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INVESTIGATING THE ROLE OF THE TIGHT JUNCTION PROTEIN CLAUDIN-
4 IN EXPERIMENTAL IBD
YUNUO LIU
ABSTRACT

Intestinal bowel disease (IBD) comprises several chronic disorders that
can cause inflammation in the intestines. Defects in the epithelial barrier function
have been observed to play a vital role in IBD pathology. Claudins are a family of
integral membrane proteins that comprise tight junctions and are critical
determinants of epithelial barrier function. The pore-forming claudins regulate
paracellular flux by forming charge and size-selective pores, e.g., claudin-2 and -
15. On the other hand, so-called barrier-forming claudins, such as claudin-4, are
supposed to function by forming a fence/seal at tight junctions. Previous studies
have shown that unregulated paracellular permeability in mice overexpressing a
pore-forming claudin-2 results in severe clinical disease in an experimental IBD
model, whereas claudin-2 KO mice are protected. However, the role of barrier-
forming claudins like claudin-4 in an experimental IBD setting has not been well
examined. In this study, two kinds of experimental IBD models- chronic (T cell
transfer) and acute (DSS) models to study IBD in mice. As claudin-4 is a barrier-
forming claudin, we hypothesized that conditional claudin-4 knockout promotes
intestinal damage and induces colitis. Surprisingly, we found that claudin0-4 KKO
had a protective effect on the disease severity compared to WT or claudin-4

overexpressing transgenic mice. These results show that the tight junction barrier



enhancing functions of claudin-4 might be secondary to its effect on epithelial

wound repair.
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INTRODUCTION

The intestine is tasked with absorbing nutrients from digested food while
simultaneously providing a barrier to luminal pathogens and toxins, preventing
them from entering the body. As described below, nutrient absorption and barrier
function are integrated.

Understanding these routes and how they interact is clinically relevant, as
regulatory failures have been linked to various intestinal pathologies in humans
[1-3]. Furthermore, this knowledge is essential for generating novel therapies
designed to combat barrier dysfunction in gastrointestinal diseases, including
Crohn’s disease (CD) and ulcerative colitis (UC), the two primary forms of
inflammatory bowel disease (IBD) that significantly reduce the quality of life in

patients [4-9].

Anatomy of the intestinal mucosa
The intestinal mucosa is a multilayered barrier lined by columnar epithelial

cells. This epithelial cell population is heterogeneous, and different cell types
have different functional roles in maintaining intestinal homeostasis [10]. In the
base of the crypt, crypt base columnar (CBC) cells (Lgr5*, OLFM4*, Msi1*) can
be found in between Paneth cells. The CBC cells are fast-cycling cells that are
thought to be the significant stem cell population within the intestine, and single
Lgr5* cells have been shown to give rise to heterogeneous crypt organoids in

vitro [11]. Lgr5* CBCs can undergo self-renewal to maintain the CBC population



and give rise to transient amplifying cells, proliferative progenitors that
differentiate into mature intestinal epithelial cell types. During maturation, cells
migrate out from the crypt, and this process is due to both mitotic pressure and
active migration. Another population of label-retaining cells can be found in the
+4 position above the paneth cells. Evidence shows that this slow-cycling stem
cell population is required for intestinal regeneration after injury [12].

Transient amplifying progenitor cells produced from Lgr5* CBCs
differentiate into at least five mature intestine epithelial cells, including paneth,
enteroendocrine, goblet, enterocyte, and tuft cells [13]. Each cell type migrates
away from the crypt to cover the villi, except paneth cells, which migrate into the
crypts and secrete different growth factors and antimicrobials [14]. Enterocytes
are absorptive cells that compose most of the intestinal epithelium (~90%) [13].
Goblet cells, the next most common cell type (~10%), secrete mucins that form a
gel-like substance that composes an unstirred layer, preventing intestinal
bacteria from directly contacting the epithelial surface [15-17]. Enteroendocrine
cells secrete hormones that regulate digestive processes. Finally, tuft cells, a
scarce cell population in intestine villi, represent approximately 0.5% of the
intestinal epithelial cells. Tuft cells were identified decades ago, but only recent
research has discovered their crucial role in immune type 2 responses to
helminth infection and secreting IL-25 [16, 18-22]. Beneath the intestinal
epithelia, there is a space called the lamina propria, which contains blood vessels

and lymphatic vessels. Nutrients absorbed by the intestine by either transcellular



or paracellular absorption enter the lamina propria, which can be absorbed into

the blood.
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Figure 1. The intestinal epithelium. This figure shows the different cells of
intestinal epithelium [23].



