
TLR signaling in small intestinal epithelium promotes B cell
recruitment and IgA production in lamina propria

Limin Shang, Masayuki Fukata, Nanthakumar Thirunarayanan, Andrea P. Martin, Paul
Arnaboldi, David Maussang, Cecilia Berin, Jay C. Unkeless, Lloyd Mayer, Maria T. Abreu, and
Sergio A. Lira
Immunology Institute, Mount Sinai School of Medicine, New York, NY 10029.

Abstract
Background & Aims—Several lines of evidence support a role for TLR signaling to protect the
intestine from pathogenic infection. We hypothesize that TLR signaling at the level of the intestinal
epithelium is critical for mucosal immune responses.

Methods—We generated transgenic mice that express a constitutively active form of TLR4 in the
intestinal epithelium (V-TLR4 mice). Lamina propria cellularity was evaluated by immunostaining
and flow cytometry. IgA levels in the stool and serum were measured by ELISA. Chemokine and
cytokine expression were analyzed by quantitative PCR and ELISA.

Results—V-TLR4 transgenic mice reproduced normally and had a normal lifespan. Constitutive
activity of TLR4 in the intestinal epithelium promoted recruitment of B cells and an increase in fecal
IgA levels. Intestinal epithelial cells of V-TLR4 mice expressed higher levels of CCL20 and CCL28,
chemokines known to be involved in B cell recruitment, and of APRIL, a cytokine that promotes T
cell-independent class switching of B cells to IgA. The changes in B cell numbers and IgA levels
were blocked by simultaneous expression in intestinal epithelial cells of M3, a herpesvirus protein
that binds and inhibits multiple chemokines.

Conclusion—TLR signaling in the intestinal epithelial cells significantly elevated the production
of IgA in the intestine. This effect was mediated by TLR-induced expression of a specific set of
chemokines and cytokines that promoted both recruitment of B cells into the lamina propria and IgA
class switching of B cells.
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Introduction
The gastrointestinal tract hosts a complex community of microorganisms, which may be both
beneficial and potentially pathogenic. To coexist with this microbiota, and to respond properly
to pathogenic bacteria, the body has evolved a variety of mechanisms including physical
barriers and a complex array of cellular and humoral immune mechanisms. The intestinal
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epithelium, in addition to its nutrient absorptive functions, is a selective barrier between the
luminal bacteria and underlying lamina propria, which is replete with immune responsive cells.
The intestinal epithelial cells (IECs) also produce cytokines in response to pathogenic
infection1, 2, and respond to signals from immune cells in the lamina propria. More recently,
IECs have been shown to participate in the generation of IgA-secreting lamina propria B cells
through expression of cytokines responsible for local class switching3, 4. These data interpose
IECs between innate and adaptive immune responses in the gut.

TLRs are pattern-recognition receptors that function as sensors of microbial infection and are
critical for the initiation of innate inflammatory and adaptive immune defense responses5, 6.
Activation TLR4 by LPS, a membrane component of all Gram-negative bacteria, triggers the
production by inflammatory cells of inflammatory cytokines and IFN-β. Furthermore, TLR
expression on IECs is increased in inflammatory bowel disease7–11. In particular, functional
TLR4 has been described on epithelial cells of the small intestine11–14. After birth, TLR4
signaling is downregulated to cope with colonization of the intestine by the microbiota10.
However, TLR4 signaling in response to pathogenic infection results in intestinal epithelial
chemokine expression and the recruitment of inflammatory cells and intraepithelial dendritic
cells15–17.

We and others have explored the role of TLR4 in intestinal epithelial homeostasis and defense
against pathogens. TLR4 knockout mice develop worse clinical symptoms of colitis following
injury with dextran sodium sulfate (DSS)18, 19. Underlying this phenotype, TLR4 knockout
mice have decreased intestinal epithelial cell proliferation, decreased recruitment of
inflammatory cells, and increased bacterial translocation to mesenteric lymph nodes18.
Moreover, TLR4 regulates defensin expression in the intestine20. These data all point to a
critical role for TLR4 in intestinal epithelial protection against pathogenesis by luminal
bacteria.

