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Abstract

Restoration of epithelial and endothelial barrier function is critical for tissue
homeostasis. Yet, the molecular pathways response for modulating barrier properties
remains largely unknown. This study investigates the role of DOCK4, a guanine
nucleotide exchange factor (GEF) for RAC and RAP GTPases, in the regulation of
barrier function in vivo. Through the generation of a novel knockout animal model and
bone marrow chimeras, we assessed the role of this GEF in gut permeability and
restoration of barrier function in response to chemical injury to the intestinal epithelium.
In response to Dextran Sodium Sulfate (DSS) induced Colitis, which directly induces
injury to the lumen of the intestine DOCK4 deficient animals exhibited significantly
greater weight loss compared to wild-type mice. Bone marrow chimeras suggested the
important of DOCK4 in intrinsic rather than hematopoietic cells in this phenotype. Direct
analysis of epithelial permeability following intragastric FITC-Dextran administration
showed an increase in leakage of this reporter into the blood of DOCK4 deficient
compared to wild-type mice. These studies suggest that DOCK4 plays a significant role
in restoring proper epithelial barrier function following chemical mediated injury to the

epithelial intestinal lining.
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Chapter I

Introduction

Inflammatory bowel disease (IBD) affects roughly 1.5 million Americans,
limiting their quality of life with increased levels of morbidity (Kappleman et al., 2007).
Inflammatory bowel disease includes two distinct subsets, Crohn’s disease (CD) and
ulcerative colitis (UC), which are characterized as chronic inflammatory disorders of the
gastrointestinal (GI) tract (Strum et al. 2008). Diagnosis and distinction between
Crohn’s disease and ulcerative colitis is based on intestinal location of inflammation.
Crohn’s disease may occur in any region of the digestive tract from the mouth to the anus
of the individual, but is most commonly observed in the small bowel (Baumgart 2009).
Ulcerative colitis can be described as being chronic inflammation confined to the large
intestine (Baumgart 2009).

The gastrointestinal tract is lined with specialized epithelial cells that allow for
nutrients obtained by food ingestion to cross the epithelial barrier and enter the
bloodstream. Problems in the digestive system can arise when there is damage to the
epithelial layer, which allows the endogenous commensal bacteria flora to cross through
the epithelial barrier, and prompt an immune response. Wound healing of damaged
regions of the intestine is a highly coordinated event. Restoration of junctional stability
and barrier properties requires cell migration, cellular proliferation, and differentiation

through a process known collectively as epithelial restitution (Strum ef al., 2008). The



repair machinery receives molecular cues from both surrounding cells and inflammatory
mediators which signal in unison to repair the barrier properties and restore proper
function to the damaged region (lizuka et al., 2011).

Intestinal homeostasis is achieved by the reestablishment of barrier properties
separating the digestive luminal material from the rest of the body. One aspect of
restitution is migration of epithelial cells and is required to restore functional barrier
properties of the intestine. DOCK4(Dedicator of Cytokinesis 4) is a guanine nucleotide
exchange factor (GEF) for Rac and Rap GTPases shown to be essential for cellular
migration in vitro (Yajnik et al., 2003; Hiramoto et al., 2006). DOCK4 protein belongs to
a large superfamily known as the DOCK proteins. DOCK related proteins have been
classified as key regulators of actin-based cytoskeleton modifications, and are essential
for cell migration and phagocytosis (Cote et al., 2007).

To date, there are no DOCK4 knock out animal model studies that have been
published. We have generated DOCK4 conditional knockout mice using the well
established Cre-Lox technology for tissue selective removal of the DOCK4 gene in vivo.
Generation of tissue specific knockout mice, allowed for the examination of the role of
DOCK4 specifically in the intestinal epithelium.

We chose to examine the role of DOCK4 in intestinal barrier function in a model
of Dextran Sodium Sulfate (DSS) induced Colitis. The DSS-induced colitis model has
been widely used for over two decades and offers the ability to examine and recapitulate
the acute phase, chronic phase, and relapsing and the remitting aspects of ulcerative
colitis (Wirtz et al., 2007; Perse et al., 2011). The DSS induced colitis allows the

evaluation of epithelial proliferation, which is the center of establishing proper barrier



function. Simultaneously, it allows us to evaluate the influx of immune infiltrates which
mediate injury and the wound healing process. As DOCK4 serves as a GEF for Rac and
Rap GTPases, which are essential for actin dynamics involved in cell migration and
barrier function, we hypothesized that DOCK4 plays an essential role in restoring
epithelial cell barrier integrity and intestinal homeostasis following epithelial cell injury.
We propose to test this hypothesis using a model of DSS colitis, which leads to chemical

induced injury to the intestinal epithelium.

Inflammatory Bowel Disease: Importance of Epithelial and Immune Responses
Inflammatory bowel disease (IBD) is a general term used to encapsulate multiple

diseases. The two main diseases are ulcerative colitis (UC) and Crohn's disease (CD)
(Chassaing et al., 2004). DSS induced colitis involves the chemical disruption of the
epithelial layer of the large intestine mimicking the symptoms displayed in human
ulcerative colitis (Okayasu et al., 1990). The damage that is induced to the large intestine
is specifically to the epithelial layer, which allows for the intestinal bacterial flora to
interact with the hosts’ immune system. The breech of the epithelial layer initiates an
immune response to mitigate the threat of the invading pathogens and initiates the healing
process through a mechanism termed restitution (Basson ef al., 1997). Restitution is a
process by which epithelial cells at the leading edge of the injury change their
morphological and chemical composition to migrate to close the wounded site (Pastorelli
et al., 2013). Immune cells that respond and localize to the inflamed area are known to
secrete cytokines and growth factors that promote wound healing (Danese et al., 2011).

