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Abstract

BACKGROUND & AIMS: Intestinal epithelial cells (IECs) provide a barrier that separates the 

mucosal immune system from the luminal microbiota. IECs constitutively express low levels of 

major histocompatibility complex (MHC) class II proteins, which are upregulated upon exposure 

to interferon gamma. We investigated the effects of deleting MHCII proteins specifically in mice 

with infectious, dextran sodium sulfate (DSS)-, and T-cell–induced colitis.

METHODS: We disrupted the histocompatibility 2, class II antigen A, beta 1 gene (H2-Ab1) in 

IECs of C57BL/6 mice (I-AbΔIEC) or Rag1−/− mice (Rag1−/−I-AbΔIEC); we used I-AbWT mice 

as controls. Colitis was induced by administration of DSS, transfer of CD4+CD45RBhi T cells, 
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or infection with Citrobacter rodentium. Colon tissues were collected and analyzed by histology, 

immunofluorescence, xMAP, and reverse-transcription polymerase chain reaction and organoids 

were generated. Microbiota (total and immunoglobulin [Ig]A-coated) in intestinal samples were 

analyzed by16S amplicon profiling. IgA+CD138+ plasma cells from Peyer’s patches and lamina 

propria were analyzed by flow cytometry and IgA repertoire was determined by next-generation 

sequencing.

RESULTS: Mice with IEC-specific loss of MHCII (I-AbDIEC mice) developed less severe DSS- 

or T-cell transfer-induced colitis than control mice. Intestinal tissues from I-AbΔIEC mice had 

a lower proportion of IgA-coated bacteria compared with control mice, and a reduced luminal 

concentration of secretory IgA (SIgA) following infection with C rodentium. There was no 

significant difference in the mucosal IgA repertoire of I-AbΔIEC vs control mice, but opsonization 

of cultured C rodentium by SIgA isolated from I-AbΔIEC mice was 50% lower than that of 

SIgA from mAbWT mice. Fifty percent of I-AbΔIEC mice died after infection with C rodentium, 

compared with none of the control mice. We observed a transient but significant expansion of the 

pathogen in the feces of I-AbΔIEC mice compared with I-AbWT mice.

CONCLUSIONS: In mice with DSS or T-cell–induced colitis, loss of MHCII from IECs reduces 

but does not eliminate mucosal inflammation. However, in mice with C rodentium–induced colitis, 

loss of MHCII reduces bacterial clearance by decreasing binding of IgA to commensal and 

pathogenic bacteria.
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The gastrointestinal tract is exposed to a barrage of bacterial and dietary antigens. At steady-

state, the mucosal immune response is subdued and balanced, thus averting an unchecked 

and chronic inflammatory response. Breakdown of the suppressed/tolerogenic tone in the gut 

leads to inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative 

colitis. A single cell layer of intestinal epithelial cells (IECs) provides the primary interface 

in the gastrointestinal tract that not only acts as the physical barrier isolating the microbes 

from the host but also plays a vital role in maintaining immune homeostasis.1,2

IECs also directly influence T-cell activity in their capacity to act as antigen presenting 

cells (APC).1,3 At homeostasis, small intestinal IECs constitutively express low levels of 

MHCII, hallmark molecules of APCs.4,5 Interferon (IFN)γ causes a dramatic up-regulation 

of MHCII by IECs, both in vitro and in vivo.6,7 Elevated IEC expression of MHCII has been 

confirmed in biopsies from inflamed small and large intestines in IBD3 and celiac disease.8 

Cellular localization of MHCII in the polarized IECs has not been described consistently, 

with predominantly apical expression5,9 or lateral and basolateral localization.10,11 MHCII 

is redistributed in the inflamed epithelium from multivesicular bodies to the basolateral 

membrane.10 When coincident with increased expression of co-stimulatory CD8612 and 

CD40,13 this process has been postulated to allow IECs to modulate immune responses 

during an infectious or inflammatory insult, by presenting antigens to promote pathogen 

clearance or immune tolerance.
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The functional role of MHCII at steady-state and during inflammation has largely been 

studied in cell lines and primary cells obtained from rodent and human colons.6,14,15 

Primary mouse colonic epithelial cells (CECs), not stimulated to express MHCII, could 

not activate CD4+ T cells and suppressed macrophage-induced CD4+ T-cell activation.14 

Contrarily, rat IECs from the small intestine (a site of low constitutive MHCII expression) 

induced strong proliferation of primed CD4+ T but not naïve CD4+ T cells,15 and coculture 

with a human IEC cell line resulted in significant T-cell activation.6 As compared with 

healthy controls, IECs from patients with IBD were either highly efficient at inducing 

CD4+ T-cell polarization,2 or at inducing T-cell anergy,16 suggesting that IECs may 

behave differently during inflammation than in health. MHCII expression in IECs has been 

implicated in the initiation of lethal graft-versus-host disease17 and MHCII+ Lgr5+ intestinal 

stem cells have been confirmed to act as nonconventional APCs in cocultures with CD4+ T 

lymphocytes.18

Due to the conflicting results published, it was imperative to study the role of epithelial 

MHCII in an animal model. However, the models generated so far (ie, transgenic mice 

with exclusive MHCII expression in IECs19 or mice with deletion of IFNγ-inducible CIITA 

promoter pIV in IEC or nonhematopoietic cells)20 lacked the resolution needed to fully 

understand the immunomodulatory roles of epithelial MHCII in health and disease. To 

address this, we generated conditional knockout of MHCII in the intestinal epithelium of 

C57BL/6 mice (I-AbΔIEC) and studied the mucosal response to epithelial injury, T-cell 

mediated colitis, and in Citrobacter rodentium infectious colitis. While IEC-specific deletion 

of MHCII conferred protection in DSS and T-cell transfer colitis, it was deleterious in 

infectious colitis with apparent impairment of B-cell function, reduced luminal IgA avidity, 

and compromised pathogen clearance.

