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ABSTRACT
Though traditionally and historically associated with bone metabolism and calcium
absorption, recent developments in the field of immunology have demonstrated an important role
for vitamin D with regard to immune function. The Cantorna laboratory has studied the
interactions of vitamin D with the immune system in face of an immune challenge. They used a
bacterial enteric infection and mice that were incapable of responding to vitamin D as an indirect
way of assessing the potential role of vitamin D with regard to an immune challenge. The
experiment determined that the vitamin D receptor knock out (VDR KO) mice had decreased
Citrobacter rodentium fecal loads and a quicker recovery compared to wild-type (WT) mice.
The VDR KO mice also had a stronger immune response; they had more interleukin-22 (IL-22)producing innate lymphoid cells (ILCs) and increased expression of antibacterial peptides
compared to the WT mice. The inability of the mice to respond to vitamin D without the vitamin
D receptor (VDR) suggested that the down regulation of vitamin D may benefit the animal by
enabling a stronger response to the immune challenge. Contradictorily, a different study
examined vitamin D deficiency’s influence on infection-induced changes in intestinal epithelial
barrier by challenging WT mice that were ether vitamin D sufficient or vitamin D-deficient with
an enteric infection. The researchers determined that the vitamin D deficient mice infected with
C. rodentium had increased epithelial barrier dysfunction. They concluded that vitamin D
deficiency increased susceptibility by allowing for greater intestinal injuries. The aim of the
experiment was to determine if the VDR and ZO-1 were down regulated in the colon tissue
during an enteric infection in order to better understand how the mice responded to the immune
challenge. The expected outcome was that the VDR and ZO-1 expression in the colon would be
decreased compared to baseline levels in order to allow a stronger immune response in the face
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of an enteric infection. C. rodentium was used to infect three different mice groups in the
experiment: vitamin D sufficient wild type C75BL/6; vitamin D deficient wild type C57BL/6
mice; and vitamin D deficient cytochrome 27B1 (CYPKO) mice. The distal colon tissue was
harvested at the peak day of infection (day 14) and carried out RNA extraction using TRIzol
RNA protocol, a reverse transcription reaction, and quantitative PCR to measure the VDR RNA
and ZO-1 RNA levels. The three groups were compared with a two-way ANOVA statistical
analysis with a p<0.05 as significant. The VDR expression at peak infection or day 14 was down
regulated significantly compared to baseline day 0 expression levels in all three groups with a p
value <0.001. There was no statistical difference (P>0.05) in down regulation between the
vitamin D deficient or vitamin D sufficient mice or between the WT or cyp27B1 KO mice. In
addition the VDR colonic expression, the normalized ZO-1 colonic expression level changed
significantly between the WT D- and CYPKO D- mice on day 14 with a p-value <0.05. The
vitamin D status of the mouse did not have statistical significance between day 0 and day 14.
The type of mouse, WT or CYPKO, had a p-value less than 0.05 when the day 0 and day 14
normalized ZO-1 colonic expression. This down regulation may have occurred in order to
promote the production of antimicrobial peptides or a stronger Th1 cell response. A kinetic
study of this down regulation will take place to determine if it occurs earlier on in the infection,
gradually throughout or closer to peak day of infection.
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Chapter 1
Background Information