Inflammatory bowel disease (IBD) is a collective term used to describe multiple



disease conditions. The two main forms of IBD are ulcerative colitis (UC) and Crohn's
disease (CD), which are chronic inflammatory diseases that occur when there is an
immune response stimulated by microbial antigen (Abraham et al., 2011). CD can occur
throughout the entire gastrointestinal tract, and is often characterized by the location and
depth of inflammation. CD penetrates further than UC into the digestive tissue, leading
to a higher incidence of systemic inflammation affecting other aspects of health and
overall quality of life (Cheifetz 2013). This disease can affect the digestive tract from the
mouth to the anus, although it is most commonly found in patchy sections of the small
bowel (Baumgart 2009). UC is found in a more specific location of the large intestine,
namely the rectum. Manifestations of UC are similar to those of CD, which may delay
proper diagnosis (Cheifetz 2013). Common symptoms include fever, bloody stool,
cramping and pain in the abdomen (Danese ef al., 2011). Proper diagnosis of UC can
only be achieved with a comprehensive evaluation, often including endoscopy and
histological sampling (Feuerstein ef al., 2014). The location of inflammation involved in
UC is limited to the mucosal layer, and will not penetrate further into the tissue (Head et
al., 2003). This mucosal layer will be the focal point of our in vivo modeling system.

The Center for Disease Control (CDC) indicates that roughly 1.3 million
individuals are affected by IBD (Kappelman et al., 2007; Loftus 2004). Specific and
direct links to the cause of this inflammatory condition are not known. The overall
consensus in the field is it that an array of events and environmental factors lead to the
loss of tolerance and onset of disease (Danese et al., 2011). Certain ethnic groups appear
to have higher incidence of disease, indicating that there genetic components render

certain individuals more susceptible (Baumgart ef al., 2012). It is still not known why



these individuals become reactive or even if particular environmental factors exacerbate
disease. There has been a great effort to map the genome in relation to this disease
(Ananthakrishnan 2014). Various genome wide association studies (GWAS) revealed
over one hundred and fifty loci that have relevance to development of disease (Jostins et
al., 2012). It has been proposed that some food particles are recognized as foreign
pathogens, stimulating an immune response. Affected individuals may have barrier
defects allowing for the polarization of the immune system through somatic
hypermutation and creating an autoreactive environment. Despite the prevalence and
severity of CD and UC, treatments for these conditions are limited to immunosuppressive
drugs with generalized targeting. Therefore a greater understanding of DOCK4 and the

mechanisms involved will potentially lead to the identification of therapeutic targets.

Dedicator to Cytokinesis 4 (DOCK4)

Dedicator to cytokinesis 4 (DOCK4) is a member of the large super family known
as DOCK proteins. The DOCK proteins have widely been described for their ability to
act as guanine nucleotide exchange factors (GEFs), which activate Rac and Rap GTPases
(Yajnik et al., 2003; Hiramoto et al., 2006; Cote et al., 2007). GEFs act as molecular
switches, turning on and off various signal transduction pathways inside the cell (Hall
2005; Cote et al., 2007). Guanine exchange factors are proteins that help remove the
bound guanosine diphosphate (GDP) from the inactive state of the G protein and allows
for the more abundant guanosine triphosphate (GTP) to bind the G protein (Hall 2005).
This GTP binding induces a conformational change that activates the GTPase thus

allowing downstream effector proteins to bind and become activated, that in turn tiggers



diverse biological outputs (Yajnik et al., 2003; Hall 2005; Cote et al., 2007). The
activation directly related to GEFs extends to many aspects of basic cellular function and
activity, including cellular migration, differentiation, phagocytosis, apoptosis, and actin
cytoskeleton modification (Gadea et al., 2014).

DOCK4 was originally identified by our collaborator, Dr. Vijay Yajnik (et al.,
2003). He showed that DOCK4, shared homology with the previously described
DOCK180 protein, and has the ability to activate the GTPase Rap. Experiments used
clonal cancer cell lines expressing endogenous or catalytically inactive mutants of
DOCKA4 to determine effects on Rap activity. It was hypothesized that the Rap activation
by DOCK4 was essential for proper adhesion junction formation (Yajnik et al., 2003).
Later studies suggested that DOCK4 also plays a significant role in Rac activation
through a binding partnership with the protein ELMO (Hiramoto et al., 2006). Rap and
Rac activation have both been shown to be essential mediators of cell migration, barrier
function, phagocytosis, cell division and wound healing (Lauffenburger et al., 1996;
Gadea et al., 2014). Interestingly, DOCK related proteins have been implicated in
several different processes, including cardiovascular differentiation, axon outgrowth,
leukocyte migration and cancer cell invasion, believed to be directly linked to GEF

activity (Nishikimi et al., 2013; Laurin ef al., 2014).



Chapter II

Materials and Methods

The numerous publications involving the role of DOCK4 in in vitro studies
provided a tremendous opportunity for the exploration of its role in vivo. Thus our
laboratory led by Dr. Tanya Mayadas embarked on a collaborative effort with Dr. Vijay
Yajnik, MD, PhD. (Assistant Professor of Medicine, Harvard Medical School), who was
the involved in the initial description of DOCK4, to generate DOCK4 deficient mice.
Dr. Yajnik generated and provided the targeting vector for DOCK4 to our group. Our
group with the Harvard transgenic core facility injected the targeting construct into ES

cells, identified clones with targeted homologous recombination.

