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Dear Dr. Nussenzweig,

Re: Ms. Ref. No.: JIM-D-14-00164

We greatly appreciate your willingness to review our revised manuscript entitled, “A METHOD
FOR HIGH PURITY INTESTINAL EPITHELIAL CELL CULTURE FROM ADULT HUMAN AND

MURINE TISSUES FOR THE INVESTIGATION OF INNATE IMMUNE FUNCTION,” for
publication in the Journal of Immunological Methods.

As a reminder, here we present a novel protocol and experimental data which has not been
submitted for publication anywhere else. Specifically this manuscript reports on an adapted
method to culture primary epithelial cells from adult human donors and from adult mice.
Importantly the innate immune responsiveness of these cultures were compared and contrasted
with traditional intestinal epithelial cell lines. Data presented here provide rationale and methods
for the use of primary epithelial cell cultures for the studies of intestinal epithelial cells as innate
immune effectors.

We appreciate the insightful comments from the reviewer which has significantly improved the
manuscript. We have responded in a point-by-point fashion to the reviewer. Based on these
revisions we hope our manuscript is now acceptable for publication in Journal of Immunological
Methods.

If you have any questions, or need any further information, please feel free contact me.

Sincerely,

Shanmen WaLF

Shannon Wallet, PhD
Associate Professor
University of Florida

PO BOX 100434
Gainesville, FL, 32610-0434
325-273-8370
swallet@dental.ufl.edu



*Response to Reviewers

JIM-D-14-00164 Response to the Reviewer: We appreciate the insightful comments from the
reviewer which has significantly improved the manuscript. We have responded in a point-by-point
fashion to the reviewer.

This manuscript describes a promising technique for isolating and culturing primary human and
murine intestinal epithelial cells (IECs). A facile and reproducible source of primary IEC with
physiological expression of innate sensing molecules (i.e., TLRs and) would be an asset to the
mucosal immunology field and facilitate molecular and cellular studies of intestinal epithelial
responses. The strength of the manuscript is that is clearly describes a simple procedure for
isolating IEC. The manuscript could be strengthened by adding more human donor tissue
specimens to address donor-dependent variability/robustness and the cultured IECs were better
characterized in terms of phenotype and function.

1. TLR expression was only examined by RT-PCR. It would enhance the manuscript if, in a
limited number of experiments, cultured IECs were stained with antibodies to some of the TLRs
(TLR1, TLR4 or TLR5). Also, confocal microscopy would give better resolved images in Figure 5
and would make it possible to show that the TLRs are expressed and localize normally (i.e.,
basolateral or apical). Because the cultures described in this manuscript have not been cultured
for polarity we cannot evaluate the localization of the TLRs at this time, thus we feel that gPCR is
the most appropriate for quantification of these receptors. Future experiments will evaluate proper
localization following polarization of the cell cultures.

2. In figure 5, it looks like unstimulated IEC express cytokines constitutively. Is this physiological?
Also, assuming that IEC are normally exposed to microbiota in vivo, would they be expected to
respond to LPS (for example) by making inflammatory cytokines such as TNF-a? Please address
these concerns in_the discussion. To our knowledge, the constitutive cytokine expression of
primary IEC, or IEC in vivo is not fully understood. In part, this is due to heavy reliance on
tumorigenic cell lines, which are known to and which we have demonstrated to express very low
levels of “proinflammatory” cytokines at the protein level. In addition, IEC specific expression of
cytokines in vivo is difficult to assess even under conditions of health considering the number of
resident immune cells within the Gl tract. Future experiments utilizing this system will evaluate the
effect of natural flora biofilms on the differentiation and innate immune function of these cultures.
This manuscript is a description of the culture system and a demonstration that primary IECs do
express innate immune receptors and have innate immune responsiveness (constitutive and
induced) which differs from traditionally utilized cell lines. For these reasons we feel description of
this culture system is important to this field. We have added these concepts to the discussion.

3. Figure 5 would be easier to read if the TLR ligands were identified in the figure caption
(currently only in the methods section). This has been amended as requested.

4. Moreover, comparisons are made between IECs and HT-29 cells and between both IEC
cultures, but not between unstimulated and stimulated cultures. It seems important to compare
cytokine secretion between unstimulated and TLR ligand stimulated cultures within each group to
make the point that TLR ligand stimulation is robust in the culture system. This comparison and
interpretation has been added to the results and discussion section.

5. "Trialogues"... very cool! But, "interaction" might be clearer in the context, and the culture
system (as described) doesn't warrant a new term, since it doesn't include normal flora or host
immune cells for the trialogue. We would prefer to keep the “trialogue” term as referenced as part



of the introduction, thus have limited its use to the two sentences on Page 4. We agree that our
results do not investigate the relationship between IECs, flora and immune cells, so we have
refrained from utilizing the term “trialogue” when discussing our results.

6. It would have been nice to show data for a few more human tissue donors (1-2 more). This
would provide insight into just how variable the system is in terms of TLR expression and cytokine
secretion. We agree with the reviewer and we are currently in the process describing the inherent
variability along with the ability to evaluate changes when cultured from conditions of disease
(such as diabetes). Due to the limited number of ‘healthy’ donors, we will be compiling this data
for a follow-up manuscript.

7. Also, can this approach be used with human colon tissue? Although we have utilized this
technique for MURINE colonic tissues, at this time we have not utilized this approach with HUMAN
colonic tissue due to our limited sources of human tissues. Thus we have focused the scope of
this manuscript on HUMAN small intestinal tissues. We have added this caveat to the discussion.

8. IECs are normally exposed to TLR ligands in the gut, is there concern that culturing the IEC in
the absence of these factors might alter their development and function? For example reduced
TLR expression or responsiveness? Please discuss this caveat. We completely agree with this
insightful point. We have included this concept in the revised discussion.

9. On page 8, it states that "the preparation was processed for immune cells" at two different
places in the protocol. This begs the questions: how, why and what immune cell types were
recovered in the fractions? Since the focus is on IEC, it might be better to omit this detail or add a
sentence in the discussion to the effect that variations of the protocol might be used to isolate
viable immune cells for further study. We wholeheartedly agree. Since our focus is IEC innate
function, we have chosen to omit the details concerning resident immune cell analysis, and will
save this information for a future publication.

10. The IEC monolayers could be better characterized. We appreciate these suggestions by the
reviewer which significantly improve our characterization.

a. Do the cells stain with cytokeratin-18 or just pan cytokeratin? We have utilized IF to interrogate
CK-18 expression in the primary cells as well as HT-29 cells. We have added these to the results
and discussion of the manuscript.

b. Also, tight junction and adherence junction proteins were not examined. For example staining
the cell monolayers for ZO-1 or E-Cad and imaging with a confocal microscope would go a long
way towards showing the cells are behaving like intestinal epithelial cells. We have also utilized IF
to interrogate ZO-1 in the primary cells as well as HT-29. We have added these data to the results
and discussion of the manuscript.

c. It might also be worthwhile to perform a PAS stain or stain for Muc-2 to see if goblet cells are
present in the culture. We have performed both the PAS and MUC2 staining and have added
these data to the results and discussion of the manuscript.
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Abstract

Intestinal epithelial cells (IEC) serve as an important physiologic barrier between
environmental antigens and the host intestinal immune system. Thus, IEC serve as a
first line of defense and may act as sentinel cells during inflammatory insults. Despite
recent renewed interest in IEC contributions to host immune function, the study of
primary IEC has been hindered by lack of a robust culture technique, particularly for
small intestinal and adult tissues. Here, a novel adaptation for culture of primary IEC is
described for human duodenal organ donor tissue as well as duodenum and colon of
adult mice. These epithelial cell cultures display characteristic phenotypes and are of
high purity. In addition, the innate immune function of human primary IEC, specifically
with regard to Toll-like receptor (TLR) expression and microbial ligand responsiveness,
is contrasted with a commonly used intestinal epithelial cell line (HT-29). Specifically,
TLR expression at the mRNA level and production of cytokine (IFNy and TNFa) in
response to TLR agonist stimulation is assessed. Differential expression of TLRs as
well as innate immune responses to ligand stimulation is observed in human-derived
cultures compared to that of HT-29. Thus, use of this adapted method to culture
primary epithelial cells from adult human donors and from adult mice will allow for more

appropriate studies of IEC as innate immune effectors.

