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The Journal of Immunology

Epithelial Control of Gut-Associated Lymphoid Tissue

Formation through p38a-Dependent Restraint of NF-kB

Signaling

Celia Caballero-Franco,* Monica Guma,†,‡ Min-Kyung Choo,* Yasuyo Sano,*

Thomas Enzler,*,x Michael Karin,†,{ Atsushi Mizoguchi,‖ and Jin Mo Park*

The protein kinase p38a mediates cellular responses to environmental and endogenous cues that direct tissue homeostasis and

immune responses. Studies of mice lacking p38a in several different cell types have demonstrated that p38a signaling is essential

to maintaining the proliferation–differentiation balance in developing and steady-state tissues. The mechanisms underlying these

roles involve cell-autonomous control of signaling and gene expression by p38a. In this study, we show that p38a regulates gut-

associated lymphoid tissue (GALT) formation in a noncell-autonomous manner. From an investigation of mice with intestinal

epithelial cell-specific deletion of the p38a gene, we find that p38a serves to limit NF-kB signaling and thereby attenuate GALT-

promoting chemokine expression in the intestinal epithelium. Loss of this regulation results in GALT hyperplasia and, in some

animals, mucosa-associated B cell lymphoma. These anomalies occur independently of luminal microbial stimuli and are most

likely driven by direct epithelial–lymphoid interactions. Our study illustrates a novel p38a-dependent mechanism preventing

excessive generation of epithelial-derived signals that drive lymphoid tissue overgrowth and malignancy. The Journal of Immu-

nology, 2016, 196: 2368–2376.

T
he kinase p38 serves signaling functions that are conserved

in a wide range of eukaryotic species—from single-celled

fungi to mammals (1). In all organisms possessing its

homologs, p38 is activated by various forms of environmental

stress and signals to deploy appropriate cellular coping mecha-

nisms. Besides its role in the cell-autonomous stress response,

p38 functions downstream of receptors for cell-extrinsic signals

that direct coordinated cell activities in multicellular organisms.

Conversely, p38 also functions upstream of such receptors by

modulating the production of their ligands. Receptor-mediated

cell-to-cell communication that entails p38 signaling as an intra-

cellular module is a theme prominent in the context of the immune

response as well as tissue development and homeostasis. Among

the four mammalian p38 isoforms, p38a is the most widely

expressed in tissues and has established connections with diverse

signaling receptors for microbial products, cytokines, growth fac-

tors, and hormones (2). By examining the effects of p38a gene

ablation in mice, several studies including ours have revealed a role

for p38a in tissue homeostasis, inflammation, and tumorigenesis

(3). In parenchymal cells of various tissues, p38a signaling limits

proliferation while promoting differentiation and survival (4–9).

Hence, loss of p38a signaling in hepatocytes, keratinocytes, and

intestinal epithelial cells (IECs) leaves them prone to damage and

neoplastic transformation upon exposure to chemical irritants or

carcinogens. It remains unclear, however, whether p38a signaling

in parenchymal cells also performs noncell-autonomous functions,

influencing the formation and maintenance of the stromal and

hematopoietic-derived compartments of the tissue.

The intestinal mucosa provides vital physiological functions

such as permeability barrier, nutrient transport, and neuroendocrine

control. This versatility is mainly attributable to the functional

capabilities and genetic program intrinsic to the mucosal epithelial

compartment. IECs are also pivotal to orchestrating immune de-

fense against pathogens and establishing tolerance to innocuous

commensal microbes and dietary proteins. Lymphocytes and other

hematopoietic-derived cells, highly abundant in intestinal tissues,

also contribute to immunity and tolerance by furnishing effector

and regulatory mechanisms that complement those conferred by

IECs. Although T cells and plasma cells are found diffusely in the

lamina propria, the vast majority of intestinal B cells are located

within follicular structures. Several distinct types of lymphoid

structures—collectively termed gut-associated lymphoid tissue

(GALT)—are present in mammalian intestines (10, 11). Some of

these structures develop prenatally under genetically programmed

guidance, as exemplified by Peyer’s patches in the ileum and the

mesenteric lymph nodes. RORgt-expressing lymphoid tissue in-

ducer (LTi) cells are essential to this developmental process. Other

forms of GALT, such as isolated lymphoid follicles (ILFs), de-

velop postnatally. ILFs are discrete B cell aggregates scattered
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across the small intestine and the colon, and contain T cells and

other hematopoietic-derived cell types as minor constituents.