Generation of Targeted ES Cell Clones

The targeting plasmid was transformed into bacterial strain DH5a. Plasmid
presence was positively selected by the addition of Ampicillin 100 pg/ml to Luria broth
media and agar plates (Maniatis et al., 1989). The bacterial plasmid was digested to
linearize it and thus liberate the five prime (5°) and three prime (3) arms of the genomic
sequence. Once introduced to the cell, these large regions of DNA underwent
homologous recombination, a low frequency event (Yang et al., 1997; Harber et al,,
2003). The purified DNA was then provided to the Partners Transgenic Core facility for
electroporation into embryonic stem cells (ES cells). Clones of ES cells which had

incorporated the targeting construct were selected by the neomycin resistance. Positive



clones were isolated with, one half of the cells harvested and their genome analyzed by
PCR to determine if the targeting construct was in the correct chromosomal location and
orientation. The correctly targeted clone was injected into 3 day blastocysts by the
Transgenic Core facility to generate chimeric mice heterozygous for the DOCK4 targeted

allele.

Generation of DOCK4 Deficient Mice

Chimeric mice were bred to C57B1/6 wild-type mice and progeny with germ line
transmission of the DOCK4 targeted allele were bred further to generate mice
heterozygous and homozygous for the DOCKA4{1/f] allele. All mice were housed in
Harvard NRB barrier facility. The animal facility is environmentally controlled with
twelve hour light dark cycle required by the Harvard Committee for Comparative
Medicine and the Harvard Medical Association Standing Committee on Animals
guidelines. All breeding and experimental protocols were approved by HMS IACUC

committee.

Evaluating Protein Synthesis and Expression
Tissue samples were harvested and examined through Western blot analysis.
Three age and sex matched animals were sacrificed and tissue harvested. The animals’
organs were removed and the tissue was placed in 500ul of 2x RIPA Buffer (Boston
BioProducts BP-115X), and disrupted using Tissuelyser II (Qiagen 85300). Protein
levels were evaluated by using a BCA protein assay kit, and then normalized for loading

onto gels (Pierce 23225).



Dextran Sodium Sulfate Induced Colitis

DOCK4 -/- mice were bred and genotyped by PCR analysis to ensure colony
purity. Animals were given dextran sodium sulfate for a series of days to induce a
chemically mediated model of ulcerative colitis. Dosage and time period was optimized
to attain varying levels of disease. We established a protocol that consisted of
administering 2.5% DSS in drinking water for a time period of 5 days. After DSS
treatment, animals were allowed to recover for several days with normal drinking water,
to allow for recovery after disease onset (5 Days of water). The large intestines were
harvested, and prepared for histology after paraffin embedding using the “Swiss roll”
methodology and fixed in 10% folmalin solution (Sigma HT501128) (Colnot ef al., 2004

; Whittem et al., 2010).

Bone Marrow Transplantation

Mice were irradiated with a lethal dose of radiation which is approximately 1200
(2x 600) RADs. Reconstitution was done by tail vein injection once the animals were
removed from the irradiator after the second round (Shah et al., 2002). Bone marrow was
harvested from two mice for every three recipients. We harvested both the femurs and
tibias from donor mice to maximize the number of HSCs. Bones were then placed in
Hank’s balanced salt solution (HBSS) supplemented with 1% fetal calf serum (FCS) until
isolation was complete. Bone Marrow isolation was done under sterile conditions.
Harvested bones were flushed with RPMI with 5% FCS through a 27G needle (1 mL per
bone). Bone marrow cells were spun down in an Allegra benchtop centrifuge with a GH-

3.8 swinging-bucket rotor at 1200 RPM for 10 minutes (Beckman Coulter). The



supernatant was aspirated and the remaining pellet was re-suspended in ACK lysis buffer,
to lyse red blood cells (Thermo. A1049201) for 3-5 minutes, then diluted with 10 mL of
HBSS without phenol red to restore normality. Cells were pelleted as above, the
supernatant was aspirated and cells resuspended with into one mL HBSS without phenol
red. Cells were counted and brought to a concentration of 1.5x10° cells/mL.
Reconstitution of the animals was done after the second irradiation, by injecting 200 ul
by tail vein injection. Animals were monitored for six weeks while reconstitution

occurred.

Analysis of Proliferation, Immune Cell Infiltration and Histological Scoring in Intestinal
Tissue

Upon completion of experiments we used a pulse directed approach to evaluate
epithelial proliferation. For this we used BrdU which, after injection into animals it will
incorporate into the DNA and will replace Thymine during cell cycle replication and thus
BrdU will incorporate into proliferating cells (Mead et al., 2014; BD 559619. BrdU stock
concentration was 10 mg/mL which was then diluted to Img/mL in sterile 0.9% sodium
chloride (saline) used for irrigation. Mice were injected intraperitoneally (IP) with 200uL
(2 mg) of BrdU solution two hours prior to harvest (Mead ef al., 2014). Animals were
then sacrificed by the approved euthanasia method of carbon dioxide inhalation. Colon
tissues were harvested and prepared using the “Swiss Roll” method and placed in 10%
neutral buffered formalin solution (Sigma HT501128)(Colnot et al., 2004 ; Whittem e?
al., 2010). Tissue samples were left in fixative for 24 hours, rinsed and stored in PBS

