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There is significant interest in the useof primary intestinal epithelial cells inmonolayer culture tomodel intestinal biology.

However, it has proven to be challenging to create functional, differentiatedmonolayers using current culture methods,

likely due to the difficulty in expanding these cells. Here, we adapted our recently developed method for the culture of

intestinal epithelial spheroids to establish primary epithelial cell monolayers from the colon of multiple genetic mouse

strains. These monolayers contained differentiated epithelial cells that displayed robust transepithelial electrical

resistance. We then functionally tested them by examining immunoglobulin A (IgA) transcytosis across Transwells. IgA

transcytosis required induction of polymeric Ig receptor (pIgR) expression, which could be stimulated by a combination

of lipopolysaccharide and inhibition of c-secretase. In agreementwith previous studies using immortalized cell lines, we

found that tumor necrosis factor-a, interleukin (IL)-1b, IL-17, and heat-killed microbes also stimulated pIgR expression

and IgA transcytosis.Weusedwild-type andknockout cells to establish that among these cytokines, IL-17was themost

potent inducer of pIgR expression/IgA transcytosis. Interferon-c, however, did not induce pIgR expression, and instead

led to cell death. This new method will allow the use of primary cells for studies of intestinal physiology.

INTRODUCTION

The study of intestinal epithelial biology has been made
feasible through advances in the field of gastroenterology
during the past few decades. Some of these technical advances
have included the development of genetically and micro-
biologically defined animal models, animal models of injury
and repair, and immortalized epithelial cell lines for in vitro
studies. Most recently, the ability to propagate primary
intestinal epithelial cells in vitro has greatly advanced the
field.1,2

Before the ability to grow primary intestinal epithelial cells,
colon cancer cell lines have been widely used to model
physiologic and cell biologic intestinal processes in vitro.
Studies using these lines have provided initial insights into
epithelial biology in many areas. For example, Caco-2, HT-29,
and T84 cells can form monolayers of differentiated cells.3–5

However, colon cancer cell lines have many well-recognized
limitations including prolonged time to attain mature mono-
layers (B20 days in culture for some lines), aneuploidy, and the

presence of numerous undefined DNA mutations. Additional
alternatives to human cancer cell lines have been developed and
include the use of virally-transformed intestinal epithelial cells
such as rat IEC-18 cells, or non-intestinal epithelial cells such as
MDCK (Madin–Darby canine kidney) cells, but these systems
also have limitations.6,7

One advantage these various cell lines have over the current
primary intestinal epithelial cell culture method is their ability
to form polarized monolayers in Transwells. This has provided
the means to study many epithelial cell processes including
interactions with other cell types, interactions with microbes,
drug absorption, and intracellular trafficking.6,8,9 One such
intestinal epithelial cell process that has beenwell-dissected and
characterized using these cell lines is immunoglobulin A (IgA)
transcytosis via the polymeric Ig receptor (pIgR).10–12

The majority (75%) of the total Ig produced in the body is
made in the intestine, where IgA is the predominant isotype
produced.13 Humans secrete B3 g of IgA in the intestine
per day. Although IgA can be found as amonomer in the serum,
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the polymeric form (pIgA) connected by the J chain (IgJ) is the
predominant form at mucosal sites.14

Plasma cells produce and secrete pIgA locally in the lamina
propria. For the IgA to enter the intestinal lumen, pIgA must
bind to its receptor pIgR,15,16 which is expressed basolaterally
on epithelial cells. The pIgA-bound pIgR is then endocytosed
in clathrin-coated vesicles and transcytosed across the cell
through several distinct compartments to the apical sur-
face.10,12,17 At (or near) the cell surface, as of yet unidentified
enzymes cleave the receptor, releasing the pIgA still bound to
the extracellular portion of pIgR (known as the secretory
component, or SC). This secretory IgA, protected by the J chain
as well as the SC, is more resistant to cleavage by intestinal
proteases.18

Several studies have shown that the expression of pIgR
in the intestinal epithelium is regulated by bacterial stimuli.
Germ-free mice have a threefold increase in pIgR expression
in the ileum upon monocolonization with Bacteroides
thetaiotamicron.19 In vitro studies have shown that stimulation
of HT-29 cells with microbial factors (such as lipopolysacchar-
ide (LPS), butyrate, and double-stranded RNA) or heat-killed
bacteria can upregulate pIgR expression.20,21 Proinflammatory
cytokines produced in response to microbial stimuli, such as
interferon-g (IFNg), tumor necrosis factor-a (TNFa), inter-
leukin (IL)-1, andmost recently, IL-17 have also been shown to
increase pIgR expression in vitro.10,11,22–26

Here, for the first time, we established a system to grow
primary intestinal epithelial cell monolayers. This will assist in
the study of intestinal epithelial cell processes in vitro using
primary cells. We chose to focus on the process of IgA
transcytosis using this system. We were able to adapt the
previously established three-dimensional (3D) primary intest-
inal epithelial stem cell culture system into a 2Dmonolayer in a
Transwell. These cells are able to express pIgR after stimulation
with LPS, and transcytose IgA across the monolayer. TNFa,
IL-1b, and IL-17 were able to induce pIgR expression and IgA
transcytosis in a dose-dependent manner. Importantly, per-
haps demonstrating a distinction with previous methodologies
using immortalized cell lines, IFNg did not enhance pIgR
expression. Heat-killed bacteria were also able to stimulate
these processes to differing extents. Finally, this system will be
readily adaptable for the use with available genetically modified
mice to study different genes of interest: primary intestinal
epithelial cells from pIgR� /� mice do not show IgA trans-
cytosis into the supernatants, whereas cells from Tlr4� /� mice
have reduced pIgR expression and IgA transcytosis after LPS
stimulation compared with wild-type cells.