ILF development is not only genetically programmed, but also

conditioned by environmental inputs such as luminal microbial

stimulation, and proceeds in two phases: the formation of

RORgt+ LTi-like cell clusters known as cryptopatches, and

subsequent recruitment of B cells to cryptopatches for follicle

growth. The GALT thus formed participates in local immune

defense as well as shaping the systemic B cell repertoire. GALT-

mediated immunity is phylogenetically more recent relative to

epithelial-intrinsic defense mechanisms, and most likely evolved

concomitantly with epithelial-derived signals that direct GALT

development.

In this study, we discover a novel mechanism that mediates

epithelial–lymphoid interactions in the intestinal mucosa:

p38a functions to attenuate NF-kB target gene expression in

IECs and thereby limits epithelial-derived signals driving

GALT formation and malignancy. Our findings illustrate a

critical role for the intestinal epithelium in GALT homeosta-

sis, and point to p38a signaling as a key regulatory module in

this process.

Materials and Methods

Animals

The mouse lines p38aDIEC (Mapk14fl/fl-VilCre) and IEC-IKKbEE (trans-
genic Vil-IKKbEE) were previously described (8, 12). RAG1-knockout
mice (Rag1tm1Mom) were obtained from The Jackson Laboratory. All
mice were on a C57BL/6 background and maintained in a specific
pathogen-free condition. To suppress establishment of the intestinal
microbiota, mice were administered a mixture of the following antibiotics
in drinking water: ampicillin (1 g/L), neomycin sulfate (1 g/L), vanco-
mycin (0.5 g/L), and metronidazole (1 g/L; all from Sigma-Aldrich).
Treatment with antibiotics began in utero by providing antibiotics to the
mothers as soon as the mating cages were set up, and continued postnatally
until the mice were sacrificed for analysis. To induce colitis, mice were
administered 2.5 or 3.5% dextran sulfate sodium (DSS) in drinking water
for 7 d; afterward, drinking water without DSS was provided. Survival was
monitored daily over a period of 14 d. All animal experiments were
conducted under Institutional Animal Care and Use Committee–approved
protocols.

Cell lines and cell culture

MODE-K mouse IECs (13) were cultured in DMEM with high glucose
(Life Technologies) supplemented with FBS (10%), penicillin (50 U/ml),
and streptomycin (50 mg/ml). To enrich cells expressing the puromycin
resistance gene, puromycin (2 mg/ml; EMD Millipore) was added to cul-
ture medium 36 h after plasmid DNA transfection. Cells were analyzed
after 48 h of puromycin selection.

Reagents

Cultured cells were treated with mouse rTNF (a gift of C. Libert, Ghent
University) and the TAK1 inhibitor (5Z)-7-oxozeaenol (Sigma-Aldrich).
The RNAi Consortium plasmids expressing p38a-specific short hairpin
RNA (shRNA; Dharmacon; Supplemental Table I) were in the pLKO.1
vector. RelA- and p38a-specific small interfering RNA (siRNA) was from
the Stealth RNAi collection (Life Technologies; Supplemental Table I).
Cell transfection with plasmid DNA and siRNA was performed using
FuGENE HD (Roche) and Lipofectamine RNAiMAX (Life Technologies)
transfection reagents, respectively. Flow cytometry was performed using
fluorescent dye-conjugated Abs against the following markers: B220
(RA3-6B2) and CD3e (145-2C11; both from eBioscience). Immuno-
staining of tissue sections and bone marrow smears was performed with
Abs against the following markers: B220 (RA3-6B2), CD4 (RM4-5), and
CD11c (HL3; all from BD Biosciences); CD3e (SP7; Abcam); RORgt
(B2D; eBioscience); and RelA (sc-372; Santa Cruz Biotechnology). For
detection of germinal centers, tissue sections were stained with biotin-
conjugated peanut agglutinin (Sigma-Aldrich). Immunoblotting was per-
formed using Abs against the following proteins: RelA (sc-372), p38a
(sc-535), AKT1/2/3 (sc-8312), and BRG1 (sc-10768; all from Santa Cruz
Biotechnology); p38b (33-8700; Life Technologies); and p38g and p38d
(gifts of S. Arthur, University of Dundee).