Discovery of Vitamin D
The Boston University biochemist and science fiction author Isaac Asimov once said
“The most exciting phrase to hear in science, the one that heralds new discoveries is not ‘Eureka’
but ‘That’s funny…” Indeed, his profound statement illustrates the discovery process of vitamin
D. Vitamin D was discovered in a similar process to other vitamins with a deficiency induced
disease fixed by dietary intervention. Besides its discovery, the metabolism of vitamin D
precursors into the active hormone form of vitamin D creates a unique structure, different from
the other steroid hormones and vitamins. This rare structure gives vitamin D a powerful
structure-function relationship that enables vitamin D to perform its significant physiological
actions on the immune system.
The medical and scientific community discovered vitamin D due to a deficiency-induced
disease: rickets1. From the 1600’s to the 1800’s, rickets plagued many communities as the
Industrial Revolution rapidly grew and spread across the world1. Rickets involves the softening
of bones, physical deformities, bowed legs, muscle spasms, and seizures1. Due to the success of
curing scurvy with vitamin C rich foods, scientists began the search for foods that could cure or
alleviate rickets1. They found that cod liver oil, a rich source of vitamin D, cured and prevented
rickets1. Dr. Scheutte became one of the first doctors to prescribe cod liver oil as a cure for
rickets in 18242. In 1922 in Vienna, Henrietta Chick fed children a diet of either whole fat milk
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or cod liver oil in an attempt to prevent the development of rickets and successfully gathered
support that dietary components of certain foods could stop the development of rickets2.
Moreover, in 1922, Elmer McCollum and his research team named the fat soluble factor found in
cod liver oil vitamin D because it followed on the heels of the discovery of vitamin B and C2.
Furthermore, they differentiated vitamin D from fat soluble vitamin A, heat inactivation
eliminated vitamin A activity but not vitamin D, the heat treatments still effectively treated
rickets2. Like other vitamins at that time, scientists became aware of vitamin D and its
importance to human health through a diet and disease relationship.

Vitamin D’s Structure
Besides carrying out research on the dietary aspects of rickets, scientists also observed
the environmental influence of sunlight with its ability to prevent and cure rickets1. Henrietta
Chick discovered that sunlight could alleviate rickets in children2. In the 1920’s, scientists
showed that irradiation of vegetables was required to prevent rickets whereas milk and cod liver
oil did not require irradiation1, 2. Another scientist named A.F. Hess identified the difference in
the vegetable fats that could cure rickets compared to those that could not cure rickets after
irradiation, as sitosterol2. Hess then proposed that sunlight could activate cholesterol in skin (7dehydrocholesterol to distinguish it from other types of cholesterol in the skin) to prevent and
cure rickets2. The essential fact that both sunlight and food could prevent and cure rickets sets
vitamin D apart as a unique kind of vitamin.
To gather more data and support for his proposal about the pre-existing form of vitamin
D in animal products and human skin, Hess asked Adolf Windaus, a well-known German
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chemist, who researched steroids, to help unravel the structure of vitamin D formed from UV
radiation of cholesterol2. Physical purification methods like recrystallization were ineffective
and the researchers used chemical purification procedures to isolate the cholesterol from 7dehydrocholesterol2. Otto Rosenheim and Thomas A. Webster analyzed the three typical
components of steroid structures, which include a hydroxyl group, at least one carbon-carbon
double bond, and four reduced rings but found that these structures did not distinguish the
vitamin D precursor from pure cholesterol (Figure 1)3. Additionally, the vitamin D precursor
molecule had three peaks of maximum absorbance at 269, 280, and 293 nanometers suggesting
the presence of multiple double bonds as opposed to cholesterol’s single double bond (Figure
1)4. They then realized that pure cholesterol did not form the precursor to vitamin D2.
Furthermore, Rosenheim and Webster also demonstrated that UV radiation could not activate
open ring systems to become antirachitic (curing rickets) even if they possessed three double
bonds4. After analysis of 30 different cholesterol structures, the research group of Hess,
Windaus, Webster, and Rosenheim determined that ergosterol formed a precursor to vitamin D
in plants (Figure 1)2. In 1933, they renamed the purified compound califerol or vitamin D22. It
took another six years for Windaus and his research team to discover the animal or human
precursor, 7-dehydrocholesterol that they renamed vitamin D3 or cholecaliferol (Figure 1)2. The
animal or human precursor form differed from ergosterol in that 7-dehydrocholesterol has two
double bonds rather than three double bonds (Figure 1)5. Over a period of about twenty years,
scientists determined the structures of both the dietary or plant form and animal or physiological
forms of vitamin D precursors.
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Figure 1 The Different Structures of Vitamin D and its Precursors5