Different routes for nutrient absorption in the intestine

In order to facilitate life, the intestine must selectively absorb nutrients
from digested food while at the same time establishing a selective barrier
preventing microorganisms and toxins from entering the body [24]. This
phenomenon is termed transepithelial transport, which can occur by two major
routes: paracellularly, in which the nutrients pass through the junctions between
epithelial cells, and transcellular, where nutrients are first selectively internalized
by the epithelial cells by transporter proteins on the apical surface of the
epithelium, before being further transported into the lamina propria by basolateral

transporters [25].

Transcellular pathway

The transcellular pathway consists of channel and transporter proteins that allow
bidirectional transport between the lumen and lamina propria [10]. Some
transporters are located on the apical cell surface and facilitate nutrient
absorption by the intestine epithelia. Other proteins are located on the
basolateral surface and allow nutrients to exit the epithelial barrier into the lamina
propria to be absorbed by the blood or lymphatic system. Different
transmembrane transporters have different mechanisms for a different specific
cargo. For example, glucose absorption in the intestine occurs primarily through
the sodium-glucose cotransporter (SGLT1), which facilitates glucose transport by

coupling it with the energetically favorable entry of sodium into intestinal epithelial



cells [26, 27]. This process is dependent on maintaining a low intracellular
concentration of sodium, a feat accomplished by a basolateral membrane
transporter called the Na*/K* ATPase. This ATP-powered pump facilitates the
exchange of three Na* for two extracellular K* [28]. Therefore, the transcellular
transport pathway operates by apical and basolateral transport proteins.
Intestinal epithelial cells must actively maintain the correct localization of these
transport proteins to different plasma membrane domains to allow for

transcellular transport function.

Paracellular pathway

The route taken by different nutrients is determined by the size, charge,
and availability of specialized transmembrane protein transporters available for
each nutrient. While the routes and nutrients targeted by each pathway are
different, overall, the activity of each pathway plays a critical role in regulating the
function of the other. The paracellular transport pathway is defined as the
passive transepithelial transport that occurs when molecules, including water,
sodium, and other solutes, cross between adjacent intestinal epithelial cells to
enter the lamina propria without being internalized by the epithelial cells [29].
This pathway can be further refined into the pore pathway- composed of pores
found in tight junctions that allow for size-selective and charge-selective
facilitated diffusion, and the leak pathway that allows the passage of larger

molecules [30]. Larger molecules and components of the microbiota may also



cross the epithelial layer when damaged through ulceration and erosion
processes, utilizing an unrestricted pathway [2, 31]. Each of these paracellular

transport pathways is described in more detail below:

Pore pathway

The pore pathway transports small molecules smaller than 8 A in
diameter, including water, glucose, and selectively charged/uncharged molecules
[32]. Pores are located in tight junctions and have been shown to be composed
of claudin proteins [33]. Claudins have been shown to play essential roles in
regulating tissue permeability in the intestine, skin, and kidney [10, 34, 35]. Early
investigations into claudin proteins focused on how their expression regulated the
electrical resistance and permeability of epithelial monolayers to small ions
across entire epithelial sheets, primarily due to the inability to investigate
individual channels. For example, while claudin-dependent channels were
previously thought to be similar to constantly open passages, patch clamping
single channels have demonstrated at least three different channel
conformations (including two gated positions and one open position). This finding
suggests that gating of claudins might serve as a regulatory mechanism, but the

factors that regulate channel conformation have yet to be identified.



Leak pathway

Unlike the pore pathway, the exact location of paracellular transport
occurring via the leak pathway, which transports molecules with a maximum
diameter of 100 A, remains unclear. It has been theorized that leakiness can
occur due to the dynamic nature of tight junctions [36]. Alternatively,
macromolecules might pass at junctional sites of contact from three epithelial
cells, which form a central tube that has been shown to be negatively regulated
by the tricellulin expression [37].

Although the exact path that macromolecules take to pass the barrier has
yet to be elucidated, a great deal is known about regulators of leak pathway
function. The phosphorylation of myosin light-chain (MLC), a component of the
perijunctional actomyosin ring (PAMR), has been shown to increase the passage
of nutrients [2, 38-40]. In addition, occludin has been shown to regulate the
paracellular ion conductance and maintain the cation-selective barrier [41]. Later
work determined that cytokines, including IFN-y and TNF-a, which reduced
intestinal barrier function, act by stimulating the myosin light chain kinase (MLCK)

[42].

Unrestricted pathway
A third paracellular route called the unrestricted pathway, which does not
restrict the size of substances crossing the epithelial barrier of the intestine, can

occur when the epithelial barrier becomes physically damaged. Damage to the



intestinal epithelium results from several distinct (although related) mechanisms,
including T-cell mediated tissue damage and ulcerations [2]. These different
damage mechanisms often result from inflammatory conditions found in patients
with intestinal pathologies that are broadly described as inflammatory bowel
disease (IBD), which result in loss of barrier function [4, 43]. In the culture of
MDCK-II cells, the unrestricted pathway can be re-capitulated by knocking down
Z01/2, eliminating tight junction structures, or by simultaneously deleting five
different claudin paralogs and JAM-A [43, 44]. Barrier damage may also be
modeled in animals by applying cytotoxic agents, including DSS and TNBS [45,

46].
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Figure 2. Routes of absorption. This figure shows the difference between the
paracellular pathways [47].