Materials and Methods

Mice

All mice are described in Supplemental Experimental Procedures. All animal protocols and 

procedures were approved by the University of Arizona Animal Care and Use Committee 

protocol (Kiela, 07–126). Villin-Cre+ I-Abfl/fl mice are referred to as I-AbΔIEC, and their 

Cre− littermates as I-AbWT.

Ex Vivo Organoid Culture From Colons and IFN-γ Stimulation

The organoids were prepared and cultured from the colons of I-AbWT or I-AbΔIEC mice as 

described in detail in the Supplemental Experimental Procedures.

DSS-induced Colitis

Acute colitis was induced in I-AbWT or I-AbΔIEC mice with 3% dextran sodium sulfate 

(DSS) in the drinking water for 7 days. In a recovery study, a separate cohort of mice was 

administered 3% DSS for 7 days, switched to normal water, and allowed to recover for 14 

days before euthanasia. Mice were monitored daily for the symptoms of colitis, such as body 

weight loss, lethargy, loss of grooming, and diarrhea.
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Adoptive T-Cell Transfer Colitis

Rag−/−I-AbWT and Rag1−/−I-AbΔIEC mice were adoptively transferred with naïve 

CD4+CD45RBHi T cells as described in detail in the Supplemental Experimental Procedures 

section.

Citrobacter rodentium Infection

I-AbWT or I-AbΔIEC mice were orally gavaged with Citrobacter rodentium DBS100. For 

details on bacterial preparation see Supplemental Experimental Procedures. Mice were 

monitored for symptoms of colitis such as body weight loss, lethargy, loss of grooming, 

and diarrhea. Fecal samples were collected longitudinally and stored at −°C for lipocalin-2 

quantification and microbiota analysis. Blood samples were collected from the tail vein 

of mice and serum was stored at −80°C until use. Fecal lipocalin-2, intestinal secretory 

IgA (SIgA), and serum amyloid A were detected by enzyme-linked immunosorbent 

assay (ELISA) (R&D Systems, Bio-Techne Corporation, Minneapolis, MN) according 

to the manufacturer’s instructions. For details on sample preparation see Supplemental 

Experimental Procedures. Mice were euthanized on day 9 or 21 postinfection for tissue 

collection. Details on histology, immunofluorescence, and quantitative reverse-transcriptase 

polymerase chain reaction (qRT-PCR) are provided in the Supplemental Experimental 

Procedures.

Fecal Microbial DNA Extraction and Microbiome Analysis

DNA from fecal samples was extracted using the DNeasy PowerSoil HTP 96 Kit 

(Qiagen. Hilden, Germany) according to the manufacturer’s protocol. For details on library 

preparation and 16s amplicon profiling, see Supplemental Experimental Procedures.

Colonic Explant Culture and xMAP Assays

To evaluate the production of mucosal cytokines, colonic segments were cultured for 

24 hours, after which time, the supernatants were collected and stored for multiplex 

cytokine analysis using MagPix (Luminex, Austin, TX). For more details, see Supplemental 

Experimental Procedures.

Flow Cytometry/Sorting of IgA-Coated Bacteria and Secretory IgA Analysis

Bacteria from colon, ileum, and cecum of I-AbWT and I-AbΔIEC mice were stained with 

fluorescein isothiocyanate anti-mouse IgA (BD Pharmingen, San Jose, CA) and BacLight™ 

Red Bacterial Stain (Thermo Fisher, Waltham, MA) and evaluated by flow cytometry. 

IgA-coated bacteria were flow-sorted (BD FACS ARIA III), and DNA was extracted and 

used for 16S amplicon library generation and sequencing. For details on sample preparation 

see Supplemental Experimental Procedures. In some experiments, mucosal scrapings and 

intestinal luminal washings were used for quantification of SIgA via ELISA (TSZ ELISA, 

Biotang USA, Albuquerque, NM).

C rodentium–IgA Binding Assay

SIgA from the ileum of I-AbWT or I-AbΔIEC mice was allowed to bind with C rodentium 
DBS100. For details on this experiment see Supplemental Experimental Procedures.
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Gene Microarray Analysis

Colon tissue samples from uninfected I-AbWT and I-AbΔIEC mice were used for microarray 

gene expression analysis using GeneChipMouse Gene 2.0 ST arrays (Thermo Fisher; details 

in Supplemental Experimental Procedures).

IgA Repertoire Analysis

IgA+CD138+ cells were isolated from small intestinal lamina propria and Peyer’s patches 

(PPs) of I-AbWT and I-AbΔIEC mice using Flow Sorting and were subjected to Somatic 

Hypermutation Analysis (details in Supplemental Experimental Procedures).

Antibodies and Primers

Antibodies and primers used in the course of the projects are listed in the Supplementary 

Tables 1, 2 and 3, respectively.

Statistical Analysis

Data are expressed as the means ± standard deviation. Statistical analysis was performed 

using Graph Pad Prism version 7.0 for Windows (Graph Pad Software, San Diego, 

CA). Data distribution was evaluated with Shapiro-Wilk test and analyzed by analysis 

of variance, unpaired Student t test, or Mann-Whitney t test, as appropriate. Bonferroni 

multiple comparison test was used where applicable. Bioinformatics of microbiome and IgA 

repertoire analysis are described in detail in the Supplemental Experimental Procedures.