Of equal if not greater importance than the structure determination, the structure-function
relationship of vitamin D differentiates vitamin D from other steroid hormones6. Compared to
steroid hormones like cortisol and aldosterone, the active vitamin D has a secosteroid structure
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since one of the four rings has a broken carbon-carbon single bond or in other words, an open
ring (Figure 2)7. The open ring resulted in a more flexible structure compared to other steroid
hormones7. The A-ring in vitamin D adopts the α conformation for the hydroxyl group on the
first carbon while the seco-B-ring prefers a trans arrangement of its double bonds that overall
contributes to less steric stress while lengthening the molecule (Figure 2)6. These preferences
that create the remarkable structure of vitamin D and bear responsibility for vitamin D’s different
behavior and functions compared to other steroid hormones and vitamins.
Figure 2 1,25-dihydroxyvtitamin D3 Structure8

Vitamin D Metabolism and Regulation

Vitamin D Metabolism
The structure function relationship is a circular one where function determines structure
based on what needs to be carried out while structure also influences function with how easily
certain tasks are performed. The formation of vitamin D structure that begets the key structure-
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function relationship develops from the metabolism of vitamin D precursors: vitamin D2 and
vitamin D3. The small intestine absorbs each of the precursor forms9. Both vitamin D2 and
vitamin D3 bind the vitamin D binding protein (DBP) to travel by the bloodstream to the liver9.
Once in the liver, the enzyme cytochrome P450 vitamin D 25 hydroxylase adds a hydroxyl group
at the C25 position to form 25-hydroxyvitamin D9. This form circulates through the blood with
the aid of DBP to the kidney or other tissues9. The cytochrome P450 monooxygenase 25(OH)D
1α hydroxylase otherwise known as CYP27B1 converts 25-hydroxyvitamin D to 1,25(OH)2D,
the biologically active form9. The flexible structure of vitamin D also sets it apart from the
steroid hormones because it has both a nuclear genomic receptor to allow transcription control
and a membrane bound receptor for non-genomic responses10. Thus, vitamin D can influence
transcription of certain molecules and also signal molecules. The metabolism of vitamin D
precursors generates the remarkable structure of the hormone form of vitamin D to engineer the
crucial structure-function relationship that permits the physiological actions of vitamin D.

7
Figure 3 Vitamin D Metabolism Pathway11

CYP27B1

Vitamin D Regulation
Due to its importance in the metabolism of vitamin D, the human body tightly regulates
the renal CY27B1 enzyme5. The product, 1,25(OH)2D, serves as a homotropic allosteric
inhibitor of the enyzme5. A high concentration of the active form of vitamin D inhibits
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production of the enzyme while a low concentration increases the kidney’s production of the
CYP27B1 enzyme5. Additionally, calcium and phosphate operate as heterotropic allosteric
inhibitors of renal CYP27B19. When their concentrations drop, the CYP27B1 enzyme
experiences enhanced activity9. The lowered concentration of calcium increases the parathyroid
hormone (PTH) that in turn increases the transcription of CYP27B19. The tight regulation of the
key step in activating vitamin D enables control over the calcium level to prevent both
hypocalcaemia and hypercalcaemia9.

Vitamin D and Autoimmunity
Of further interest, 1,25(OH)2D influences the development of autoimmune disorders12.
Studies have demonstrated that low vitamin D status can increase risk of developing T cells (Th1)
mediated autoimmune disorders such as inflammatory bowel disease, type I diabetes, asthma,
and multiple sclerosis12. On the other hand, research studies have also exhibited that the
biologically activated form of vitamin D (1,25(OH)2D3 or hormone form of vitamin D) can
prevent the development of these autoimmune disorders12. Autoimmune disorders result when
the body’s T cells lose control and start attacking the body’s own cells and produce excessive
inflammation12. The overproduction and over activation of T cells was associated with low
vitamin D status12. The VDR allows 1,25-dihydroxyvitamin D to regulate the immune system
cells like macrophages, dendritic cells, and regulatory T cells12. Vitamin D increases the
production of macrophages while inhibiting the differentiation of T helper cells12. These actions
reduce the inflammatory cytokine production of TNF-α and IL-12 that characterizes autoimmune
disorders12. Additionally, 1,25(OH)2D prevents the maturation of dendritic cells in order to limit
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their ability to prime Th1 cells12. More importantly, the biologically active hormone form of
vitamin D induces the production of regulatory T cells by up-regulating the Fox3 gene in T
cells12. Regulatory T cells help to prevent the development of autoimmunity by inducing
apoptosis in self reactive T cells as well as limiting the number of active effector T cells present
in the body12. 1,25(OH)2D influences the development of autoimmune disorders through its
interactions with macrophages, dendritic cells, T cells12. In sum, 1,25(OH)2D3 interacts with the
immune system cells to suppress the development of autoimmune disorders by inhibiting effector
T cells and increasing regulatory T cells12.