Claudin

The 27 human claudin proteins have different functions; some form pores
in tight junctions, while others have a gating function. Pore-forming claudins may
be further subdivided by their preference for the charge of the ions they transport
[33, 48-50]. They are a major structural component of tight junctions.

Structurally, claudins are a family of transmembrane proteins with
intracellular N and C terminus with four transmembrane helices and two
extracellular segments. These tetraspanning membrane tight junction proteins
form two extracellular segments, consisting primarily of B-sheets with select
amino acid residues found in the first extracellular loop that convey charge
selectivity to different claudins [51-55]. The first extracellular loop (ECL1) is a
highly conserved motif of claudins. In the second half of the ECL1, claudin-2 and
claudin-15 have specific charged residues responsible for determining the charge
selectivity [56].

After the second conserved extracellular cysteine (C64), mutations of
charge residues can alter charge selectivity for claudin-2, -10a, etc. [56-59].
ECL1 also has a pair of conserved extracellular cysteine 9-11 residues after the
G-L-W motif. There is also a highly conserved arginine at the end of ECL found
in 23 claudins [60]. Studies have found that toxins such as Clostridium
perfringens enterotoxin (CPE) have been found to induce claudin internalization.
The effect of CPE in claudin-3 and claudin-4 is due to direct interaction with the

ECL2 and forms pores in the membrane to induce cell death [61, 62]. The
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cytoplasmic tail plays a role in trafficking to the tight junction, protein degradation,

palmitoylation, and phosphorylation and binds to the PDZ domain [60].

lon-binding site

Pore-lining
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2nd ECL:
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Palmitoylation sites signals PDZ-binding motif

Figure 3. Structure of a claudin protein. This figure describes the different
parts of the structure of a generic claudin protein [60].
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All claudins have C-terminal PDZ binding motifs that enable direct
interaction with tight junction cytoplasmic proteins. Claudins can interact with the
cytoplasmic scaffolding proteins such as ZO-1 and ZO-2, indirectly linking
claudins to the actin cytoskeleton. Claudins can be distinguished into pore-
forming or barrier-forming claudins. Pore-forming claudins increase the
paracellular permeability for ions of different sizes and charges, such as claudin-

2, -10b, and -15 as cation pores and -10a and -17 as anion pores [60].

Claudins can be found in all epithelial tissues. In the kidney, tight junction
proteins can be found in the glomerulus, podocytes, Bowman's capsule, etc. The
more notable claudin-2, claudin-10a, and claudin-17 can be found in the proximal
tubules [58, 63-65]. In the liver, claudin-1 is expressed in hepatocytes and the
bile duct, while claudin-4 is not detected [60]. Claudins can be found in different
regions of the small intestine and colon in the intestine. Some are restricted to
the tight junction, and others, such as claudin-4, are also found along the
basolateral membrane [66-69]. Claudin expressions also vary with development.
Claudin-2 is expressed at high levels at birth but gradually decreases, whereas
claudin-3, -4, -7, and -15 increase during early life towards adulthood [69].

Overexpression of pore-forming claudins can increase permeability to
cations or anions, and barrier-forming claudins can decrease permeability to
cations or anions such as claudin-4 decreases permeability to cations when
overexpressed [60]. Claudin-2 overexpression increases paracellular Na* and

water permeability [70].
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IBD

Although the exact cause of IBD is not determined, several factors are
closely linked to IBD, such as microbiota dysbiosis, obesity, genetic factors, age,
and ethnicity.

Crohn’s disease (CD) and ulcerative colitis (UC) are two major types of
inflammatory bowel disease (IBD). UC is limited to the proximal, distal colon, and
rectum, whereas the entire intestinal tract can be infected with CD.

Interestingly, defects in the intestinal barrier have also been reported in
10% of healthy relatives of IBD patients [71-75]. This finding suggests an
underlying genetic component for IBD that allows for the passage of antigens
through the intestinal epithelia, promoting an immune response. Another GWAS
study was specifically designed to identify gut permeability loci by comparing
healthy relatives of IBD patients with greater levels of intestinal permeability to
control individuals exhibiting normal barrier function. However, this study failed to

yield significant targets [71].

Ulcerative colitis

Ulcerative colitis is one of the significant chronic IBD caused by
inflammation and ulcers on the colon's inner lining. Ulcerative colitis usually
occurs in the large intestine and rectum. Unlike Crohn’s disease, the damaged
areas in UC are usually continuous and affect the innermost lining of the

intestine.
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Studies have shown that claudin-1, a barrier-forming claudin level,
increases in the colon of UC patients [76], but the expression depends on the
severity of the inflammation [77]. Other studies have shown that claudin-2 level

increases, and claudin-3, -4, and -7 decrease in ulcerative colitis [78].