until embedded. The BWH Histology core paraffin embedded the samples. The sections
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were stained using H&E for general morphology and then assessed for levels of disease
as above (Dieleman ef al.,1998; Aharoni et al., 2006). Blank or non treated slides were
obtained and probed for cell specific antigens such as: CD3 for T cells, CD19 for B cells,
F4/80 for macrophages, esterase staining for neutrophils and BrdU incorporation for
proliferating cells, to determine if there are any underlying differences in the recruitment
of the different groups of immune cells between the groups (Luckheeram et al., 2012;
Pieper et al., 2013; Ginhoux ef al., 2014; Kolaczkowska et al., 2014; Barker et al., 2007,
Mayadas et al., 2014) (Fig. 6, a, b, ¢, d). Inmunohistochemistry staining of paraffin
sections was done under standard protocols and we used AEC (3-amino-9-
ethylcarbazole) as the developing substrate (Cell Signaling IHC protocol; Vector SK-
4200). H&E slides were evaluated and scored by a clinical pathologist, using the
following scoring guidelines: Inflammation: 0, none; 1, mild; 2, moderate; 3, severe 4:
accumulation of inflammatory cells in the gut lumen : Distribution of lesions: 0, none; 1,
focal; 2, multifocal; 3, nearly diffuse; and 4, diffuse : Depth of inflammation and layers
involved: 0, none; 1, mucosa only; 2, mucosa and submucosa; 3, limited transmural
involvement; and 4, transmural : Nature of mucosal changes: 0, none; 2, more
degeneration; and 3, more necrosis. Overall histological score: sum of the four
manifestations, maximal score of 15. Individual antigen staining was attempted by
evaluating and quantitating positive cells in three different fields of view per sample. All

samples were compared to untreated control animals for each specific genotype.

Analysis of Intestinal Permeability: Quantitation of FITC-Dextran Leakage

-11-



FITC-dextran leakage has been developed as a method for evaluating intestinal
permeability. For this, animals were given FITC-dextran with an average molecular
weight ~ 3,000-5,000 (Sigma 46944) at a concentration of 60mg/100 g body weight by
oral gavage. Two hours after gavage, we isolated whole blood by cardiac puncture upon
sacrificing the animals. Samples were left on ice in darkness for lhour and allowed to
congeal. Coagulated blood was spun down, and serum harvested for fluorescence
readings. A standard curve was generated by making serial dilutions of FITC—dextran in
PBS ranging from 10 to 0.015 pg/mL. Experimental serum was diluted 1:12 in PBS and
all samples were plated in triplicate to minimize error. Dilutions of the known amount of
FITC-dextran in PBS provided the standard curve allowing for comparison between the
two groups (Brandl et al., 2009).

Mice underwent a modified DSS regiment to destabilize the epithelium and
permeability was assessed at set time points utilizing the FITC-dextran approach.
Baseline experiments were done in both groups to assess the level of permeability
without being challenged chemically. Treated animals were then given a less severe
regimen than previous weight loss experiments consisting of 3 days 2.5% DSS then
removed and replaced with normal drinking water for 7 days. The intent in these
experiments was to cause mild damage and force the epithelial cells to recover and
restore proper barrier function.

Blood was spun down on a benchtop Eppendorf benchtop centrifuge (5415D) at
5000 RPM for 5 minutes, and the serum was collected. The excitation wavelength for the

FITC-dextran was 485 nm and emission 530 nm (Spectramax2 microplate reader
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Molecular Devices). Measurements were recorded as micrograms of FITC—dextran per

milliliter of serum (Ibla ez al., 2006).

Fluorescence Activated Cell Sorting (FACS)

WT and D4-/- deficient animals underwent a modified DSS protocol: each group
was given 2.5% DSS for 7 days and tissues were harvested for evaluation by flow
cytometry. Colons were harvested and weighed prior to processing in mg. Colon samples
were dissociated using ImM EDTA for 15 min with vortexing. Samples were washed

with PBS and then were incubated in 150 U/ ml collagenase type I (Worthington) at

37degrees centigrade (Yoshioka ef al., 2011). Cells were then spun down in an Allegra
benchtop centrifuge with GH-3.8 swinging-bucket rotor at 1200 RPM for 10 minutes
(Beckman Coulter). Cells were resuspened and passed through 70um filter to eliminate
mucus and cell clumps. Cells were then stained for specific cell type. All antibodies were
obtained from Biolegend: CD45- leukocytes, CD19 & B220 for B cells, CD4- T cell
effector cells, CD8- T cells cytotoxic T cells, CD11b- present on macrophage and
neutrophil populations, F4/80 macrophages, Ly6g neutrophils, CD326 EpCAM epithelial
cells, BrdU proliferating cells. Each sample was processed on FACS Caliber system
(BDbioscience) and the data analyzed using FlowJo software. Total cell counts were

tabulated and graphed as total counts/mg of tissue.
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Chapter 11

Results

We established a novel DOCK4 knockout mouse, which we have generated by ES
cell injection to assess the role of this GEF in cell migration and barrier function. The
targeting vector contained genomic DNA sequence of DOCK4 with LoxP recombination
sites flanking exons 3 and 4 as well as a gene that confers resistance to the drug
neomycin. Neomycin is used for in vitro selection of the ES cells that have incorporated
the transgene construct. The Lox P sites, allow for disrupting DOCK4 in a tissue specific
manner by a Cre-recombinase driven by a selected promoter (Sauer 1987; Sauer ef al.,
1988). Polymerase chain reaction (PCR) was used to determine the proper homologous
recombination at the DOCK4 locus. 3 of 200 clones screened had the correct target event.
One clone was used to generate mice in which one DOCK4 allele was replaced with the
targeting construct (Fig. 1, b). The targeted ES cell, which were of IM8 (C57 BI/6N)
lineage, were then expanded and injected into a B6-albino (B6(Cg)-T: er'ZJ/J ) blastocyst
(Jackson Laboratory). The methodology underlying this color coat crossing is that it
visually allows determining the levels of penetrance in resulting chimeras (Tam et al.,
2003; Tanaka et al., 2009). The resulting offspring had a coat color indicating the level
of chimerism. Simply, the more black color present, the higher probability the targeted

cells would have contributed to the germline and therefore transmitted to the progeny



(Fig. 2). Chimeras with significant black coat color were bred to wild type (WT) C57
BL/6 mice to produce the F1 generation.