Results

MHCII Is Upregulated in CECs in Experimental Colitis

To verify MHCII expression in the inflamed colon, we induced colitis in immunodeficient 

Rag1 −/− mice by adoptively transferring naïve CD4+CD45RBhi T cells. T-cell–transferred 

Rag1−/− mice developed inflammation within 8 weeks, as indicated by an increase in 

inflammatory infiltrate in the colonic lamina propria (cLP) along with an increase in 

mucosal inflammatory cytokine expression (Figure 1A). In PBS-injected Rag1−/− mice, 

MHCII expression was limited to the LP, presumably resident cLP macrophages, and 

dendritic cells (DCs), whereas the development of colitis was associated with a strongly 

induced expression of MHCII along the basolateral membrane and highly fluorescent puncta 

within the sub-apical compartment (Figure 1B).

Mouse Model of Conditional Knockout of I-Ab in the Intestinal Epithelium

To assess the importance/contribution of MHCII expression in IECs in mucosal immune 

homeostasis/inflammation, we generated conditional C57BL/6J knockout mice with 

disrupted H2-Ab1 gene in the IEC (I-AbΔIEC). (I-AbWT mice were used as controls. 

I-AbΔIEC mice were born and weaned at the expected Mendelian ratio and did not display an 

overt phenotype. Loss of epithelial MHCII was first confirmed using immunofluorescence 

in colonic sections of Rag1−/−I-AbWT or Rag1−/−I-AbΔIEC mice adoptively transferred with 

naïve T cells to induce colitis and epithelial MHCII expression. Contrary to Rag1−/−I-AbWT 

mice, no visible IEC-specific signal was observed in the inflamed colons of Rag1−/−I-
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AbΔIEC mice (Figure 1C). To further confirm deletion of the I-Ab gene in the IECs, 

we cultured colonic organoids from I-AbWT and I-AbΔIEC mice with/without IFNγ for 

18 hours, followed by qRT-PCR for I-Ab and CIITA, the IFNγ-inducible Class II MHC 

Transactivator. On IFNγ exposure, organoids derived from both I-AbWT and I-AbΔIEC mice 

significantly upregulated CIITA (Figure 1D). However, organoids from I-AbΔIEC mice failed 

to up-regulate I-Ab, confirming efficient recombination and inactivation of the H2-Ab1 gene 

in IECs (Figure 1D).

IEC-specific MHCII Deletion Is Marginally Protective During Acute DSS-induced Colitis But 
improves Recovery From Mucosal Injury

To test the role of epithelial MHCII in acute mucosal injury, I-AbWT and I-AbΔIEC mice 

were subjected to 3% DSS treatment for 7 days. Although both I-AbWT and I-AbΔIEC mice 

showed significant weight loss as compared with the control (water only) littermates (Figure 

2A), DSS-treated I-AbΔIEC mice tended to lose less weight as compared with I-AbWT 

mice (without reaching statistical significance, Figure 2A). However, DSS-treated AbΔIEC 

mice had significantly lower colon length/weight ratio than their I-AbWT counterparts, 

reflecting reduced intestinal inflammation (Figure 2B). Although the DSS-treated I-AbΔIEC 

mice appeared more active, despite the somewhat improved histology, the persistent mucosal 

immune infiltration resulted in statistically indistinguishable inflammation scores from that 

of DSS-treated I-AbWT mice (Figure 2C).

Consistent with the trend in improved weight and colon length/weight ratio, acute DSS 

colitis in I-AbΔIEC mice was associated with lower expression of mucosal inflammatory 

cytokines such as interleukin (IL)1β and IL6 as compared with I-AbWT mice (Figure 2D). 

However, there was elevated expression of IL12p40 and IFNγ in DSS-treated I-AbΔIEC 

mice, whereas tumor necrosis factor (TNF)α increased in both genotypes (Figure 2D).

We assessed the frequency of cLP CD4+ T cells using flow cytometry. Regardless of the 

genotype, DSS treatment led to a similar increase in the frequency of activated T-helper cells 

(CD44+CD62L−CD4+) in cLP and mesenteric lymph nodes (MLNs) when compared with 

mice with regular drinking water (Supplementary Figure 1A and B). IECs contribute to the 

induction and peripheral expansion of CD4+CD25+FoxP3+ regulatory T cells (Tregs) in a 

DC-independent fashion.21 Under steady-state, we found that I-AbΔIEC mice had slightly, 

but not significantly, lower frequency of Tregs in the cLP, as compared with I-AbWT mice 

(Figure 2E and F). In acute DSS colitis, cLP Tregs significantly decreased in I-AbWT mice, 

whereas there was no significant difference between water- and DSS-treated I-AbΔIEC mice 

(Figure 2E and F). Increased CD4+CD25−Foxp3+ cells have been associated with various 

autoimmune pathologies and are sometimes referred to as “unconventional” Tregs.22 DSS 

induced a similar expansion in the frequency of cLP CD25− Tregs in both I-AbWT and 

I-AbΔIEC mice (Figure 2E and F). Overall, IEC-specific ablation of MHCII had minor 

effects on the mucosal effector and regulatory CD4+ T cells.

To determine whether the epithelium contributes to the restitution phase after mucosal 

injury, mice were treated with 3% DSS for 7 days followed by a 2-week recovery. Both 

I-AbWT and I-Ab−IEC mice started to lose weight by day 5 and started to improve by day 

12 (Figure 3A). One of 7 I-AbWT mice died on day 12, whereas all of the I-AbΔIEC mice 
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survived the experiment (Supplementary Figure 2). At the end of recovery period, colonic 

histology in I-AbΔIEC mice showed significant improvement (Figure 3B). The improved 

recovery in I-AbΔIEC mice correlated with decreased mucosal expression of IL1β, IFNγ, and 

TNFα as compared with I-AbWT mice (Figure 3C). In colonic explant culture, IFNγ and 

IL1β showed a trend toward downregulation in I-AbΔIEC mice, and a trend toward increased 

secretion of IL22, a cytokine demonstrated to promote tissue repair (Figure 3D).23 IL1β, 

IFNγ, and TNFα have been associated with exacerbation of DSS colitis in mice.24 It is 

plausible that decreased expression of these 3 proinflammatory mediators, compounded by 

the observed trend for higher mucosal secretion of IL22 offered the observed protection in 

DSS-treated I-ABΔIEC mice.