RESULTS

Developing a Transwell system for mouse primary
intestinal epithelial cells

A critical roadblock to understanding intestinal physiology has
been the lack of an experimental system to model primary
intestinal epithelial cells as a polarized, confluent monolayer.
The use of primary cells is of interest owing to the differen-
tiation potential of these cells in vitro1 as well as the need to

evaluate cells from genetically modified mice. It has been
challenging to adapt primary intestinal epithelial cells to
Transwell culture as monolayers because this technique
requires a substantial number of viable cells.

We have solved this problem using an in vitro experimental
system that allowed for significant expansion of intestinal
epithelial stem/progenitor cells.2 To obtain cells for a single
Transwell, we harvested colonic spheroids from three wells
(400–500 spheroids per well) of a 24-well plate that were
cultured as spheroids for 3 days in Matrigel using 50% L-WRN
(L cells expressing Wnt3a, R-spondin3, and Noggin) condi-
tioned media (CM). This produced B5� 105 cells that were
seeded onto a single 0.33 cm2Transwell insert of a 24-well plate.
Typically this cell input created a monolayer of B2.5� 105

cells. At the time of seeding cells in Transwells, we used 50%
L-WRN CM that also contained 10 mM of the ROCK inhibitor
Y-27632 (Figure 1a). The media were maintained for 1 day
after seeding.

On day 1 after seeding, the 50% CM was replaced with 0%
CM supplemented with or without specific treatments that
were designed to facilitate the study of IgA transcytosis. The
treatment included a combination of the g-secretase inhibitor
DAPT (N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylgly-
cine t-butyl ester) to differentiate the cells27,28 and LPS to
induce the expression of pIgR (which is known to be regulated
by microbial and/or cytokine signaling).19 The cells were
treated for 2 days in this media before evaluation for
differentiation by histology and gene expression analysis, as
well as functional assays such as IgA transcytosis.

We next evaluated the effects of DAPTþ LPS on differ-
entiation and lineage allocation of primary epithelial mono-
layers. Cells were fixed on a Transwell membrane, which was
then cut out of the insert and processed for paraffin embedding.
Histologic sections were cut and stained with hematoxylin
and eosin. We observed that both untreated and DAPTþ
LPS-treated cells showed a single layer of cells overlying the
Transwell membrane (Figure 1b). To confirm that differen-
tiation of enterocytes occurred both with and without DAPTþ
LPS treatments, we performed immunostaining using antisera
against Villin1 and ZO-1. Villin1 marks the microvilli29 and
ZO-1 is a tight junction marker.30 In addition, both of these
proteins showed appropriate apical localization throughout the
monolayer and this patternwas present regardless of treatment.
We also found that a basolateral marker, CD138, showed
appropriate localization in Transwell cultures (Supplementary
Figure 1a online). Taken together, the localization of these
markers is consistent with polarized epithelial cells. We stained
for markers of additional colonic epithelial lineages including
enteroendocrine cells (chromogranin A31) and goblet cells
(lectin UEA-132). Whole mount images of immunostained
Transwells showed that both of these cell types were present in
DAPTþ LPS-treated monolayers with lower fractional repre-
sentation than absorptive enterocytes (Supplementary
Figure 1b,c). This lineage allocation is similar to what is
observed in vivo for the surface epithelium of the mouse colon
(Supplementary Figure 1d–h).
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To adapt this experimental system for the study of IgA
transcytosis, we evaluated the expression of pIgR both in vivo
and in vitro. The colonic epithelium, including surface
epithelial cells, expressed pIgR in vivo (Supplementary
Figure 1i,j). In vitro, pIgR could be induced in epithelial
monolayers that were treated with DAPTþ LPS, as shown by
immunostaining (Figure 1b). To quantify the relative effects of
DAPT and LPS on pIgR expression, we performed quantitative
real-time polymerase chain reaction of mRNAs isolated from
epithelial cells grown on Transwells for 3 days. The addition of
DAPTþ LPS stimulated a robust increase in pIgR mRNA
expression comparedwith untreated cells (B100-fold increase)
(Figure 1c). This finding corroborated the effects of
DAPTþ LPS on protein expression as determined by
immunostaining (Figure 1b). Single treatment with either
LPS or DAPT did not stimulate pIgR mRNA expression to the

extent that was achieved by the combination of these factors
(Figure 1c). As a positive control for LPS treatment, expression
of RegIIIg33 was increased after DAPTþ LPS treatment
(Figure 1d). As a negative control, Villin1 expression
(which is not microbially regulated in vivo34) was similar in
all groups of treated and untreated cells (Figure 1e). Thus, we
were able to show that wild-type primary colonic epithelial cells
on Transwells were responsive to DAPTþ LPS.