Keywords: intestinal epithelial cells, primary cell culture, human, murine, innate

immunity



Highlights

e Method results in high purity human and murine primary intestinal epithelial cell
cultures.

e Method can be utilized with adult human duodenum and murine duodenum and
colon.

e Human primary cultures express higher levels of TLRs than the HT-29 cell line.

e Human primary cultures are more TLR-responsive than the HT-29 cell line.

e Primary cultures allow for more appropriate study of IEC innate immune function.



1. Introduction

The intestinal epithelium is the largest single site of environmental exposure, immune
activation, and tolerance induction in the body (1). With a surface area of approximately
400 m? in humans, a highly dynamic and highly regulated single-cell layer of intestinal
epithelial cells (IEC) serve as a first line of defense and mediate an intricate balance
between tolerance and host effector responses (2). At the individual cell level, IEC exist
in a bimodal state — participating in either nutrient absorption or immune activation (3).
IEC express a wide variety of molecules crucial for microbial sensing, and as immune
educators have the capacity to participate in antigen presentation, co-stimulation, and
lymphocyte adhesion and trafficking (4-8). In addition, IEC are a source of a wide array
of cytokines and chemokines (9). Together these properties allow IEC to regulate
intestinal immune populations, and thereby initiate, propagate, and regulate intestinal

inflammation (10, 11).

There has been recent renewed interest in understanding the environment-IEC-host
immune system trialogue (3). Although IEC have the capacity to shape the functional
outcomes of these trialogues, investigations of these interactions are hindered by a lack
of robust primary cell culture techniques. To overcome this hurdle, epithelial biologists
have relied on human or murine-derived cell lines, which are often of tumorigenic origin
(12). While these cell lines have numerous benefits, they may exhibit defects in
transcription factors downstream of multiple microbial sensing pathways (13). In
addition, due to the limited numbers and sources of the cell lines, there is a restriction of
those HLA/MHC interactions which can be investigated (13, 14). Similarly, these cell

lines limit the evaluation of disease-specific IEC phenomena. Thus, the establishment of
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robust primary IEC cultures to evaluate innate immune function under conditions of
heath and disease will facilitate a more intricate evaluation of IEC-specific contributions

to disease processes.

Although primary IEC cultures have been periodically described, these systems have
largely focused on IEC derived from fetal sources (15) or organoid-type studies (16).
Similarly, while recent advances have been made in IEC monolayer culture systems
from murine colonic sources (17), small intestinal and human primary IEC monolayer
culture remain a challenge. The development of adult primary IEC culture techniques is
important for the analysis of IEC function in disease progression, as well as under
conditions of exposure to environmental and microbial diversity, rather than under
conditions which lack antigenic experience as is the case with fetal-derived IEC cultures
(15). The development of methods to study small intestinal epithelial cell innate immune
function is particularly important due to the fact that the small and large intestine have
been shown to express different levels of innate immune receptors, likely resulting in
functional differences between these two populations (18). Thus, in order to most
accurately study innate immune function of the intestinal epithelium, it is crucial to work
toward developing more robust primary IEC culture methods from a variety of sources,

including human adult donor tissues and mouse adult small and large intestine.

Here we present an adapted method which yields high purity IEC cultures from
duodenum of adult human organ donors and adult murine duodenum and colon (19). In

addition, we compare and contrast the Toll-like receptor (TLR) expression and



responsiveness of IEC derived from the duodenum of adult human organ donors to a
commonly utilized intestinal epithelial cell line, HT-29 (20), whereby significant
differences were observed. While we have focused on TLR responsiveness of primary
IEC cultures, these culture methods will serve as the foundation for future studies to
elucidate environment-IEC-host immune system communication and interactions, and

can be utilized to evaluate a myriad of innate immune functions.



2. Materials and Methods

2.1. Animals. C57BL/6 mice were maintained at the breeding facilities of the University
of Florida. All procedures were performed at 10-12 weeks of age, and were conducted
in accordance with the guidelines of the University of Florida Institutional Animal Care

and Use Committee.

2.2. Human intestinal tissue. Adult human organ donor duodenal tissue was obtained
in collaboration with the Network for Pancreatic Organ Donors (nPOD, Gainesville, FL)
(21). Approximately 8 grams (wet weight) of duodenum was received in DMEM/Ham's
F-12, 1:1 Nutrient Mixture with 3.15g Glucose per Liter, L-Glutamine, Phenol Red,
HEPES and Sodium Pyruvate (Thermo Fisher Scientific, Waltham, MA). nPOD cases
6212, 6284 and 6292 were used for imaging and flow cytometric studies while nPOD
cases 6230 (‘case A”) and 6279 (“case B”) were used for TLR expression and
responsiveness studies. All procedures and protocols were reviewed and approved by

the University of Florida Institutional Review Board.

2.3. Primary IEC isolation and culture. Primary IEC were isolated using a protocol
adapted from Booth and O’Shea (19). Human duodenal and murine duodenal and
colonic tissues were prepared by removing the longitudinal muscle layer and washing
with ice-cold Mg?*- and Ca®'-free Hank’s Balanced Salt Solution (HBSS) (Mediatech,
Manassas, VA) containing 100 U penicillin, 100 ug mI™* streptomycin (Mediatech), 25 ug
ml™* gentamycin (MP Biomedicals, Solon, OH) and 0.5 mM dithiothreitol (DTT) (Thermo

Fisher Scientific), hereafter referred to as HBSS wash solution. Tissue was cut into two



cm? pieces, suspended in 50 ml HBSS wash solution, inverted vigorously ten times, and
the contents allowed to settle for one minute. The supernatant was removed and the
settled contents were washed an additional four times. After the fifth wash, the settled
contents were removed, minced with a sterile surgical scalpel, and suspended in 50 ml
of the HBSS wash solution. The resulting suspension was passed over a 1000 pm?
mesh filter. Remaining tissue was digested in 50 ml of a digestion buffer containing 75
U mi? collagenase type XI (Sigma-Aldrich, St. Louis, MO), 20 ug ml™* dispase neutral
protease Il (Roche, Indianapolis, IN), 0.5 mM DTT, and 1% v/v fetal bovine serum (FBS)
(Thermo Fisher Scientific) in Dubelcco’s Modification of Eagles Medium with 4.5 g/L
glucose and L-glutamine, without sodium pyruvate (DMEM) (Corning, Corning, NY). The
digestion buffer containing the tissue was then evenly divided, placed in a 37°C
incubator and allowed to shake at 180 RPM for 3 hours. The resulting digestion mixture
was again passed over a 1000 pum? filter, and the tissue fragments atop the filter were
washed with 25 mL complete growth media (DMEM, 8.5 g/L sodium pyruvate
[Mediatech], 2.5% v/v FBS, 0.25 U ml™ insulin [Sigma-Aldrich], 100 U penicillin, 100 ug
ml™ streptomycin, 25 ug ml™* gentamycin, 5 ug ml™ transferrin [Sigma-Aldrich], and 10
ng ml epidermal growth factor [Sigma-Aldrich]) containing 2% w/v D-sorbitol (S-
DMEM) (Sigma-Aldrich). Tissue debris remaining in the filter was discarded, and the
effluent containing proliferative crypt structures was centrifuged at 200 x g, 4 minutes,
4°C. The remaining pellet containing isolated intestinal crypts was suspended in S-
DMEM,; this process was repeated four times. After the final wash, the crypts were
suspended in complete growth media, plated at a density of approximately 800

crypts/ml/well in a 24-well type | collagen-coated culture dish (EMD Millipore, Billerica,



MA) and incubated at 37°C, 7.5% CO,. A complete media change was performed after
48 hours in culture, and the epithelial cells outgrown from the crypts were allowed to
grow to confluence for 7 days; 50% media changes were conducted every 5 days

thereatfter.