IEC-specific MHCII Deletion Confers Protection in T-Cell–induced Colitis

To explore the role of epithelial MHCII in T-cell–induced colitis, inflammation was 

induced in Rag1−/−I-AbWT and Rag1−/−I-AbΔIEC mice using adoptive transfer of naïve 

CD4+CD45RBhi T cells from the spleens of wild-type C57BL/6 mice. By 5 weeks following 

T-cell transfer, both Rag1−/−I-AbWT and Rag1−/−I-AbΔIEC mice started to lose weight. 

However, while Rag1−/−I-AbWT mice continued to deteriorate, Rag1−/−I-AbΔIEC mice 

began to recover in weeks 6 to 8 (Figure 4A). During this time, most T-cell–transferred 

Rag1−/−I-AbΔIEC mice did not exhibit typical features of colitis such as rough coat, loss of 

grooming or diarrhea. These findings were not fully reflected in histological improvement, 

as we observed large individual differences among adoptively transferred Rag1−/−I-AbΔIEC 

mice (Figure 4B). Because of this spread of scores, we could not provide representative 

hematoxylin-eosin images. However, we observed lower penetrance of colitis in Rag1−/−I-

AbΔIEC mice, as the percentage of mice with inflammation score of equal or higher to 

median score (66.6% in adoptively transferred Rag1−/−I-AbWT mice) decreased to 44.4% 

in Rag1−/−I-AbΔIEC. qRT-PCR did not detect Foxp3 messenger RNA (mRNA) expression 

in the colonic mucosa of any of the experimental mice, suggesting minimal conversion 

of naïve T cells to induced Tregs (iTregs) in this model and no detectable homing to 

the cLP (not shown). It also excluded the possibility that iTregs could have contributed 

to the observed variation in colitis severity in these mice. As expected, T-cell transfer in 

Rag1−/−I-AbWT mice led to a significant increase in colonic IFNγ transcript, but this effect 

was not different from Rag1−/−I-AbΔIEC mice (Figure 4C). IL1β and IL12 (Figure 4C) 

and IL17a (Supplementary Figure 3A) followed similar trends, although large individual 

differences affected statistical analysis. TNFα was similarly upregulated in both strains 

transferred with naïve T cells. In colonic explant culture, we observed somewhat reduced 

IFN-γ and increased IL22 secretion from the colons of Rag1−/−I-AbΔIEC as compared with 

Rag1−/−I-AbWT mice (Figure 4D), and the expression of RegIIIγ mRNA, a known target of 

IL22, showed a mild (not significant) increase in the colonic mucosa of Rag1−/−I-AbΔIEC 

mice (Figure 4D). Although there was no difference in the frequency of IL17a producing 

CD4+T cells in both cohorts of mice (Supplementary Figure 3B), consistent with data on 

mucosal IFNγ mRNA expression, the frequency of IFNγ-producing CD4+ T cells tended to 

be lower in the cLP of Rag1−/−I-AbΔIEC mice (Figure 4E).
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IEC-specific MHCII Deletion Increases Susceptibility to Infectious Colitis

We infected I-AbWT and I-AbΔIEC mice with C rodentium and followed them up to 21 

days postinfection (Figure 5A). By day 3, all mice started losing weight and, by day 15, 

50% of I-AbΔIEC mice had died (Figure 5B). On day 9 postinfection, fecal lipocalin 2, a 

marker for intestinal inflammation, was significantly higher in the infected I-AbΔIEC mice 

(Figure 5C). At the same time, serum amyloid A, a protein involved in phagocytic killing 

of Gram-negative bacteria25 and protective in experimental colitis,26 was significantly lower 

in the blood of I-AbΔIEC mice (Figure 5D). The study was repeated with another cohort 

of mice and terminated on day 9, before the onset of high mortality. C rodentium–infected 

I-AbΔIEC mice had more severe colonic inflammation than the infected I-AbWT controls 

(Figure 5E and F). We measured the expression of RegIIIγ, IL22, IL17A, IL23A, and IL6 

(Supplementary Figure 4) on day 9 postinfection. Citrobacter infection failed to increase 

the expression of IL23A and we did not find significant differences in the expression of 

RegIIIγ IL22, IL17A, and IL6 between C rodentium–infected I-ABΔIEC and I-ABWT colons 

(Supplementary Figure 4), thus suggesting that the higher susceptibility of I-AbΔIEC mice 

to infectious colitis was not due to differential induction of antimicrobial peptides, Th17, or 

Th22 responses.

Aggravated Colitis in C rodentium–infecfed I-AbΔIEC Mice Is Associated With Transient 
Uncontrolled Pathogen Expansion

Fecal microbiome 16S profiling showed similar alpha diversity in fecal microbiota of 

I-AbWT and I-AbΔIEC mice at the onset of the studies (baseline before antibiotic treatment 

and infection) (Figure 6A). Alpha diversity dropped in both strains after antibiotic treatment 

and continued to decrease after C rodentium infection (Figure 6A). This decrease was more 

transient in I-AbWT mice with near complete recovery by day 21, consistent with the self-

resolving nature of C rodentium infection. In I-AbΔIEC mice, on days 6 and 9 we observed a 

more profound decline in alpha diversity after infection compared with the infected I-AbWT 

mice (Figure 6A). This was also reflected in beta diversity analysis as indicated in the 

Bray-Curtis dissimilarity plot with time as the x-axis (Figure 6B). Taxonomic analysis at 

the genus level indicated that the drop in alpha diversity was associated with the transient 

expansion of C rodentium in both mouse strains, which was more pronounced in the infected 

I-AbΔIEC mice (Figure 6C). Surviving I-AbΔIEC mice returned to a microbial community 

comparable to that of infected I-AbWT by day 21 (Figure 6B). These observations were 

confirmed by qPCR with primers specific for C rodentium espB gene relative to signal for 

16s ribosomal RNA universal primers (Figure 6D) and suggested that I-AbΔIEC mice were 

not able to control the pathogen as effectively as I-AbWT littermates. These findings were 

validated by real-time qPCR quantification of C rodentium in fecal samples against standard 

curve generated from known numbers per colony-forming units of bacteria (Figure 6E).