The offspring were evaluated by PCR to determine if the incorporated construct
was passed through germline transmission. Heterozygous pups were produced, and were
bred with a Cre positive strain of mice. In this case the activity of the CRE- recombinase
enzyme is provided by the driver strain, VE-Cadh Tet-O-Cre which was bred into the
DOCK4 mouse line ( DOCK4 fl/fl). The VE-Cadh -Cre is active in germ cells of male
mice. Therefore the resulting offspring provide a knockout allele (Venkatesh et al.,
2016). This resulted in the offspring possessing one globally deleted allele for DOCK4
(D4+/-), as determined by PCR analysis demonstrating the excision on exons 3 and 4.
One of our initial hypotheses was that DOCK 4 is essential for development and survival.
To test our hypothesis, breeding pairs consisting of two heterozygous global animals
(D4+/- x D4+/-) were set up. DOCK4 -/- animals were born at Mendalian rates and
developed normally as compared to WT as determined by total blood counts and body
weight in grams (Schulz et al., (2014). DOCK4 deficient animals were monitored and
allowed to mature to adulthood. Specific animals were then selected for breeding to
establish and maintain the DOCK4 deficient colony. The reproductive ability of DOCK4
global knockout animals was not impaired. Normal litter sizes were observed in all
breeding pairs, further indicating that DOCK4 was not essential for gamete development
or maturation.

To determine whether Cre recombination led to the successful disruption of the
DOCK4 gene and total loss of protein, we evaluated DOCK4 in tissues harvested from

wild-type, DOCK41l/fl and DOCK4 knock-out mice using Western blot analysis and
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immunohistochemistry (Sauer 1987; Sauer et al., 1988; Deng 2012). By western blot
analysis we observed a complete loss of expression corresponding of DOCK4 protein in
the brain of global deficient animals (D4-/-) when compared to tissue from wild type
(WT) and DOCKA4{1/fl animals (Fig. 3 a). By immunohistochemistry, the dentate gyrus
region of the hippocampus in the brain had high levels of expression of DOCK4. This is
consistent with the reported expression of DOCk4 in this region as assessed by in situ
hybridization (Allen Brain Atlas: http://mouse.brain-map.org/gene/show/88424).
Comparing WT to D4-/- we see a clear absence of expression in the D4-/- dentate gyrus
region of the hippocampus. The Western blot and IHC were done with different
antibodies further confirming that full length protein was not being made in our knockout

animals (Fig. 3, b).

Dextran Sodium Sulfate Induced Colitis

We hypothesized that the migration of the intestinal epithelium in response to
injury by DSS is DOCK4 dependent. Our hypothesis was based on the literature that
DOCKA4 is a GEF for Rap and Rac GTPases, which are essential for actin cytoskeleton
rearrangements necessary for proper cellular migration (Yajnik et al., 2003; Hiramoto et
al., 2006). We used the DSS model of ulcerative colitis to evaluate the repairing
capabilities of our novel deficient animals. One data set was used to construct a Kaplan-
Meier analysis plot to assess and visualize the overall survival of the treated animals
(GraphPad Prism) (Fig. 4, a) (Perse et al., 2012). Pilot experiments resulted in
pronounced mortality in the D4-/- group, when mice were allowed to drink ad libitum

(Fig. 4, a).
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The animals were monitored for percent body weight loss over time, a method
indicative of the severity of disease (Chassaing et al., 2004; Kurashima et al., 2012). We
observed a significant loss of body weight in DOCK4 deficient mice compared to WT
controls (Sigmund 2000) (Fig 5, a, b, ¢). When comparing the percent body weight loss
over time, we saw not only a pronounced difference between the two groups, but also a
statistically significant difference at various time points. Significance in regards to mean
percent body weight was determined by using a Student's t-test (independent samples
with equal variance) (GraphPad Prism).

The high susceptibility of DOCK4 deficient mice to DSS colitis suggested that
DOCKA4 is contributing to intestinal epithelial barrier function. To further evaluate the
tissue involved, the large intestines were harvested, and prepared for histology (Colnot et
al., 2004 ; Whittem et al., 2010). Tissue samples were sectioned and stained with
hematoxylin and eosin (H&E), and evaluated by a clinically trained pathologist Dr. 1.
Batal M.D. using established scoring parameters (Dieleman et al., 1998); Aharoni et al.,
2006). The results of these samples were not definitive. Thus, further studies are

required.

Examining the Role of DOCK4 in Hematopoietic Versus Intrinsic Tissue Cells
Bone marrow chimeras can be used to determine whether DOCK4 only in
intrinsic gastrointestinal tract or the hematopoietic compartment was primarily
responsible for the response to DSS. We generated bone marrow chimeric mice and
subjecting them to our DSS regime for evaluation (Duran-Struuck ef al., 2009). This

technique introduces the donors’ hematopoietic stem cells, which give rise to all
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populations of blood cells, including white blood cells, which are essential in pathogen
eradication. Bone marrow from WT or D4-/- animals was isolated and injected into WT
or D4-/- irradiated recipient mice. The resulting four groups were: WT bone marrow into
WT mouse, WT bone marrow into D4 -/- mouse, D4-/- bone marrow into WT mouse,
D4-/- bone marrow into D4-/- mouse. Analysis of all four groups would enable us to
determine if the intrinsic compartment is playing a role in disease and/or the transferred
hematopoietic cells had some effect on the disease (Barrett et al., 2011). The WT (BM) to
WT irradiated group served as a positive control for disease induction. We expected that
the WT (BM) to D4-/- mice would behave comparably to D4-/- mice if the key regulator
is DOCK4 in the epithelium and not in the hematopoietic compartment. The D4-/- (BM)
to WT mice would show similar results as the WT (BM) to WT group if the DOCK4 in
leukocytes was irrelevant. The D4-/-(BM) to D4-/- mice would be expected to respond in
a similar fashion to what was seen in prior experiments using D4-/- animals. The (D4-/-
(BM) to D4-/-) served as an internal control for maximal induction of disease.