Crohn’s Disease

Crohn’s disease can affect any area in the digestive tract from mouth to
anus, but mainly in the small intestine and colon. The damage caused in the
intestine can appear patchy with areas of healthy tissue, and it can reach through
multiple layers of the Gl tract.

Diminished tight junction strands can also be found in CD patients.
Claudin-2 expression increased three-fold in duodenum and colon [79, 80]. CD
exhibits a Th1 immune response which is different from UC cases. The claudin-2
expression is upregulated by TNF-a and interferon-gamma [79, 81]. Claudin-4 is
not changed in the tight junction, but decreased in the duodenum [79, 80].
Claudin-5 and -8 expressions are downregulated in tight junctions [79]. Further
investigations revealed increased expression of the pore-forming claudin-2,
accompanied by decreased expression and altered distributions of barrier-

forming claudin-5 and -8, were associated with Crohn’s [82].
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TIGHT JUNCTION CLAUDINS AND IBD

Tight junction proteins are affected in several other intestinal diseases like
celiac disease and irritable bowel syndrome. Claudin-2 and claudin-15, two pore-
forming claudins, have been shown to increase celiac disease [83].

Human data suggested a link between claudin-2 mediated intestinal
permeability and IBD, which can be characterized by an increase in the
concentration of inflammatory cytokines, including IL-13. However, the
mechanism connecting these complicated biological processes remained
obscure. In order to unravel how they might be connected, Raju et al. recently
tested the consequences of claudin-2 overexpression and claudin-2 inactivation
in the murine immune-mediated colitis model [84]. Using the claudin-2 KO model,
the authors demonstrate that the production of IL-13 is directly correlated with
claudin-2 expression and that claudin-2 KO mice were protected from the loss in
barrier function observed in WT mice after IL-13 injection.

Claudin-2 overexpression can also be found in inflamed tissue and is
upregulated by cytokines such as IL-33, TNF-a, and IL-6, which are involved in
the Th2 immune response [85]. In the renal biopsies, claudin-4 expression is

decreased, and it may contribute to impaired epithelial barrier function [86].

Experimental models of IBD
There have been several different ways of studying IBD, such as clinical

studies, in vitro, and in vivo models. Although clinical studies are suitable for
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better representation of IBD in humans, there are not enough to understand the
mechanisms behind IBD. On the other hand, in vitro experiments are great for
mechanisms, but they cannot replicate in vivo experiments. Mouse models are
more widely used because of the different ways to modify the models to
represent different levels of disease. Although not perfect, we can use models

that can relatively closely represent human IBD.

DSS

DSS is dextran sodium sulfate that can be administered in water to induce
reversible colitis in mice. Dextran sodium sulfate is a harmful detergent that will
create acute tissue inflammation, mainly in the colon. It mimics the pathology of
ulcerative colitis, which is an effective form of intestinal bowel disease [87]. DSS
model is popular due to its rapidity, reproducibility, and controllability. DSS
concentrations and the frequency of administration can be modified for acute and
chronic models [88]. 5% DSS (usually 1-3%) in water is usually given to the mice

for up to 10 days, and it usually takes around seven to nine days to induce colitis.

Adoptive transfer

The Rag1KO mice have significantly fewer T and B lymphocytes than the
wild-type mice. Since chronic inflammation of the intestine is mediated by T cells,
colitis can be induced chronically by the adoptive transfer of 5 x 105 purified

CD4+CD45Rbhi lymphocytes (naive T cells) from healthy wild-type mice into
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immune-deficient Rag1 KO mice around 4-8 weeks after T cell transfer [89, 90].
The significant advantages of this model are that one can examine the very
earliest immunological events associated with the induction of gut inflammation

and the perpetuation of disease [91].
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SPECIFIC AIMS
In this study, Chronic (T cell transfer) and acute (DSS) model to study IBD
in mice. As claudin-4 is known as a barrier forming claudin, we hypothesized that

conditional claudin-4 knockout promotes intestinal damage and induce colitis.
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METHODS

Mice
All experiments used C57BL/6 mice bred and maintained at Boston

Children's Hospital in accordance with BWH and BCH Institutional Animal Care
and Use Committee regulations. The donor mice (Stock.002216) used in the AT
model are purchased from Jackson Laboratory (Bar Harbor ME). All mice in the
DSS model were 8-9 weeks old at the start of the experiment and 10-11 weeks

old in the AT model.