10
Figure 4 Vitamin D’s Effect on T Cell Development12
1,25D3 (actions show in red) is shown inhibiting the development of Th1 cells and
promoting the development of Th3/Treg and Th2 cells to aid with tolerance and prevent
autoimmune disease. The cytokines such as IL-2 are also shown in the T cell development pathway.

According to the National Institute of Health, around 23.5 million Americans suffer from
autoimmune disorders and doctors make many new diagnoses every day13. Thus, research that
explores the molecular aspects of autoimmune disease holds a relevant, central role for the future
of the biomedical and biochemical field. Inflammatory bowel diseases (IBD), the umbrella term
for a group of autoimmune diseases, causes over 700,000 doctor’s visits and 100,000
hospitalizations14. The estimated health care expenses involved with the treatments of
autoimmune disease for Americans costs over 100 billion dollars, which about doubles cancer
treatment costs13. Autoimmune diseases cause enough bodily harm to merit a spot on the list of
the top ten causes of death in girls and middle-aged women14. Around 34,000 people died from
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IBD in 2010 where as only 29,500 people died from IBD in 199015. Scientists must continue to
perform more innovative research on IBD since current treatments have not lowered the
mortality rate. Furthermore, other countries have surpassed the U.S in terms of research
performed on autoimmune disease16. Many factors such as genetics, gut flora antigens, and
environmental triggers can impact the development and remission of IBD13. The goal of this set
of experiments is to contribute to better therapies and treatments for IBD by exploring the
different environmental influences that can influence the development and severity of IBD.

VDR Expression Studies

The Cantorna laboratory has shown that vitamin D3 plays in a pivotal role in the outcome
of experimental IBD models by suppressing IBD development17. Specifically, 1,25(OH)2D3
interacts with the adaptive immune system to regulate the T cell response inhibiting the
overactive T helper one (Th1) response and stimulating the development of regulatory T cells
(Treg)12. Beyond vitamin D3’s interactions with the immune system, other studies have
determined that vitamin D3 influences gut epithelial barrier integrity18. Juan Kong and other
researchers performed a study that compared the intestinal barrier between wild type mice and
mice with their vitamin D receptor (VDR) knocked out (KO) in all the body cells18. They found
that the VDR KO mice developed more severe colitis and suffered a greater loss of
transepithelial electric resistance (TER)18. TER provides a way to measure the integrity of the
epithelial barrier, the greater the resistance, the more intact the epithelial barrier18. Furthermore,
their study also revealed a loss of tight junction proteins and thus disrupted tight junctions in gut
epithelium of the VDR KO mice but not in the wild type mice18.
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An additional study published in the Journal of Clinical Investigation explored the
mechanism of vitamin D3’s interactions with the gut epithelial barrier integrity in greater detail19.
The researchers found that the expression of the VDR in human patients with either ulcerative
colitis or Crohn’s disease was lower than the normal expression levels19. They used transgenic
mice that over-expressed the human form of the vitamin D receptor hVDR in the gut epithelial
cells in their experiments19. The hVDR over-expression preserved epithelial integrity and
protected mice from developing chemically induced colitis19. The researchers also determined
that the transgenic hVDR mice produced lower levels of inflammatory cytokines and maintained
expression of tight junction proteins19. Their group generated VDR KO mice with hVDR
induced expression specifically in the gut epithelial cells and found that these mice had stronger
resistance to developing colitis in the experimental colitis models than wild type mice19. The
researchers determined that vitamin D3 inhibited the signal molecule p53 upregulator modulator
of apoptosis (PUMA) by blocking the nuclear gene transcription factor NF-κB which serves as
an activator of PUMA19. 1, 25(OH)2D3 blocked the binding site of NF-κB and prevented TNF-α
induced transcription of PUMA19. In other words, the active form of vitamin D3 inhibited the
apoptosis of intestinal epithelial cells and preserved the membrane integrity. Thus, this research
group determined that over-expression of the human VDR in mice served a protective function
by decreasing the apoptosis of intestinal epithelial cells during two different models of IBD19.
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Citrobacter rodentium Studies