Lymphocyte isolation and flow cytometry

Lymphocytes were isolated from mouse colons and Peyer’s patches, as
described (14). Single-cell suspensions thus prepared were incubated
with Fc receptor-blocking anti-CD16/CD32, stained with fluorescent-
conjugated Abs, and analyzed by flow cytometry using FACSCanto (BD
Biosciences) and FlowJo software (Tree Star).

Histology and immunofluorescence

Mouse ileum and colon samples were frozen in OCT medium or formalin
fixed and embedded in paraffin. Sections of 5–7 mm in thickness on
slides were stained with H&E or incubated with marker-specific primary
Abs. Bone marrow smears on slides were air dried, fixed in methanol,
and stained with Wright-Giemsa dyes (Sigma-Aldrich) or incubated
with marker-specific Abs. For fluorescence labeling, the tissue sections
and smears were incubated with secondary Abs conjugated with Alexa
Fluor 488 or Alexa Fluor 594 or with streptavidin conjugated with Alexa
Fluor 594 (Molecular Probes) and counterstained with Hoechst 33342
(Molecular Probes). Immunostained samples were analyzed by fluo-
rescence microscopy.

Analysis of fecal bacteria

Fecal pellets were collected from mice, disintegrated and serially diluted in
PBS, and plated on Luria-Bertani agar plates. Colonies were counted after
16 h of incubation at 37˚C.

Analysis of Ig gene rearrangement

DNA from lymphomas and splenic B cells was analyzed by PCR using
degenerate primers specific to different products of VH-DJH rearrange-
ment (15).

Protein and RNA analysis

Whole-cell lysates and extracts of cytoplasmic and nuclear fractions
were prepared and analyzed by immunoblotting as described (16, 17).
Real-time quantitative PCR was performed using gene-specific primers
(Supplemental Table II).

Results
IEC-specific ablation of p38a expression results in colonic

lymphoid hyperplasia

We previously generated and characterized mice with IEC-

restricted p38a deficiency (designated p38aDIEC). Their intesti-

nal epithelium exhibited an imbalance in steady-state proliferation

and differentiation: a dramatic increase in the former at the ex-

pense of the latter, which led to elongated epithelial lining of the

villus and the crypt (8). It had remained unexplored, however,

whether p38a signaling in IECs also serves noncell-autonomous

functions, for example, related to the organization and mainte-

nance of the nonepithelial compartments of the intestinal mucosa.

Intriguingly, we found large increases in the absolute number of

B cells and T cells in p38aDIEC relative to wild-type (WT) colons

(Fig. 1A). We performed histological analysis of colon tissue

sections to determine whether these changes reflected increased

numbers of diffuse lamina propria lymphocytes or increased cel-

lularity in the follicular aggregates. Abnormal enlargement of

ILFs was evident in p38aDIEC colons at 12 wk of age (Fig. 1B,

1C). It is notable that, although the number of ILFs in the colon

(i.e., colonic ILF density) increased in some p38aDIEC mice, the

overall difference between the WT and p38aDIEC groups did not

reach significance (Fig. 1D). The difference in ILF size, however,

remained significant throughout life, with nearly all of p38aDIEC

mice exhibiting oversized ILFs (.300 mm in diameter) indepen-

dently of their ILF numbers (Fig. 1D). Colonic ILF hyperplasia of

this magnitude rarely developed among WT mice. Therefore,

p38a signaling in IECs appeared to regulate the growth of com-

mitted ILFs, but not as critically the commitment of their for-

mation per se. Peanut agglutinin staining showed that many but

not all of overgrown ILFs in p38aDIEC colons (four out of eight

The Journal of Immunology 2369
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examined) had germinal centers, whereas there were few ILFs

with germinal centers in WT colons (Fig. 1E).

In p38aDIEC mice, RORgt+ LTi/LTi-like cells and CD11c+

dendritic cells were mainly distributed in areas overlaying the

lymphoid follicle and proximal to the follicle-associated epithe-

lium (Fig. 1F, 1G). This localization was normal, and suggested

that the hyperplastic ILFs developing in p38aDIEC colons re-

tained the typical architecture of murine ILFs reported in earlier

studies (18, 19).