To understand more fully the biological role(s) of TLR4 in the intestine, we generated
transgenic mice (V-TLR4 mice) that express a constitutively active form of TLR4 under the
control of the villin promoter. Expression of this constitutively active TLR4 on IECs mimicked
signaling by Toll ligands and upregulated the expression of a select group of chemokines that
drive the recruitment of B cells to the lamina propria. It also promoted upregulation of the TNF
family member, a proliferation-inducing ligand (APRIL), by IECs and increased secretion of
IgA into the intestinal lumen of V-TLR4 mice. These data support a model in which TLR
signaling by the intestinal epithelium protects the mucosa by directing a program designed to
increase IgA secretion and promote immune exclusion of pathogens.

Materials and Methods
Mice

Plasmids containing the mouse villin promoter (pBS-Villin)21 and mCD4-hTLR4 fusion gene
have been previously described22. The mCD4-hTLR4 was PCR amplified and cloned into
pBS-Villin. The sequences were verified by sequencing. The transgene was gel purified,
microinjected into fertilized eggs from [C57BL/6J ×DBA/2]F2 mice and the eggs transferred
into oviducts of ICR foster mothers. Identification of the transgenic mice was done by PCR
amplification using the primers: 5′-GGA GGG AGG GGT ATG TTT TA -3′ and 5′-TCC CTT
GAG TGA CAG CTA GG -3′. The resulting transgenic mice were kept under pathogen-free
conditions. All experiments involving animals were performed following the guidelines of
Animal Care and Use Committee of Mount Sinai School of Medicine.
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Immunostaining
Immunostaining of OCT mounted fresh tissue was performed as previously described23.
Primary Abs used were anti-CD3 (no. 550275), anti-CD4 (no. 550278) and anti-IgA (no.
556969) from BD Biosciences. Secondary antibodies used were Alexa Fluor 488 and 594 goat
anti-rat IgG (#A-11006, and #A-11007) from Molecular Probes (Eugene, OR), and Cy3 goat
anti-Armenian hamster (#127-165-160) from Jackson ImmunoResearch (West Grove, PA).

Flow cytometry
Lamina propria cells were resuspended in FACS staining buffer (PBS containing 0.5% BSA)
and then incubated for 20 min at 4°C with 5 µg/ml Fc block (BD PharMingen, San Diego, CA)
and then stained with directly conjugated primary mAbs. Monoclonal antibodies to the
following mouse leukocyte surface markers were purchased from BD PharMingen: CD45 (30-
F11), CD3 (145-2C11), CD19 (1D3). To determine viability, samples were subsequently
stained with 20 µl of 5 µg/ml propidium iodide (Calbiochem, La Jolla, CA). Samples were
analyzed in a FACSCanto instrument (Becton Dickinson, San Jose, CA). Data were analyzed
using the FlowJo software (Tree Star).

RNA extraction, RT-PCR and Q-PCR analysis
Total RNA from intestine epithelial cells or different segments of the intestine was extracted
using the RNeasy mini Kit (Qiagen) according to the manufacturer's instructions. Reverse
transcription was performed using 2 µg of total RNA. Quantitative PCR was conducted in
duplicate. Relative expression levels were calculated as 2^ (Ct Ubiquitin - Ct gene) using
Ubiquitin RNA as the endogenous control. If not specified, every sample represented the pool
of cDNA from 4 mice of the same age, sex and genotype. The data in figures was representative
of three independent experiments. RT-PCR analysis for α-CT was performed as described
previously24.

Western blotting
Proteins were extracted from intestinal epithelial cells (please see Supp Methods) and analyzed
using 4–20% pre-casted gradient gel (Biorad). After transferred onto a PVDF membrane
(Biorad), blots were incubated with antibodies against APRIL (no. 14–6138, eBioscience) and
β-actin (Abcam) and then with a peroxidase-conjugated anti-rabbit IgG (Abcam Inc).

NF-κB p65 Assay
For measurement of NF-κB activation, nuclear protein was extracted from freshly isolated
duodenal epithelial cells using a nuclear extraction kit (Active Motif, Carlsbad, CA) according
to the manufacturer’s instructions. 5µg of nuclear extract was used to measure the DNA-
binding activity of NF-κB p65 using the TransAM NF-κB p65 Chemiluminescent kit (Active
Motif, Carlsbad, CA) according to the manufacturer’s instructions. Chemiluminescent
intensities were normalized with the standard curve created by a gradient of Jurkat cell DNA
(µg of corresponding Jurkat cell extract).