Citrobacter rodentium is an enteric pathogen20. It starts by colonizing the cecum and
then proceeds to the distal colon by day 2 or 321. The infection model produces inflammation
and a mucosal Th1 and Th17 mediated response20.
A study conducted by the Cantorna laboratory studied the effects of a Citrobacter
rodentium infection on VDR KO mice22. They determined that the VDR KO mice had fewer C.
rodentium in the feces than wild-type (WT) mice coupled with a faster clearance rate22.
Additionally, the research group found that the VDR KO mice had more interleukin-22 (IL-22)producing innate lymphoid cells (ILCs) and more antibacterial peptides compared to the WT
mice due to the deficiency of VDR in the VDR KO22. The VDR expression regulates ILC
frequencies, IL-22, dysbiosis, all of which influence susceptibility to C. rodentium infection22.
Thus, VDR expression may play a role the severity of a C. rodentium infection.
The effect of vitamin D deficiency on infection-induced changes in intestinal epithelial
barrier function was determined in a C. rodentium infection in mice23. Four groups of mice were
studied: wild type C57BL/6 mice that were vitamin D sufficient and wild type C57BL/6 mice
that were vitamin D-deficient, CYPKO vitamin D deficient mice and CYPKO vitamin D
deficient mice23. They determined that the vitamin D deficient mice infected with C. rodentium
had increased colonic hyperplasia and epithelial barrier dysfunction (P < .0001 and P < .05,
respectively). The vitamin D sufficient mice, WT and CYKPKO, cleared the infection faster than
the vitamin D deficient mice (Figure 5). They were free of bacteria colony forming units (CFU)
in their feces by day 35 while the WT D- mice weren’t free of CFU until day 56 (Figure 5). The
CYPKO mice died or had to be euthanized before the experiment was over due to the severity of
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the infection (Figure 5). Thus, they concluded that D- WT mice were more susceptible than D+
WT or D+ CYPKO to C. rodentium infection, and that D- CYPKO were the most susceptible23.
Figure 522 Vitamin D deficient mice are more susceptible to a Citrobacter rodentium
infection. CYPKO vitamin D deficient mice are more susceptible than WT deficient mice. There
are no noticeable differences vitamin D sufficient mice between WT and CYPKO mice.
Unpublished data from Jing Chen and Yang Ding
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Chapter 2
Experiment Rationale and Methods

Rationale

Three different groups of mice were used: vitamin D sufficient WT C75BL/6; mild
vitamin D deficient WT C57BL/6 mice; and extreme vitamin D deficient CYPKO mice. The
CYPKO mice are unable to produce 1,25(OH)2D3 and thus display a more severe vitamin D
deficiency compared to WT deficient mice. Based on the results in Figure 5 that show there were
no differences in susceptibility between WT D+ and CYPKO D+ mice, we used three groups of
WT D+, WT D- and CYPKO D-. Like in Figure 5, C. rodentium infection was carried out by
Yang-Ding Lin (Cantorna lab) on the three groups of mice. Uninfected (day 0) and peak
infection (day 14) the mice were euthanized. The distal colon was harvested and RNA extraction
using TRIzol RNA protocol was done followed by reverse transcription and quantitative PCR to
measure the VDR RNA and ZO-1 RNA levels. The three values from the 3 groups and 2 time
points were compared by two-way ANOVA with a p<0.05 as significant. The house keeping
gene used was hypoxanthine-guanine phosphoribosyltransferase (HPRT). Values from the
uninfected chow fed colons served as the control and were set to 1.
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Figure 6 Experimental Design Outline. The groups of mice included WT vitamin D
sufficient and vitamin D deficient WT mice and CYPKO vitamin D deficient mice.
Groups
WT D+
WT DCYPKO D-