Initially we thought that observing total infiltrates using a reliable quantitative
method would undoubtedly give keen insight as to what is happening mechanistically in
vivo. Unfortunately, the staining evaluation of the immune infiltrates was impossible. The
levels of inflammation and the extent of damage were so severe in the animals that even
Dr. Batal found it extremely challenging to score and evaluate our samples.
Representative images of cell specific staining can be seen in Fig. 6 (a, b, c, d). Bone
marrow transplantation weight loss and histological score can be found in appendix (Fig.
7, a, b, respectively). We expected that D4-/- group to be the most severely impacted.

However new tools were required to asses and determine if the leukocytes are playing a

-18 -



role in disease development. However, the most severely impacted group remained to be
the D4-/- mouse with D4-/- bone marrow, these animals showing statistical significance
in percent weight loss on days 6, 7, 8, 9, 10, and 11(Fig. 7, a). Statistical significance was
determined by Student's t-test (independent samples with equal variance) (GraphPad
Prism Graph), and is notated with (*) symbol when p-value = 0.05 or less. H&E slides
were evaluated by Dr. Batal and samples were scored based on criteria established in the
materials and methods portion. The conclusion from the evaluation followed the same
trend that the D4-/- mouse D4-/-bone marrow was most impacted of the four groups

comparable to data seen in the weight loss curve (Fig. 7, a).

Analysis of Epithelial Permeability Following DSS Induced Injury

The particular size of this molecule, under normal healthy conditions, is confined
to the lumen of the digestive system and its presence in the blood will be limited (Fig. 8,
a). In the event of injury or improper sealing of epithelial junctions, the dye accumulates
in the blood. Baseline experiments were done to determine if there was any quantifiable
difference between WT and D4-/- under normal conditions. Since animals appear to
develop into adulthood with no discernible differences in age /sex matched groups we did
not expect to find significant differences at baseline time points (Fig. 8, a). There was no
significant difference between WT and D4-/- groups.

We limited DSS intake to induce a mild form of disease, intending to minimize
epithelial damage (2.5% DSS for 3 days and 7 days normal drinking water). Weight loss
curves confirmed that the injury induced by the modified regiment was minimal (Fig. 8,

b, c, d respectively). FITC-dextran leakage was measured and quantitatied as a functional
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readout of intestinal permeability for these 3 experiments. When comparing WT to D4-/-
groups for FITC-dextran leakage, we observed that there was significantly more FITC-
dextran present in the D4-/- animals serum (Fig. 8, e). Statistical significance was
determined by Student's t-test (independent samples with equal variance) (GraphPad

Prism/ Excel Graphs), and is notated with (*) symbol when p-value = 0.05 or less.

Quantitation of Immune Cell Infiltration Following DSS Colitis

The immunohistochemistry we attempted to pursue in earlier experiments was
uneventful and it was difficult to conclude whether there was a difference in the cellular
milieu in the diseased tissue when comparing WT and D4-/-. Thus, we decided that we
needed to identify and develop an alternative technique, one that we could readily acquire
and assist in quantitation analysis. We chose Flow Cytometry. The advantage to using
this technology is that we can selectively evaluate cells based on size, cell surface protein
expression and intracellular cytokines, each specific for particular cell types. A quick
overview of the technology: Cells can be stained with various fluorochromes that are
conjugated to site-specific antibodies; these cells are passed through a capillary tube
where a laser will excite the specific fluorochromes. The data points are captured by
detectors and are analyzed by computer allowing for the processing up to a thousand
events/ second, with high accuracy (Fig. 9, b) (Brown et al., 2000).

Due to the limitations of time, mouse availability, and optimizing a new batch of
DSS, we were able to complete one experiment (Fig. 9, a). Animals from WT and D4-/-
groups underwent our modified DSS protocol (Fig. 9, a). On day 10, colons were

harvested and samples were dissociated for FACS analysis, the cell specific results were
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tabulated and graphed (Fig. 9, c¢). It was observed that the D4-/- animals had a larger total
number of immune infiltrates. Specifically D4 -/- animals had more CD45+ leukocytes,
Ly6g+ neutrophils, CD19, B220+ B cells, CD4+ effector T cells, CD8+ cytotoxic T cells.
The macrophage populations between WT and D4-/- were similar. WT and D4-/-
animals showed similar levels of total epithelial cells, however D4-/- showed a decrease
in epithelial cell proliferation, which was measured by BrdU incorporation of EpCAM+

cells (epithelial cell marker). Additional experiments are needed to confirm these results.

-21-



Chapter IV

Discussion

Treatment options for patients who suffer from IBD are very limited, based
mainly on immunosuppressive therapies and anti inflammatory drugs which dampen the
host immune system and have significant side effects (Aharoni et al., 2006; Sandborn et
al., 2002). Treatments for UC can also include modifications in the diet of the patients,
given that some foods may provoke an immune response (Magee et al., 2005).