2.4. HT-29 cell culture. HT-29 cells (ATCC, Manassas, VA, USA) were cultured in
McCoy’s 5A medium with L-glutamine (ATCC) containing 100 U penicillin and 100 ug
ml™* streptomycin, supplemented with 10% FBS, and maintained at 5% CO, in a 37°C

incubator. A complete media change was performed every three days.

2.5. Immunofluorescence microscopy. Crypts isolated from human duodenal, murine
duodenal, and murine colonic tissues were either plated on type-I collagen coated glass
coverslips or stained directly in collagen-coated 24-well plates, while HT-29 cells were
plated directly on glass coverslips. Once confluent, cells were fixed in 4%
paraformaldehyde (PFA) for 30 minutes at room temperature. Cells were washed 3
times with phosphate buffered saline (PBS), blocked and permeabilized with a blocking
buffer containing 1% bovine serum albumin and 0.1% Triton X-100 for 1 hour at room
temperature. Either 10% normal goat serum or 10% normal donkey serum was added
to the blocking buffer. When antibodies raised in mouse were applied to mDEC or
mMCEC cultures anti-mouse CD16/CD32 Fc Block (BD Biosciences, San Diego, CA) was
included in the blocking buffer. Cells were then incubated overnight at 4°C with either
FITC-conjugated anti-pan cytokeratin antibody (1:100, clone C-11, Abcam, Cambridge,

EN), rabbit anti-ZO1 (1:100, polyclonal [Z-R1], Life Technologies, Carlsbad, CA), or



mouse anti-cytokeratin 18 (1:100, clone C-04, Abcam) diluted in blocking buffer. Cells
were then washed with PBS and either AlexaFlour® 647 goat anti-rabbit 1gG antibody
(1:400, Life Technologies) or AlexaFlour®488 donkey anti-mouse 1gG antibody (1:400,
Life Technologies) diluted in PBS was applied for 1 hour at room temperature (RT).
Following washing, cells were then incubated for five minutes at RT with 4',6-diamidino-
2-phenylindole (DAPI) diluted in PBS (300 nM) and imaged directly in PBS or coverslips
were mounted with VECTASHIELD® HardSet™ Mounting Medium containing DAPI
(Vector Laboratories, Burlingame, CA, USA). Incubation with secondary antibodies only
or the proper isotype antibodies were used as negative controls. Fluorescent images
were captured with either a Zeiss Axiovert 200M Microscope fitted with a Zeiss
AxioCam MRm camera or an EVOS® FL imaging system. Image analysis was
performed using Image J (Bethesda, MD, USA) and OMERO (22). Acquisition settings
were identical across groups. Adjustment of contrast and/or brightness was applied

evenly over the entire image field.

2.6 Periodic acid-Schiff stain. Cells were cultured in a collagen-coated plastic dish as
previously described. After 5 days in culture, media was removed and cells were fixed
with 4% PFA for 30 minutes at RT. Following fixation, cells were washed with PBS and
then stained using a Periodic acid-Schiff Kit (Sigma-Aldrich) according to manufacturer
instructions. Following staining, cells were imaged using a Micromaster inverted light
microscope (Fisher Scientific) and images captured using a 5.0 megapixel Digital
Microscope Eyepiece Camera (Premier HIROCAM MA88, C&A Scientific Co,

Manassas, VA) and accompanying TSView software (C&A Scientific).
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2.7. Flow cytometry. Primary IEC were cultured as described on bovine type |
collagen-coated NuncTM Upcell™ dishes (Sigma, Thermo Fisher Scientific) while HT-
29 were cultured as described on Nunc™ Upcell™ dishes (Thermo Fisher Scientific).

|TM

Cells were lifted from the Nunc™ Upcell™ dishes by incubating at 4°C for 20 minutes,

after which cell suspensions were passed over a 70 um cell strainer (Thermo Fisher
Scientific) and blocked with either 10% human serum (Sigma Aldrich) or anti-mouse
CD16/CD32 Fc Block for 30 min at 4°C. When streptavidin conjugated secondary
antibodies were used, cells were additionally blocked using a avidin-biotin blocking kit
(Vector Laboratories). Cells were then fixed, permeabilized (BD Cytofix/Cytoperm, BD
Biosciences) and stained with FITC-conjugated anti-pan cytokeratin antibody (clone C-
11, Abcam), biotinylated anti-mouse CD104 (clone 346-11A, BioLegend, San Diego,
CA, USA) or biotinylated anti-human CD104 (clone 439-9B, Novus Biologicals, Littleton,
CO, USA) followed by streptavidin-PE (BD Biosciences), FITC-conjugated anti-CD3
(mouse: clone 145-2C11, human: clone HIT3a), APC-conjugated anti-CD11b (mouse:
clone M1/70, human: clone ICRF44), APC-conjugated anti-CD11c (mouse: clone N418,
human: clone BU15 [Thermo Fisher Scientific]), or PE-conjugated anti-CD19 (mouse:
clone eBiolD3, human: clone J3-119 [Beckman Coulter, Indianapolis, IN]). All
antibodies were purchased from eBioscience (San Diego, CA, USA) unless otherwise
noted, and used at manufacturer recommended dilutions. Manufacturer recommended
isotype controls were used as negative controls for all antibodies used. A total of

200,000 ungated events per sample were acquired using a BD Accuri C6 flow
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cytometer (BD Biosciences) and data were analyzed using BD Accuri C6 software (BD

Biosciences).

2.8. Real-time PCR. Total RNA from unstimulated primary IEC or HT-29 cultures or
was harvested using an RNeasy extraction kit (Qiagen, Valencia, CA). RNA was
reverse transcribed to generate cDNA. Primers specific for 18s rRNA, hTLR-1, h-TLR2,
hTLR-3, hTLR-4, hTLR-5, hTLR-6, hTLR-7, hTLR-8 and hTLR-9 RT? gPCR primers
(SABiosciences, Frederick, MD) along with SsoAdvanced™ SYBR Green Supermix
(BioRad, Hercules, CA) were used for gPCR. Standard curves were used to determine
MRNA transcript copy number in individual reactions. Data were collected using CFX
Connect (BioRad) and analyzed using CFX Manager™ Software (BioRad). Data were

normalized to 18s rRNA.

2.9. IEC TLR stimulation. 7 days following plating of crypts, IEC cultures were primed
or not with 20 ng/ml of species-specific human interferon gamma (IFNy) (Invivogen, San
Diego, CA, USA) or mouse IFNy (ThermoFisher Scientific) for twelve hours after which
IEC cultures were stimulated or not with 1 ug/ml of ultra-pure TLR agonists (FSL1
[TLR2/6], Pam(3)CSK(4) [TLR 2/1], E. coli LPS [TLR4], ODN-2395 [TLR9], P. gingivalis
LPS [TLR2], and FLA-ST [TLR5]) (Invivogen). Culture supernatants were collected six

hours following TLR agonist stimulation to evaluate soluble mediator expression.

2.10. ELISA. Human Cytokine ELISA kits (BD Biosciences) were used to quantify IFNy

and tumor necrosis factor alpha (TNFa) in culture supernatants according to
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manufacturer’'s  instructions.  Concentrations  were  determined using a

spectrophotometer and standard curves. Data were normalized to total RNA.

3. Results

3.1. Primary IEC cultures display characteristic intestinal epithelial morphology.
Here a novel use and adaptation of a protocol for culture of high purity intestinal
epithelial cells from the duodenum of human organ donors (hDEC) and from the
duodenum (mDEC) and colon (mCEC) of adult mice is presented (12). Specifically,
duodenal tissues from adult human cadaveric donors or from the duodenum and colon
of adult C57BL/6 mice were processed to obtain crypt organoid structures (Figure 1A).
Notably, organoids derived from colonic tissues often form donut-like clusters. After 48
hours in culture, cells with epithelial-like cobblestone morphology were observed
growing outward from the central crypt structure (Figure 1B). After seven days in
culture, confluent fields of epithelial cells were apparent (Figure 1C). Crypt structures

frequently remained visible in confluent cultures.