Measurement of immunoglobulin and chemokine levels by ELISA
Fecal pellets were disrupted in PBS/0.02% sodium azide by vortexing on high for 5 min, and
insoluble material was removed by centrifugation at 10,000 RCF for 10 min at room
temperature. Total IgA levels in serum and fecal extracts, were assessed by ELISA as
described25. The values were expressed as ng per mg feces.

CCL20 and CCL28 concentrations were determined using ELISA kits from R & D Systems
(Minneapolis, MN) following the manufacturer’s instructions. The amount of chemokine
assayed in each intestinal sample is expressed as pg of chemokine per mg of tissue protein.
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Statistical analysis
Statistical analysis of the data was performed using Prism 2.0c. Data in the text are given as
means ± SD unless otherwise stated. Unpaired Student’s t test was used to determine statistical
significance. Differences were considered significant when P < 0.05.

Results
Generation of transgenic mice expressing mCD4-hTLR4

To study the biological effects of TLR signaling in the intestinal epithelium in vivo, we
generated transgenic mice expressing a constitutively active form of TLR4 on IECs. The mice
carry a mCD4-hTLR4 transgene that consists of the human TLR4 transmembrane and
intracellular domains fused to the extracellular domain of murine CD4. This construct has been
shown to signal similarly to endogenous TLR4 both in vitro and in vivo 22, 26. The transgene
was driven by the villin promoter (Figure 1A), which has been previously shown to target
transgene expression predominately to IECs of both small and large intestine21. Four
transgenic lines were established from five founders and are referred to as V-TLR4 mice. For
further study we selected by quantitative-PCR (Q-PCR) the transgenic line expressing the
highest level of the transgene in the small intestine. In this line the transgene was expressed
predominantly in the large and small intestine (Figure 1B). Immunostaining with mouse CD4
antibody revealed the fusion protein in epithelial cells of the small intestine of transgenic
(Figure 1D) but not of control mice (Figure 1C). Flow cytometric (FACS) analysis and
immunostaining confirmed that the transgene was expressed exclusively by intestinal epithelial
cells (Figure 1, E and F).

Activation of TLR signaling pathways in IECs of V-TLR4 mice
NF-κB activation is a major downstream pathway of TLR signaling. To confirm that the TLR4
fusion protein was functional, we prepared nuclear protein extracts from IECs isolated from
the small intestine of transgenic and control mice and analyzed p65 activation by ELISA. IECs
from V-TLR4 mice showed 4–5 fold higher levels in NF-κB p65 activation than controls
(Figure 2A). We also measured the expression of several TLR target genes by Q-PCR in IECs
isolated from the small intestine. V-TLR4 transgenic mice expressed 15 fold more TNFα
mRNA in IECs than WT littermates (Figure 2B). iNOS, another proinflammatory gene induced
by TLR4 activation in macrophages, was also upregulated in small intestinal IECs of V-TLR4
mice (Figure 2C). Finally, A20, an NF-κB signaling pathway feedback regulator that is induced
by TLR4 activation, was also upregulated in V-TLR4 IECs (Figure 2D). Taken together, these
results indicate that the fusion gene was functional in IECs of V-TLR4 mice.

Expression of TLR4 in IEC results in increased numbers of B cells and increased levels of B
cell-tropic chemokines

The V-TLR4 transgenic mice reproduced normally and had a normal lifespan. To investigate
if transgene expression in IECs induced changes in the cellularity of the lamina propria, we
performed FACS analysis. The V-TLR4 mice had significantly higher numbers of B cell in
the lamina propria of the proximal small intestine than control mice (Figure 3A), but the
difference in B cells in the distal small intestine was not significant. No difference was observed
in T cell numbers between transgenic and WT mice (Figure 3B).