To perform IgA transcytosis experiments, a complete
monolayer of cells is required. To demonstrate that the seeded
cells formed a functional monolayer, we measured transe-
pithelial electrical resistance (TER) in the Transwells on day 3
(Figure 1f). For this experiment, we used cells at a density of
B2.5� 105 cells per 0.33 cm2. The average TER of untreated
cells was 3,333Ocm2. The TER of DAPTþ LPS-treated cells
was similar to the TER of untreated cells (2,877Ocm2).
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Figure 1 Developing a transwell system using mouse primary intestinal epithelial cells. (a) Schematic of timeline for Transwell experiments.
Wild-type cells were treated with ±10 mM DAPT (N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester)±1 mgml�1 lipopolysaccharide
(LPS) and were analyzed on day 3 after seeding. (b) Cells were fixed and paraffin embedded on the transwell membranes. Sections were cut and
stained with the following: hematoxylin and eosin (H&E), anti-ZO-1, anti-Villin, and anti-polymeric immunoglobulin receptor (pIgR). Bar¼ 50mm.
Gene expression analysis was performed by quantitative real-time polymerase chain reaction for (c) pIgR, (d) Reg3g, and (e) Villin1 (Vil1).
All samples were normalized to glyceraldehyde 3-phosphate dehydrogenase mRNA, and data were presented as fold change relative to untreated (0%
conditioned media) cells (mean±s.e.m.; nZ3 per condition). One-way analysis of variance: (c) F¼ 96.02, Po0.0001; (d) F¼ 3.441, Po0.0376;
(e) F¼ 1.085, Po0.3762. ***Po0.001 by Bonferroni’s multiple comparison test. (f) Transepithelial electrical resistance was measured on day 3.
The (resistance� area) is shown for each condition (mean±s.e.m., n¼ 6 per group). Statistical analysis by Student’s t-test showed no significant
difference between the two groups (Po0.4362).
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Developingan IgA transcytosis assayusingprimarymouse
Transwell cultures

One of the critical functions of the intestinal epithelium is the
transcytosis of IgA from the lamina propria to the lumen of
the intestine. This process involves pIgR trafficking across the
intestinal epithelium that can occur at a slower rate in the
absence of IgA.35 To determine if the primary intestinal
epithelial monolayers were capable of IgA transcytosis, we
developed an assay utilizing these cells. At day 3 after plating on
Transwell inserts, the cells were washed and placed in wells
containing normal mouse IgA in the lower compartment. This
media is in contact with the basolateral surface of the epithelial
monolayer.Media alone were added to the upper compartment
(apical surface). The cells were incubated at 37 1C for different
periods of time to allow for receptor binding and transcytosis to
occur before the media in the upper compartment was sampled
for analysis by enzyme-linked immunosorbent assay (ELISA).
Colonic cells isolated from pIgR� /� mice were used as a
negative control for all transcytosis experiments.

Consistent with the pIgR mRNA expression data, cells
treated with DAPTþ LPS showedmeasurable IgA in the apical
media, whereas the other three groups (untreated, DAPT alone,
and LPS alone) had levels at or below the limit of detection
(Figure 2a). Apical media from pIgR� /� cells did not contain

IgA regardless of treatment. This genetic control indicated that
IgA is actively transported through epithelial cells and does not
use paracellular transport.

To determine the optimal conditions for transcytosis
experiments, we performed IgA dose–response curve and
time-course experiments using DAPTþ LPS-treated cells. One
hour after the addition of IgA to the basal compartment, no IgA
was detected in the apical media (Figure 2b). Therefore, 1 hwas
not sufficient for IgA in the basal compartment to bind pIgR
and transcytose across cells to the apical compartment. This
result also showed that the monolayer was intact and thus did
not allow the IgA to diffuse freely into the apical media. Because
of this result, we utilized the 1-h time point as an additional
internal control in all subsequent experiments. Additional time
points were taken 3 h (4 h after the addition of IgA) and 6 h later
(10 h after the addition of IgA). Both of these time points
showed progressively higher levels of IgA in the apical media
(Figure 2b). In subsequent experiments, all three of these time
points were evaluated.