3.2. Characterization of primary IEC cultures. Initial characterization of the primary
IEC cultures monolayers was performed by immunofluorescence (IF) and compared to
the HT-29 human intestinal epithelial cell line. IF was performed 7 days following the
initial plating, whereby IEC derived from human (hDEC) and murine (mDEC and mCEC)
adult tissues exhibit expected cobblestone morphology and cytokeratin
immunoreactivity, similar to that observed in the HT-29 cell line (Figure 2A-E). In

addition, further characterization of the cultures by flow cytometric analysis also
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revealed expression of cytokeratin and the epithelial cell marker CD104 in greater than
90% of the primary cultures, similar to that observed in the HT-29 cell line (Figure 2F-I).
Interestingly, a variety of morphologies were apparent in the IEC cultures (Figure 3). In
addition to the expected cobble stone morphology (Figure 3A), a subpopulation of cells
exhibited large, rounded phenotypes (Figure 3A') or granular morphologies
accompanied by a distally situated nuclei (Figure 3A") indicative of goblet cells. In order
to better characterize the apparent goblet cell phenotype, production of
mucopolysaccharides and expression of the goblet cell-specfic mucin, mucin 2 (Muc2),
was evaluated in hDEC cultures by Periodic acid-Schiff (PAS) staining and IF,
respectively. PAS staining as well as Muc2 expression was detected specifically in cells

with the observed goblet cell morphology (Fig 3B, C).

Further characterization these cultures again utilized IF to probe for cytokeratin 18
(K18), whose mRNA expression is more associated within the intestinal crypt than the
villus, and ZO-1, a well characterized marker of tight junctions (23). Similar to the pan-
cytokeratin reactivity, K18 expression was observed in hDEC, mDEC and mCEC
cultures, although it was more strongly associated with cells nearer the crypts and
leading edges of the cultures (Figure 4 A, D, G and data not shown). In addition, ZO-1
expression was also detected at the junction between individual cells similar to that
observed in HT-29. Together, these data demonstrate phenotypic similarities between
primary IEC cultures and HT-29, although primary cultures result in a variety of cellular
morphologies. This variety of morphologies suggest that the primary culture system

described here has the capacity to give rise to mixed cultures of fully differentiated
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intestinal epithelial cells, thereby allowing for studies to better recapitulate in vivo

mechanisms.

3.3. Primary IEC cultures exhibit high purity and absence of contaminating
phenotypes. To evaluate the purity of primary IEC cultures, monolayers were
characterized by flow cytometric analysis which revealed an absence of cell markers
indicative of contaminating immune cells including B cells (CD19), T cells (CD3),
macrophages and dendritic cells (CD11b, CD11c) (Figure 5 A-C). Notably, while we did
not detect CD11b in any of our cultures by flow cytometry, we did observe expression of
this marker on ~30% of the HT-29 cells as previously reported (Figure 5D) (24). These
data demonstrate a small phenotypic difference between primary IEC and HT-29,

although whether this results in a functional difference has yet to be determined.

3.4. Human primary IEC differentially express TLR1-9 compared to HT-29 cell line.
As previously mentioned, IEC participate in microbial sensing through TLR (4) and while
immortalized cell lines are frequently used for functional and microbial responsiveness
studies, alterations in transcription factor expression and function may limit their use for
the evaluation of IEC-TLR responsiveness (14, 25). Thus, the TLR expression and
function in our primary hDEC was compared and contrasted to that of the cell line HT-
29. First, the expression of TLRs 1-9 at the mRNA level in unstimulated hDEC was
evaluated (Figure 6). hDEC cultures expressed all queried TLRs, although at varying
levels. For instance, TLR1 was most the abundantly expressed TLR for case A (black

bars) while TLR5 was the most abundantly expressed TLR for case B (white bars)
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(Figure 6). Most importantly, there were significant differences in the expression levels
of multiple TLRs between primary hDEC and HT-29. Specifically, there were
significantly higher levels of all TLRs queried in primary hDEC compared to HT-29 with
the exception of TLR7, where the expression of TLR7 was significantly higher in HT-29
compared primary hDEC (Figure 6). Again these data demonstrate a phenotypic
difference between primary cultures and the HT-29 cell line, this time with a potential

effect on innate immune function.

3.4. Human primary IEC differentially respond to a variety of microbial ligands
compared to the HT-29 cell line. To characterize the innate immune function of
primary cultures, the TLR responsiveness of primary hDEC cultures was compared to
that of HT-29. Here, it was observed that unstimulated expression of both TNFa and
IFNy was significantly higher in hDEC cultures than that of the HT-29 cell line (Figure 7
A, B). In addition, stimulation induced a significant amount of TNFa and IFNy in
response to some TLR ligands while suppressing their expression in response to
others. Importantly, this pattern of reactivity differed than that observed in HT-29
cultures (Figure 7 A, B). For instance, regardless of TLR ligand used, stimulation of
HT-29 cells did not induce nor suppress TNFa or IFNy, with the exception of E. coli LPS,
which induced a small amount of TNFa (Figure 7B). On the other hand, stimulation of
primary cultures from case B (white bars), with FLS1 or FLA-ST resulted in the
upregulation of TNFa, while stimulation with FLA-ST or ODN-2395 resulted in the
suppression of IFNy (Figure 7 A, B). Interestingly, the opposite pattern of reactivity was

observed in cultures from case A (black bars) where by stimulation with FLA-ST or
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ODN-2395 resulted in the upregulation of IFNy (Figure 7B). This difference may be due
to the statistically significant difference in the expression of soluble mediators (both
TNFa and IFNy) expressed in the absence of stimulation in these two cultures (Figure 7

A, B).

Because IFNy priming of HT-29 has been demonstrated to induce LPS responsiveness
and other immune-modulating molecules (26), we assessed IFNy and TNFa production
of hDEC and HT-29 cultures following IFNy priming and microbial ligand stimulation.
Interestingly, while IFNy priming had no effect on hDEC responsiveness, IFNy did
confer HT-29 responsiveness to FLS1, E. coli LPS and FLA-ST in the context of IFNy
expression (Figure 7 C, D). Together, these data demonstrate that the phenotypic
differences observed between primary hDEC and HT-29 does translate into functional
differences in their innate immune responsiveness, highlighting the importance of using
primary culture systems for this type of evaluation. Importantly, additional studies are

needed to evaluate the variability in primary cultures from different donors.

4. Discussion

An emerging view of inflammation-associated diseases focuses on impaired immune
regulation at the intestinal level, highlighting the intestinal immune system as a
potentially critical component of disease etiology. Indeed, there has been recent
renewed interest in the immune functions of the intestinal tract, and more specifically
the role IEC play in initiating and shaping subsequent immune responses locally and

systemically (27-29). Despite its importance, cellular techniques for assessing
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IEC phenotype and function as immune educators remain limited. Here, we present an
adapted method for robust, pure primary IEC culture utilizing adult tissues of both
humans and mice, which will serve as the foundation for future studies to elucidate

environment-IEC-host immune system interactions.

Poised at the host-environment interface, IEC serve as active participants in shaping
mucosal immune responses and employ a variety of host defense mechanisms,
including microbial sensing through TLR (30). TLRs 1-9 are expressed at the mRNA or
protein level in IEC and utilize NF-kB in their signaling pathway (18). In health, a variety
of mechanisms are employed by IEC to avoid exuberant inflammatory responses to
nonpathogenic microbial signals, yet the mechanisms and totality of the functional
outcomes of IEC-TLR signaling in health remain unclear (31). In addition to physiologic
regulation in health, TLR, TLR-related signaling adaptors, and the downstream
transcription factor NF-xB have been recognized as key components in the initiation
and progression of multiple inflammatory conditions of the gastrointestinal tract
including colorectal cancer (13, 32-36). Therefore, a system that would allow for the

delineation of IEC-TLR signaling under conditions of both health and disease is heeded.