CLDN4IEC.KO

A targeting vector with exon 1 of human claudin-4 flanked by two loxp
sites and a PGK-neo expression cassette flanked by two FRT sites is inserted
into the target WT locus between the mice claudin-4 gene. The flp enzyme
removed the PGK cassette after correctly targeting it. The mice are backcrossed
to get homozygous flox mice eventually. Then the mice are bred with a cre

expressing mouse to produce flox mice with cre [92]
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Figure 4. CLDN4"T |locus with the targeting vector and target locus.
Note. Adapted from Gong Y’s proc Natl Acad Sci paper [92].

CLDNA4T9

To make the claudin-4 transgenic mice, we created a transgenic construct
with promoters, introns, cDNA of claudin-4, poly-A site, and a reporter gene for
mcherry, a red fluorescent protein. We microinjected a plasmid containing the
gene construct into embryonic stem cells and then injected it into mouse
blastocysts. This caused non-homologous recombination that incorporated the
DNA randomly into the mouse genome. After using multiple PCR primers to
detect the Tg gene band, we bred them with CLDN4"T mice to create the

transgenic mice line.
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DSS model

For the majority of the studies, we gave 1-3% (wt/vol) DSS (molecular
weight 40 kD) in water for seven to nine days to induce colitis.

In the DSS experiment that lasted 25 days, 2% DSS was given for nine
days, and then we replaced the DSS with water and continued to monitor the
mice for recovery for up to 25 days.

Control C57BL/6 mice received the same water without the DSS for the
duration of the experiment. All water and DSS are changed every other day. All
mice were monitored and sacrificed at the humane endpoint of the experiment.
Then all the mice were sacrificed for tissue collection, RNA and protein analysis,
and LPL isolation, as described below.

We measure the weight loss every day with DSS in water, and after
replacement of DSS with water, we measure the weight loss every 2-3 days. For
disease severity, we followed the same scoring system as the DSS model listed

in table 1.

AT model

The spleen from donor mice is harvested and ground over 70 um filter in
cold PBS to isolate the lymphocytes. After centrifugation, MACs buffer is added
to lyse red blood cells at room temp. The cells are filtered through a 40 ym filter

and counted 10 X 105 unpurified cells to purify with the Miltenyi naive T cell
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isolation kit. CD4+ splenocytes are isolated by magnetic-activated cell sorting
beads (Miltenyi Biotec) and LS columns (Miltenyi).

Isolated lymphocytes will be injected into mice by retro-orbital injection.
We measured the weight loss every 3 to 5 days, and with increased disease
severity, we monitored and weighed the mice every two days. For disease
severity, we followed the same scoring system as the DSS model listed in table
1.

Control Rago1 KO mice did not receive naive T cells at the start of the
experiment. All mice were monitored and sacrificed at the humane endpoint of
the experiment. Then all the mice were sacrificed for tissue collection, RNA, and

protein analysis.

Clinical scoring

For disease severity, we measured the score from 0 to 3 based on fur,
posture, activity, stool consistency, and presence of blood in the stool. The
detailed scoring is listed in table 1. We combined all the scores for each mouse

every day to get a comprehensive clinical score for disease severity.

LPL isolation
Colon was harvested and then put into 2% FCS/HBSS to flush. We
removed any fat tissue and Peyer's patches. The intestine is then cut and

incubated with two mM EDTA/HBSS for 30 minutes. The tissue samples are
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filtered and washed with HBSS. The tissue samples are then incubated with two
mM EDTA/HBSS for 15 minutes and washed with 1X HBSS. Tissue segments
are incubated in complete RPMI media with collagenase VIl (Sigma) and Dnase
1 (Sigma) in complete LP Th17 or RPMI, which included 10% FBS, 1.5 %
HEPES, No essential aa 1%, and pen/strip 1%. FACS buffer (1X PBS, 2% FBS,
2mM EDTA) is added to the enzyme mix and passed single-cell suspension
through a 70 uym cell strainer. After centrifugation and resuspension with FACS
buffer, passed single-cell suspension again with 40 um cell strainer to centrifuge
and resuspended with RPMI media. We then plated the cells into 24 well-plate
for cytokine induction with media containing PMA (Sigma), lonomycin calcium

(Sigma), and Golgi plug (BD) for 3.5 hours.

Flow cytometry staining/analysis

The cells are stained with blocking antibody CD16/CD32 and incubated for
10 min. Then it is stained for CD25. CD3, live/dead, CD4, ST2 receptor and CD8
for 30 min. The cells are then fixed with fixation buffer and permeabilization
buffer (1:10 dilution, eBioscience) for 5 min each. After fixation, the cells are

stained for ll-17a, IFN-y, Foxp3, and GATAS for 30 min.