The influx of B cells into lymphoid structures and the lamina propria of the intestine is
dependent on chemokines27, 28. To investigate if chemokine expression was altered in the
small intestine of V-TLR4 mice, we determined mRNA levels of all known murine chemokines
by Q-PCR. As expected, CCL25 (not shown) and CCL28 (Figure 4A) were expressed in the
small intestine 29, 30. We found that expression of CCL28, CCL20, and CXCL16 mRNA
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levels were significantly upregulated in V-TLR4 mice (Figure 4A and B). CCL20 protein levels
were found to be increased more than 5 fold in proximal small intestine of V-TLR4, whereas
CCL28 protein levels were on average 1.6 fold higher (Figure 4C and D). However, in the
distal small intestine CCL20 levels were increased only two-fold and CCL28 levels were not
different from controls (Figure 4C and D). Confirming that these changes were likely due to
expression of the TLR4 chimera in IECs we found corresponding increases in CCL20, CCL28,
and CXCL16 mRNA levels in purified IECs from V-TLR4 mice (Supplemental Figure 1).

V-TLR4 mice have both increased numbers of IgA+ cells in the lamina propria and higher
fecal IgA levels compared to control mice

Next we examined the B cell subsets in the lamina propria. FACS analysis showed that the V-
TLR4 mice had a ten fold increase in the number of B220+/IgM+ naïve B cells in the proximal
small intestine compared to controls. The number of B220+/IgA+ memory B cells did not differ
from that of controls (Figure 5A), but the number of B220−/IgA+ plasma cells was markedly
increased (8 fold higher than controls). The number of IgA producing plasma cells vastly
exceeded that of plasma cells producing IgM or IgG (Figure 5B and Supplemental Figure 2).
Immunostaining analysis confirmed that the number of surface IgA+ cells in lamina propria of
the proximal small intestine was dramatically elevated relative to controls (Figure 5C and D).
Consistent with the increased number of IgA+ cells in the lamina propria, the IgA levels in the
stools were 5 times higher in V-TLR4 mice compared to controls (Figure 5E). Since increased
fecal IgA could be due to increased production of IgA and/or to increased transport of IgA
from the lamina propria across the epithelium, we measured the expression of the major IgA
transporter, pIgR, on IECs by Q-PCR. We found that mRNA levels of pIgR were unchanged
by expression of the TLR4 transgene (Figure 5F). These results indicate that expression of
TLR4 in IECs led to accumulation of IgA producing cells in the small intestine and increased
secretion of IgA into the intestinal lumen.

TLR4 signaling in intestinal epithelial cells enhances B cell class switching to IgA in lamina
propria

Increased IgA secretion into the intestinal lumen could be due to increased recruitment of
IgA+ cells to the gut, increased B cell class switching to IgA in the gut, or both. To test whether
expression of TLR4 in the intestine led to increased IgA isotype switching, we examined the
expression of three factors recently reported to promote T cell-independent IgA class
switching: APRIL, BAFF, and TSLP4, 31. Q-PCR analysis in isolated IECs from proximal
small intestine revealed that the expression of BAFF and TSLP did not differ between V-TLR4
and WT mice, but that the expression of APRIL was twofold higher in the transgenic IECs
(Figure 6A). No changes were detected in the expression of other cytokines implicated in class
switch including IL-6, IL-10 and TGF-β (data not shown). Western blot analysis confirmed
that IECs of V-TLR4 mice produced higher levels (1.6 fold) of APRIL than WT littermates
(Figure 6B). APRIL expression was detected in epithelial cells and cells of the lamina propria
of both V-TLR4 and WT mice throughout the small intestine (Figure 6C, Figure 6D and data
not shown).

To determine whether the increased expression of APRIL was associated with augmented IgA
class switching, we first examined the number of IgM+/IgA+ cells in lamina propria of V-TLR4
mice. IgM+/IgA+ cells are thought to represent a subset of newly switched B cells. We detected
an increase in both relative and absolute number of IgM+/IgA+ cells in the lamina propria of
V-TLR4 mice (Figure 6E). We also prepared mRNA from B220+ B cells sorted from the lamina
propria. First we examined the presence of activation-induced cytidine deaminase (AID), a
critical enzyme involved in class switching32. We found equivalent AID mRNA expression
in purified lamina propria B cells from both WT and transgenic mice (Supplemental Figure 3).
Next, we examined the presence of post-switching circular transcripts (α-CT) by RT-PCR
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analysis. We observed that B cells from the lamina propria of V-TLR4 mice showed more post-
switching circular transcripts than WT (Figure 6F). As α-CT exists only transiently after class
switching, the results suggest that the class switching occurred in situ. Together, these data
indicate that increased TLR signaling by IECs is associated with increased immunoglobulin
class switch to IgA in the lamina propria, which may account in part for the increase in IgA in
feces.