In choosing the optimal dose of IgA, the amount of IgA in the
apical compartment at 3- and 6-h time point needed to be in
linear range of the ELISA. We initially used normal mouse IgA
from Santa Cruz Biotechnology at a dose of 40 ml per well
(Figure 2c). In later experiments, we used normal mouse IgA
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Figure 2 Developing an immunoglobulin A (IgA) transcytosis assay. (a) Wild-type (WT) and pIgR� /� cells were seeded in Transwells and treated
with ±10 mM DAPT (N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester)±1 mgml�1 lipopolysaccharide (LPS) as indicated. On
day 3 after seeding, 40 ml of normal mouse IgA (Santa Cruz Biotechnology) was added to the lower compartment of the Transwells, and supernatants
from the upper compartment were taken at 6 h for the detection of IgA by enzyme-linked immunosorbent assay (ELISA). (b) Time-course and (c) IgA
dose–response curve experiments were performed on WT and pIgR� /� cells treated with 10mM DAPT and 1mgml� 1 LPS to determine the
optimal conditions for future experiments. An LPS dose–response curve was performed to determine whether (d) IgA transcytosis and (e) pIgR
expressionwere dose-dependent. All LPS-treated cells were also treatedwith 10 mMDAPT. For IgA transcytosis, results from theELISAwere normalized
to the 1 mgml� 1 LPS treatment group (¼100%). Gene expression analysis by quantitative real-time polymerase chain reaction for pIgR was
performed by normalizing to glyceraldehyde 3-phosphate dehydrogenase, and data are presented as fold change relative to untreated cells. The dotted
lines represent the limit of detection by the ELISA. All values are indicated as mean±s.e.m. One-way analysis of variance: (a) F¼573.3, Po0.0001,
nZ3 per group; (b) F¼539.2, Po0.0001, nZ12 per group; (d) F¼ 675.7, Po0.0001, nZ3 per group; and (e) F¼ 46.22, Po0.0001, nZ6 per group.
Means with different letters are significantly different by Bonferroni’s multiple comparison test. ND, not detected; pIgR, polymeric Ig receptor.
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fromBDPharmingen at a comparable dose, which allowed for a
more precisemeasurement of IgA concentration and decreased
variability between experiments (Supplementary Figure 2).
For this source of IgA, we were able to calculate the IgA
concentration used to 5 mgml� 1, or a total of 3 mg per well.

As it was unclear how sensitive primary wild-type colonic
epithelial cells were to LPS, we performed a dose–response
curve for LPS using both IgA transcytosis and pIgR expression
as readouts (Figure 2d and e). Both transcytosis and pIgR
mRNA expression responded in a dose-dependent manner. In
all subsequent experiments, we used 1 mgml� 1 LPS as this was
in linear range of the response of wild-type cells.

Although LPS has been used as a standard in the field to
induce efficiently pIgR expression in different cell types, there is
growing interest in the study of the effects of specific microbes
in the intestine and how they stimulate IgA.20,21,36–38 Tomodel
an example of such host–microbial interactions in vitro,
cells were treated with heat-killed Escherichia coli to analyze
its ability to induce IgA transcytosis and pIgR expression
(Figure 3a and b). A dose equivalent to 107 colony-forming
unit per ml E. coli was found to induce similar levels of IgA
transcytosis and pIgR expression as that demonstrated for
1 mgml� 1 LPS.

Cell density affects IgA transcytosis andpIgRexpression in
Transwell cultures

We noticed that there was occasional experiment-to-experi-
ment variability of the amount of IgA transcytosed. Further
scrutiny of the Transwells utilized in these experiments led us to
hypothesize that the cellular density has a role in the level of IgA
transcytosis in vitro. To test this idea, we performed twofold
serial dilutions of the cells seeded in the Transwells (Figure 4a).
Both the undiluted (using B5� 105 cells as above) and a 1:2
dilution showed similar amounts of transcytosed IgA. However, a
1:4 dilution reproducibly showed significantly less transcytosed
IgA. Furthermore, apical media collected from a 1:8 dilution
showed IgA at levels below the limit of detection. This result
suggested that there was an intact monolayer at this cell density
but no detectable IgA was transcytosed. At a 1:16 dilution, we
could not reproducibly achieve a monolayer, as in some
experiments, IgA was readily detected in the apical com-
partment at levels similar to the basolateral chamber. TER
measurements corroborated these findings. Higher cell
densities all showed resistance values of 42,500Ocm2

(Supplementary Figure 3). The TER for the 1:8 cell dilution
was more variable, with average values of B1,240Ocm2. The
TER for the 1:16 dilution was near baseline values.
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Figure 3 Immunoglobulin A (IgA) transcytosis and polymeric Ig receptor (pIgR) expression are induced by heat-killed bacteria. Wild-type (WT)
and pIgR� /� cells were seeded in Transwells and treated with 10 mM DAPT (N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester)
and 1 mgml�1 lipopolysaccharide (LPS) or 107 colony-forming unit per ml heat-killed E. coli as indicated. (a) IgA transcytosis was analyzed by
enzyme-linked immunosorbent assay, and results were normalized to the WTþDAPTþLPS group (¼ 100%). (b) Gene expression analysis by
quantitative real-time polymerase chain reaction of pIgR was performed and all samples were normalized to glyceraldehyde 3-phosphate
dehydrogenase. Data are presented as fold change relative to untreated (0% conditioned media) cells. All values are indicated as mean±s.e.m.
One-way analysis of variance: (a) F¼426.2, Po0.0001, nZ6 per group, means with different letters are significantly different by Bonferroni’s multiple
comparison test; (b) F¼11.47, Po0.0008, nZ5 per group, **Po0.01 by Bonferroni’s multiple comparison test.