We observed mild hyperplasia of Peyer’s patches in some

p38aDIEC mice (Supplemental Fig. 1, A–C), yet these cases were

episodic in nature and involved only minor changes in extent

relative to the marked ILF hyperplasia seen in p38aDIEC colons.

Moreover, ILF hyperplasia was not detected in p38aDIEC small

intestines (Supplemental Fig. 1D). We therefore focused on co-

lonic epithelial–lymphoid interactions for the remaining analysis

of this study.

Colonic lymphoid hyperplasia resulting from IEC-specific

p38a deficiency occurs independently of microbial stimuli

Loss of p38a in the intestinal epithelium might disrupt its barrier

function and permit translocation of luminal bacteria and their

products across the epithelial layer, a condition that could lead

to immune activation and GALT hyperplasia. We investigated

whether p38aDIEC mice manifested evidence supporting this

possibility, and first sought to assess their intestinal epithelial per-

meability. To this end, we traced fluorescently labeled dextran

detected in the blood after its oral administration to WT and

p38aDIEC mice. The amounts of circulating dextran in the two

groups were comparable (Fig. 2A), suggesting no difference in their

barrier integrity. In addition, steady-state colons of p38aDIEC mice

did not exhibit elevated expression of tissue inflammation markers

such as Il1a, Il6, Cxcl1, Cxcl2, and Ptgs2 (Fig. 2B).

We next examined whether the occurrence of ILF hyperplasia in

p38aDIEC mice could be prevented or mitigated by depletion of

the intestinal microbiota, which was indeed the case in some, but

not all gene knockout mouse lines developing similar GALT hy-

perplasia (20–22). Long-term treatment with broad-spectrum an-

tibiotics effectively depleted intestinal bacteria in WT and

p38aDIEC mice, as indicated by the fecal bacterial counts

(Fig. 2C). The animals also displayed cecal enlargement (Fig. 2D),

which is characteristic of germ-free and antibiotic-treated animals

(23). Microbiota-depleted p38aDIEC mice developed enlarged

ILFs, as did antibiotic-naive p38aDIEC mice (Fig. 2E). Although

antibiotic treatment resulted in crypt hypotrophy in both WT and

p38aDIEC mice, the difference in ILF size persisted between the

two groups of microbiota-depleted mice (Fig. 2E, 2F). These

findings suggested that the development of colonic lymphoid hy-

perplasia in p38aDIEC mice was independent of microbial stimuli

and driven by more direct epithelial–lymphoid interactions. An

FIGURE 1. Mice lacking p38a in intestinal epithe-

lial cells develop colonic lymphoid hyperplasia. Colon

tissues were obtained from WT and p38aDIEC mice at

12–16 wk of age. (A) The number of colonic B220+

and CD3+ cells was determined by flow cytometry, and

is shown as mean 6 SEM (n = 3). (B and C) Colon

tissue sections were analyzed by H&E staining (B), and

immunostaining for B220 together with counterstaining

of DNA (C). Red arrowheads indicate ILFs. Scale bar,

500 mm (B and C). (D) The number of colonic ILFs

(upper panel) and the proportions of their subsets

grouped according to size (lower panel) were deter-

mined. **p , 0.005. (E–G) Colon tissue sections were

analyzed by peanut agglutinin staining and immuno-

staining for B220 (E), and immunostaining for RORgt

and B220 (F), and CD11c (G) together with counter-

staining of DNA. White arrowheads indicate germinal

centers and the crypt base. Scale bar, 100 mm.

2370 EPITHELIAL p38a SIGNALING AND GALT HOMEOSTASIS
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IEC-derived signal might, for instance, promote the recruitment or

proliferation of lymphocytes comprising the ILF; such a signal

might be excessively generated in p38a-deficient IECs.

IEC-specific ablation of p38a expression enhances colitis-

associated lymphoid hyperplasia

Apart from steady-state GALT development, lymphoid neogenesis

can occur in inflamed intestinal mucosa. Mild colitis induced by

oral administration of low-dose (2.5%) DSS led to the growth of

ILF-like structures in WT colons, but to a greater extent in

p38aDIEC colons (Fig. 3A). We reported that p38aDIEC mice

suffered severe IEC damage after, and eventually succumbed to,

high-dose (3.5%) DSS administration (8). GALT hyperplasia in

some mutant mouse lines has been associated with an increased

severity of experimentally induced colitis (24, 25). The expanded

lymphoid compartment in p38aDIEC mice, however, seemed to

contribute little to their susceptibility to DSS-induced colitis;

p38aDIEC mice in a RAG1-deficient background, hence devoid of

GALT, showed mortality comparable to those of RAG1-sufficient

counterparts upon high-dose DSS treatment (Fig. 3B).