As previously mentioned, to date IEC-TLR responsiveness has been primarily evaluated
in cell lines (37, 38). Unfortunately, functional differences in NF-xB regulation have been
demonstrated among common IEC lines with the most robust differences seen between

cell lines and primary colonic epithelial cells (39). Here, we present evidence of
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significant differences in TLR expression between hDEC cultures of two donors and the
HT-29 cell line, whereby TLR 1, 2, 3, 4, 5, 6, 8, and 9 were expressed significantly
higher in the primary cell cultures, while HT-29 cell cultures expressed significantly
higher TLR7. In addition, we found that hDEC not only had a differential response to
microbial ligand stimulation than the HT-29 cell line, but also expressed a higher level of
both TNFa and IFNy prior to stimulation. Recently it has been suggested that the
traditionally pro-inflammatory cytokine IFNy can contribute to intestinal homeostasis in
an IEC specific manner, although the totality of the mechanisms remain undefined (40)
To our knowledge, the constitutive cytokine expression of primary IECs, or IECs in vivo
is not fully understood. This is in part due to heavy reliance on tumorigenic cell lines,
which we and others have demonstrated to express very low levels of cytokines at the
protein level in general (). In addition, IEC-specific expression of cytokines in vivo is
difficult to assess even under conditions of health considering the number of resident
immune cells within the gastrointestinal tract. Taken together, this again highlights the

need for a system that would allow for this delineation.

Here we also demonstrate that TLR ligation had negligible effects on HT-29 cultures but
was able to induce and suppress cytokine expression by hDEC cultures in a ligand-
dependent manner. Most notably, this response pattern was also different between the
hDEC cultures assessed. Interestingly, our data suggests that TLR stimulation of
primary epithelial cell cultures with a high IFNy to TNFa ratio (case B) results in a
suppression of TLR-induced IFNy responses, while those with a lower IFNy to TNFa

ratio promote expression of TLR-induced IFNy. These data along with the current
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literature (14) demonstrate the potential issues associated with assessing TLR-

responsiveness in cell lines and highlight the need to use primary cell culture systems.

TLR expression differences have been noted between small and large intestine,
suggesting that the expression and engagement of these receptors at these anatomical
sites may result in differing functional outcomes (41). In addition, the small intestine
contains the highest density of immune cells within the intestine, and is an important site
for maintaining immune balance, whereby epithelial cells themselves may contribute to
the process of tolerance (42). For instance, M cells of Peyer’'s patches and goblet cells
in the small intestine appear uniquely equipped for antigen sampling and maintenance
of local and systemic oral tolerance (43, 44). Moreover, IL-17 expressing CD4+ T cells,
which provide anti-microbial immunity at epithelial surfaces and are often implicated in
autoimmune disease, are expressed at a higher proportion in the small intestine than in
the colon; additionally, their development appears to require intestinal microbiota (45,
46). Together, these findings suggest that IEC from different compartments of the
gastrointestinal tract may have different innate immune functions, and highlight the need
for primary cultures of small intestinal epithelial cells for the study of IEC-immune
regulation. While recent advances have been made in IEC monolayer culture systems
from murine colonic sources (17), small intestinal primary IEC in monolayer culture
remain a challenge. Here we present a protocol that allows for the cultivation of primary
IEC from the small intestine of both mouse and man. While we demonstrate that this

technique is also suitable for murine colonic tissues, we have not utilized this approach
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with human colonic tissue due to limited sources of these tissues and thus cannot speak

to its efficacy in this cell population at this time.

To date, adult-derived IEC culture systems have also remained problematic (47-49).
The development of adult primary IEC culture presented here will facilitate the analysis
of IEC function under multiple experimental conditions. For instance, an adult primary
IEC culture will allow for evaluation of IEC function at different stages of disease
progression. Similarly, use of these cultures will improve study of how the aging process
affects IEC education and functional outcomes thereof — indeed age-associated
differences in TLR expression and function have been reported (50-53). Importantly, it
will also allow for evaluation of IEC function under conditions of exposure to a rich
environmental and microbial diversity, rather than under conditions which lack antigenic
experience as is the case with fetal-derived IEC cultures (15). This point highlights a
caveat of the method presented here whereby in vivo, IEC are normally exposed to
microbiota and microbial products during differentiation from the crypt, which may affect
the way these cells are programed to respond to TLR-ligation (54) — a consideration our
method does not incorporate. With that said, this method could be used to evaluate the
effect of natural flora biofilms under conditions of health and disease on the

differentiation and shaping of the innate immune function of IECs.

Intestinal immune activation has been implicated not only in local inflammatory diseases
such as celiac disease, irritable bowel syndrome, inflammatory bowel disease, and

colon cancer, but has also been implicated in systemic inflammatory diseases including

21



rheumatoid arthritis, type 1 diabetes, and multiple sclerosis (55-57). The role of IEC
innate immune function has been implicated in this process. For instance, it has been
observed that local gastrointestinal inflammation can contribute to upregulation of IEC-
TLR expression (58). What is unclear due to the lack of primary models is whether the
converse is also true - if increased IEC-TLR expression can result in local inflammation
rather than tolerance. For instance, it has been shown that IEC can induce IFNy
secretion by CD8+ T lymphocytes in IBD although the role of IEC-TLRs in the process is
unclear (59). On the other hand, models have demonstrated that IEC-TLR2 expression
can modulate tight and gap junctions of the intestinal epithelium (60, 61). Understanding
the contribution of IEC function (or dysfunction) to the intestinal immune system during
or prior to such diseases may be a critical component of understanding the natural
progression of both local and systemic diseases. As such, the development of adult
primary IEC culture from murine sources as presented here is important in that it will
allow the analysis of IEC function at specific stages of disease progress, where
appropriate murine models of human disease are available. Additionally, primary IEC
culture from adult human donors will allow for translation of relevant findings from
murine models. Together this will promote scientific discovery specific to human biology

and disease.

In summary, here we present a method that will allow for the isolation and propagation
of IEC from adult human and murine sources. The protocol presented can be applied to
adult organ donor tissue, as well as both small intestinal and colonic sources of adult

murine tissue. Most importantly, we describe key differences in the phenotype and

22



function of primary IEC cultures as compared to a conventional cell line. Moreover, we
demonstrate some phenotypic and functional heterogeneity in hDEC cultures derived
from human donors, which may reflect in vivo differences among human donors. While
functional data was presented on human cultures, similar results were seen with those
derived from murine models (data not shown). The presented methods will serve as the
foundation for future studies to elucidate environment-IEC-host immune system
interactions, and although the presented studies investigated TLR-responsiveness of
primary cultures, these methods can be easily adapted to include a variety of stimuli

including, but not limited to, manual, chemical, and biological insults.

5. Acknowledgments

This research was performed with the support of the Network for Pancreatic Organ
Donors with Diabetes (nPOD), a collaborative type 1 diabetes research project
sponsored by JDRF. Organ Procurement Organizations (OPO) partnering with nPOD to

provide research resources are listed at http://www.jdrfnpod.org/for-partners/npod-

partners/. The authors declare no conflicts of interest. This study was supported in part
by a UFCD Seed Fund (Wallet) and American Diabetes Association Career
Development Award (7-11-CD-17) (Wallet). CLG and SWH were supported in part by

NIH/NIDCR T90 DE021990-02 (Burne).

23


http://www.jdrfnpod.org/for-partners/npod-partners/
http://www.jdrfnpod.org/for-partners/npod-partners/

6. References

1. MacDonald TT, Monteleone |, Fantini MC, Monteleone G. Regulation of homeostasis and
inflammation in the intestine. Gastroenterology. 2011;140(6):1768-75. Epub 2011/05/03. doi:
10.1053/j.gastro.2011.02.047. PubMed PMID: 21530743.

2. Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier function and immune
homeostasis. Nature reviews Immunology. 2014;14(3):141-53. Epub 2014/02/26. doi: 10.1038/nri3608.
PubMed PMID: 24566914.

