers and probes for Pigr, Baff, Aldh1a1, Aldh1a2, Aicda, and Gapdh were 

ordered from Applied Biosystems, and data were normalized to Gapdh mRNA expression. 

The primers IαF (5′-CCA GGC ATG GTT GAG ATA GAG ATA G-3′) and CαR (5′-GAG 

CTG GTG GGA GTG TCA GTG-3′) were used to detect germ-line α transcripts47. Circular 

transcripts were detected by a nested PCR by using the outer primers Iµ4 (5′-ACC CTG 

GAT GAC TTC AGT GT-3′) and Iαup4 (5′-CAT CTG GAC TCC TCT GCT CA-3′) and 

followed by the inner primers IαF (5′-CCA GGC ATG GTT GAG ATA GAG ATA G-3′) 

and CµR (5′-AAT GGT GCT GGG CAG GAA GT-3′)47. Post-switch α transcripts were 
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detected with the primers IµF (5′-GAG CTG GTG GGA GTG TCA GTG-3′)47 and CαR. 

PCR products were visualized by electrophoresis on 1.5% agarose gels

Statistical analysis

Student’s t test in Prism 5.0 (Graphpad) was used to determine levels of significance for 

comparisons between samples. Mean ± SD is represented on graphs. p values of < 0.05 were 

considered to be statistically significant. *p< 0.05; **p < 0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Decreased IgA-producing B cells and IgA production in the intestines of GPR43−/− 

mice
Fecal pellets were collected from WT and GPR43−/− mice and IgA measured by using an 

ELISA. IgA+ gut bacteria and IgA+ B cells were determined by flow cytometry. (A) Fecal 

IgA production. Pooled data from 12 mice of 3 experiments. (B) FACS profiles of IgA+ gut 

bacteria. (C) Bar chart of IgA+ gut bacteria. (D) FACS profiles of IgA+ B cells in LP of the 

intestines. (E) Bar chart of IgA+ B cells in LP of the intestines of 4 mice per group. (F) 

FACS profiles of IgA+ B cells in spleen. (G) Bar chart of IgA+ B cells in the spleens of 4 
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mice per group. *p<0.05, **p<0.01. The data are representative of three independent 

experiments.
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Figure 2. Treatment with acetate promotes IgA-producing B cells and IgA production in 
intestines
C57BL/6 mice were treated with antibiotics (1g/l metronidazole, 0.5g/l vancomycin, 1g/l 

ampicillin, and 1g/l kanamycin) in drinking water for 10 days, and then fed with or without 

300 mM acetate (C2) or butyrate (C4) in drinking water containing antibiotics for an 

additional 21 days. Fecal pellets were collected and IgA measured by using an ELISA. IgA+ 

B cells were determined by flow cytometry. (A) Fecal IgA production. (B) Fecal IgG 

production. (C) FACS profiles of IgA+ B cells in LP of the intestines. (D) Bar chart of IgA+ 

B cells in LP of the intestines of 4 mice per group. (E) FACS profiles of IgA+ B cells in 
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spleen. (F) Bar chart of IgA+ B cells in the spleens of 4 mice per group. *p<0.05. The data 

are representative of two independent experiments.
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Figure 3. Treatment with acetate did not promote IgA-producing B cells and IgA production in 
intestines of GPR43−/− mice
GPR43−/− mice were treated with antibiotics (1g/l metronidazole, 0.5g/l vancomycin, 1g/l 

ampicillin, and 1g/l kanamycin) in drinking water for 10 days, and then fed with or without 

300 mM acetate (C2) in drinking water containing antibiotics for an additional 21 days. 

Fecal pellets were collected and IgA measured by using an ELISA. IgA+ B cells were 

determined by flow cytometry. (A) Fecal IgA production. (B) FACS profiles of IgA+ B cells 

in LP of the intestines. (C) Bar chart of IgA+ B cells in LP of the intestines of 4–5 mice per 

group. (D) FACS profiles of IgA+ B cells in the spleen. (E) Bar chart of IgA+ B cells in the 

spleens of 4–5 mice per group. The data are representative of two independent experiments.
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Figure 4. T cells are not required in acetate promotion of IgA-producing B cells and IgA 
production in intestines
TCRβxδ−/− mice were treated with antibiotics (1g/l metronidazole, 0.5g/l vancomycin, 1g/l 

ampicillin, and 1g/l kanamycin) in drinking water for 10 days, and then fed with or without 

300 mM acetate (C2) in drinking water containing antibiotics for an additional 21 days. 