Figure 4 Cell density affects differentiation state of intestinal epithelial cells in transwells. Twofold serial dilutions of wild-type cells were
seeded into Transwells and treated with 10 mM DAPT (N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester) and 1 mgml�1

lipopolysaccharide (LPS). (a) Immunoglobulin A (IgA) transcytosis was performed on day 3 after seeding, and measurement of IgA in the supernatants
at the 6-h time point is shown. (b and c) Cells were fixed and stained on the (c) Transwell membranes with anti-polymeric Ig receptor pIgR (green)
and bis-benzamide dye (blue). Bar¼200 mm. (b) Quantification of cell density of cells on Transwells was performed using ImageJ software.
Gene expression analysis was performed by quantitative real-time polymerase chain reaction for (d) pIgR, (e) Muc2, (f) Atoh1, and (g) villin1 (Vil1).
All samples were normalized to glyceraldehyde 3-phosphate dehydrogenase, and data are presented as fold change relative to untreated
(0% conditioned media) cells. The dotted lines represent the limit of detection by the enzyme-linked immunosorbent assay. All values are indicated
as mean±s.e.m. One-way analysis of variance: (a) F¼ 53.11, Po0.0001, nZ6 per group; (b) F¼ 183.2, Po0.0001, nZ15 per group;
(d) F¼ 39.02, Po0.0001, nZ3 per group; (e) F¼11.07, Po0.0001, nZ3 per group; (f) F¼ 3.436, Po0.0183, nZ3 per group; and (g) F¼2.186,
Po0.0894, nZ3 per group. Means with different letters are significantly different by Bonferroni’s multiple comparison test.
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The cell density was quantified for each dilution by nuclei
counts of whole-mount images of bis-benzimide-stained
Transwell membranes (Figure 4b and c). A 1:2 dilution of
input cells resulted in only a small change in the number of
seeded cells on the Transwell, indicating that maximum cell
numbers were seeded at these two input densities. Each
successive twofold dilution showed a B2-fold decrease in cell
density. We next tested whether the correlation of cell density
to IgA transcytosis was due to cell number and/or pIgR
expression. Costaining of cells with anti-pIgR antisera showed
detectable staining in the majority of cells in Transwells with
higher cell densities (no dilution, 1:2 and 1:4). We observed a
substantial decrease in the number of cells that were positive for
pIgR in 1:8 dilution samples. There was no detectable staining
for pIgR in the 1:16 dilution samples. To confirm this
observation, we performed gene expression analysis for
pIgR at each dilution (Figure 4d). The highest relative expres-
sion of pIgR was observed at the 1:2 and 1:4 dilution samples.
We observed a threshold effect whereby pIgR expression
was substantially lower in the 1:8 and 1:16 dilution samples.
Our interpretation is that the decrease in IgA transcytosis
that occurred between the 1:2 and the 1:4 dilutions is likely
due to changes in cell density, whereas the decrease in IgA
trancytosis in the 1:8 dilution is likely further driven by
diminished pIgR expression. One other possibility is that global
differentiation is altered by decreased density. We found that
markers of secretory lineages (Muc2 and Atoh1) were dimini-
shed in a density-dependent manner, whereas a general marker
of epithelial cells (Villin1) was not altered (Figure 4e–g).

Cytokines induce pIgR expression and IgA transcytosis in
the primary Transwell cultures

Several different cytokines were previously shown to induce
pIgR expression in tumor cell lines including IL-1b, TNFa,
IFNg, andmost recently, IL-17.10,11,22–24,26We wanted to test if
primary intestinal epithelial cells responded similarly to these
cytokines, and if so, what was the relative potency. To do this,
we performed a dose titration using these four cytokines with
IgA transcytosis and pIgR expression as readouts (Figure 5).
IL-17 was the most potent cytokine tested. A dose of
0.5 ngml� 1 resulted in higher levels of IgA transcytosis
than LPS treatment (Figure 5a). IL-1b and TNFa were
both significantly less potent than IL-17, as a 100 ngml� 1

dose of these cytokines only induced half the levels of IgA
transcytosis as LPS (Figure 5b and c). Apical media from
pIgR� /�cells at all doses of IL-1b, TNFa, and IL-17 contained
no IgA (Figure 5a–c). For all three of these cytokines, the
dose–response curves for pIgR expression mirrored the IgA
transcytosis (Figure 5d–f).

Of note, the results for IFNg treatment were distinct from
that of the other cytokines as well as previously published
literature using immortalized cell lines (Supplementary
Figure 4). At 0.1–1 ngml� 1, the epithelial mono-
layer did not remain intact, as apical media from wild-type
and pIgR� /�cells both contained IgA levels similar to the
media in the lower compartment (Supplementary Figure 4a).

Furthermore, TER measurements of cytokine-treated cells
showed no measureable resistance after IFNg treatment,
whereas treatment with IL-1b, TNFa, and IL-17 showed
comparable TER values with LPS-treated cells (Supplementary
Figure 4c). At lower doses (0.001–0.01 ngml� 1), less IgA was
present in the apical media; however, none of these conditions
led to an increase of pIgR mRNA expression (Supplementary
Figure 4b). Our conclusion is that IgA uses a paracellular route
in IFNg-treated cells that could either be due to cell death or
leaky junctions.