3. Shulzhenko N, Morgun A, Hsiao W, Battle M, Yao M, Gavrilova O, et al. Crosstalk between B
lymphocytes, microbiota and the intestinal epithelium governs immunity versus metabolism in the gut.
Nature medicine. 2011;17(12):1585-93. Epub 2011/11/22. doi: 10.1038/nm.2505. PubMed PMID:
22101768.

4. Fukata M, Arditi M. The role of pattern recognition receptors in intestinal inflammation.
Mucosal immunology. 2013;6(3):451-63. Epub 2013/03/22. doi: 10.1038/mi.2013.13. PubMed PMID:
23515136; PubMed Central PMCID: PMC3730813.

5. Nakazawa A, Dotan |, Brimnes J, Allez M, Shao L, Tsushima F, et al. The expression and function
of costimulatory molecules B7H and B7-H1 on colonic epithelial cells. Gastroenterology.
2004;126(5):1347-57. Epub 2004/05/08. PubMed PMID: 15131796.

6. Nakazawa A, Watanabe M, Kanai T, Yajima T, Yamazaki M, Ogata H, et al. Functional expression
of costimulatory molecule CD86 on epithelial cells in the inflamed colonic mucosa. Gastroenterology.
1999;117(3):536-45. Epub 1999/08/28. PubMed PMID: 10464129.

7. Perera L, Shao L, Patel A, Evans K, Meresse B, Blumberg R, et al. Expression of nonclassical class |
molecules by intestinal epithelial cells. Inflammatory bowel diseases. 2007;13(3):298-307. Epub
2007/01/24. doi: 10.1002/ibd.20026. PubMed PMID: 17238179.

8. Mayer L. Epithelial cell antigen presentation. Current opinion in gastroenterology.
2000;16(6):531-5. Epub 2006/10/13. PubMed PMID: 17031133.
9. Stadnyk AW. Cytokine production by epithelial cells. FASEB journal : official publication of the

Federation of American Societies for Experimental Biology. 1994;8(13):1041-7. Epub 1994/10/01.
PubMed PMID: 7926369.

10. Mayer L. Mucosal immunity. Immunological reviews. 2005;206:5. Epub 2005/07/29. doi:
10.1111/j.0105-2896.2005.00296.x. PubMed PMID: 16048538.

11. Shen L, Turner JR. Role of epithelial cells in initiation and propagation of intestinal inflammation.
Eliminating the static: tight junction dynamics exposed. American journal of physiology Gastrointestinal
and liver physiology. 2006;290(4):G577-82. Epub 2006/03/16. doi: 10.1152/ajpgi.00439.2005. PubMed
PMID: 16537969.

12. Langerholc T, Maragkoudakis PA, Wollgast J, Gradisnik L, Cencic A. Novel and established
intestinal cell line models — An indispensable tool in food science and nutrition. Trends in Food Science &
Technology. 2011;22, Supplement 1(0):511-S20. doi: http://dx.doi.org/10.1016/j.tifs.2011.03.010.

13. Sato Y, Goto Y, Narita N, Hoon DS. Cancer Cells Expressing Toll-like Receptors and the Tumor
Microenvironment. Cancer microenvironment : official journal of the International Cancer
Microenvironment Society. 2009;2 Suppl 1:205-14. Epub 2009/08/18. doi: 10.1007/s12307-009-0022-y.
PubMed PMID: 19685283; PubMed Central PMCID: PMC2756339.

14. Melmed G, Thomas LS, Lee N, Tesfay SY, Lukasek K, Michelsen KS, et al. Human intestinal
epithelial cells are broadly unresponsive to Toll-like receptor 2-dependent bacterial ligands: implications
for host-microbial interactions in the gut. Journal of immunology. 2003;170(3):1406-15. Epub
2003/01/23. PubMed PMID: 12538701.

24


http://dx.doi.org/10.1016/j.tifs.2011.03.010

15. Perreault N, Beaulieu JF. Primary cultures of fully differentiated and pure human intestinal
epithelial cells. Experimental cell research. 1998;245(1):34-42. Epub 1998/11/26. doi:
10.1006/excr.1998.4221. PubMed PMID: 9828099.

16. Gracz AD, Puthoff BJ, Magness ST. Identification, isolation, and culture of intestinal epithelial
stem cells from murine intestine. Methods in molecular biology. 2012;879:89-107. Epub 2012/05/23.
doi: 10.1007/978-1-61779-815-3_6. PubMed PMID: 22610555.

17. Moon C, Vandussen KL, Miyoshi H, Stappenbeck TS. Development of a primary mouse intestinal
epithelial cell monolayer culture system to evaluate factors that modulate IgA transcytosis. Mucosal
immunology. 2013. Epub 2013/11/14. doi: 10.1038/mi.2013.98. PubMed PMID: 24220295.

18. Abreu MT, Thomas LS, Arnold ET, Lukasek K, Michelsen KS, Arditi M. TLR signaling at the
intestinal epithelial interface. Journal of endotoxin research. 2003;9(5):322-30. Epub 2003/10/28. doi:
10.1179/096805103225002593. PubMed PMID: 14577850.

19. Catherine Booth, O'Shea JA. Isolation and Culture of Intestinal Epithelial Cells. Second Edition
ed: JOHN WILEY & SONS, INC.; 2002.

20. Fogh J. Human tumor cells in vitro. New York: Plenum Press; 1975. xix, 557 p. p.

21. Campbell-Thompson M, Wasserfall C, Kaddis J, Albanese-O'Neill A, Staeva T, Nierras C, et al.
Network for Pancreatic Organ Donors with Diabetes (nPOD): developing a tissue biobank for type 1
diabetes. Diabetes/metabolism research and reviews. 2012;28(7):608-17. Epub 2012/05/16. doi:
10.1002/dmrr.2316. PubMed PMID: 22585677; PubMed Central PMCID: PMC3456997.

22. Goldberg IG, Allan C, Burel JM, Creager D, Falconi A, Hochheiser H, et al. The Open Microscopy
Environment (OME) Data Model and XML file: open tools for informatics and quantitative analysis in
biological imaging. Genome biology. 2005;6(5):R47. Epub 2005/05/17. doi: 10.1186/gb-2005-6-5-r47.
PubMed PMID: 15892875; PubMed Central PMCID: PMC1175959.

23. Flint N, Pemberton PW, Lobley RW, Evans GS. Cytokeratin expression in epithelial cells isolated
from the crypt and villus regions of the rodent small intestine. Epithelial cell biology. 1994;3(1):16-23.
Epub 1994/01/01. PubMed PMID: 7514933.

24, Bouhlal H, Chomont N, Haeffner-Cavaillon N, Kazatchkine MD, Belec L, Hocini H. Opsonization of
HIV-1 by semen complement enhances infection of human epithelial cells. Journal of immunology.
2002;169(6):3301-6. Epub 2002/09/10. PubMed PMID: 12218150.

25. Furrie E, Macfarlane S, Thomson G, Macfarlane GT, Microbiology, Gut Biology G, et al. Toll-like
receptors-2, -3 and -4 expression patterns on human colon and their regulation by mucosal-associated
bacteria. Immunology. 2005;115(4):565-74. Epub 2005/07/14. doi: 10.1111/j.1365-2567.2005.02200.x.
PubMed PMID: 16011525; PubMed Central PMCID: PMC1782176.

26. . HT'INVALID CITATION 11!

27. Purchiaroni F, Tortora A, Gabrielli M, Bertucci F, Gigante G, laniro G, et al. The role of intestinal
microbiota and the immune system. European review for medical and pharmacological sciences.
2013;17(3):323-33. Epub 2013/02/22. PubMed PMID: 23426535.

28. Tomasello E, Bedoui S. Intestinal innate immune cells in gut homeostasis and
immunosurveillance. Immunology and cell biology. 2013;91(3):201-3. Epub 2013/03/13. doi:
10.1038/icb.2012.85. PubMed PMID: 23478396.

