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Abstract

Commensal microbiota-specific Th17 cells are enriched in the intestines, which can convert into 

Tfh in Peyer’s patches, and are crucial for production of intestinal IgA against microbiota, 

however, the role of Th17 and Tfh cytokines in regulating the mucosal IgA response to enteric 

microbiota is still not completely known. In this study, we found that intestinal IgA was impaired 

in mice deficient in IL-17 or IL-21 signaling. IL-21, but not IL-17, is able to augment B cell 

differentiation to IgA+ cells as mediated by TGFβ1, and accelerate IgA class switch recombination 

(CSR). IL-21 and retinoic acid (RA) induce IgA+ B cell development and IgA production, and 

drives autocrine TGFβ1 production to initiate IgA CSR. Repletion of T cell-deficient TCRβxδ−/− 

mice with Th17 cells specific for commensal bacterial antigen, increased levels of IgA+ B cells 

and IgA production in the intestine, which was blocked by neutralizing IL-21. Thus, IL-21 

functions to strongly augment IgA production under intestinal environment. Furthermore, IL-21 

promotes intestinal B cell homing through α4β7 expression, alone or with TGFβ and RA. 

Together, IL-21 from microbiota-specific Th17 and/or Tfh cells contributes to robust intestinal 

IgA levels by enhancing IgA+ CSR, IgA production, and B cell trafficking into the intestine.

Introduction

The human intestinal tract is home to over 100 trillion microorganisms, the majority of 

which reside peacefully without insult or challenge to the host. The mucosal surfaces are the 

most frequent access point for the microbiota, which is lined by a single layer of epithelial 

cells. Breach of the epithelial layer by pathogens results in enteric infections and disease, 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

Corresponding author: Yingzi Cong, Ph.D. Department of Microbiology and Immunology, University of Texas Medical Branch, 
4.142C Medical Research Building, 301 University Blvd, Galveston, TX 77555-1019. Phone: (409) 772-4902. Fax: (409) 772-5065. 
yicong@utmb.edu. 

No authors have conflicting financial interests

HHS Public Access
Author manuscript
Mucosal Immunol. Author manuscript; available in PMC 2016 March 01.

Published in final edited form as:
Mucosal Immunol. 2015 September ; 8(5): 1072–1082. doi:10.1038/mi.2014.134.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/authors/editorial_policies/license.html#terms


while chronic infiltration by the commensal microbiota leads to continued exposure and 

activation of the intestinal immune system1. Over time, chronic and dysregulated immune 

responses against the commensal microbiota results in increased inflammation and the onset 

of inflammatory bowel disease2. Among the multiple regulatory mechanisms regulating host 

response to microbiota, IgA, which is enriched in mucosal secretions, plays crucial roles in 

the maintenance of intestinal homeostasis against microbiota. IgA functions to neutralize 

and aid in clearance of extracellular pathogens by preventing adherence to epithelial 

surfaces and limiting access to the intestines and the immune system3. The high level of IgA 

production is driven by microbial colonization of the intestine, as germ-free mice have low 

levels of IgA and IgA+ B cells, whereas colonization with commensal bacteria restores IgA 

production4, and the majority of intestinal plasmablasts produce antibodies that are specific 

for intestinal antigens5. Notably, monocolonization of germ-free mice with segmented 

filamentous bacteria (SFB) selectively increases IgA production and secretion6, and 

intestinal IgA-deficiency in wild-type mice leads to SFB overgrowth7. A recent report 

revealed that colonization by segmented filamentous bacteria induced both IgA+ B cells and 

Th17 cells in multiple locations in the intestine8. With the observations that SFB 

colonization can control both Th17 cells and IgA production, therein suggests a link 

between intestinal T cell function and IgA production.

As with all subtypes of CD4+ T cells, Th17 and T follicular helper (Tfh) cells exhibit 

influence over B cell responses. Transfer of Th17 cells into T cell-deficient TCRα−/− mice 

results in increased serum IgG titers across all measured subtypes (IgG1, IgG2a, IgG2b, and 

IgG3), with strongest increases in IgG1 and IgG2b9. Furthermore, transfer of Th17 cells 

induces the generation of germinal centers in the spleen and draining lymph nodes, 

structures that are mostly lacking in the absence of T cells. These effects are dependent on 

both IL-17 and IL-21, as transfer of Th17 cells into IL-17ra−/− or IL-21r−/− mice do not 

increase the number of germinal centers present. Direct addition of IL-17 to B cells in vitro 

triggers production of IgG2a and IgG3, whereas IL-21 induces production of IgG1, IgG2a, 

IgG2b and IgG39, indicating that sources of IL-21 and IL-17 are competent B cell helpers in 

generating systemic IgG responses. The effects of IL-17 and IL-21 on IgG induction is 

further demonstrated in the role of IL-17 during systemic lupus erythematosus (SLE), 

characterized by autoreactive B cells and pathogenic autoantigen antibody production. 