It is well known that Rac and Rap GTPases are master regulators of actin
cytoskeleton networks and junction stability, and both play an important role in intestinal
epithelial biology (Bustelo ef al., 2007). There is very little information known about the
GEFs involved in regulating these GTPases in the context of IBD.

DOCK4 was originally described as an activator of Rap/ Rac GTPases, which
regulates a myriad of cellular process, including proliferation, migration and motility
(Yajnik et al., 2003; Raaijmakers et al.,2009; Cox et al., 2010). Here we provide
evidence that the GEF DOCK4 may participate in the response to injury in the intestine
and that its' absence due to Cre activity leads to greatly increased damage to this organ
following chemical induced injury to the epithelium.

The intestinal epithelium serves as a direct barrier shielding the body from the
bacteria present in the lumen of the intestine. The immune system is constantly sampling

and surveying the intestinal flora for potential threats and possible breaches in the



intestinal barrier (Hering et al., 2012). When there is an increase in permeability the
intestinal flora interacts with surrounding cells at the site of injury, which sets off a series
of highly orchestrated events. This includes the ability of intestinal tissue to repair and
return to homeostatic conditions is dependent on three main processes, restitution,
differentiation, and proliferation (lizuka et al., 2011). It is well accepted that the
dysregulation of any of these steps can potentially contribute to the development of IBD.
Constant rupturing of the intestinal epithelium, which often occurs in patients with UC, is
thought to further drive disease progression (Baumgart et al., 2009). Our FITC-dextran
permeability experiments indicate that there is increased permeability in our D4-/-
animals, which may account for the greater susceptibility to disease. One component that
has significance in all three aspects of intestinal repair is actin cytoskeleton dynamics and
remodeling (Crawley et al., 2014). Since DOCK4 is known to regulate Rac GTPases, it
is tempting to hypothesize that that their lack of proper activation is the underlying
mechanism that is responsible for our observed phenotypes. However, the specific
GTPase that is regulated in this context remains to be elucidated. The immune infiltrates
after disease onset are known to influence disease and recovery. Thus, we attempted to
uncover whether the repertoire of cell populations differed in WT versus D4-/- mice in
response to DSS. Indeed, our results using FACS analyses revealed what appeared to be
an imbalance of the leukocyte populations. Additionally, there were pronounced defects
in epithelial cell proliferation as measured by BrdU staining. These results warrant
further characterization through in vitro and in vivo experiments.

A recent study introduced a new concept in intestinal biology, by describing a gut

vascular barrier (GVB), which has morphological and functional homology to the blood

-23-



brain barrier (BBB), a breach of this barrier in addition to the epithelial barrier may
contribute to gut inflammation.(Spadoni et al., 2015). The results from our work
collectively indicate that there is a significant role for DOCK4 in epithelial barrier
function. This is also supported by the published data on the role of DOCK4 in the
assembly of junctions in mammalian cells (Yajnik ef al., 2003). Therefore, it would be of
importance to elucidate whether DOCK in the epithelial compartment is responsible to
control the outcomes in our model of experimental colitis. One tool that should be
considered for future experiments is the use of the transgenic Villin-Cre mouse (Jackson
Laboratory 021504), which expresses Cre recombinase in the villus and crypt epithelial
cells of the small and large intestines and should prove useful to elucidating the role of
DOCK4 specifically in the epithelium (el Marjou et al., 2004). Interestingly, a deficiency
of DOCK2 in mice, a DOCK protein that shares regions of homology with DOCK4, was
described as having severe defects in T cell migration to secondary lymphoid tissues
(Fukui ef al., 2001). The accumulation of particular effector subsets namely T regs, may
be important for the resolution of the inflammatory response. For future experiments, it
would be interesting to cross our animals with the CD4- Cre mouse strain (Jackson
Laboratory 017336) to explore the possibility that the lack of DOCK4 in CD4+
regulatory T cells is responsible for the increase severity of disease in our DSS mouse
model. We predict that the D4vil-Cre animals would replicate the disease we have seen
thus far; giving direct evidence that it is the absence of DOCK4 in the epithelial
compartment that dictates the outcomes in our experimental colitis mouse model. Indeed,

the results from the bone marrow chimerias and permeability assays suggest that the
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DOCKA4 in the epithelial compartment is important for maintaining proper barrier
function.

It is an accepted hypothesis that chronic inflammation can lead to increased
incidence of cancer development (Coussens et al., 2002). DOCK4 was originally
identified as being disrupted during tumorigenesis, using human cancer samples. Whether
DOCKA4 disruption directly contributes to tumorigenesis in vivo can now be tested in our
novel knockout mice (Yajnik ef al., 2003). The vast majority of treatments that target
IBD symptoms are oriented towards dampening the immune response. These treatments
are often ineffective in long-term regimes with significant side effects. Our results
suggest the possibility that enhancing the barrier function by increasing DOCK4 function
may serve as an alternative therapeutic approach for treatment of IBD. Enhancing
DOCK4 expression may lead to stabilized epithelial junctions in IBD patients, thus
minimizing inflammation of the intestine, and thus ultimately preventing development of
tumorigenesis in patients.