Increased B cell numbers and fecal IgA levels in V-TLR4 mice are blocked by co-expression
of the chemokine binding protein M3 in IECs

The results presented above suggested that the major factor underlying increased secretion of
IgA into the intestinal lumen was the increased numbers of B cells, since the magnitude of the
change in B cell number was so much greater than the increase in APRIL synthesis. To
discriminate between these possibilities we devised a strategy to block multiple chemokines
at once in the intestine, by generating mice expressing in IECs the MHV-68-encoded
chemokine binding protein M3, a pan-chemokine inhibitor (Shang, L and Lira ,SA, manuscript
in preparation). Double transgenic V-M3/TLR4 mice were produced by intercrossing Villin-
M3 (V-M3) with V-TLR4 mice. FACS analysis of lamina propria cells from small intestine
of V-M3 mice did not show major differences in the numbers of lymphocytes. Double
transgenic V-M3/TLR4 mice showed significantly fewer B cells than V-TLR4 mice (Figure
7A). Moreover, VM3-TLR4 mice had significantly fewer IgA+ cells than the V-TLR4 mice
(Figure 7B), and the same low level of fecal IgA as WT mice (Figure 7C). Importantly, M3
expression per se did not alter the mRNA expression of CCL20, CCL28, CXCL16 or APRIL
(Figure 7D and data not shown). Together the results suggest that the main factor contributing
to increased secretion of IgA into the lumen is the increased production of chemokines triggered
by expression of constitutively active TLR4 in IECs.

Discussion
Here we report that increased activation of the TLR signaling in IECs induces a remarkable
and unsuspected phenotype: the accumulation of large numbers of B cells and IgA+ cells in
the intestine. This response reveals an important role for the IEC compartment in response to
environmental signals and suggests a novel mechanism for maintenance of intestinal
homeostasis. By mediating an increase in luminal IgA in response to TLR activation, IECs
may prevent attachment and possibly invasion of pathogenic organisms.

Expression of the CD4-TLR4 fusion gene in mouse IECs activated NF-κB signaling, and
increased expression of several NF-κB-dependent genes including TNFα, iNOS and A20. This
result is consistent with previous studies showing that the intracellular domain of the TLR4
molecule activates NF-κB in a ligand-independent fashion22, 26. TLRs signal through two
major pathways, the MyD88-dependent activation of the NF-κB pathway and the TRIF-
dependent IRF3 pathway6, 33. The NF-κB pathway is important for the upregulation of
proinflammatory cytokines including TNFα and iNOS. The IRF3 pathway is important for
activation of the IFN-β response as well as the upregulation of TNFα. It is important to stress
that the fusion protein used in our study activates pathways used by other TLRs, and therefore
it is likely that the phenotypes observed reflect activation of one or more TLRs in IECs.

Constitutive activation of TLR signaling in IECs significantly increased the expression of
several chemokines, most notably CCL20, CCL28 and CXCL16. We hypothesize that this
altered chemokine expression pattern contributed to the recruitment of B cells to the intestine
and their subsequent differentiation into IgA producing cells. These changes were more
apparent in the proximal small intestine, despite the fact that the transgene was expressed at
equal levels in both proximal and distal segments (data not shown). These differences may be
due to a higher responsiveness of the proximal small intestine to TLR signaling. LPS treatment
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leads to NF-kB activation selectively in duodenum and proximal jejunum, but not in the ileum
or colon34.

The increased level of CCL20 driven by the constitutively active TLR4 chimera may contribute
to the increased numbers of B cells in the lamina propria, because CCL20, through its
interaction with CCR635, is chemotactic for naïve and memory B cells, immature dendritic
cells, and effector memory T cells. We suggest that TLR activation promoted CCL20
expression via NF-KB activation, as has been shown in human IECs36.