Patients with SLE have increased serum levels of IL-17, IL-21, and BAFF, which promote 

survival and antibody production from autoantigen B cells10–13. We recently demonstrated 

that intestinal Th17 cells promote secretory IgA response through IL-17 stimulation of 

intestinal epithelial expression of polymeric Ig receptor14. A recent report further 

demonstrates that Th17 cells convert into Tfh cells in Peyer’s patches and induce intestinal 

IgA15. It has been shown that IL-21 can modulate B cell differentiation by enhancing IL-4-

driven IgG production16 and TGFβ-driven IgA production17. However, whether Th17 and 

Tfh cell cytokines directly influence mucosal IgA production has not been fully investigated. 

In this report, we demonstrate that IL-21, produced by both Th17 and Tfh cells, can augment 

IgA responses mediated by TGFβ1 and retinoic acid in the intestine, and intestinal sources 

of IL-21 directly induce IgA production.

Cao et al. Page 2

Mucosal Immunol. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Mice

TCRβxδ−/− mice were obtained from Jackson Laboratory. CBir1 flagellin-specific TCR 

transgenic (CBir1-Tg) mice were maintained in the Animal Facilities at University of Texas 

Medical Branch. All experiments were reviewed and approved by the Institutional Animal 

Care and Use Committees of the UTMB and the MD Anderson Cancer Center. All the mice 

strains were bred in the UTMB animal facility, and housed together from 3 weeks of age. 

IL-21−/− and IL-21r−/− mice18 were maintained at the Animal Facilities at MD Anderson 

Cancer Center. All mice are bred onto the C57BL/6 background, and contain SFB as 

verified via PCR. 8–12 week-old mice were used for all experiments.

Antibody and reagents

The following antibodies were used for flow cytometry: PE-IL-17A (TC11-18H10.1), FITC-

B220 (RA3-6B2), PE-α4β7 (DATK32), FITC-CD4 (RM4-5), PE/Cy7-CD38 (90), APC-

CD138 (281-2), and PE/Cy7-PD-1 (29F.1A12) were purchased from Biolegend; APC-

RORγt (B2D), APC-GL-7, and eFluor450-Streptavidin were from eBioscience; Brilliant 

Violet 421-CD95 (Jo2) and biotinylated CXCR5 (2G8) were from BD Biosciences; 

recombinant mouse IL-21R human FC chimera was from R&D Systems; AlexaFluor 647 

antihuman IgG FCγ (polyclonal) was from Jackson ImmunoResearch; PE-IgA (polyclonal) 

was from Southern Biotechnology. Intracellular permeabilization was performed with Foxp3 

perm/fix kit from eBioscience. Live cells were gated using Live/Dead Fixable Dead Cell 

stain kit from Life Technologies. Mouse recombinant IL-6, and human recombinant IL-17A, 

TGFβ1 were purchased from R&D Systems. Recombinant IL-21 was purchased from 

eBioscience. Antibody against IL-21r (4A9) was from BioXCell. Antibodies against IgA 

and IgD were purchased from Kirkegaard & Perry Labs and Southern Biotechnology. Anti-µ 

was purchased from Jackson ImmunoResearch Laboratories. All-trans-retinoic acid, TGFβ 

receptor I inhibitor SB505124, and collagenase IV were purchased from Sigma-Aldrich. 

Anti-biotin microbeads from Miltenyi were used to sort naïve IgD+ B cells.

Polarization of Th17 cells

CD4+ T cells were isolated from spleens of CBir1 Tg mice using anti-mouse CD4-magnetic 

beads (GK1.5, BD Biosciences) as previously described19. To polarize Th17 cells, CBir1-Tg 

CD4+ T cells were cultured with 10ng/ml TGFβ1, 20ng/ml IL-6, 10µg/ml anti-IFNγ 

(XMG1.2, BioXCell), and 10µg/ml anti-IL-4 (11B11, BioXCell) with irradiated splenic 

APC20.

Fecal pellet preparation

Fecal pellets were homogenized in PBS containing 0.04mg/ml soybean trypsin inhibitor, 

20mM EDTA, and 2mM PMSF and centrifuged to remove bacteria and insoluble debris as 

described previously21.
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ELISA

96-well plates (Nunc) were coated with 1µg/ml anti-IgA (Kirkegaard & Perry Labs) 

overnight at 4°, blocked in PBS with 1% BSA, and incubated with sera or fecal pellets for 2 

hours. After washing, adherent antibodies were detected by biotinylated anti-IgA or anti-

IgG, followed by HRP-labeled streptavidin. Plates were developed using 3,3’,5,5’-TMB and 

analyzed at 450nm.

Intestinal lamina propria isolation

As described previously19, intestines were removed and the Peyer’s patches excised. 

Intestines were sliced and incubated with 50mM EDTA to remove epithelial cells. Intestines 

were then digested by collagenase IV. Liberated cells were resuspended in 40% Percoll and 

overlaid onto 70% Percoll. The interface containing lymphocytes was collected. 

Lymphocytes were directly stained (for B cells) or restimulated with PMA (50ng/ml), 

ionomycin (750ng/ml), and monensin for 2 hours (for T cells) before staining for flow 

cytometry.