Fecal pellets were collected and IgA measured by using an ELISA. IgA+ B cells were 

determined by using flow cytometry. (A) Fecal IgA production. (B) FACS profiles of IgA+ B 

cells in LP of the intestines. (C) Bar chart of IgA+ B cells in LP of the intestines of 4 mice 

per group. (D) FACS profiles of IgA+ B cells in the spleen. (E) Bar chart of IgA+ B cells in 

the spleens of 4–5 mice per group. *p<0.05; **p<0.01. The data are representative of two 

independent experiments.
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Figure 5. GPR43−/− T cells induce IgA-producing B cells and IgA production in intestines at 
levels similar to those in WT mice
Th17 cells were generated from WT or GPR43−/− mice, and transferred into TCRβxδ−/− 

mice. Fecal pellets were collected 4 weeks later and IgA measured by using an ELISA. IgA+ 

B cells were determined by using flow cytometry. (A) Fecal IgA production. (B) FACS 

profiles of IgA+ B cells in LP of the intestines. (C) Bar chart of IgA+ B cells in LP of the 

intestines of 4 mice per group. (D) FACS profiles of IgA+ B cells in spleen. (E) Bar chart of 

IgA+ B cells in spleens of 4–5 mice per group. **p<0.01; ***p<0.001. The data are 

representative of three independent experiments.
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Figure 6. Acetate-treated DCs promote B cell IgA CSR and IgA production
(A) Splenic naïve B cells were cultured with 5 µg/ml anti-µ and 5 µg/ml CD40L with or 

without 1 mM acetate (C2), 5 ng/ml TGFβ, C2 and TGFβ. IgA in supernatants was 

determined 7 days later by using an ELISA. *p<0.05. (B) Splenic DCs from WT and 

GPR43−/− mice were treated with or without 1 mM acetate (C2) for 6 hrs, and then cultured 

with splenic naïve B cells. IgA in supernatants was determined 7 days later by using ELISA. 

**p<0.01. (C and D) Splenic DCs were treated with or without 1 mM acetate (C2) for 6 hrs 

and then cultured with splenic naïve B cells. RNA was collected from cultured B cells on 

various days during culture and used to analyze molecular markers for IgA class switch 

recombination. (C) The expression of Aicda was determined by using qRT-PCR and 

normalized to GAPDH expression. Fold changes were calculated relative to expression of 
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day 0. *p<0.05 vs B cells with DC. **p<0.05 vs B cells alone. (D) CT, circular transcripts; 

GLT, a germ-line transcripts, and PST, post-switch transcripts, were determined by reverse 

transcription–PCR (RT–PCR). The data are representative of 3–4 experiments.

Wu et al. Page 22

Mucosal Immunol. Author manuscript; available in PMC 2017 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Acetate induces DC expression of Aldh1a2 but not Baff for promotion of B cell IgA 
production
Splenic DCs were treated with acetate (C2) for 24 hrs. (A) The expression of TGFβ in 

supernatant was determined by ELISA. (B) The expression of Baff was determined by qRT-

PCR. (C) Splenic DCs were pretreated with or without acetate (C2) for 6 hrs and then 

cultured with naïve B cells in the presence or absence of 5 µg/ml TACI. IgA in supernatants 

was determined 7 days later by using an ELISA. (D) Splenic DCs were treated with acetate 

(C2) for 24 hrs, and the expression of Aldh1a2 was determined by qRT-PCR. (E) Splenic 

DCs were pretreated with or without acetate (C2) in the presence or absence of 10 µM RAR 
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inhibitor LE135 for 6 hrs and then cultured with naïve B cells. IgA in supernatants was 

determined 7 days later by using an ELISA. (F) Splenic naïve B cells were cultured with 5 

µg/ml anti-µ, 5 µg/ml CD40L, and conditioned medium (CM) from splenic DC treated with 

or without C2, in the presence and absence of LE135. IgA in supernatants was determined 7 

days later by using an ELISA. (G) Splenic naïve B cells were cultured with 5 µg/ml anti-µ 

and 5 µg/ml CD40L with or without 1 µM RA. IgA in supernatants was determined 7 days 

later by using an ELISA. The data are representative of 3–4 experiments. *p<0.05; 

**p<0.01.
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