Table. 1. DSS and AT scoring guide.
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Parameter | Description Score

Fur Smooth, shiny coat (F) 0
Dull, but flat coat (F) 0
Dull, slightly pointy (M and F) 1
Pointy and upright, almost perpendicular to skin 2

Posture Straight back, no leaning 0
Slightly but visibly hunched 1
Hunched a lot as though curved up (will always have 2
problem moving normally)

Activity Normal, running around 0
Slower in moving, not actively exploring 1
Hardly moving/moving on cue/looks lethargic 2
Hyper-active, jumpy and restless, showing signs of 3
delirium

gg)r?sl,istency Hard, break up on spreading 0
Soft, easier to spread 1
Very soft, spread easily, still holds up shape 2
Watery, no shape 3

Stool blood | No sign of FOBT blood 0
Greenish tinge for positive FOBT 1
Darker green, but no blue 2
Blue-ish, signs of darker stool because of occult blood 3

4

FOBT+ very blue, visible red blood in stools
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RESULTS
Chronic colitis experimental model on CLDN4'E€-KO and CLDN4FF! mice

Claudin-2 has been found to increase disease severity when
overexpressed in the T cell transfer experimental model [84]. Barrier forming
claudins are supposed to protect tight junctions, such as claudin-1, claudin-4, etc.
For example, claudin-1 KO pups die of dehydration [93]. So we hypothesized that
knocking out claudin-4 in intestinal epithelial cells of mice will increase disease
severity due to its inability to protect and form barriers. To test the hypothesis, |
performed adoptive transfer colitis to compare the severity of disease in immune-
deficient CLDN4F/Fland CLDN4'EC-XO mice.

Unexpectedly, the significant weight loss of the CLDN4F"F'male mice on
day 26 suggests that these mice are more diseased compared to the
CLDN4'ECKO male mice gained weight and had lower clinical scores on day 26
(Figure 5A). However, there was no significant difference in disease severity in
the CLDN4'ECKO and CLDN4FF! female mice. This was demonstrated by the
similar weight loss and the clinical scores. Even though the CLDN4'ECKO female
mice had a more significant disease severity within the first week of T cell
transfer; as the disease progressed, the CLDN4™"F' mice showed slightly higher
disease severity than the CLDN4'ECKO mice (Figure 5). Gross examination
showed that, consistent with the increased disease severity, the CLDN4F colon
was more inflamed than the CLDN4'ECKO mice (Figure 6). CLDN4FF spleens

were more inflamed than the CLDN4'ECKO gpleens (Figure 7). Overall, these data



indicate that, contrary to our hypothesis, the CLDN4'E€-KO mice did not have
increased severity of experimental IBD compared to the CLDN4""F mice.
Because previous work has shown that increased intestinal permeability by
enhancing claudin-2 expression promotes disease progression, these data

indicate that claudin-4 KO can function to protect from colitis.
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Figure 5. CLDN4FF! and CLDN4'ECKO results in T cell transfer experimental
model. A. Weight loss and B. clinical score comparison for CLDN4'ECKO (green
circles) and CLDN4F"F! male mice (blue circles). n=12 for CLDN4'EC-KO and n=18
for CLDN4F/FI_ C. Weight loss and D. clinical score comparison for CLDN4'EC-KO
(green circles) and CLDN4F'F! female mice (blue circles). n=13 per genotype.



Figure 6. AT experimental CLDN4'EC-KO| CLDN4F'F! and control colon
samples.
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Figure 7. Spleen from CLDN4'EC-KO CLDN4F'Fl and control AT samples.
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Acute colitis experimental model on CLDN4'EC-KO and CLDN4F/FI mice

Since the conditional claudin-4 knockout mice did not increase the disease
severity in the T cell transfer experimental model, we modified our hypothesis to
see if CLDN4'EC-KO mijce will be more protective than CLDN4F/F mice. Therefore,
| decided to look into the acute colitis experimental model DSS instead to see if
there would be a more significant difference in CLDN4F/F! mice's early disease
phase than the CLDN4/ECKO mijce.

The disease is more severe in the female CLDN4F'F' mice with 1% DSS
than in CLDN4'ECKO mice. As expected, the mice did not have a big difference in
disease between the first six days of the experiment with 1% DSS. However, as
time progressed, CLDN4FI/FI mice lost weight and had higher clinical scores
than the CLDN4IEC.KO mice with the most significant difference on day 8. This
is supported by the dramatic weight decrease between days 6-8 (Figure 8C) and
higher disease severity peaks on day 8 (Figure 8D). The disease severity
difference with 2% DSS between the CLDN4F/F and the CLDN4'ECKO mice are
insignificant, shown by the weight loss (Figure 8E) and clinical scores (Figure
8F), with the CLDN4""F mice only slightly sicker than the CLDN4'EC-XO mice. The
CLDN4F"F mice that received 3% DSS are more diseased than the CLDN4'ECKO
mice. This was demonstrated by the more significant weight loss (Figure 8A)
and higher disease scores (Figure 8B). However, the disease's progression and
severity were rapid and deadly for CLDN4F/F and CLDN4'E€KO mice and the