Experimental Design
N=4-5/group

Mice on
Vitamin D
deficient
diet after
weaning

Day 0:
Infect mice
with C.
Rodentium
5 x 109
CFU via
oral gavage

Groups:
WT D+
WT DCypKO D-

Day 14: Sac
mice and
collect distal
colon

Methods

Mice

The Cyp271 knockout (CYPKO) breeders were a gift from Dr. Hector DeLuca
(University of Wisconsin). The vitamin D receptor knock out (VDRKO) breeders were
purchased from Jackson Laboratories (Bar Harbor ME). C57BL/6 mice were produced and
housed at the Pennsylvania State University, University Park. The CYP or VDR breeders were
used to generate KO mice from the same breeders for all experiments. The Office of Research
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Protection, Institutional Animal Care and Use Committee at the Pennsylvania State University
approved all experimental procedures.

Vitamin D Deficiency24
For vitamin D deficiency experiments, VDRKO mice were fed TD.04179, a calcium
rescue diet (Harlan Teklad) and CKYPKO mice were fed chow diet from birth before mating
with mice of the same background. The offspring from these mice were fed using the vitamin Ddeficient diet throughout the experiment after weaning. The mice were made vitamin D deficient
in order to increase the VDR prior to infection to make any changes easier to see. To confirm
the vitamin D deficient status, Vitamin D analysis serum was performed using both a 25(OH)D3
ELISA following the manufacturer's instructions.
C. rodentium infection22. The C. rodentium strain ICC169 was a gift of Gad Frankel
(London School of Medicine and Dentistry, London, UK). C. rodentium was cultured in LuriaBertani (LB) broth containing 20 μg ml−1 nalidixic acid (EMD Chemicals, Gibbstown, NJ).
Mice were infected by oral gavage with 200 μl of C. rodentium suspension that contained 5 × 109
colony-forming units. Mice were housed one per cage to prevent mouse-to-mouse transmission
of C. rodentium. The C. rodentium numbers in the feces were determined by plating on LB agar
plates with 50 μg ml−1 nalidixic acid.

RNA Extraction.
A portion of the distal colon (0.5-1.0 cm) tissue and kidney were harvested from the
mice. The TRIzol RNA protocol by Ambion Life Technologies (Grand Island, NY) was
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followed to extract and purify the RNA. The colon RNA was re-suspended in 50 microliters of
RNase free water. The concentration was determined by spectroscopy on NanoDrop8.1.
cDNA synthesis by Reverse Transcription and quantitative PCR22: Complementary DNA
was synthesized using the TaqMan reverse transcription reagents kit (Applied Biosystems,
Carlsbad, CA) with the oligo(dT) primer. One-fifth volume of the reverse transcription reaction
cDNA mixture was used in qPCR reaction with SYBR green mix (Bio-Rad) by MyiQ SingleColor Real-Time PCR machine (Bio-Rad). Expression levels of vitamin D receptor (VDR) and
tight junction protein ZO-1 in the colon were normalized by hypoxanthine-guanine
phosphoribosyltransferase (HPRT) The sequences used are as follows: VDR forward primer
CCCCTTCAATGGAGATTGC; VDR reverse primer CTGCACCTCCTCATCTGTGA; ZOforward primer CCACCTCTGTCCAGCTCTTC; ZO-1 reverse primer
CACCGGAGTGATGGTTTTCT; HPRT forward primer
CAGACTGAAGAGCTATTGTAATG; and HPRT reverse primer
CCAGTGTCAATTATATCTTCCAC. Threshold values from the standard curve were obtained
using PE Biosystem software, and RNA was quantified. The specificity of the PCR was
confirmed by melting-curve analysis with Bio-rad program.