Colonic epithelial cells generated from Tlr4� /� mice
show reduced IgA transcytosis and pIgR expression
after LPS but not IL-17 treatment

One advantage of this system is the ability to isolate cells directly
from different genetically modified mice for experiments. As a
proof of principle, cells were harvested from Tlr4� /� mice to
generate colonic spheroids. These cells lack the LPS receptor,
Tlr4, and therefore should have a reduced response to LPS
stimulation. As expected, IgA transcytosis and pIgR expression
was reduced to B50% of that of wild-type cells (Figure 6a
and c). The ability of these cells to respond to other stimuli
for IgA transcytosis was not affected, as IL-17 treatment of
Tlr4� /� cells showed no difference from wild-type cells
(Figure 6b and d).

DISCUSSION

We have established a new method to grow primary intestinal
epithelial cells in a functional monolayer. To do this, we
adapted the previously established 3D primary intestinal
epithelial stem cell culture system2 to a 2D monolayer in a
Transwell. The system we have developed has three important
components. Firstly, the use of the L-WRNCM system allowed
us to attain large cell numbers that are required to form
monolayers in Transwells. Secondly, cells only needed to be
grown in Matrigel culture for 3 days before recovery and
seeding into Transwells. Lastly, seeded cells quickly formed
polarized monolayers and demonstrated high TER values
within 3 days. In contrast, previously established intestinal
epithelialmonolayer systems that utilize immortalized cell lines
require as many as 20 days in culture to form differentiated,
polarized monolayers.3–5

This system will be useful for the study of many different
physiologic processes. Here, we chose to focus on IgA trans-
cytosis. For this process to occur, epithelial cells must express
the IgA receptor pIgR, which has been shown to be regulated by
microbial products.19 LPS has been used as a standard in the
field to induce pIgR expression in vitro. Typically, immortalized
cell lines have been used. Here we showed that LPS-treated
primary intestinal epithelial cells were also able to induce pIgR
expression. In addition, we found that maximal pIgR expres-
sion required DAPT treatment in addition to LPS, suggesting
that the intestinal epithelial cells require differentiation for
efficient pIgR expression. To demonstrate the robustness of
primary intestinal epithelial cells for IgA transcytosis, we
carefully analyzed several key factors including time, IgA dose,
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and LPS dose. We titrated the assay and chose to use 10 mM
DAPT, 1 mgml� 1 LPS, and 50 mgml� 1 IgA as our optimal
conditions. The time course of a typical experiment is 10 h with
multiple samples taken from each Transwell.

Interestingly, we found that cell density also affected IgA
transcytosis. After recovery from the Matrigel, twofold serial
dilutions were made before seeding the cells in the Transwells.
As it might be expected, we observed a cell density-dependent
decrease in the amount of IgA transcytosed. However, this
decrease in IgA was not just due to the decrease in cell number.
Gene expression analysis of pIgR showed a substantial decrease
at the lowest cell densities. Immunofluorescence staining for
pIgR correlatedwith themRNAexpression data, showing fewer

pIgR-positive cells at the lowest cell densities. We hypothesized
the lower density cells may be in a less differentiated state,
which has been shown in other in vitro cell systems.39–41 We
therefore tested the expression of other cell differentiation
markers, including goblet cell markerMuc2 and a secretory cell
lineage marker Atoh1, and found both to show a correlation of
expression with cell density. This suggests that cell-to-cell
endogenous signaling, and not solely exogenous chemical
stimuli, regulate colonic cell differentiation in this culture
system.

Although LPS robustly induces pIgR expression, it is difficult
to translate in vitro quantities to the biomass of intestinal
microbes that generate thismolecule. Tomake this systemmore
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Figure 5 Immunoglobulin A (IgA) transcytosis and polymeric Ig receptor (pIgR) expression in response to interleukin (IL)-17, IL-1b, and tumor
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t-butyl ester) and varying doses of (a and d) IL-17, (b and e) IL-1b, or (c and f) TNFa. IgA transcytosis was analyzed by (a–c) enzyme-linked
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applicable to specific bacteria, we utilized heat-killed bacteria.We
therefore treated the cells with heat-killed E. coli and found that a
dose of 107 colony-forming unit per ml stimulated IgA
transcytosis and pIgR expression to a similar extent as 1mgml� 1

LPS. We feel that this system will be useful for future studies
looking at host–microbial interactions in vitro.

Previous studies found that several host cytokines including
IL-1b, TNFa, IFNg, and IL-17 have a role in pIgR expres-
sion.11,22–26 Similar to what has been shown in immortalized
cell lines, IL-1b, TNFa, and IL-17 showed a dose-dependent
induction of pIgR expression, with IL-17 being the most potent
inducer of IgA transcytosis and pIgR expression of these
cytokines. However, an important difference we found bet-
ween our primary mouse intestinal epithelial cells and
human cancer cell lines is the ability of IFNg to induce pIgR
expression. IFNg treatment did not lead to pIgR expression
or IgA transcytosis at any dose tested, and actually resulted
in cell death at higher doses. This may be a result that
would otherwise be obscured by using immortalized cell lines,
which can be resistant to cytokine-induced cell death.
Furthermore, this does not appear to be a species-specific
phenomenon, as the mouse promoter for pIgR is highly

conserved to the human promoter and also contains the IRF1
binding site.42

One final important advantage of this system is the ability to
readily use primary intestinal epithelial cells taken from
different genetically modified mice. In this study, we utilized
cells obtained from available lines of knockoutmice for the pIgR
and Tlr4 genes. Monolayers of epithelial cells derived from
these mice allowed us to address directly questions using cells
with complete loss of function, as compared with the usual
incomplete loss of function with short hairpin RNA knock-
downs (i.e. ref. 2).