Altered Mucosal B-Cell Function in I-AbΔIEC Mice

We compared the colonic transcriptome of I-AbWT and I-AbΔIEC mice at steady-state using 

whole genome microarray analysis. I-AbΔIEC mice showed significantly different expression 

of 330 genes, with the most striking decrease in immunoglobulin mRNAs containing several 

heavy chain variable regions (Figure 7A). This observation, derived from hybridization-
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based data, could either indicate true change in mRNA levels, or point to altered B-cell 

maturation and somatic hypermutation (SHM) normally occurring in the intestinal LP in 

response to dietary and microbial antigens. We used flow cytometry to determine the relative 

number of IgA-coated bacteria in the ileum of untreated mice, as a measure of IgA secretion 

and opsonization. We observed a significantly smaller pool of SIgA-coated bacteria in 

I-AbΔIEC mice (Figure 7B). Although ELISA for total (not shown) and SIgA identified no 

significant difference among the 2 strains at steady-state (Figure 7C), we observed extremely 

low SIgA level in fecal content of C rodentium–infected I-AbΔIEC mice as compared with 

infected I-AbWT controls. The greatest decrease in fecal SIgA was observed on day 9 

postinfection, the period of highest expansion of C rodentium in I-AbΔIEC mice (Figure 

7D). This observation is consistent with the reported role of IgA in constraining the early 

expansion of C rodentium in mice.27 FACS analysis of 2 × 108 colony-forming units of 

C rodentium reacted in vitro with the same concentrations of ileal showed diminished C 
rodentium specific reactivity of SIgA from I-AbΔIEC mice (Figure 7E).

We next tested the frequency of CD138+IgA+ plasma cells from PPs as well as the small 

intestinal LP. We found a trend toward lower frequency of these cells in PP, but not in LP 

(data not shown) of I-AbΔIEC mice as compared with I-AbWT and the absolute numbers 

of plasma cells in PP of I-AbΔIEC mice was lower (Figure 7F). Although this change did 

not translate to an altered luminal SIgA concentration at baseline, decreased numbers of 

IgA-secreting plasma cells may have contributed to lower IgA levels during infection. We 

also verified that the mucosal expression of the polymeric Ig receptor was not altered 

in I-AbΔIEC mice as determined by qRT-PCR and Western blotting (data not shown). 

We further tested whether the impaired IgA coating of commensals and C rodentium in 

I-AbΔIEC mice was the result of a reduced diversity of the IgA repertoire. However, we 

found very limited differences in the BCR repertoire between 2 genotypes as defined by 

CDR3 region length, V gene usage, and the number of somatic mutations in the flow-sorted 

CD138+IgA+ plasma cells from PP and LP (Supplementary Figure 5). When we analyzed 

the CDR3 region length (expressed as coded amino acids) in bins ranging from 6–23aa, 

we again found no statistically significant difference in the relative sequence abundances 

(Supplementary Figure 5A). The number of somatic mutations per region was generally very 

similar between the genotypes except for the CDR2 region, which was significantly more 

mutated in the LP B cells of I-AbΔIEC mice (Supplementary Figure 5B). The number of VH 

mutations per clonotype was not different (Supplementary Figure 5C). V gene utilization 

was similar in both LP and PP of I-AbWT or I-AbΔIEC mice with the exception of the 

IGHV1S56*1 gene, which was used at approximately a 3-fold higher frequency by I-AbΔIEC 

mice (Supplementary Figure 5D).

16S Amplicon Profiling of the IgA-coated Bacteria

Combined flow sorting and 16S amplicon profiling has been used to assess the functionality 

and specificity of IgA in targeting bacteria.28,29 We used a similar approach to test for 

potential differences in commensal recognition by SIgA in I-AbWT and I-AbΔIEC mice by 

16S amplicon sequencing of flow-sorted IgA-coated bacteria from the ilea of both mouse 

strains. Two independent experiments were performed approximately 1 year apart, thus 

microbial drift in our colony accounts for some of the observed differences (in Figure 
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7G and H, we identified animals in each experiment as triangles or circles). The overall 

microbial alpha diversity of ileal microbiota was similar between I-AbWT and I-AbΔIEC 

mice, regardless of the experiment (Figure 7G). The effects of microbial drift were more 

evident in Bray-Curtis dissimilarity analysis, in which experiment number was a more 

significant variable than genotype (ANOSIM, Figure 7H). The pattern of relative microbial 

abundance at the genus level confirmed this observation, where no genus reached statistical 

significance (Figure 7I). Overall, these results indicate that the specificity of IgA interactions 

is only weakly regulated by the epithelial MHCII, and the primary effect of epithelial 

MHCII deficiency was a decreased affinity of SIgA to commensal and pathogenic bacteria.

Discussion

Although several reports explored the role of IEC in “assisting” DCs in the maintenance 

of tolerance and homeostasis as nonprofessional APCs, it remains controversial whether 

they have a “direct” impact on mucosal tolerance or inflammation. To directly assess 

the contribution of IEC-expressed MHCII to mucosal homeostasis during intestinal 

inflammation, we developed I-AbΔIEC mice with selective deficiency of MHCII in IEC. 