Statistics.
The data are presented as the means within the standard error of the mean (SEM). Two
groups were compared together with a two-way ANOVA determine statistical significance by
the GraphPad Prism software (version 6.01) and a p value < 0.05 of significance.
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Chapter 3
Results
The course of the C. rodentium infection was monitored by the bacterial colony forming
units (CFU) in the feces (Figure 7).
Figure 7: Fecal Shedding Curve During C. rodentium Infection

Group x Time: P=0.2535
Log10 (CFU/g feces)

Primary infection

10
8
6

D+ WT
D- WT
D- Cyp KO

4
2
0

0

7

14

21

Days post-infection
Data from collaboration with Yang-Ding (unpublished results)
There were no differences in the C. rodentium shedding kinetics between the D+ WT, DWT and D- Cyp KO mice (Fig. 7). This result is consistent with the early shedding kinetics
observed previously (Fig. 5).
The VDR is highly expressed in the kidney and so to establish the protocol, kidney
samples were used to test the extraction, isolation, and qPCR methods (Appendix 1). The same
procedures were repeated for the colon and kidney samples from the infected mice on day 14.
Day 14 was used because it is the peak day of the infection for C. rodentium25. The VDR and
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ZO-1 expression were normalized to the HPRT expression to account for the differences in the
cellular expression levels and the amount of RNA extracted from the samples. The
normalization calculation involved dividing the VDR or ZO-1 expression levels by the HPRT
level for each sample. The HPRT colonic expression levels ranged from 4.08x10-7 to 9.65x10-7.
This tight range showed that consistency in the mRNA extraction and PCR values. Colon
expression of the VDR ranged from 3.67x10-11 to 1.24x10-6 which indicated a change in
expression level during the course of the infection (Appendix 2). The normalized VDR colonic
expression levels ranged from 6.71x10-5 to 1.94x100 further supported that the change in
expression level (Appendix 2). The ZO-1 levels ranged from 1.47x10-7 to 6.83x10-6(Appendix
2). The normalized ZO-1 expression levels ranged from 5.90 x 10-1 to 9.66x100(Appendix 2).
Statistical analysis was carried out on the normalized VDR colonic expression levels to
determine if a trend existed and if so, based on what variable (Figure 8). The two-way ANOVA
statistical test for variance was used to determine if vitamin D deficiency influenced the VDR
expression change by comparing the WT D+ and WT D- groups. The vitamin D deficient diet
did not have a statistically significant effect at day 0 or day 14 (p value >0.05). Along those
same lines, the type of mouse, WT or CYPKO did not have a statistically significant effect at day
0 or day 14 (p value >0.05). However, the two-way ANOVA analysis revealed that the uniform
decrease from day 0 to day 14 in all three groups was very significant (p value <0.001). In sum,
there were no statistically significant differences between any of the groups based on the
variables of vitamin D status or mouse type (Figure 8). The only variable that appreciably
influenced the VDR expression in the colons was the time of the infection, day 0 or day 14
(Figure 8). All three groups of mice had a significant decrease in the VDR expression in the
colon at day 14 (Figure 8).
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Figure 8 Colonic Expression of VDR normalized to HPRT RNA in vitamin D deficient
CYPKO and WT mice and vitamin D sufficient WT mice.
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The data was plotted as the average mean value of the fold changes for the normalized VDR
to HPRT ratio compared to the average normalized VDR to HPRT ratio for the day 0 WT D+ mice.
Two-way ANOVA revealed no significant differences between Day 0 and Day 14 VDR expression
for WT D+ v. WT D-or CYPKO D- v. WT D- There was a significant difference with p<0.001 for
day 0 and day 14 time point.