TGFβ bioassay

As described previously22, MFB-F11 cells are embryonic fibroblasts from Tgfb1−/− mice 

that are stably transfected with a reporter plasmid consisting of TGFβ responsive SMAD-

binding elements coupled to a secreted alkaline phosphatase reporter gene. Secreted alkaline 

phosphatase activity shown as chemiluminescence units was measured using Great EscApe 

SEAP Chemiluminescence kit 2.0 (Clontech), following the manufacturer’s instructions and 

represents biologically active TGFβ activity.

Quantitative Real-Time/Reverse transcription PCR

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

Revertaid reverse transcriptase (Fermentas). Quantitative PCR was performed using 

TaqMan Gene Expression Assays. Predesigned primers and probes for Aicda and Gapdh 

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

expression. To detect germ-line α transcripts 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 

used23. Circular transcripts were detected by a nested PCR 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′) 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′)23. Post-switch α transcripts 

were detected with the primers IµF (5′-GAG CTG GTG GGA GTG TCA GTG-3′)17 and 

CαR. Aliquots of PCR products were visualized by electrophoresis on 1.5% agarose gels.

Immunofluorescence

Deparaffinized and rehydrated Peyer’s patch sections were incubated for an hour with 

biotinylated-GL-7 (eBioscience), and FITC-B220 (clone RA3-6B2, Biolegend), followed by 

incubation with AlexaFluor 594-streptavidin (Jackson ImmunoResearch). Images were 

taken and analyzed with an Olympus BX51 imaging system.
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Statistical analysis

For comparisons between samples, levels of significance were determined by Student’s t test 

in Prism 5.0 (Graphpad). Where appropriate, mean ± SEM is represented on graphs.

Results

IL-21 but not IL-17 promotes intestinal B cell production of IgA

CD4+ T cells play an important role in the induction of IgA in the intestine, as T cell-

deficient TCRβxδ−/− mice have significantly lower amounts of fecal IgA19. Our previous 

work has detailed an important role for Th17 cells in the regulation of the intestinal IgA 

response through induction of pIgR expression on intestinal epithelial cells as mediated by 

IL-1714. Th17 cells produce high levels of IL-17, IL-21, and IL-2224, 25. B cells do not 

express the IL-22r26, 27, so we investigated the roles of IL-17 and IL-21 in the intestinal IgA 

response. Analysis of fecal IgA levels between wild-type and IL-17r−/− mice demonstrate 

decreased levels of intestinal IgA (data not shown) as previously published14. We further 

determined the role of IL-21 in the intestinal IgA response by analyzing IgA levels in mice 

deficient in IL-21 signaling. Quantification of fecal IgA from IL-21−/−, IL-21r−/− and wild-

type mice revealed a significant decrease in IgA levels in the absence of IL-21 signaling 

(Figure 1A), demonstrating that IL-21 regulates intestinal IgA production.

Given that the separate absence of both IL-17 and IL-21 resulted in deficiencies in the 

intestinal IgA response, we then investigated whether IL-17 and IL-21 could directly 

stimulate B cells to produce IgA. We isolated splenic naïve IgD+ B cells and cultured them 

with anti-µ and CD40L for B cell activation to mimic T cell contact, together with TGFβ1 in 

the presence or absence of IL-17 or IL-21. IgA in the supernatant was measured by ELISA 

after 5 days of culture. As seen in Figure 1B, addition of IL-17 did not induce IgA 

production in vitro, alone or in combination with TGFβ1. Addition of IL-21 alone had little 

effect on IgA production, but moderately increased TGFβ1-induced IgA. Retinoic acid 

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

as mediated by other cytokines, 10 including TGFβ128 and IL-629. To this end, we observed 

that addition of RA greatly enhanced IgA production in conjunction with TGFβ and IL-21. 

Surprisingly, IL-21 also cooperated with RA to increase IgA production in the absence of 

exogenous TGFβ1. Taken together, these data indicated that IL-21 is an effective Th17 cell 

cytokine for mediating IgA production by synergizing with retinoic acid.

IL-21 augments TGFβ-mediated IgA CSR

It has been shown that IL-21 is able to modulate B cell differentiation by enhancing IL-4- 

driven IgG production16 and TGFβ-driven IgA production17. We then investigated the 

mechanisms by which IL-21 regulates B cell IgA production. In order for B cells to fully 

differentiate, activated B cells undergo class switch recombination (CSR), by which the Ig 

heavy chain locus becomes rearranged and portions of the locus become looped-out and 

excised from the genome. The physical recombination of the Ig locus is facilitated by the 

enzyme activation-induced cytokine deaminase (Aicda)30. B cells undergo IgA CSR after 

exposure to TGFβ1, and the loci for IgG, IgE, and IgM are removed from the genome. These 

B cells are permanently differentiated and can only produce IgA. CSR is a rapid process, 
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however, the looped-out chromosomes stay within the cell for 24–48 hours30, and continue 

to be transcribed until they are degraded. As a result of the continued transcription, detection 

of these mRNAs as remaining circular transcripts (CT) via RT-PCR are indicative of cells 

that are actively undergoing CSR to IgA-producing cells23, 30. To determine if IL-21 can 

induce CSR, splenic B cells were cultured with anti-µ and CD40L. TGFβ1 and/or IL-21 

were added to the cultures, and RNA was collected daily to detect when CSR began. As 

shown in Figure 2A, TGFβ1 immediately induced germline production of IgA (GLT), with 