IEC-specific ablation of p38a expression results in GALT

malignancy

In an attempt to identify the long-term sequelae of deregulated

GALT development in p38aDIEC mice, we established groups of

mice aged 48–72 wk. Macroscopically discernible nodules of

overgrown ILFs and Peyer’s patches emerged in these p38aDIEC

mice (Supplemental Fig. 2A). Furthermore, several aged

p38aDIEC mice had mesenteric lymph node hypertrophy and

ectopic lymphoid neogenesis in periportal areas of the liver

(Supplemental Fig. 2A–C), possibly indicating a propagation of

GALT hyperplasia and aberrant homing of GALT-derived

lymphocytes via the lymphatic and portal venous routes (26).

GALT hypertrophy and hepatic lymphoid neogenesis were not

observed in similarly aged WT mice.

Remarkably, lymphoid hyperplasia at intestinal and hepatic

sites progressed to B cell lymphoma in some p38aDIEC mice

(Supplemental Fig. 2C, 2D). Malignant B cells disseminated to the

bone marrow in these animals (Supplemental Fig. 2E). Analysis of

the IgH gene rearrangement revealed monoclonality of lymphoma

from each host, indicating that malignancies in p38aDIEC mice

arose from clonal expansion of transformed B cells (Supplemental

Fig. 2F). Taken together, our findings with p38aDIEC mice sug-

gested that the intestinal epithelium provided critical signals for

GALT development and homeostasis, dysregulation of which

could lead to lymphoid hyperplasia and malignancy in the intes-

tines and the liver. The generation of such signals seemed to be

controlled by epithelial p38a signaling. We sought to identify this

p38a-dependent regulatory mechanism operating in IECs.

NF-kB activation in IECs is restrained by p38a

We previously showed that genetic ablation or pharmacological in-

hibition of p38a resulted in enhanced phosphorylation and activation

of TAK1 in various cell types (8). Given that TAK1 is required for

NF-kB activation in a multitude of signaling contexts (27, 28), it

seemed plausible that loss of p38a could augment NF-kB signaling

FIGURE 2. Epithelial p38a deficiency leads to co-

lonic lymphoid hyperplasia independently of the influ-

ence of gut microbiota. (A) The concentration of FITC-

dextran in serum of WT and p38aDIEC mice was de-

termined after its oral administration, and is shown as

mean 6 SEM (n = 3–4). (B) The expression of the in-

dicated genes in the intestinal epithelium of WT and

p38aDIEC mice was analyzed by quantitative PCR.

Data are shown as mean 6 SEM. (C–F) WT and

p38aDIEC mice were subjected to long-term antibiotic

treatment (Abx) and analyzed together with antibiotic-

naive counterparts (Control). Fecal bacterial counts were

determined (C). The abdominal viscera were photo-

graphed (D). Colon tissue sections were analyzed by

H&E staining (E). Red arrowheads indicate ILFs. Scale

bar, 500 mm. The number of colonic ILFs (F, upper

panel) and the proportions of their subsets grouped

according to size (F, lower panel) were determined.

**p , 0.005.

The Journal of Immunology 2371
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in IECs. To explore this idea, we first examined the effect of

shRNA-mediated p38a gene knockdown (KD) on NF-kB activa-

tion, which is associated with the nuclear translocation of NF-kB

RelA, in the immortalized mouse IEC line MODE-K. Of the six

tested shRNA constructs with different target sequences, two

(numbers 2 and 3) were effective at ablating p38a gene expression

(Fig. 4A). MODE-K cells expressing shRNA from these con-

structs showed prolonged nuclear persistence of RelA upon TNF

stimulation (Fig. 4B), an effect not observed with control con-

structs that either lacked a shRNA-encoding sequence (V) or

expressed minimally effective shRNA (number 5).