29. Brown EM, Sadarangani M, Finlay BB. The role of the immune system in governing host-microbe
interactions in the intestine. Nature immunology. 2013;14(7):660-7. Epub 2013/06/20. doi:
10.1038/ni.2611. PubMed PMID: 23778793.

30. Hecht G. Innate mechanisms of epithelial host defense: spotlight on intestine. The American
journal of physiology. 1999;277(3 Pt 1):C351-8. Epub 1999/09/14. PubMed PMID: 10484321.

31. Shibolet O, Podolsky DK. TLRs in the Gut. IV. Negative regulation of Toll-like receptors and
intestinal homeostasis: addition by subtraction. American journal of physiology Gastrointestinal and

25



liver physiology. 2007;292(6):G1469-73. Epub 2007/06/08. doi: 10.1152/ajpgi.00531.2006. PubMed
PMID: 17554134.

32. Vaiopoulos AG, Athanasoula K, Papavassiliou AG. NF-kappaB in colorectal cancer. Journal of
molecular medicine. 2013;91(9):1029-37. Epub 2013/05/03. doi: 10.1007/s00109-013-1045-x. PubMed
PMID: 23636511.

33. Wang S, Liu Z, Wang L, Zhang X. NF-kappaB signaling pathway, inflammation and colorectal
cancer. Cellular & molecular immunology. 2009;6(5):327-34. Epub 2009/11/06. doi:
10.1038/cmi.2009.43. PubMed PMID: 19887045.

34, O'Leary DP, Bhatt L, Woolley JF, Gough DR, Wang JH, Cotter TG, et al. TLR-4 signalling
accelerates colon cancer cell adhesion via NF-kappaB mediated transcriptional up-regulation of Nox-1.
PloS one. 2012;7(10):e44176. Epub 2012/10/17. doi: 10.1371/journal.pone.0044176. PubMed PMID:
23071493; PubMed Central PMCID: PMC3469572.

35. Aviello G, Corr SC, Johnston DG, O'Neill LA, Fallon PG. MyD88 adaptor-like (Mal) regulates
intestinal homeostasis and colitis-associated colorectal cancer in mice. American journal of physiology
Gastrointestinal and liver  physiology. 2014;306(9):G769-78. Epub  2014/03/08. doi:
10.1152/ajpgi.00399.2013. PubMed PMID: 24603458.

36. Luddy KA RM, Tafreshi N, Soliman H and Morse, DL. The Role of Toll-like Receptors in Colorectal
Cancer Progression: Evidence

for Epithelial to Leucocytic Transition (ELT). Front Immunol. 2014;5:207. Epub 26 Apr 2014. doi:
10.3389/fimmu.2014.00207.

37. Bocker U, Yezerskyy O, Feick P, Manigold T, Panja A, Kalina U, et al. Responsiveness of intestinal
epithelial cell lines to lipopolysaccharide is correlated with Toll-like receptor 4 but not Toll-like receptor
2 or CD14 expression. International journal of colorectal disease. 2003;18(1):25-32. Epub 2002/11/30.
doi: 10.1007/s00384-002-0415-6. PubMed PMID: 12458377.

38. Cario E, Rosenberg IM, Brandwein SL, Beck PL, Reinecker HC, Podolsky DK. Lipopolysaccharide
activates distinct signaling pathways in intestinal epithelial cell lines expressing Toll-like receptors.
Journal of immunology. 2000;164(2):966-72. Epub 2000/01/07. PubMed PMID: 10623846.

39. Jobin C, Haskill S, Mayer L, Panja A, Sartor RB. Evidence for altered regulation of | kappa B alpha
degradation in human colonic epithelial cells. Journal of immunology. 1997;158(1):226-34. Epub
1997/01/01. PubMed PMID: 8977194.

40. Thelemann C, Eren RO, Coutaz M, Brasseit J, Bouzourene H, Rosa M, et al. Interferon-gamma
induces expression of MHC class Il on intestinal epithelial cells and protects mice from colitis. PloS one.
2014;9(1):e86844. Epub 2014/02/04. doi: 10.1371/journal.pone.0086844. PubMed PMID: 24489792;
PubMed Central PMCID: PMC3904943.

41. Abreu MT. Toll-like receptor signalling in the intestinal epithelium: how bacterial recognition
shapes intestinal function. Nature reviews Immunology. 2010;10(2):131-44. Epub 2010/01/26. doi:
10.1038/nri2707. PubMed PMID: 20098461.

42, Karlsson M, Lundin S, Dahlgren U, Kahu H, Pettersson |, Telemo E. "Tolerosomes" are produced
by intestinal epithelial cells. European journal of immunology. 2001;31(10):2892-900. Epub 2001/10/10.
doi: 10.1002/1521-4141(2001010)31:10&#60;2892::AID-IMMU2892&#62;3.0.CO;2-I. PubMed PMID:
11592064.

43, McDole JR, Wheeler LW, McDonald KG, Wang B, Konjufca V, Knoop KA, et al. Goblet cells deliver
luminal antigen to CD103+ dendritic cells in the small intestine. Nature. 2012;483(7389):345-9. Epub
2012/03/17. doi: 10.1038/nature1l0863. PubMed PMID: 22422267; PubMed Central PMCID:
PMC3313460.

44, Fujihashi K, Dohi T, Rennert PD, Yamamoto M, Koga T, Kiyono H, et al. Peyer's patches are
required for oral tolerance to proteins. Proceedings of the National Academy of Sciences of the United

26



States of America. 2001;98(6):3310-5. Epub 2001/03/15. doi: 10.1073/pnas.061412598. PubMed PMID:
11248075; PubMed Central PMCID: PMC30650.

45, Goto Y, Panea C, Nakato G, Cebula A, Lee C, Diez MG, et al. Segmented filamentous bacteria
antigens presented by intestinal dendritic cells drive mucosal th17 cell differentiation. Immunity.
2014;40(4):594-607. Epub 2014/04/02. doi: 10.1016/j.immuni.2014.03.005. PubMed PMID: 24684957.
46. Esplugues E, Huber S, Gagliani N, Hauser AE, Town T, Wan YY, et al. Control of TH17 cells occurs
in the small intestine. Nature. 2011;475(7357):514-8. Epub 2011/07/19. doi: 10.1038/nature10228.
PubMed PMID: 21765430; PubMed Central PMCID: PMC3148838.

47. Chopra DP, Dombkowski AA, Stemmer PM, Parker GC. Intestinal epithelial cells in vitro. Stem
cells and development. 2010;19(1):131-42. Epub 2009/07/08. doi: 10.1089/scd.2009.0109. PubMed
PMID: 19580443; PubMed Central PMCID: PMC3136723.

48. Leushacke M, Barker N. Ex vivo culture of the intestinal epithelium: strategies and applications.
Gut. 2014. Epub 2014/05/21. doi: 10.1136/gutjnl-2014-307204. PubMed PMID: 24841573.
49, Kaeffer B. Mammalian intestinal epithelial cells in primary culture: a mini-review. In vitro cellular

& developmental biology Animal. 2002;38(3):123-34. Epub 2002/05/25. doi: 10.1290/1071-
2690(2002)038<0123:MIECIP>2.0.CO;2. PubMed PMID: 12026159.

50. Panda A, Qian F, Mohanty S, van Duin D, Newman FK, Zhang L, et al. Age-associated decrease in
TLR function in primary human dendritic cells predicts influenza vaccine response. Journal of
immunology. 2010;184(5):2518-27. Epub 2010/01/27. doi: 10.4049/jimmunol.0901022. PubMed PMID:
20100933; PubMed Central PMCID: PMC3867271.

51. van Duin D, Mohanty S, Thomas V, Ginter S, Montgomery RR, Fikrig E, et al. Age-associated
defect in human TLR-1/2 function. Journal of immunology. 2007;178(2):970-5. Epub 2007/01/05.
PubMed PMID: 17202359.