CSR to IgA commencing on day 3 (CT). Transcription of IgA after CSR (PST) was also 

detectable on day 3, in accordance with CSR induction. As expected9, 31, treatment of B 

cells with IL-21 alone did not induce germ-line IgA, nor CSR to IgA. However, IL-21 

augmented and accelerated TGFβ-mediated IgA CSR as treatment with both TGFβ1 and 

IL-21 continued to induce IgA production and CSR. Furthermore, CSR and post-class 

switched IgA were detected one day earlier when IL-21 was added with TGFβ1. Analysis of 

Aicda mRNA, required to initiate CSR to any Ig subtype, revealed that TGFβ1 and IL-21 

each induced Aicda, with TGFβ1 inducing IgA CSR and IL-21 inducing IgG CSR (Figure 

2B). Interestingly, treatment with both TGFβ1 and IL-21 greatly enhanced Aicda 

transcription from day 2 on, correlating with the appearance of circular transcripts and post-

class switched IgA transcripts seen on day 2. Collectively, our data reveals that although 

IL-21 itself does not facilitate IgA CSR, it potently augments and accelerates TGFβ-

mediated IgA CSR. In contrast, IL-17 alone did not induce Aicda, nor did it enhance 

TGFβ1-induced Aicda (data not shown).

As RA and IL-21 also increased IgA production in the absence of exogenous TGFβ1, we 

next investigated how IL-21 and RA regulate IgA production. Analysis of the mRNA 

transcripts revealed that IL-21 and RA together were capable of inducing an overall IgA 

response, particularly at the germ-line transcriptional level (Figure 3A). Interestingly, we 

were able to detect circular transcripts in B cells treated with IL-21 and RA, without 

exogenous TGFβ1. Treatment of B cells with IL-21, RA, and a TGFβ receptor I inhibitor 

(SB505124) negated the IgA class switch recombination process, revealing that IL-21 and 

RA stimulation of IgA-secreting B cell development is still reliant upon TGFβ, which could 

be mediated by enhancing B cell response to TGFβ or promoting B cell production of TGFβ.

We sought to determine if IL-21 and RA signals were able to modulate the B cell response 

to TGFβ. While the naïve B cells continued to produce IgA in the absence of exogenous 

TGFβ, there remained some TGFβ in the culture as a result of medium supplemented with 

FBS. However, IL-21 and RA (separately or in tandem) did not increase B cell expression of 

tgfbr1 or tgfbr2 (data not shown), and thus, they did not influence B cell sensitivity to 

TGFβ1. Our previous work has demonstrated that that RA induces dendritic cell TGFβ1 

production, resulting in increased regulatory T cell differentiation in the intestine22. We then 

investigated whether IL-21 and RA could induce B cell production of TGFβ and therefore 

drive IgA CSR. Consistently, we revealed that RA has a similar effect in B cells, in that RA 

is able to induce TGFβ production from B cells. Although IL-21 has little effect on TGFβ 

induction, it appears to promote RA-induced TGFβ production (Figure 3B). Appropriately, 

the induction of TGFβ by RA, and synergism with IL-21 is sufficient to drive IgA 

production in the absence of exogenous TGFβ1.
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Transfer of Th17 cells promote IgA+ B cell development in the intestinal lamina propria but 
not in the spleen of TCRβxδ−/− mice

Thus far, our results in vitro have demonstrated that IL-21 promotes B cell development 

towards IgA production. As Th17 cells produce IL-21, in addition to IL-17, we then 

transferred Th17 cells into TCRβxδ−/− mice, which contain B cells but lack T cells, to 

determine if they can affect intestinal IgA+ B cell development and B cell IgA production in 

vivo, and if IL-21 was required for their action. We generated Th17 cells from microbiota 

antigen CBir1-specific TCR transgenic mice20 in vitro and transferred them into TCRβxδ−/− 

mice, and treated them with a neutralizing antibody against the IL-21 receptor (IL-21r). 

Recipient mice were sacrificed 44 days after transfer, and frequencies of IgA+ B cells were 

measured in the spleen and intestines. Antibody levels were also measured from feces and 

serum and compared to naïve TCRβxδ−/− mice. Transfer of Th17 cells did not significantly 

increase populations of IgA+ B220+ cells in the spleen; however, both frequencies and the 

total population of IgA+ B220- plasma cells were increased in the spleen (Figure 4A and 

4B). Blockade of IL-21 signaling did not affect levels of both IgA+ B220+ and B220- cells. 

Analysis of intestinal B cells revealed greater numbers of IgA+ B cells in the lamina propria 

of intestines (Figure 4A and 4B) after Th17 cell transfer. Within the intestinal lamina 

propria, levels of both IgA+ B220+ and B220− plasma cells were significantly increased. 

Notably, blockade of IL-21 primarily decreased populations of IgA+ plasma cells, but had 

no discernible effect on IgA+ B220+ cells. This remained consistent with B cell populations 

within the Peyer’s patches, as Th17 cell transfer increased IgA production from B220+ and 

B220− cells, however blockade of IL-21 reduced IgA+ plasma cell populations without 

affecting B220+ cells. Consistently, transfer of Th17 cells increased serum IgA when 

compared to naïve TCRβxδ−/− mice (Figure 5A), which was slightly attenuated by blockade 

of IL-21r. Levels of IgG in the serum also increased significantly after Th17 cell transfer. 