Importantly, I-AbΔIEC mice did not develop spontaneous colitis, thus eliminating any 

confounding factors that could complicate data interpretation.

I-AbΔIEC mice were modestly protected after DSS treatment, as demonstrated by less severe 

clinical parameters and reduced mucosal expression of inflammatory cytokines. Colonic 

and MLN effector T-cell activation appeared to be similar in I-AbWT and I-AbΔIEC mice 

when compared with mice on regular drinking water. However, at baseline, we observed 

a tendency toward reduced numbers of induced Tregs in the cLP of I-AbΔIEC mice, thus 

suggesting a modulatory role of IEC-MHCII on iTreg induction or maintenance. This is 

consistent with a TCR-HA model, where hemagglutinin presentation by primary IEC led to 

expansion of HA-specific CD4+Foxp3+Tregs.21 On the other hand, unlike the I-AbWT mice, 

I-AbΔDEC littermates did not show a significant reduction of mucosal CD4+CD25+Foxp3+ 

Tregs during acute DSS colitis. Tregs promote the stem cell niche and self-renewal in the 

gut.18 Thus, it is plausible that in the absence of intact MHCII on epithelial cells, exposure 

to microbial antigens better preserved the local Treg pool that subsequently conferred the 

observed modest protection and faster recovery from acute injury.

I-AbΔIEC mice were also protected against naïve T-cell transfer colitis, most notably with 

respect to body weight recovery. This protection was associated with somewhat diminished 

accumulation of IFNγ-producing CD4+T cells, suggesting that epithelial MHCII does 

contribute to the activation of Th1 responses. Indeed, in vitro studies based on coculture 

of human HT29 cells and intraepithelial lymphocytes from patients with IBD or healthy 

controls suggest that IEC can activate CD4+T cells in MHCII-dependent fashion.6 Mouse 

CEC (not stimulated to express MHCII) were unable to promote the activation of splenic 

CD4+ T cells, but suppressed CD4+ T-cell activation by macrophages.14 Unlike IEC from 

small intestines, CECs do not express MHCII in steady-state9 and need stimuli like IFNγ to 

up-regulate it. Our results suggest that up-regulation of MHCII on CEC by infiltrating Th1 

cells may further promote Th1 responses.
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During recovery from DSS and in T-cell transfer colitis, colonic mucosa of I-AbΔIEC 

mice also produced more IL22, a cytokine that promotes mucosal healing and repair by 

inducing IEC activation and survival via STAT signaling23 and promotes the expression 

of antimicrobial peptides such as RegIIIγ.30 Because IL22 also mediates the early host 

defense against attaching and effacing bacterial pathogens,31 we tested the role of epithelial 

MHCII in C rodentium infection. Epithelial MHCII was necessary to effectively control C 
rodentium, suggesting that the infected I-AbΔIEC mice were not able to mount an effective 

immune response. Maggio-Price et al.19 suggested that antigen presentation by DCs is 

sufficient to trigger severe bacteria-driven colitis. However, another study showed that mice 

that lacked IFNγ-inducible MHCII expression on all cells of nonhematopoietic lineages 

were susceptible to Helicobacter hepaticus–induced colitis.20 In this context, our results 

highlight the role of epithelial MHCII expression in regulating susceptibility to enteric 

infection.

IgA is the most prominent antibody in the gut participating in pathogen and 

exotoxin neutralization, modulation of commensal microbiota, and mucosal inflammatory 

responses.32,33 We observed decreased numbers of IgA+CD138+ plasma cells in PP but 

not the small intestinal lamina propria of the I-AbΔIEC mice as compared with I-AbWT 

littermates at steady-state. However, this did not correlate with differences in the luminal 

SIgA between 2 genotypes. Because the levels of luminal SIgA also reflect IgA induced in 

nonmucosal tissues, this discrepancy could be due to a compensation by hepatic SIgA.34,35 

It is also plausible that the contribution of T-cell–independent IgA production by LP B1b 

cells (nearly 40% of peritoneal B1 cell origin) is not modulated by epithelial MHCII 

and could contribute to total luminal SIgA concentration.28,36 However, after C rodentium 
infection, SIgA secretion was reduced in I-AbΔIEC mice relative to I-AbWT controls. 

Intestinal SIgA is a result of a consortium of different cells involved in antigen sampling, 

such as M cells present in follicle-associated epithelium, mononuclear phagocytes, and 

goblet cells.37 It is plausible that the altered SIgA response was not a direct but an indirect 

consequence of ablation of IEC MHCII. Rios et al.38 demonstrated that M cells have a 

critical and nonredundant role in driving SIgA responses specific to the commensal bacteria, 

deliver antigens to DCs that further interact with T follicular helper cells, and consequently 

lead to generation of memory B cells and plasma cells.39 Recently, MHCII expression 

was demonstrated in Lgr5+ stem cells and IEC-specific deletion of MHCII resulted in 

depletion of the stem cell niche.18 Because M cells also derive from Lgr5+ cells, it is also 

plausible that MHCII deletion in I-AbΔIEC mice has affected the M-cell function leading to 

suboptimal antigen uptake and interaction with DCs and Tfh cells.

Most importantly, IgA coating of commensal bacteria in the gut of healthy I-AbΔIEC 

mice was reduced, and SIgA from I-AbΔIEC mice was less able to bind C rodentium in 

vitro. Thus, decreased SIgA and its decreased binding was likely responsible for increased 

susceptibility of I-AbΔIEC mice to enteric infection. Although SHM is not a direct measure 

of IgA affinity, a thorough analysis of the BCR repertoire in PP and LP B cells found 

no meaningful differences in the V gene usage, the length, or mutations within CDR3 

and other regions of IgA between the 2 genotypes, which could explain the difference 

in the “canonical” SIgA binding to intestinal bacteria. However, there are reports of 

“noncanonical” binding that is not affected by SHM and is primarily dependent on the 
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glycans associated with the constant chains of IgA.40-42 SIgA is heavily glycosylated 

by IEC43 with multiple glycans attached to hinge regions, secretory component, and J 

chain. Because free secretory component is known to interact with gut bacteria,44 it seems 

plausible that IEC-specific MHCII influences the glycosylation and hence the noncanonical 

binding of IgA. It would be interesting, yet technically challenging, to investigate the IgA 

glycobiology in future studies.