majority of the mice died after nine days. The CLDN4F"F' colon becomes more
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inflamed and shorter than the CLDN4'EC-XO mjce colon (Figure 9) and alll
CLDN4F"Fl spleens are more inflamed than the CLDN4'ECKO spleens (Figure 10)
were observed when these mice were sacrificed at the humane endpoint.
Consistent with the increased disease severity, IFN-y (Figure 13A) and Foxp3
(Figure 13C) increased in CLDN4FF mice relative to CLDN4'EC-XC mice and the
ST2+ receptors are decreased in the CLDN4FF mice compared to CLDN4!ECKO
mice(Figure 13B). Overall, this data supports our modified hypothesis that in
both female and male experimental models, the CLDN4'EC-KC mice protect the
mice from the disease compared with the CLDN4F'F' mice with different

percentages of DSS.
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Figure 8. CLDN4'EC-KO and CLDN4F!F! results in DSS. A. Weight loss and B.
clinical score comparison for CLDN4'EC-KO (green circles) and CLDN4F"F male
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mice (blue circles) with 3% DSS in water. n=8 per genotype. C. Weight loss and

D. clinical score comparison for CLDN4'ECKO (green circles) and CLDN4F/F!

female mice (blue circles) with 1% DSS in water. n=5 per genotype. E. Weight

loss and F. clinical score comparison for CLDN4'ECKO (green circles) and
CLDN4F'Fl female mice (blue circles) with 2% DSS in water. n=11 for
CLDNA4'ECKO and n=10 for CLDN4F/F!,
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Figure 9. Comparison of CLDN4'EC-KO and CLDN4F'F! colon in DSS.
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Acute colitis experimental model on CLDN4T9 and CLDN4"“T mice

Since the CLDN4FF' mice have more significant disease severity than the
CLDN4'ECKO mice, we hypothesized that overexpression of claudin-4 will
increase the disease severity more than in the CLDN4"F! mice. To test out the
hypothesis, transgenic mice expressing mCherry-tagged mouse claudin-4 were
characterized.

Since we hypothesized CLDN4T9 mice would increase the disease
severity, we wanted to know if claudin-4 is related to the injury or recovery phase
of the disease. We hypothesized that CLDN49 mice would undergo recovery
slower than CLDN4“T mice. To test this hypothesis, 2% DSS was given to
CLDN4WT and CLDN4T9 mice for eight days and then removed DSS to monitor
their recovery. The disease severity increased in the CLDN4T9 mice slower than
in the CLDN4"T mice. This is indicated by the weight loss (Figure 11A) and the
clinical scores (Figure 11B) of the CLDN4T9 mice compared to the CLDN4WT
mice. However, after DSS withdrawal, the CLDN4T9 mice had greater weight loss
and higher clinical scores. Even though the weight loss difference between the
two genotypes was not significant, there was a more considerable difference in
the weight during recovery. The more significant difference was that the recovery
rate was slower in the CLDN4T9 mice, and the number of death was higher in the
CLDN4T79 mice (Figure 11). In contrast, the CLDN4"T mice fully recovered, and
the CLDN4T9 mice did not. These data indicate that the CLDN4T9 mice get higher

disease severity scores and recover slower than the CLDN4WT mice.
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The disease severity in 1% DSS male mice is similar in CLDN4T9 mice
compared to CLDN4"T mice. This is supported by the similar weight loss after
day 6 (Figure 12A) and clinical scores after day 5 (Figure 12B) of the CLDN4T9
mice. The disease severity difference of 1% DSS in female mice between the
CLDN4T9 and the CLDN4"T mice is insignificant, shown by the weight loss
(Figure 12C) and clinical scores (Figure 12D), with the CLDN4T9 mice only
slightly sicker than the CLDN4"T mice. The weight loss (Figure 12E) and score
(Figure 12F) for the 2% DSS experiment indicated that the CLDN4T9 mice were
slightly sicker than the CLDN4"T mice, which means that the DSS had a more
effect on the CLDN4T9 mice than the CLDN4"T mice.

However, IFN-y (Figure 13A) and Foxp3 (Figure 13C) increased in
CLDN4T9 mice relative to CLDN4"T mice, and the ST2* receptors are decreased
in the CLDN4T9 mice compared to CLDN4"“T mice(Figure 13B). Based on the
analysis and the long DSS experiment, the data support the hypothesis that in
both female and male experimental models, the CLDN4'9 mice increase the

severity of experimental IBD compared to CLDN4"T mice.
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Figure 12. CLDN4™ and CLDN4"T result in DSS. A. Weight loss and B. clinical
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loss and D. clinical score comparison for CLDN4T9 (red circles) and CLDN4WT
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CLDN4"T, E. Weight loss and F. clinical score comparison for CLDN4'9 (red
circles) and CLDN4“T female mice (blue circles) with 2% DSS in water. n=3 for
CLDN4T9 and n=4 for CLDN4WT,
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Figure 13. ST2+ levels are higher in CLDN4'EC-KO samples. A. IFN-y is lower in
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increases from CLDN4T9 to CLDN4WT and to CLDN4'/ECKO mjce.
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DISCUSSION