Inherently, when using animal models, we as investigators have to consider if
there is the possibility for therapeutic treatments in the clinical setting that would
ultimately increase quality of life for humans afflicted with various diseases. Here we
introduce a novel gene deletion, DOCK4, which gives us an opportunity to explore the
role of this molecule in intestinal permeability. DOCK4 has been implicated in vitro to
have substantial effects on junction stability in relation to its ability to activate Rac and
Rap GTPases (Yajnik ef al., 2003; Hiramoto ef al., 2006). Whether our results in the
DOCK4 deficient mice are physiologically relevant in the context of intestinal

inflammation and subsequent repair in human IBD awaits further study. Although
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DOCK4 SNPs associated with IBD have not been reported to date, Rac SNPs have been
associated with greater susceptibility to developing inflammatory bowel disease (Leong

et al.,2003).
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Fig. 1 Schematic of targeting construct and ES cell clone selection.

A. Cartoon schematic used to illustrate the transgene construct, and PCR
strategy

B. 5 and 3’ PCR results used to identify positive clone for ES injection. The 3’
PCR (frt S & F2 primers) shows all clones have a positive band at the correct
molecular weight size 2.4Kb. However, in the 5’ PCR (F1 & frt AS primers)
only clone # 6 has the correct size band at molecular weight 2.3Kb. ES cell
clone # 6 was selected for blastocyst injection

C. Cartoon schematic of what is expected when transgene allele is exposed to
Cre-recombinase

Figure 2

Fig. 2 Generation
of ES cell derived
chimeric mice.

Animals are born
with varying levels of
chimerism.
Positively selected
ES cell clone # 6.
PCR reactions are
done to confirm
presence of targeted
allele and successful
germline
transmission.
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Figure 3
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Fig. 3 Western blot and immunohistochemistry for DOCK4 protein.

A. Western blot images from harvested mouse tissues. WT band seen ~ 220KD
represents endogenous level of DOCK4. D4-/- has no DOCK4 expressed at
protein level considered to be globally deficient.

In situ hybridization study showing expression of DOCK4 in mouse brain
Immunohistochemistry of Deante Gyrus region of brain comparing WT and
D4-/- animals. Staining is absent from D4-/- further indicating loss of protein

expression.

Ow
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Figure 4
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Fig. 4 Survival and weight loss analysis following induction of DSS colitis.

A. WT mice were given 0, 2, and 2.5% DSS in drinking water for 5 days, daily
body weights were recorded and graphed as % Body Weight relative to
starting weight (Day-1)

B. WT and D4 -/- animals were given 2.5% DSS for 5 days. Kaplan-Meier
analysis plot to illustrate the marked difference in % survival between WT and
D4-/-




Figure 5
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Fig

.5 Analysis of weight loss in WT and D4-/- mice subjected to DSS colitis.

Mice were placed on 2.5% DSS for 5 Days followed by 5 days of water
ad libitum.

A. Statistical significance noted on day 10 (8 animals/group) (*p<0.05)

B. Statistical significance noted on days 7, 8, 9, and 10 (4 animals/group)
(*p<0.05)

C. Statistical significance noted on days 6, 7, and 8 (5 animals/group) (*p<0.05)
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Figure 6
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Figure 6
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Fig. 6 Immunohistochemistry and analysis of immune cell infiltrates in the
intestine.

A. Immunohistochemistry of untreated animals (left panels) and DSS treated
(right panels) for both WT and D4-/-. H&E staining to observe total
morphology and immune infiltrate presence.

B. Immunohistochemistry of untreated animals of the (left panel) and DSS
treated (right panels) for both WT and D4-/-. F4/80 staining to observe
macrophage infiltrates. Positive cells can be seen in the right panels, see
black arrows.

C. Immunohistochemistry of untreated animals (left panels) and DSS treated
(right panels) for both WT and D4-/-. CD3 staining to observe total T cell
infiltrates. Positive cells can be seen in the right panels, see black arrows.

D. Immunohistochemistry of untreated animals (left panels) and DSS treated
(right panels) for both WT and D4-/-. BrdU staining to observe total
proliferating cells. Positive cells can be seen in the right panels (black
arrows). Baseline expression was extremely high, and can be seen in left
panels.
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Figure 7
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Fig. 7 Analysis of bone marrow chimerias subjected to DSS colitis. Bone
marrow chimeras were generated. Genotype of recipient mice (Ms) and
donor bone marrow (BM) are indicated.

A. Weight loss graph of bone marrow transplanted mice. Animals were given
2.5% DSS in drinking water for 5 days, then normal drinking water for 6 days.
D4 MS: D4BM was most severely affected, by DSS treatment, showing
statistically significant differences on days 6, 7, 8, 9, 10, and 11 (*p<0.05).

B. Immunohistochemistry score was tabulated based on the criteria established
by Dr. Batal, highest possible score 15 (See materials and methods for
details).
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Figure 8
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Figure 8
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Figure 8
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Fig. 8 Analysis of intestinal permeability and associated weight loss. Mice
were subjected to DSS colitis for 3 days. FITC-Dextran was
administered by oral gavage.

A. Baseline permeability comparing WT and D4-/- animals not given any DSS
treatment. Quantitatied ug/ml of serum

B. B-D: Weight loss graph of mild disease induction by DSS administration
(2.5% DSS for 3 days and then 7 days normal drinking water).

E. Combined data points attained from permeability assay done directly from the
three experiments in parts B, C, and D. Statistical significance was
determined by using a Student's t-test (independent samples with equal
variance) (GraphPad Prism) and is noted with (*p<0.05)(19animals /group).
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Figure 9
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Figure 9
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Fig. 9 Analysis of

immune infiltrates.

Weight loss plot
after modified DSS
protocol (2.5% for 7
days, replaced with
normal drinking
water for 3 days).
Samples were
harvested and
evaluated by flow
cytometry.

General over view of
gating strategy used
to quantitate the
immune infiltrates of
the colon for the
weight loss
experiment.

Graphic
representation of the
populations of
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