Overall, our findings support a novel role of MHCII in the gut epithelia as a modulator 

of inflammatory responses to mucosal injury, T-cell–driven colitis, and enteric infection. 

Although epithelial MHCII promotes inflammatory responses and delays recovery in IBD-

like models, it is required for an appropriate IgA-mediated response to mitigate enteric 

pathogen expansion and reduce mortality and morbidity in infection.
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IBD inflammatory bowel disease

IEC intestinal epithelial cell
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iTreg induced Treg
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MHC major histocompatibility complex

MLN mesenteric lymph node

mRNA messenger RNA

qRT-PCR quantitative reverse-transcriptase polymerase chain reaction

SHM somatic hypermutation

SIgA secretory IgA

TNF tumor necrosis factor

Treg regulatory T cell
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Intestinal epithelial cells (IECs) provide a barrier that separates the mucosal immune 

system from the luminal microbiota. IECs constitutively express low levels of major 

histocompatibility complex (MHC) class II proteins, which are upregulated upon 

exposure to interferon gamma (IFNG).

NEW FINDINGS

In mice with DSS or T cell-induced colitis, loss of MHCII from IECs reduces but 

does not eliminate mucosal inflammation. However, in mice with C rodentium-induced 

colitis, loss of MHCII reduces bacterial clearance, by decreasing the affinity of IgA for 

commensal and pathogenic bacteria.

LIMITATIONS

This study was performed in mice; further studies of this immune response are needed in 

humans.

IMPACT

Strategies to modulate this pathway might be developed for treatment of inflammatory 

bowel diseases or enteric bacterial infections.
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Figure 1. 
Expression of MHCII in the colonic epithelium in adoptive T-cell transfer colitis. (A) 

Secretion of IFNγ, TNFα, IL1β, and IL17 by the CD3/CD28-stimulated MLN cells 

(bars, left axis) and by the colonic explants (dashed line, right axis). (B) Representative 

immunofluorescence imaging (n = 4). Arrows in the magnified inset show green 

MHCII signal. (C and D) MHCII ablation in I-AbΔIEC mice. (C) Representative 

immunofluorescence of colonic sections (n = 8) showing complete loss of epithelial 

MHCII expression in adoptively transferred Rag1−/−I-AbΔIEC mice (right) as compared with 

Rag1−/−I-AbWT mice (left). (D) qRT-PCR analysis of CIITA and I-Ab mRNA expression in 

control and IFNγ-stimulated (100 U/mL for 18 hours) colonoids prepared from I-AbWT and 

I-AbΔIEC mice. TATA-box binding protein (TBP) was used as housekeeping gene. Error bars 
indicate standard deviation. *P < .05, **P < .01, Student t test.
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Figure 2. 
Deletion of MHCII in IEC offers modest protection in acute DSS colitis. I-AbWT and 

I-AbΔIEC mice were treated with 3% DSS in drinking water for 7 days. Data representative 

of 2 independent experiments (n = 10–13 mice in DSS group and n = 11–17 mice in H2O 

group). (A) Weight loss expressed as percentage relative to the initial weight (*P < .005 or 

0.001 H2O vs DSS-treated I-AbWT mice on days 6 and 7, respectively; #P < .005 H2O vs 

DSS-treated I-AbΔIEC mice on days 6 and 7. (B) Colon length/weight ratio in DSS-treated 

mice. (C) Violin plot of the colonic inflammation score (solid lines indicate medians; dashed 

lines indicate quartiles). Slides were scored blindly, and total scores calculated as the sum 

of proximal and distal colon score. (D) qRT-PCR analysis of colonic IL1β, IL6, TNFα, 

IFNγ, and IL12b mRNA in I-AbWT and I-AbΔIEC mice. Results expressed as relative 

expression normalized to TATA-box binding protein (TBP) mRNA. *P < .05, **P < .01, 

****P < .0001 (1-way analysis of variance [ANOVA] followed by Bonferroni multiple 

comparison test). (E) Representative flow cytograms demonstrating the CD4+CD25+Foxp3+ 

cells and CD4+CD25−Foxp3+ regulatory T cells in the cLP of I-AbWT and I-AbΔIEC mice. 

(F) Summary analysis of CD4+CD25+Foxp3+ and CD4+CD25−Foxp3+ cells in I-AbWT and 

I-AbΔIEC on water or DSS. *P < .05, ****P < .0001 (1-way ANOVA followed by Bonferroni 

multiple comparison test).
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Figure 3. 
Deletion of MHCII in IEC enhances mucosal restitution in DSS colitis. I-AbWT and 

I-AbΔIEC mice were treated with 3% DSS in drinking water for 7 days and allowed to 

recover for 14 days. Data are representative of 2 independent experiments (n = 6 mice each 

in DSS group and n = 12–18 mice in H2O group) (A) Weight loss displayed as percentage 

relative to the initial weight. (B) Representative hematoxylin-eosin images and violin plots 

of the colonic inflammation scores (solid lines indicate medians and dashed lines indicate 

quartiles). Total scores calculated as the sum of proximal and distal colon score (*P < .05, 

Student t test). (C) qRT-PCR analysis of colonic IL1β, IFNγ, TNFα, and IL22 mRNA in 