Prospectus

In summary, we developed a new system to culture primary
intestinal epithelial cells in monolayer culture. Although we
have highlighted the capability of this system to be utilized for
studies of IgA transcytosis, there are many other experimental
avenues where this system should prove to be useful. These
areas include barrier function, host–microbial interactions and
epithelial-immune/stromal cell interactions. We propose that
not only will this system be useful for mechanistic studies but
also for large-scale chemical biology screens in these arenas.
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Figure 6 Cells from Tlr4� /� mice have an impaired immunoglobulin A (IgA) transcytosis response to lipopolysaccharide (LPS) but not interleukin-17
(IL-17). (a and c) Wild-type (WT) Tlr4 and Tlr4� /� were treated with 10mM DAPT (N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl
ester) and 1mgml� 1 LPS. (a) IgA transcytosis was measured by enzyme-linked immunosorbent assay (ELISA) and results were normalized to
the WT group (¼ 100%). Values are indicated as mean±s.e.m.; n¼8 per group. Wilcoxon’s signed-rank test: ***P¼ 0.0039. (b and d) WT Tlr4 and
Tlr4� /� cells were treated with 10 mM DAPT and varying doses of IL-17. (b) IgA transcytosis was analyzed by ELISA and results were normalized
to the WTþDþ L group (¼100%). (c and d) Gene expression analysis of polymeric Ig receptor (pIgR) was performed, and all samples were
normalized to glyceraldehyde 3-phosphate dehydrogenase. Data are presented as fold change relative to untreated (0% conditioned media) cells. All
values are indicated asmean±s.e.m.One-wayanalysis of variance: (b) F¼ 116.9,Po0.0001,nZ3per group; (c) F¼ 40.92,Po0.0001,nZ7per group;
and (d) F¼ 6.364, Po0.0004, nZ3 per group. Means with different letters are significantly different by Bonferroni’s multiple comparison test.

ARTICLES

826 VOLUME 7 NUMBER 4 | JULY 2014 |www.nature.com/mi

http://www.nature.com/mi


METHODS

Mice. Animal protocols were approved by the Washington University
Animal Studies Committee. All mice were maintained in a specific
pathogen-free barrier facility. pIgR� /� mice (B6.129P2-Pigrtm1Fejo/
Mmmh43) were initially obtained from Mutant Mouse Regional
ResourceCenter (Columbia,MO).Tlr4� /� micewere provided by the
laboratory of Dr William F Stenson (B6.B10ScN-TLR4lps� del/JthJ
from Jackson Laboratory, Bar Harbor, ME44). All mice used were 8–10
weeks of age.

3D spheroid cell culture. Primary colonic epithelial stem cells were
isolated, grown, and maintained as 3D spheroid cultures in Matrigel
(BD Biosciences, San Jose, CA) as described in Miyoshi et al.2 Cells
were kept in 50% L-WRN CM. Media were changed every 2 days, and
cells were passaged every 3 days (1:3 split).

Formation of Transwell monolayers. To form monolayers of
intestinal epithelial cells, spheroids were taken from 3-day-old 3D
cultures for plating in Transwells (3413; Corning Costar, Tewksbury,
MA). The Transwells were coated in 0.1% gelatin for Z1 h at 37 1C.
Spheroidswere recovered fromMatrigel by first washing in a solution of
0.5mMEDTA, and thendissociated for 4min at 37 1Cusing a solution of
0.05% Trypsin/0.5mM EDTA. The trypsin was then inactivated using
Dulbecco’s modified Eagle’s medium/F12 media containing 10% fetal
bovine serum. The spheroids were then dissociated by vigorous
pipetting (using a 1,000ml pipette). The cells were then passed through a
40mm cell strainer (BD Biosciences) and re-suspended in 50% L-WRN
CM containing 10mM Y-27632 (ROCK inhibitor; Tocris Bioscience and
R&D Systems, Minneapolis, MN). On average, spheroids from three
wells of a 24-well plate were plated into the upper compartment of a
single Transwell in 100ml of media. An additional 600ml of media were
added to the lower compartment of the Transwells.

Cell treatments. On day 1 (24h after seeding the Transwells), the 50%
L-WRN CM supplemented with Y-27632 was removed and replaced
with 0%CM(AdvancedDMEM/F12 containing20% fetal bovine serum,
100U of penicillin, 0.1mgml� 1 streptomycin, and 2mM L-glutamine).
At this time, any additional treatmentswerealso administered to the cells:
LPS (L4391; Sigma, Saint Louis, MO), DAPT g-secretase inhibitor
(565784; Millipore, Billerica, MA), recombinant mouse IL-1b (R&D
Systems; 401-ML), recombinant mouse IFNg (R&D Systems; 485-ML),
recombinant mouse TNFa (R&D Systems; 410-MT), recombinant
mouse IL-17 (R&D Systems; 421-ML), and heat-killed E. coli (lab stocks,
mouse adapted strain).45Cells were given freshmedia with the respective
treatments on day 2, andwere treated for a total of 48 h before being used
for IgA transcytosis, histology, or RNA extraction on day 3.