52. Boehmer ED, Goral J, Faunce DE, Kovacs EJ. Age-dependent decrease in Toll-like receptor 4-
mediated proinflammatory cytokine production and mitogen-activated protein kinase expression.
Journal of leukocyte biology. 2004;75(2):342-9. Epub 2003/11/25. doi: 10.1189/jlb.0803389. PubMed
PMID: 14634059.

53. Dunston CR, Griffiths HR. The effect of ageing on macrophage Toll-like receptor-mediated
responses in the fight against pathogens. Clinical and experimental immunology. 2010;161(3):407-16.
Epub 2010/07/22. doi: 10.1111/j.1365-2249.2010.04213.x. PubMed PMID: 20646005; PubMed Central
PMCID: PMC2962957.

54, Ewaschuk JB, Backer JL, Churchill TA, Obermeier F, Krause DO, Madsen KL. Surface expression of
Toll-like receptor 9 is upregulated on intestinal epithelial cells in response to pathogenic bacterial DNA.
Infection and immunity. 2007;75(5):2572-9. Epub 2007/02/28. doi: 10.1128/IA1.01662-06. PubMed
PMID: 17325049; PubMed Central PMCID: PMC1865769.

55. Nissinen R, Leirisalo-Repo M, Nieminen AM, Halme L, Farkkila M, Palosuo T, et al. Immune
activation in the small intestine in patients with rheumatoid arthritis. Annals of the rheumatic diseases.
2004;63(10):1327-30. Epub 2004/09/14. doi: 10.1136/ard.2003.011304. PubMed PMID: 15361394;
PubMed Central PMCID: PMC1754781.

56. Vaarala O, Atkinson MA, Neu J. The "perfect storm" for type 1 diabetes: the complex interplay
between intestinal microbiota, gut permeability, and mucosal immunity. Diabetes. 2008;57(10):2555-62.
Epub 2008/09/30. doi: 10.2337/db08-0331. PubMed PMID: 18820210; PubMed Central PMCID:
PMC2551660.

57. Alkhawajah MM, Caminero AB, Freeman HJ, Oger JJ. Multiple sclerosis and inflammatory bowel
diseases: what we know and what we would need to know! Multiple sclerosis. 2013;19(3):259-65. Epub
2012/10/03. doi: 10.1177/1352458512461393. PubMed PMID: 23027881.

58. de Kivit S, van Hoffen E, Korthagen N, Garssen J, Willemsen LE. Apical TLR ligation of intestinal
epithelial cells drives a Thl-polarized regulatory or inflammatory type effector response in vitro.

27



Immunobiology. 2011;216(4):518-27. Epub 2010/09/21. doi: 10.1016/j.imbio.2010.08.005. PubMed
PMID: 20850889.

59. Bisping G, Lugering N, Lutke-Brintrup S, Pauels HG, Schurmann G, Domschke W, et al. Patients
with inflammatory bowel disease (IBD) reveal increased induction capacity of intracellular interferon-
gamma (IFN-gamma) in peripheral CD8+ lymphocytes co-cultured with intestinal epithelial cells. Clinical
and experimental immunology. 2001;123(1):15-22. Epub 2001/02/13. PubMed PMID: 11167992;
PubMed Central PMCID: PMC1905965.

60. Cario E, Gerken G, Podolsky DK. Toll-like receptor 2 enhances Z0O-1-associated intestinal
epithelial barrier integrity via protein kinase C. Gastroenterology. 2004;127(1):224-38. Epub
2004/07/06. PubMed PMID: 15236188.

61. Fasano A. Leaky gut and autoimmune diseases. Clinical reviews in allergy & immunology.
2012;42(1):71-8. Epub 2011/11/24. doi: 10.1007/s12016-011-8291-x. PubMed PMID: 22109896.

28



Figure Legends:

Fig. 1: Epithelial outgrowth from isolated crypts. DIC imaging at different time points
during culture reveals (A) Intestinal crypts containing proliferative stem cells are isolated
by enzymatic digestion. (B) After 48 hours in culture, primary IEC begin to grow outward
from the crypt. (C) After 7 days in culture, confluent monolayers with cobblestone

morphology are formed. Scale bar 20 um.

Fig. 2. Characterization of primary IEC cultures. Monolayers of (A) human duodenal
epithelial cells (hDEC), (B) murine duodenal epithelial cells (mDEC), (C) murine colonic
epithelial cells (mMCEC) and (D) the human intestinal cell line HT-29 were probed with
DAPI (blue) to visualize nuclei and anti-pan-cytokeratin antibody (green). (E) An
appropriate isotype control antibody verified absence of non-specific labeling. (F-I)
Seven days following plating, hDEC, mDEC, mCEC and HT-29 cultures were analyzed
by flow cytometry for the expression of two independent markers of epithelial cells —

cytokeratin and CD104.

Fig. 3. Multiple cellular morphologies in hDEC cultures. Human primary IEC
cultures grown to confluence contain cells with (A") cobblestone morphology, (A") large,
rounded cell body, and (A") distally situated nuclei with vesicles, which lack cytokeratin
expression. (B) hDEC were stained using a Periodic acid-Schiff (PAS) staining
procedure to visualize expression of mucopolysaccharides. (C) hDEC were labeled

with DAPI (blue) to visualize nuclei and anti-Muc?2 (red) to evaluate expression of mucin
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2. Incubation with secondary antibodies only or the proper isotype antibodies verified
absence of non-specific labeling. Scale bar 5 um.

Fig 4. Immunocytochemical characterization K18 and ZO1 expression. Monolayers
of (A, B, C) human duodenal epithelial cells (hDEC), (D, E, F) murine duodenal
epithelial cells (MDEC), (G, H, I) murine colonic epithelial cells (ImCEC) and (J, K, L) the
human intestinal cell line HT-29 were probed with DAPI (blue) to visualize nuclei and
either (A, D, G, J) anti-keratin 18 (red) or (B, E, H, K) anti-ZO1 antibody (green). (C, F,
I, L) Incubation with secondary antibodies only or the proper isotype antibodies verified

absence of non-specific labeling. Scale bar 5 um.

Fig. 5. Human and mouse primary IEC cultures do not express common immune
cell markers. Seven days following plating, hDEC, mDEC, mCEC and HT-29 cultures
were analyzed by flow cytometry for markers of immune cell contamination CD19, CD3,
CD11b, CD11c (red line; black line = isotype control). The data are representative of 3

independent experiments.

Fig. 6. Human primary IEC express TLR1-9. Two cases of primary hDEC (case
A=black; case B=white) and HT-29 cell lines (grey) were probed by qPCR for TLR
MRNA expression. Data are an average of triplicates. * p <0.05 HT29 vs. case A and

case B; " p <0.05 HT29 vs. case B; # p <0.05 case A vs. case B. Student’s T test.
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Fig. 7. Human primary IEC are responsive to a variety of microbial ligand
agonists. Two cases of primary hDEC (case A=black; case B=white) and HT-29 cell
lines (grey) were cultured to confluence in a 24 well plate. (A-B) IEC responsiveness to
1 ug ml™* of TLR agonists indicated was evaluated after six hours of stimulation. (C-D)
Primary hDEC cultures were primed with 20 ng ul* of human IFNy 12 hours prior to TLR
agonist stimulation, whereas HT-29 cells were primed for 72 hours prior to TLR agonist
stimulation. Data are an average of triplicates. TLR agonists were FSL1 (TLR2/6),
Pam(3)CSK(4) (TLR 2/1), E. coli LPS (TLR4), ODN-2395 (TLR9), P. gingivalis LPS
(TLR2), and FLA-ST (TLR5). * p <0.05 HT29 vs. case A and case B; " p <0.05 HT29 vs.
case B; # p <0.05 case A vs. case B. T p<0.05 HT-29 unstimulated vs. E. coli LPS
(A,D), FLS1 (D), and FLA-ST (D). T p <0.05 case B unstimulated vs. FLS1 (A), FLA-ST
(A, B), and ODN-D-2395 (B). V p <0.05 case A unstimulated vs. E. coli LPS (7A), FLA-

ST (7D) and ODN-2395 (7B,D). Student’s T test.
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