Notably, blockade of IL-21 increased serum IgG, likely indicating a role for IL-21 in the 

switching from IgG to IgA production (Figure 5A). Th17 cells were capable of inducing 

strong intestinal IgA responses as measured from 2 weeks after Th17 cell transfer (Figure 

5B), which is consistent with previous reports14, 15. Blockade of IL-21r decreased the IgA 

levels in the feces, consistent with the decrease in IgA-secreting plasma cells. Given that we 

used CBir1 Tg Th17 cells that respond to the immunodominant bacterial flagellin CBir119, 

the transferred cells would become activated and exhibit effector function after migrating to 

the intestine and encountering the intestinal antigens. That may in part explain why we 

observe that the expansion in B220+ cells primarily occurs in the intestine. The resulting 

plasma cells appear to re-enter circulation in the spleen. Furthermore, IgA+ cells were found 

in the bone marrow of Th17 cell recipients, whereas the bone marrow of naïve TCRβxδ−/− 

mice did not contain IgA-producing cells. IgA+B220- CD138+ plasma cells migrated into or 

were formed in the bone marrow after Th17 cell transfer. We also found a population of 

IgA+B220+CD38+ cells in the bone marrow, which could be partially comprised of memory 

B cells. Blockade of IL-21 did not have an effect on IgA+ B cell populations in the bone 

marrow (Figure 5C). While IL-21 was important for plasma cell generation in the periphery 

and the intestines, IL-21 did not contribute to plasma cell populations in the bone marrow, 

possibly indicating that bone marrow plasma cells were generated in the periphery and 

entered the bone marrow, or the neutralizing antibodies were limited in penetrating the bone 

marrow32. Consistently, the increased levels of IgA results in both increased secretion into 
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the intestinal lumen, as well as increased circulation in the serum, to which IL-21 

contributes.

Germinal center reactions are critical for T-dependent antibody responses. It has been shown 

that IL-17 and IL-21 non-redundantly contribute towards germinal center formation within 

the lymphoid tissues9. Within naïve TCRβxδ−/− mice, we found no evidence of germinal B 

cells based on co-expression of GL7 and CD95. GC B cells were increased after transfer of 

Th17 cells (Figure 6A). We found the highest incidences of germinal centers within the 

mesenteric lymph node and Peyer’s patches. With the associated increase in GC B cells 

(Figure 6A), we observed that structured germinal centers had developed in the Peyer’s 

patches of Th17 cell recipients (Figure 6B). Consistent with previously-described roles for 

IL-219, 31, we found that neutralizing IL-21r decreased the frequencies of GC B cells in both 

the MLN and Peyer’s patches, however frequencies remained higher than those found in 

naive TCRβxδ−/− mice (Figure 6A). B cells in the intestinal lamina propria also reflected a 

small number of GC B cells, however, we were unable to detect active IgA class switching 

in the intestinal tissue. Further, Aicda expression was not significantly changed after Th17 

cell transfer (Figure 6C). Collectively, these data indicated that the intestinal lamina propria 

was not the primary site for IgA induction.

Follicular T cells are also a substantial source of IL-21 and are abundantly present in the 

lymphoid tissues. It has been recently discovered that Th17 cells can undergo conversion 

into Tfh in the Peyer’s patches, where they produce IL-21 and drive IgA responses15. We 

therefore investigated whether our transferred Th17 cells were converting into Tfh in the 

intestines. We found that the transferred Th17 cells retained IL-17 and RORγt expression 

throughout the spleen and intestines, including the Peyer’s patches. Notably, the intestinal 

lamina propria contained the highest populations of Th17 cells (Figure 7A). Many of the 

transferred cells also expressed IL-21, either independently or in tandem with IL-17. Few of 

the transferred cells co-expressed PD-1 and CXCR5, the characteristic surface markers of 

Tfh cells; however, those cells also retained IL-17 and RORγt expression (Figure 7B). 

Consistent with the previous report15, the Peyer’s patches had the highest frequencies of 

transferred cells expressing Tfh markers; however these cells did not completely lose IL-17 

production. It is notable that the Peyer’s patches had the overall lowest frequency of IL-17+ 

cells.

IL-21 induces mucosal homing on B cells

It has been shown that RA is able to induce the expression of homing molecules on 

lymphocytes to migrate to the intestinal tract22, 33. We then questioned if IL-21 could 

synergize with RA to influence B cell mucosal homing through induction of α4β7, thus 

concentrating to Th17 cell induction of intestinal IgA production. Ligation of α4β7 on 

lymphocytes with mucosal addressin cell adhesion molecule (MAdCAM-1) on endothelial 

vessels results in lymphocyte migration into the intestinal tract. We cultured splenic B cells 

with anti-µ and CD40L in the presence or absence of TGFβ1, and IL-21, alone or in 

combination, with or without RA to determine if Th17 cell cytokines could induce B cell 

expression of α4β7. Five days after culture, cells were analyzed for α4β7 expression via 

FACS. As expected, RA was able to induce α4β7 expression, which was enhanced with 
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TGFβ1 (Figure 8). Interestingly, IL-21 alone was able to induce α4β7 expression, which was 

enhanced with both TGFβ1 and RA. While the synergy between IL-21 and RA was not quite 

to the degree as TGFβ1 and RA, the combination of all three molecules resulted in optimal 

α4β7 expression, concomitant with IgA production as seen in Figure 1B. Notably, IL-17 had 

no visible effect on α4β7 induction, both alone and in conjunction with RA (data not 
shown). These data indicates that IL-21 contributes to mucosal homing in addition to IgA 

production in conjunction with TGFβ1 and RA.