Consistent with the reported role of p38a in TAK1 regulation, KD

of p38a led to increases in basal as well as TNF-induced TAK1

phosphorylation in MODE-K cells (Fig. 4C, 4D). NF-kB induction

in both control and p38a-KD cells was sensitive to the TAK1 in-

hibitor (5Z)-7-oxozeaenol (Fig. 4E). Of note, the rise of basal TAK1

activity in p38a-KD cells prior to TNF stimulation was not sufficient

to activate NF-kB, suggesting that TAK1 hyperactivity in p38a-

deficient cells is a prerequisite for enhanced NF-kB activation, yet

should be accompanied by additional signaling events to affect it.

We next examined by immunofluorescence analysis the subcellular

distribution of RelA in the colon tissue of WT and p38aDIEC mice

subjected to low-dose DSS (2.5%) administration (Fig. 4F). RelA

signals were diffuse and mainly cytoplasmic throughout WT epithe-

lium. By contrast, clusters of epithelial cells with intense signals of

RelA concentrated in the nucleus were detected in p38aDIEC colons.

Therefore, our observations indicated that p38a served to restrain NF-

kB activation in both cultured IECs and mouse colonic epithelium.

Enhanced NF-kB signaling in IECs results in GALT

hyperplasia

Epithelial NF-kB signaling has been shown to play a key role in

intestinal immune homeostasis and defense (29). In particular,

NF-kB target gene expression in IECs has been found crucial

for hematopoietic-derived cell recruitment to the lamina propria

(12, 30). We therefore suspected that enhanced epithelial NF-kB

signaling might be causally associated with increased GALT cellularity

in p38aDIEC mice. To address this possibility, we investigated

mice expressing a constitutively active form of IKKb (IKKbEE) in

IECs and hence having IEC-restricted NF-kB hyperactivity (12).

These mice (designated IEC-IKKbEE) displayed GALT hyper-

plasia similarly to p38aDIEC mice (Fig. 5A, 5B). ILF numbers in

IEC-IKKbEE colons increased moderately but not significantly

compared with those in WT colon (Fig. 5C). IEC-IKKbEE mice,

however, developed oversized colonic ILFs at a greatly increased

rate as well as exhibiting an upward shift in the overall distribution

of ILF sizes (Fig. 5C). GALT hyperplasia seen in p38aDIEC mice

and recapitulated in IEC-IKKbEE mice is therefore most likely

attributable to enhanced NF-kB signaling in IECs. Unprovoked

IEC-IKKbEE mice did not manifest an increased inflammatory

tone in the intestinal mucosa; the expression of Il1a, Il6, Cxcl1,

Cxcl2, and Ptgs2 was comparable in steady-state intestines of WT

and IEC-IKKbEE mice (Fig. 5D). Hence, the overgrowth of ILFs

in IEC-IKKbEE mice did not seem secondary to inflammatory

responses.

NF-kB–driven expression of GALT-related chemokines is

regulated by p38a

A genome-wide expression analysis of the intestinal epithelium of

IEC-IKKbEE mice identified numerous genes whose expression

was elevated in IECs with constitutive NF-kB activation (12).

Among these genes were Ltb, encoding the TNF family member

lymphotoxin-b, and the chemokine genes Ccl20 and Cxcl16

(Fig. 6A). The contribution of lymphotoxin-b signaling to pe-

ripheral lymphoid tissue development is well established (10, 11).

CCL20 and CXCL16, both expressed in the intestinal epithelium,

have also been implicated in GALT formation in mice (31–34). By

restraining NF-kB activation, p38a signaling might regulate the

expression of these GALT-related NF-kB target genes in IECs. In

keeping with this premise, Ccl20 and Cxcl16 expression was in-

creased in the colonic epithelium of p38aDIEC mice (Fig. 6B).

In contrast, the expression of Ltb and other genes encoding

GALT-related or IEC-derived cytokines (Tnfsf13b, Il7, Tslp,

Il25, and Il33) and chemokines (Cxcl13) was comparable in

WT and p38aDIEC colons (Fig. 6B).