CCL28, a chemokine modestly elevated in V-TLR4 mice, is expressed by epithelia in diverse
mucosal tissues, and selectively attracts IgA-secreting B cells from both intestinal and non-
intestinal lymphoid and effector tissues37. Studies with animals infected with rotavirus suggest
that recruitment of IgA+ plasmablasts into the lamina propria is highly dependent on both
CCL28 and CCL25 28. We suggest that the increased levels of CCL28 secreted by the IECs
in the V-TLR4 mice acted synergistically with the homeostatically high levels of CCL25 to
drive the increased accumulation of IgA-secreting B cells in the lamina propria29, 38, 39.

Finally, we observed a threefold upregulation of CXCL16 mRNA by proximal intestine of V-
TLR4 mice. Membrane expression of CXCL16 by stromal cells has been implicated in the
homing of plasma cells, and the expression of its receptor (CXCR6) has been documented in
human bone marrow plasma cells, along with CXCR4, CCR10 and CCR340. Collectively the
results suggest that V-TLR4 expression induced the synthesis of a specific set of chemokines
with the ability to recruit B cells and plasma cells into the lamina propria.

To test the functional relevance of the elevated secretion of chemokines found in V-TLR4
mice, we generated transgenic mice expressing both the TLR4 chimera and M3, a chemokine
binding protein that binds and inhibits many chemokines41. We have shown that expression
of M3 in the pancreatic β-cells blocks recruitment of leukocytes promoted by the chemokines
CCL2, CXCL13 and CCL21 and dramatically inhibits development of inflammatory and
autoimmune diabetes23, 42–44. Here we show that expression of M3 in IECs almost totally
inhibited the recruitment of B cells promoted by the expression of the TLR4 chimera. The
possibility that the M3 transgene expression could have interfered with the chemokine
expression pattern in double transgenic mice, was ruled out by our demonstration that the levels
of expression of these molecules in the double transgenic mice was similar to those of V-TLR4
mice. Therefore, we suggest that the reduction of CD19+ B cells in the lamina propria is a
direct consequence of blockade of the induced chemokines by M3. Coexpression of M3 also
reduced the number of lamina propria IgA+ cells as well as IgA levels. In vitro, M3 binds
murine CCL20 and CCL25 with high affinity, (Kd= 0.4 nM and 30 nM respectively) but the
affinities for CXCL16 or CCL28 have not yet been defined (Antonio Alcami, personal
communication). Studies to assess directly the contribution of individual chemokines and their
receptors to the observations reported here are currently underway.

IgA is the most abundant immunoglobulin in the body and plays an important role in mucosal
immunity. Secretory IgA is constantly released to mucosal surfaces where, in addition to
controlling pathogenic microorganisms and dietary toxins, it controls the growth of commensal
bacteria and regulates their interaction with IECs45, 46. IgA class switch can occur via T-cell
dependent mechanisms involving CD40L and TGF-β within germinal centers of mucosal
inductive sites 47–49. IgA class switch can also proceed via a T-cell independent mechanism.
B cells present in the lamina propria express AID50 and respond to factors produced by DC
and epithelial cells 4, 32, 51, 52. Among the well characterized factors involved in this process
are APRIL, BAFF53–55 and iNOS56.

Although it is well-established that IECs play a major role in IgA transportation to the intestinal
lumen by expression of pIgR3, their role in IgA class switching was only recognized
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recently4. Cerutti and colleagues demonstrated that APRIL is expressed by human IECs and
that APRIL expression is induced by TLR ligands in IEC cell lines. They also demonstrated
that APRIL production by IECs plays a major role in controlling B cell class switch to IgA4.
Our results indicate that activation of TLR signaling in IECs in vivo is sufficient to induce class
switching locally. Whether the increased expression of APRIL by IECs is directly mediated
by TLR signaling or indirectly mediated by iNOS is unclear at this point. It is also unclear if
the production of these and other molecules such as TNFα will modify the function of the
resident lamina propria lymphocytes and dendritic cells and contribute to the changes reported
here. Of note, we have observed a small but significant increase in the number of CD11c+ cells
in the lamina propria of the V-TLR4 mice, compared to controls (data not shown), but it is
unclear if this cell population is contributing to the changes seen here. Finally we should point
out that besides affecting class switch, APRIL can also promote plasma cell survival and
differentiation57 and thus contribute to the increase in the number of IgA+ cells in V-TLR4
mice.