Discussion

The gastrointestinal tract exists in a mutualistic relationship with the commensal flora 

within. Multiple mechanisms have evolved to regulate and conserve homeostasis between 

the immune system and microbiota. The intestines act as a natural reservoir for IgA-

producing B cells, where they are critical for maintaining intestinal homeostasis by 

containing the vast population of commensal bacteria. Our data demonstrated that Th17 cells 

and their cytokine IL-21 in the intestine strongly promote intestinal IgA production by 

promoting differentiation of B cells to IgA-secreting cells. Furthermore, IL-21 can influence 

B cells to migrate into the intestine, where they can continue to differentiate into IgA-

secreting cells.

Treg, Th17, and Tfh cells have all been shown to promote the IgA response in the 

intestine14, 15, 19. Both Th17 and Tfh cells produce IL-17A and IL-2124, 34, cytokines that 

are important for establishing germinal center architecture and thus the humoral response. 

Further, IL-21 induces B cells to undergo CSR and produce large amounts of IgG9. TGFβ 

can override IL-21-mediated CSR to IgG in favor of class switching to IgA in mucosal 

tissues31. IL-21 has also been described to have a number of pro-B cell effects, which may 

contribute to increasing IgA production, particularly during T-dependent antibody 

responses. Both retinoic acid and IL-21 promote overall B cell proliferation35–37, as well as 

selected proliferation of TGFβ-mediated IgA+ cells28, 31. In our current study, our results 

indicate that IL-21 is a potent inducer of CSR, as indicated by Aicda transcription, and when 

combined with TGFβ1, results in highly specific and accelerated induction of CSR to 

promote IgA-secreting B cells. It remains notable that retinoic acid is required to achieve 

optimal IgA induction from IL-21-treated B cells in vitro. Furthermore, it is likely that IL-21 

from Th17 cells synergizes with physiologic RA and TGFβ to drive intestinal IgA 

production in vivo. This may indeed help to explain the mechanism by which the intestinal 

environment is so favorable for IgA+ B cells. As described previously, the intestinal 

environment is rich in molecular cues, including TGFβ and RA, to promote IgA production 

and differentiation. As such, our data further reveals that in the intestinal environment with 

high levels of TGFβ and RA, Th17 and Tfh cell production of IL-21 is capable of inducing 

strong IgA+ B cell differentiation and IgA production from B cells.

It is interesting to note that IL-21 and RA are capable of inducing IgA production in the 

absence of exogenous TGFβ1 (Figures 1B). Our previous work has detailed an important 

role for RA in the maintenance of the intestinal regulatory T cell population22. Intestinal 

dendritic cells are able to produce TGFβ after exposure to RA, which in turn induces Foxp3 

expression in CD4+ T cells and promotes regulatory T cell differentiation. As shown in 
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Figure 3B, RA also stimulates B cells production of TGFβ. As B cells have already been 

described to have regulatory roles through production of IgA and IL-1038, our finding 

broadens their regulatory roles, specifically that B cells are capable of directing their own 

differentiation into IgA-secreting cells. Although IL-21 alone does not induce TGFβ 

production from B cells, it appears to promote RA-induced TGFβ production, which is 

consistent with the role of IL-21 in promoting IgG responses rather than IgA. The 

observation that IL-21 and RA can cooperate in the regulation of B cell homing to intestines 

through α4β7 suggests that Th17 and Tfh cells can indirectly regulate the development of 

IgA+ B cells outside of the intestinal tract. Environments such as the bone marrow are rich 

in RA and IL-2122, 39, 40, and may influence naïve B cells from the bone marrow to migrate 

en masse to the intestines, where the environment is ripe for the induction of IgA+ B cells. 

Interestingly, IL-17 and IL-21 differentially regulate intestinal IgA response in a cooperative 

manner.