To investigate in greater detail how the IKKb–NF-kB axis and

p38a signaling interact to shape gene expression in IECs, we

examined the effects of siRNA- and shRNA-mediated RelA and

p38a gene KD (Figs. 6C, 4A, respectively) on the expression of

TNF-inducible genes in MODE-K cells. The expression of a

majority of TNF-inducible genes was abolished by RelA gene

KD (Fig. 6D). TNF induction of a subset of the genes whose

expression depended on RelA, including Ccl20 and Cxcl16, was

substantially enhanced by p38a gene KD (Fig. 6D, 6E). These

results suggested that the regulatory function of p38a was di-

rected toward specific NF-kB target genes in IECs. In summary,

the changes in intracellular signaling and gene expression that

we identified from p38a-deficient IECs were consistent with

ILF hyperplasia in p38aDIEC mice, and suggested CCL20 and

CXCL16 as two possible mediators that link epithelial protein

kinase signaling to GALT formation.

Discussion
We have identified a novel, noncell-autonomous role for p38a

signaling in regulating GALT formation and maintenance. From

an investigation of p38aDIEC mice, we showed that genetic ab-

lation of p38a signaling in IECs resulted in GALT hyperplasia,

FIGURE 3. Colitis-associated lymphoid hyperplasia occurs to a greater

extent in mice lacking p38a in intestinal epithelial cells. The indicated

mice were administered DSS in drinking water at the indicated concen-

trations for 7 d. (A) Colon tissues were prepared on d 7 and analyzed by

H&E staining. Red arrowheads indicate ILFs. Scale bar, 500 mm. (B)

Survival was monitored daily (n = 10).

2372 EPITHELIAL p38a SIGNALING AND GALT HOMEOSTASIS

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0

2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


which became more prominent as the animals aged and predis-

posed to B cell malignancy. Mechanistically, p38a attenuated

TAK1–NF-kB signaling in IECs and thereby regulated epithelial

expression of GALT-promoting chemokines. These findings il-

lustrate that epithelial genetic alterations can cause or predispose

to lymphoid hyperplasia and malignancy in mucosal tissues.

IEC-restricted loss of p38a signaling led to a striking increase in

postnatal colonic ILF growth, but exerted lesser effects, if any, on

prenatally developing GALT such as Peyer’s patches. Both ILFs and

Peyer’s patches develop in a manner dependent on lymphotoxin-b

receptor signaling and RORgt-driven gene expression (18, 19, 35–37),

yet the genetic requirements for their formation are not identi-

cal (38, 39). Epithelial p38a signaling presumably regulates a

mechanism specifically linked to ILF development. This regu-

lation does not likely involve the GALT-promoting effect of the

intestinal microbiota, given that colonic ILF hyperplasia per-

sisted in antibiotic-treated p38aDIEC mice. It is noteworthy that,

although luminal bacteria in general promote postnatal GALT

development, several studies reported that colonic ILF devel-

opment was not impeded in germ-free and antibiotic-treated

FIGURE 4. Intestinal epithelial cells lacking p38a

exhibit NF-kB hyperactivation. (A) Whole-cell ly-

sates were prepared from MODE-K cells expressing

shRNA specific to p38a mRNA and control shRNA

(V), and analyzed by immunoblotting. Numbers (1–6)

denote shRNA clones with different target sequences.

(B) Cytoplasmic (Cyto) and nuclear (Nuc) extracts

were prepared from control (V and number 5) and

p38a-KD (numbers 2 and 3) MODE-K cells at the

indicated time points after treatment with TNF (50

ng/ml), and analyzed by immunoblotting. (C and D)

Whole-cell lysates were prepared from control (V)

and p38a-KD (number 2) MODE-K cells at the

indicated time points after treatment with TNF

(50 ng/ml), and analyzed by immunoblotting (C). The

amount of phosphorylated (p-) TAK1 relative to that

of total TAK1 was determined by densitometry (D).

(E) Cytoplasmic and nuclear extracts were prepared

and analyzed, as in (B). Where indicated, the cells

were preincubated with the TAK1 inhibitor 5Z-7-Oz

(2 mM) for 1 h before TNF exposure. (F) Colon tis-

sues were prepared from WT and p38aDIEC mice

orally administered low-dose DSS (2.5%), as in

Fig. 3, and analyzed by immunostaining for RelAwith

counterstaining of DNA. Arrowheads indicate nuclei

with strong RelA signals. Scale bar, 100 mm.