Local generation of IgA helps in the maintenance of systemic immune tolerance to commensal
bacteria58 and prevention of pathogenic infection59. Local generation of IgA differs from the
conventional models involving immunization and does not depend on prior exposure to the
pathogen. Our results suggest that TLR signaling in the small intestine triggers increased
recruitment of B cells from the circulation into the LP and their conversion into plasma cells
expressing IgA. This response to luminal bacteria may serve to minimize bacterial
concentrations in the small intestine. Interestingly, we observed that in the steady state, TLR4-
deficient mice have normal levels of stool IgA, but that mice in which TLR signaling has been
compromised (i.e. Myd88-deficient mice) have much lower levels of IgA in fecal pellets than
controls (supplemental Figure 4). At present, however, it is unclear if this defect is caused by
the deficiency of Myd88 at the level of the epithelium or at the level of hematopoietic cells.
Other mechanisms that could potentiate this anti-bacterial response include the increased
secretion of chemokines by IECs. CCL20 and CCL28 have been shown to have direct
antimicrobicidal activity60, 61, and their increased production could contribute to the
elimination of bacterial pathogens.

In summary, activation of TLR signaling in IECs increases recruitment of B cells to the lamina
propria and results in increased secretion of IgA into the intestinal lumen. We suggest that the
combination of the effector mechanisms identified here (chemokines/recruitment; cytokines/
class switch) ultimately result in increased production of IgA, which may be needed to
neutralize of pathogenic bacteria and control commensal bacteria. Our results have
implications for the use of probiotic agents, which may enhance local IgA production and
thereby decrease intestinal inflammation.