The primary observation that IL-21 can promote IgA+ B cells appears to occur primarily in 

the intestinal tract. After transferring Th17 cells into naïve TCRβxδ−/− mice, we observed a 

strong increase in IgA+ cells in the periphery and intestines; however, blockade of IL-21 

only decreased IgA+ cells in the intestines. Accordingly, blockade of IL-21 led to a decrease 

in fecal IgA, while it did not significantly decrease serum IgA. This indicates that: 1) IL-21 

augments the favorable environment for promoting IgA responses in the intestine; and 2) 

IL-21 may provide an important switch for B cells to produce IgA rather than IgG. Previous 

reports have indicated that Th17 cells produce IL-21 and support IgA production only after 

conversion into Tfh cells15 in the Peyer’s patches. However, we found that our Th17 cells 

retained IL-17 and RORγt expression 7 weeks after transfer. Transferred cells also expressed 

IL-21, while lacking PD-1 and CXCR5 co-expression, suggesting limited conversion to Tfh 

cells. While the Th17-to-Tfh conversion described by Hirota et al15 was observed after 3 

months, we found few PD-1/CXCR5 co-expressing cells in the Peyer’s patches after 7 

weeks. It remains possible that Th17 reprogramming is an extended process as the Peyer’s 

patches contained fewer IL-17+ cells than those in the lamina propria or MLN; however, we 

observed an increase in fecal IgA within 2 weeks after Th17 cell transfer, indicating that 

Th17 cells are competent in supporting IgA production.

While TGFβ1 is required for CSR to IgA, a number of other factors can facilitate and 

modify IgA production or IgA+ cell differentiation. Previous studies have indicated that 

TGFβ can also induce IgG2b production; however, IL-21 appears to inhibit IgG2b 

production and skews toward IgA class switching17. While our results concur on the final 

differentiation pattern of IgA+ B cells, we present a more rapid and efficient differentiation 

pattern. The increased robustness of our IL-21 treatment may be a result of the differing 

activation strategies; Seo et al17 utilized T-independent activation via LPS, whereas our 

experiments used anti-CD40 and anti-µ antibodies in order to focus on a T-dependent 

mechanism. As such, our results remain consistent with observations made in human 

mucosal tissues, such that IL-21 can greatly increase AID and IgA production in conjunction 

with TGFβ treatment31. Previous evidence has demonstrated that IgA class switching 

primarily occurs in the Peyer’s patches, but can occur in the intestinal lamina propria3. 

These studies revealed that both T-dependent and T-independent responses could occur in 

the intestinal lamina propria of normal mice and humans41, 42. While we observed 
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expression of Aicda in the intestines of naïve TCRβxδ−/− mice, expression was not enhanced 

by the presence of Th17 cells, nor was genetic evidence of IgA class switching detected, 

despite the high numbers of IgA+ plasma cells in the lamina propria.

In summary, our current study demonstrates that IL-21, which is produced by Th17 and Tfh 

cells that are particularly enriched in the intestinal lamina propria, promote IgA+ B cell 

differentiation and IgA production in the intestinal environment that contains high levels of 

TGFβ and RA. IL-21 directly induces B cell IgA CSR to promote IgA-secreting B cells and 

B cell IgA production, whereas IL-17 stimulates pIgR expression in epithelial cells, thereby 

enhancing IgA translocation into the intestinal lumen. Thus, IL-21 and IL-17 coordinately 

regulate intestinal IgA response to microbiota.
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Figure 1. IL-21 regulates IgA production in cooperation with TGFβ1 and/or retinoic acid
(A) Fecal pellets were collected from age-matched wild-type, IL-21−/−, and IL-21R−/− B6 

mice. IgA levels were quantified through ELISA and normalized to total protein. N = 2 mice 

per group, data is reflective of 2 independent experiments. *p<0.05 compared to wild-type 

mice. (B) Naïve IgD+ B cells were activated with anti-µ (5µg/ml) and anti-CD40 (5µg/ml) in 

the presence of TGFβ1 (5ng/ml), IL-17 (50ng/ml), IL-21 (20ng/ml), or retinoic acid (1µM), 

or a combination of TGFβ1, IL-17, IL-21, and/or retinoic acid. On day 5, IgA was measured 

from the supernatant by ELISA. Data is reflective of 6 independent experiments. *p<0.05, 

***p<0.001 compared between samples. +p<0.05, ++p<0.01 compared to untreated cells.
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Figure 2. IL-21 enhances TGFβ-mediated class switching towards IgA
Naïve IgD+ B cells were activated with anti-µ (5µg/ml) and anti-CD40 (5µg/ml) in the 

presence of TGFβ1 (5ng/ml) or IL-21 (20ng/ml), or a combination of TGFβ1 and IL-21. (A) 

RNA was collected from cultured B cells on various days during culture and 2µg RNA was 

used to analyze molecular markers for IgA CSR by RT-PCR. GLT = α germ-line transcripts. 

CT = circular transcripts. PST = α post-switch transcripts. Image is representative of three 

independent experiments. (B) Aicda mRNA was analyzed from cells on various days during 

culture by RT-PCR. Aicda expression values were normalized to Gapdh expression. Data is 
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reflective of three independent experiments. *p<0.05, **p<0.01 compared between Day 4 

samples. +p<0.05 compared to untreated samples.
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Figure 3. IL-21 and retinoic acid induce class switch recombination to IgA-secreting cells by 
inducing TGFβ production from B cells
(A) Naïve IgD+ B cells were activated with anti-µ (5µg/ml) and anti-CD40 (5µg/ml) in the 

presence of TGFβ1 (5ng/ml) or IL-21 (20ng/ml) or retinoic acid (1µM) and a TGFβ receptor 

I inhibitor (1µM). RNA was collected from cultured B cells after 3 days and 2µg RNA was 

used to analyze molecular markers for IgA CSR by RTPCR. GLT = α germ-line transcripts. 