TERmeasurements. TER was measured for cells in Transwells using
an epithelial volt-ohm meter (World Precision Instruments, Sarasota,
FL). Resistance of the intestinal epithelial cell monolayer was
calculated by subtracting the resistance of the (membraneþmedia)
from the resistance of the (membraneþmediaþ cells). Each
Transwell was measured in triplicate and the average value was taken.
This value was then multiplied by the area of the Transwell membrane
(0.33 cm2) to obtain a final value in Ocm2.

IgA transcytosis assay. On day 3, the Transwells were removed from
the various treatment conditions and washed with 0% CM. Ameasure
of 600 ml of 0% CM containing mouse IgA (for early studies: sc-3900;
Santa Cruz Biotechnology, Dallas, TX; later studies: 553476; BD
Pharmingen, San Diego, CA) was added to the lower compartment.
Both sources of IgA contained amixture of monomeric and polymeric
IgA, according to each company. For the lot of BD Pharmingen IgA
used in these studies, the amount of dimeric IgA wasB85% according
to themanufacturer. Ameasure of 100ml of 0%CMalonewas added to
the upper compartment and collected at different time points to
evaluate the amount of IgA transcytosed by ELISA (E-90A;
Immunology Consultants Labs, Portland, OR).

Immunostaining and histologic analysis. Cells in the Transwells
were washed with phosphate-buffered saline (PBS) and fixed in either
10% formalin or Bouins fixative for 10min. The cells were thenwashed
three times in 70% ethanol and the Transwell membranes were cut out
from the Transwell inserts using a surgical blade. Themembranes were
processed for paraffin embedding. Five-micron-thick transverse
sections were cut for hematoxylin and eosin staining and immu-
nostaining. For this procedure, the sections were deparaffinized,
hydrated, boiled in Trilogy solution (Cell Marque, Rocklin, CA) for
20min, rinsed in PBS, blocked with 1% bovine serum albumin/0.1%
Triton X-100 for 30min, and incubated with primary antibody at 4 1C
overnight. Primary antibodies include: rabbit anti-ZO-1 (1:100;
Invitrogen/Life Technologies, Grand Island, NY), mouse anti-chicken
Villin1 (1:100; AbDSerotec, Raleigh, NC), and goat anti-pIgR (1:500;
R&D Systems). The slides were rinsed three times in PBS and then
incubated with AlexaFluor594- or AlexaFluor488-conjugaed species-
specific secondary antibodies for 1 h at room temperature (1:500;
Invitrogen/Life Technologies). Slides were washed three times in PBS
and stained with bis-benzimide (Hoescht 33258; Invitrogen/Life
Technologies) to visualize nuclei and mounted with a 1:1 PBS–glycerol
solution. Staining was visualized with a Zeiss (Oberkochen, Germany)
Axiovert 200 microscope with an Axiocam MRM digital camera.
For whole mount immunostaining, cells were fixed and washed in

the Transwells as described above, and then washed three times with
PBS before they were cut out from the Transwell inserts and placed in
the wells of a 24-well plate. The membranes were then blocked and
stained as described above. Nuclei counts were made using ImageJ
(Bethesda, MD).46

For whole tissue immunostaining,mouse colonswere harvested and
prepared as described previously.47

Gene expression analysis. RNA was isolated from cells in the
Transwells on day 3 after seeding using the NucleoSpin RNA II
isolation kit (Macherey-Nagel, Bethlehem, PA). ComplementaryDNA
synthesis was performed using 0.2mg of RNA and the SuperScript III
reverse transcriptase (Life Technologies). Quantitative polymerase
chain reaction reactions were performed with SYBR Advantage qPCR
Premix (Clontech, Mountain View, CA). Expression levels were
determined in triplicate per sample and normalized to the expression
of glyceraldehyde 3-phosphate dehydrogenase. Primers used include:
glyceraldehyde 3-phosphate dehydrogenase for, 50-AGGTCGGTGTG
AACGGATTTG-30, glyceraldehyde 3-phosphate dehydrogenase rev,
50-TGTAGACCATGTAGTTGAGGTCA-30; pIgR for, 50-ATGAGG
CTCTACTTGTTCACGC-30, pIgR rev, 50-CGCCTTCTATACTAC
TCACCTCC-30; Villin1 for, 50-ATGACTCCAGCTGCCTTCTCT-30,
Villin1 rev, 50-GCTCTGGGTTAGAGCTGTAAG-30; Reg3g for, 50-C
ATCAACTGGGAGACGAATCC-30, Reg3g rev, 50-CAGAAATCCT
GAGGCTCTTGACA-30; Muc2 for, 50-ATGCCCACCTCCTCAAAG
AC-30, Muc2 rev, 50-GTAGTTTCCGTTGGAACAGTGAA-30; and
Atoh1 for, 50-GAGTGGGCTGAGGTAAAAGAGT-30 and Atoh1 rev,
50-GGTCGGTGCTATCCAGGAG-30.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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