I-AbWT and I-AbΔIEC mice. Results normalized to TATA-box binding protein (TBP) mRNA 

(*P < .05, **P < .01, ****P < .0001; 1-way analysis of variance followed by Bonferroni 

multiple comparison test). (D) IFNγ, IL1β, and IL22 secretion in colonic explant culture 

from I-AbWT (n = 3) and I-AbΔIEC (n = 6) mice. Values normalized to dry weight of the 

colonic explants (pg/mL/g). P values from Student t test indicated.
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Figure 4. 
Constitutive deletion of MHCII expression in IEC is protective in naive T-cell transfer 

colitis. Colitis was induced in Rag1−/−I-AbWT and Rag1−/−I-AbΔIEC mice and monitored 

for 8 weeks. Data are representative of 2 independent experiments (n = 7–11 mice in each 

group). (A) Weight loss displayed as relative to the initial body weight. *P < .05, **P < 

.01, Student t test. (B) Violin plots of the colonic inflammation scores (solid lines indicate 

medians and dashed lines indicate quartiles). (C) qRT-pCr analysis of colonic IL1β, IFNγ, 

TNFα, and IL12 mRNA in T-cell–transferred Rag1−/−I-AbWT and Rag1−/−I-AbΔIEC mice. 

Results normalized to TATA-box binding protein (TBP) mRNA. Statistical significance 

calculated using 1-way analysis of variance followed by Bonferroni multiple comparison 

test. *P < .05, **P < .01. (D) Cytokine secretion by colonic explants (Rag1−/−I-AbWT n 

= 3, Rag1−/−I-AbΔIEC n = 4). P values of Student t test indicated. (E) Representative flow 

cytograms of IFNγ-producing CD4+ T cells in CD3/CD28-simulated MLN cells. Percentage 

of CD4+IFNγ+ cells presented as the summary bar graph. P value of Student t test indicated.
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Figure 5. 
1-AbΔIEC mice are more susceptible to infectious colitis. Infectious colitis was induced in 

I-AbWT (n = 7) and I-AbΔIEC (n = 8) by oral administration of C rodentium and followed 

for 21 days. (A) Experimental design timeline. (B) Survival curve: 50% of the I-AbΔIEC 

mice died by day 15 postinfection (p.i.). (C) Fecal lipocalin 2 concentration measured by 

ELISA in longitudinally collected samples (*P < .01, ***P < .001, Student t test). (D) Serum 

amyloid A concentration measured by ELISA in longitudinally collected blood samples. **P 
< .01, Student t test. (E) Representative hematoxylin-eosin (H&E)-stained sections of colons 

on day 9 p.i. (F) Violin plots of the colonic inflammation score assessed blindly in H&E 

stained sections (solid lines indicate medians and dashed lines indicate quartiles); *P < .05.
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Figure 6. 
16S ribosomal RNA amplicon profiling in C rodenfium–infected I-AbWT and I-AbΔIEC 

mice. (A) Richness presented as the number of amplicon sequence variant (ASVs) was 

calculated in samples collected before (days −4 and 0) and after oral gavage with C 
rodenfium at indicated timepoints. Each box represents 75th and 25th percentile, line 
indicates the median, and whiskers indicate the extreme values. Kruskal-Wallis test P values 

are indicated. Bonferroni-adjusted P values above bars indicate statistically significant 

differences between timepoints calculated using Dunn’s post hoc multiple comparison test. 

(B) Bray-Curtis dissimilarity (Axis 1) at the indicated time of collection. PERMANOVA 

(adonis) P value shown at the bottom of the plot. (C) Relative abundance of genera and (D) 

qPCR detection of C rodentium in fecal samples for day 6 and 9 postinfection using primers 

for espB gene and normalized against pan-16S qPCR for total bacteria. *P < .05 Student 

t test. (E) Absolute qPCR quantification of C rodentium in fecal samples in I-AbWT and 

I-AbΔIEC mice over time. Data were analyzed with mixed effects 2-way analysis of variance. 

P values for time and genotype as 2 fixed effects are indicated.
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Figure 7. 
(A) Microarray analysis of colonic gene expression from steady-state I-AbWT and I-

AbΔIEC mice (n = 3 each). Lines represent significantly up- or down-regulated genes and 

immunoglobulin heavy chain variable regions are highlighted. (B) Decreased frequency 

of IgA-coated bacteria I-AbΔIEC mice. Ileal content from I-AbWT and I-AbΔIEC mice 

was prepared, bacteria stained with Bac Red and anti-mouse IgA, and analyzed by flow 

cytometry. Rag1−/− mice were used as negative controls. Data are representative of 2 

independent experiments (n = 8–10 mice in each group). Unpaired t test with Welch’s 

correction, **P < .01. (C) SIgA concentration in the ileum of healthy mice analyzed by 

ELISA. (D) SIgA concentration in the ilea of C rodentium–infected mice. (E) In vitro 

C rodentium–IgA binding assay. (F) Frequency and absolute numbers of CD138+IgA+ 

plasma cells in Peyer’s patches from I-AbWT and I-AbΔIEC mice (n = 7 in each group, 

*P < .05 Student t test). (G-I) 16S amplicon profiling of IgA-coated bacteria in the ilea 

of I-AbWT and I-AbΔIEC mice (n = 6–8 in each group). (G) Richness (alpha diversity) 

was expressed as the number of ASVs. (H) Beta diversity analysis using Bray-Curtis 

dissimilarity-based nonmetric multidimensional scaling (NMDS). ANOSIM (Permutational 

Multivariate Analysis of Variance Using Distance Matrices) indicated a stronger effect 

of interexperimental variation (microbial drift), with no statistical difference between 
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genotypes. (I) Genus-level taxonomic analysis of IgA-coated bacteria. For clarity, all genera 

with a relative abundance <0.1% were filtered out.
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