Isolation of intestinal epithelial cells
Segments of the proximal (8 cm away from stomach) and distal (10 cm away from cecum)
small intestine were obtained and Peyer’s patches were removed. Adipose tissue and mesentery
were dissected out and the intestine was cut open along the mesenteric side. Tissues were
washed three times in HBSS with 2% FBS and incubated in HBSS with 5% FBS and 1 mM
DTT at 37°C for 20 min. Epithelial cells were then removed from the tissues by digestion with
1 mg/ml dispase I in RPMI 1640 supplied with 5 % FBS. After two washes in RPMI 1640,
single cell suspensions were labeled with anti-CD45 antibodies linked to MACS beads
(Miltenyi Biotec Inc., Auburn, CA) and passed through MACS column to eliminate leukocytes.
The purity of the epithelial cells was checked by FACS analysis with anti-CD45 Ab. IECs
preparations containing less than 3% CD45+ cells were used for RNA or protein analysis.
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Isolation of lamina propria leukocytes
Lamina propria leukocytes were isolated as described previously 26. Briefly, the small intestine
was removed, flushed with ice-cold calcium- and magnesium-free HBSS supplemented with
2% FBS and freed of fat, mesentery and Peyer's patches. The tissue was then cut into small
pieces about 0.5 cm in length and incubated at 37°C with shaking for 20 min in HBSS
containing 1 mM DTT, followed by PBS with 1 mM EDTA for 1 h at 37°C. Fragments of
intestine were further incubated in 5 mL of 1 mg/mL collagenase D in RPMI for 1 h at 37°C
and lamina propria leukocytes were isolated on a 44/66% Percoll density gradient. To sort B
cells, single cell suspensions were incubated with an anti-B220 Ab conjugated with MACS
beads (Miltenyi Biotec Inc., Auburn, CA) and passed them over a MACS column following
the manufacturer’s instructions. Purity of the preparation was confirmed to be more than 90%
by FACS analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of the CD4-TLR4 transgene in V-TLR4 mice
A) Diagram of the V-TLR4 transgene. The transgene encodes a fusion protein containing the
mouse CD4 (mCD4) extracellular domain and human TLR4 signaling domain and is driven
by the mouse villin promoter (mVillin). p(A) represents SV40 poly A sequences. B) CD4-
TLR4 mRNA expression in different tissues of V-TLR4 mice. The values were standardized
to ubiquitin levels in each sample. H: Heart; Lu: Lung; K: kidney; Li: liver; P: Pancreas; M:
Skeletal Muscle; Sk: Skin; T: Testis; Br: Brain; LI: Large intestine; SI: Small intestine. C–
D). Representative immunostaining for CD4 (red) and DAPI (blue) in small intestine of WT
(C) and V-TLR4 (D) mice. E) Representative immunostaining for CD3 (red) and CD4 (green)
in small intestine of V-TLR4 mice. Note that the transgene expression is restricted to epithelial
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cells. F) FACS analysis of CD4-TLR4 expression in epithelial cells isolated from small
intestine. Cells were gated on the CD45−/PI−.
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Figure 2. Activation of the TLR signaling pathway in IECs of V-TLR4 mice
A) DNA binding ELISA analysis of p65 in IECs isolated from the small intestine of WT and
V-TLR4 mice (n=10/group, *p<0.05). B–D). Relative mRNA expression of TNFα (B), iNOS
(C), and A20 (D) in IECs isolated from small intestine of WT and V-TLR4 mice (n=3/group;
* p<0.05, ** p<0.01).
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Figure 3. Transgene expression in IECs increases the number of B cells in the lamina propria
A–B) FACS analysis of CD19+ B cells (A) and CD3+ T cells (B) in lamina propria of WT and
V-TLR4 mice. Values indicate the absolute number of each subset (n=4/group). Note the
increased number of B cells in the proximal small bowel of V-TLR4 mice (** p<0.01).
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Figure 4. Increased expression of chemokines in the proximal small intestine of V-TLR4 mice
A–B) Q-PCR analysis of CCL20, CCL28 (A) and CXCL16 (B) expression in the proximal
small intestine of WT and V-TLR4 mice (n=7/group; ** p<0.01, *** p<0.001). C–D) CCL20
(C) and CCL28 (D) protein levels in small intestine of V-TLR4 mice and WT mice (WT n=12,
V-TLR4 n=15; *** p< 0.001).
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Figure 5. Increased IgA production in the lamina propria of V-TLR4 mice
A–B). FACS analysis of B cell (A) and plasma cell subsets (B) in lamina propria of proximal
small intestine of WT and V-TLR4 mice (WT n=3, V-TLR4 n=4; * p< 0.05, ** p< 0.01). C
& D). Immunostaining of IgA+ cells in duodenal lamina propria of WT (C) and V-TLR4 (D)
mice. E). IgA levels in feces of WT (n=24) and V-TLR4 (n=50) mice (** p<0.01). F). Q-PCR
analysis of pIgR expression in IECs of WT and V-TLR4 mice (n=4/group).
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Figure 6. Increase in APRIL expression in IECs and B cell class switching to IgA in V-TLR4 mice
A). Q-PCR analysis of APRIL, BAFF and TSLP expression in proximal small intestinal
epithelial cells of WT and V-TLR4 mice (n=3/group; **, p<0.01). B). Western blot of APRIL
protein in proximal small intestinal epithelial cells of WT and V-TLR4 mice. C & D).
Immunostaining of APRIL in duodenum of WT (C) and V-TLR4 (D) mice (red, APRIL; blue,
DAPI). E). FACS analysis of IgM+/IgA+ cells in lamina propria of proximal small intestine of
WT and V-TLR4 mice (WT n=3, V-TLR4 n=4; * p< 0.05). F). RT-PCR analysis of post switch
circular transcript (α-CT) expression in lamina propria B cells from WT and V-TLR4 mice.
Data represented pooled B cells from 20 WT or 10 V-TLR4 mice. Different bands represent
different splice variants of α-CT as previously described 24.
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Figure 7. Blockade of B cell recruitment and IgA production in the lamina propria of V-TLR4 mice
by co-expression of chemokine binding protein M3
A). Absolute number of CD19+ B cells in the lamina propria of WT, V-TLR4, V-M3 and
double transgenic mice (n=4/group; ** p<0.01, * p<0.05). B). Absolute number of IgA+ cells
in the lamina propria of the proximal small intestine of WT, V-TLR4, V-M3 and double
transgenic mice (n=4/group; ** p<0.01, * p<0.05). C). IgA levels in feces of WT, V-TLR4,
V-M3 and double transgenic mice (WT n=36, V-TLR4 n=51, V-M3 n=18, V-M3/V-TLR4
double TG n=11; ** p<0.01, * p<0.05). D). Q-PCR analysis of CCL20, CCL28 and CXCL16
expression in the proximal small intestine of WT, V-TLR4, V-M3 and double transgenic mice
(n=4/group).
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