Claudin-4, a barrier-forming claudin, is thought to enhance barrier function
and could thus be beneficial in an IBD-like environment. We hypothesized that
intestinal damage would increase from a loss of barrier from chronic colitis. An
adoptive transfer model of colitis was established to mimic IBD. Surprisingly,
CLDN4'ECKO mice had less disease severity than the CLDN4F/F! mice and the
death rate of the CLDN4'EC-XO mice are lower than the CLDN4F/F mice. The
severity of the disease caused more inflamed colon and spleens in the
CLDN4F"F_These results suggest that CLDN4'ECKO is protecting because the
disease progression is slower than CLDN4F'F. This was surprising because this
suggests that claudin-4 has a function in barrier protection and maybe a
secondary function in wound repair.

The results of the adoptive transfer experiment suggest that CLDN4F/F!
mice have the ability to cause injury. A DSS model was established to mimic
epithelial injury for its reproducibility and rapidity. Similar to the AT model, the
spleens and colons of the CLDN4F/F are more inflamed in the colon and the
spleen. Unexpectedly, there was only a slight difference in the weight and the
clinical scores between the two genotypes with 3% DSS even though the
CLDN4""F mice develop disease sooner than the CLDN4'ECKO mijce, the disease
severity in the CLDN4'EC-KO would increase near the end of the experiment. The
3% DSS likely became too harmful to the recipients, causing almost all the mice

from both CLDN4'EC-KO and CLDN4F"F! groups died on day 9. Intestinal damage
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caused by the 2% DSS results was inconclusive, most likely due to the harmful
effect of DSS that causes the disease to develop around the same time for both
CLDN4/ECKO and CLDN4F"F. Recent studies have shown that IL-33/ST2 is an
essential factor in the beginning disease phase and later on during the recovery
phase of the disease [94]. Although it was not significant due to the number of
recipients, there were more ST2 receptors in CLDN4'ECKO mice compared to the
CLDN4F"F mice. IFN-y is produced by immune cells and plays an important role
in antimicrobial responses. There are also fewer IFN-y expressing cells in the
CLDN4'ECKO mice compared to the CLDN4F"F mice. These findings support the
previous models that the CLDN4FF' mice have higher disease severity than the
CLDN4/ECKO mijce.

Since conditionally knocking out claudin-4 will reduce the disease severity,
we hypothesized that the overexpression of claudin-4 will increase the disease
severity. Therefore, CLDN4T9 mice were produced in the lab and tested for
fluorescence for CLDN4 9 signals before the experiment. Despite our hypothesis,
the difference in weight and disease was negligible between the two genotypes.
However, weight was lower, and the disease severity was slightly higher for
CLDN4T79 mice than CLDN4"T, The data also indicates that the CLDN4T9 mice
recover slower than the CLDN4"T mice, with fewer mice surviving to the end.
These findings suggest that the CLDN4T9 mice are slower in the recovery phase
of the disease and can cause them to die before full recovery. To further

investigate the disease, our studies focused on the initial phase of the disease.
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As expected, the disease severity in CLDN4T9 mice was higher than in the
CLDN4"T mice with 1% DSS. Based on the results, it did not show a significant
difference between the two genotypes. However, the CLDN4T9 mice became
slightly sicker based on the symptoms of DSS, consisting of weight loss,
hunched posture, decreased activity, and blood in the stool. Surprisingly, the
results from the 2% DSS female mice showed a clear distinction between the
progression of disease between CLDN4T9 and CLDN4WT mice. From our data,
there are more ST2 receptors in CLDN4"“T compared to the CLDN4T9 mice. The
results also showed fewer IFN-y expressing cells in the CLDN4"T mice than in
the CLDN4T9 mice. Overall, our results suggest that IL-33/ST2 protects the mice
from disease and causes less IFN-y recruitment to the disease site. Since the
DSS model acts by causing direct injury to intestinal epithelia, claudin-4 may play
a secondary role that deals with cell migration and restitution.
CONCLUSIONS

In this study, we used several models of experimental IBD to show that
CLDN479 and CLDN4"T, not CLDN4'ECKO caused higher disease severity in
mice. This was both unexpected and novel, since claudin-4 is consider to be an
epithelial barrier-protective claudin, whereby loss of claudin-4 should have
exacerbated disease. Since DSS colitis closely replicates epithelial injury model,
it is likely that claudin-4 knockouts compensate for injury by accelerating either

cell proliferation or cell migration, which will be investigated in the future.
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