CT = circular transcripts. Image is representative of three independent experiments. (B) 

Naïve IgD+ B cells were activated with anti-µ and anti-CD40 in the presence of IL-21 and/or 

retinoic acid. On day 5, supernatant was collected from cultured B cells as conditioned 

medium. To detect bioactive TGFβ, the TGFβ-reporter cell line MFB-F11 was cultured with 

B cell-conditioned medium for 24 hours. Secreted alkaline phosphatase was measured as a 

reflection of TGFβ bioactivity. Data is reflective of 4 independent experiments. *p<0.05, 

**p<0.01 compared to conditioned medium from untreated B cells.
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Figure 4. Transfer of CBir1 Th17 cells into TCR®x™−/− mice increases IgA+ B cells in the 
intestine
106 CBir1 Th17 cells were i.v. transferred into TCR®x™−/− mice. (A) On day 44 post-Th17 

cell transfer, expression of surface IgA on splenic, intestinal lamina propria, or Peyer’s patch 

B cells of CBir1 Th17 cell recipients, Th17 cell recipients receiving neutralizing IL-21r 

(Th17+αIL-21r), or control TCRβxδ−/− mice was determined by flow cytometry. FACS 

plots are representative of 4 mice per group. (B) IgA+ plasma cells and mature B cells in the 

spleens and intestines. Bar charts reflect mean +/− SEM. Data reflects 3 independent 
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experiments. *p<0.05, **p<0.01, ***p<0.001 between compared samples. LPL = intestinal 

lamina propria lymphocytes; PP = Peyer’s patch; PC = plasma cell

Cao et al. Page 19

Mucosal Immunol. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Transfer of CBir1 Th17 cells into TCR®x™−/− mice increases both systemic and 
intestinal IgA production
(A) On day 44 post-Th17 cell transfer, IgG and IgA in the serum was measured by ELISA. 

*p<0.05, **p<0.01, ***p<0.001 (B) Fecal pellets were collected from Th17 cell recipients 

during the course of the experiment. IgA levels were quantified through ELISA and 

normalized to total protein. Changes in expression over time are expressed as a fold change 

from individuals pre-transfer. N = 4 mice per group, from 3 independent experiments. 

*p<0.05 as compared to anti-IL-21r group. (C) Intracellular IgA production was measured 
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from total bone marrow cells of CBir1 Th17 cell recipients, Th17 cell recipients receiving 

neutralizing IL-21r (Th17+αIL-21r), or control TCRβxδ−/− mice by flow cytometry. FACS 

plots are representative of 4 mice per group.

Cao et al. Page 21

Mucosal Immunol. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Transfer of CBir1 Th17 cells into TCR®x™−/− mice induces germinal center 
formation in the intestinal lymphoid tissues
106 CBir1 Th17 cells were i.v. transferred into TCR®x™−/− mice. (A) On day 44 post-Th17 

cell transfer, expression of germinal center markers GL-7 and CD95 on splenic, mesenteric 

lymph node, intestinal lamina propria, or Peyer’s patch B220+ cells of CBir1 Th17 cell 

recipients, Th17 cell recipients receiving neutralizing IL-21r (Th17+αIL-21r), or control 

TCRβxδ−/− mice was determined by flow cytometry. FACS plots are representative of 4 

mice per group. (B) IF image of Peyer’s patch from control TCRβxδ−/− mice or CBir1 Th17 

Cao et al. Page 22

Mucosal Immunol. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell recipients with 20× objective. Germinal center formation was analyzed by staining for 

GL-7-AlexaFluor 594 and B220-FITC. (C) RNA was collected from ileal tissue on day 44 

post-Th17 cell transfer from CBir1 Th17 cell recipients or control TCRβxδ−/− mice and 

Aicda mRNA was analyzed by RT-PCR. Data is reflective of 4 mice per group, from 3 

independent experiments.
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Figure 7. Transferred CBir1 Th17 cells into TCR®x™−/− mice retain IL-17 and RORγt 
expression
106 CBir1 Th17 cells were i.v. transferred into TCR®x™−/− mice. (A) On day 44 post-Th17 

cell transfer, analysis of IL-17, IL-21, RORγt, PD-1, and CXCR5 expression on spleen, 

mesenteric lymph node, intestinal lamina propria, or Peyer’s patch CD4 T cells of CBir1 

Th17 cell recipients was determined by flow cytometry. (B) Analysis of IL-17 and RORγt 

expression from PD-1+CXCR5+ CD4 T cells of CBir1 Th17 cell recipients was determined 

by flow cytometry. FACS plots are representative of 4 mice per group.
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Figure 8. IL-21 induces mucosal homing markers alone and in synergism with TGFβ1 and/or 
retinoic acid
Naïve IgD+ B cells were activated with anti-µ (5µg/ml) and anti-CD40 (5µg/ml), and 

cultured with TGFβ1 (5ng/ml), IL-21 (20ng/ml), alone or in combination, with or without 

retinoic acid (1µM). On day 5, α4β7 was measured by flow cytometry. FACS plots are 

representative of 3 independent experiments. NT = no treatment.
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