FIGURE 5. Mice with constitutive NF-kB activation

in intestinal epithelial cells develop colonic lymphoid

hyperplasia. Colon tissues were obtained from WT and

IEC-IKKbEE mice at 35–45 wk of age. (A and B) Colon

tissue sections were analyzed by H&E staining (A), and

immunostaining for B220 together with counterstaining

of DNA (B). Red arrowheads indicate ILFs. Scale bar,

500 mm (A) and 100 mm (B). (C) The number of co-

lonic ILFs (upper panel) and the proportions of their

subsets grouped according to size (lower panel) were

determined. **p , 0.005. (D) The expression of the

indicated genes in the intestinal epithelium of WT and

IEC-IKKbEE mice was analyzed by quantitative PCR.

Data are shown as mean 6 SEM.
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mice (33, 40–42). These findings indicate that the effects of

intestinal microbiota are context dependent, and do not intervene

in the p38a-mediated IEC–GALT interaction in the colon.

GALT hyperplasia in humans has been reported in association

with pathological conditions of diverse etiologies (43, 44). Little

information is available regarding the molecular mechanisms

underlying the clinically observed GALT anomalies. Intriguingly,

recent studies uncovered a link of some genetic alterations with

specific cases. In particular, human subjects with germline muta-

tions that result in phosphoinositide 3-kinase hyperactivation (e.g.,

PTEN loss-of-function, PIK3CD gain-of-function) have been

found to develop nodular lymphoid hyperplasia in the small in-

testine and colon (45, 46). In addition, studies of mice with a

targeted gene deletion or mutation have shown that GALT hy-

perplasia can arise from impaired Ig diversification or deregulated

noncanonical NF-kB signaling (20, 47). The genetic alterations

FIGURE 6. Loss of p38a augments NF-kB–driven chemokine gene expression in intestinal epithelial cells. (A) Intestinal epithelial cells from WT and

IEC-IKKbEE mice (two animals for each genotype, numbers 1 and 2) were subjected to DNA microarray analysis. Relative RNA amounts for differentially

expressed genes are presented in color-coded arbitrary units. Select genes showing higher expression in cells from IEC-IKKbEE mice relative to WT

counterparts are indicated on the right along with the ratios (fold change [FC]) of their RNA amounts. (B) The expression of the indicated genes in the

colonic epithelium of WT and p38aDIEC mice was analyzed by quantitative PCR. Data for the colon are shown as mean 6 SEM. (C–E) MODE-K cells

were transfected with control and RelA- or p38a-specific siRNA (C and D), or with plasmids expressing control (V) and p38a-specific (number 2) shRNA

(E). Whole-cell lysates were prepared and analyzed by immunoblotting (C). The expression of the indicated genes in TNF-treated cells was analyzed by

quantitative PCR (D and E).
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investigated in these human and mouse studies led to an expansion

of the B cell compartment in the GALT via cell-autonomous

mechanisms, augmenting B cell proliferation, survival, or im-

mune function. By contrast, our findings highlight the contribution

of the epithelium as a niche to determining the size of B cell pools

and other constituents of the GALT.

Loss of p38a signaling in IECs, while enhancing NF-kB acti-

vation, affected the expression of only a subset of NF-kB target

genes, Ccl20 and Cxcl16 among others. Conceivably, additional

signaling changes that paralleled NF-kB hyperactivation in p38a-

deficient IECs (e.g., the loss of signaling downstream of p38a or the

dysregulation of JNK or ERK signaling) might have an offsetting or

overriding effect on NF-kB–driven gene expression; under such a

circumstance, augmented NF-kB signaling in cells lacking p38a

would not necessarily translate to an increase in global NF-kB

target gene expression. We postulate that CCL20 and CXCL16

contribute to promoting GALT hyperplasia and malignancy in

p38aDIEC mice, yet do not exclude possible involvement of other

gene products. CCR6 and CXCR6, the receptors for CCL20 and

CXCL16, respectively, are expressed in ILF B cells (32) and LTi

cells (48–51). Of note, it has been reported that CCR6 and CXCR6

are also highly expressed in clinical specimens of mucosa-

associated B cell lymphoma, and that the epithelium neighboring

the lymphoma expresses CCL20 (52, 53). The precise roles of the

two chemokines in GALT and B cell homeostasis remain to be

scrutinized. Further investigation of epithelial–lymphoid interac-

tions in p38aDIEC and IEC-IKKbEE mice may reveal novel IEC-

derived molecular signals that produce various lymphoid tissue

abnormalities in the intestinal mucosa.
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