Besides analyzing the VDR colonic expression changes over the course of the infection,
the ZO-1 colonic expression levels were also analyzed. The vitamin D status, deficient or
sufficient, did not change the ZO-1 expression significantly at day 0 or day 14 (p value <0.05;
Figure 9). The time of infection (day 0 or day 14) also did not change the ZO-1 expression for
any of the three groups (p value >0.05). However, the ZO-1 expression was significantly
different between the WT D- and CYPKO D- mice on day 14 (p value <0.05; Figure 9).

22
Figure 9 Colonic Expression of ZO-1 normalized to HPRT RNA in vitamin D deficient
CYPKO and WT mice and vitamin D sufficient WT mice.
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The data was plotted as the average mean value of the fold changes in normalized ZO-1
expression to the WT D+ day 0 value. Two-way ANOVA revealed no significant differences
between Day 0 and Day 14 ZO-1 expression for WT D+ v. WT D-. A Two-way ANOVA did show a
significant difference between CYPKO D- v. WT D- with a p value of 0.01. * indicates p<0.05
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Chapter 4
Discussion
The WT D+, WT D- and CYPKO D- had comparable concentrations of C. rodentium in
their feces indicating a successful infection and that there were not differences in the C.
rodentium in the D+ and D- mice. Thus, the decrease in the VDR levels on day 14 can be
attributed to an effect of the C. rodentium infection on VDR expression in the colon. There were
no significant changes in VDR expression as a function of diet (D- versus D+) or genotype (DWT versus D- CYPKO) (Figure 8). The absence of an effect of the diet on VDR expression
contrasts with what has been reported in the literature for the kidney expression of the VDR26.
1,25(OH)2D3 was shown to increase renal VDR expression 5 fold in the presence of calcium26.
The renal VDR mRNA increased 10 fold in the presence of 1,25(OH)2D3 and calcium26.
However, the expression of duodenal VDR mRNA has not been shown to be affected by
1,25(OH)2D326. The active form of vitamin D regulates VDR expression in the kidney26. In
contrast, the VDR expression in the colon may not be regulated by dietary vitamin D.
The decreased expression of the VDR that occurs following infection is in agreement
with the effect of inflammation and colitis on VDR expression in the colon27. IBD patients and
colitis associated colon cancer patients have lower VDR protein levels27. Vitamin D deficiency
has also been associated with acute respiratory infection (ARI)28. In an experiment involving a
similar infection (chlamydia) that involves both bacterial colonization and inflammation, pretreatment with 1,25(OH)2D3 inhibited the replication of the bacteria29. Supplementation in IBD
patients and children at risk for ARI improved the symptoms and decreased the chances of
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development respectively28. However, lowered VDR expression in patients with acute infections
or inflammatory diseases weakens their ability to respond to the vitamin D. Levels above the
dietary intake recommendations may be needed to account for the lower levels of VDR. A better
approach may be to supplement patients with some of vitamin D’s products that carry out the
anti-bacterial effects or anti-inflammatory effects such as antimicrobial peptides or leukocyte
elastase inhibitor LEI which defends the host by inhibiting neutrophil proteases27, 29.
In a different aspect besides the adaptive immune response and cytokine levels of the
infection, the permeability of the gut barrier is also vital to fighting off the infection. C.
rodentium has the ability to regulate the epithelial barrier integrity, inflammation levels and
healing ability of the gut21. During the course of the infection, bacteria attach to the epithelial
cell surface30. The infection is also accompanied by transmissive crypt hyperplastic mucosa
following this attachment21. The IgG antibody mediates the clearance of the C. rodentium after
passing into the gut lumen31. Normally, the IgG cannot pass through the intact gut barrier;
however, during the infection, the gut barrier can become leaky which results in increased
permability31.
The effect of vitamin D deficiency on infection-induced changes in intestinal epithelial
barrier function using a C. rodentium infection in mice has been analyzed in a different
experiment23. The researchers determined that the vitamin D deficient mice infected with C.
rodentium had significant changes in the colon epithelial tissue including increased colonic
hyperplasia and barrier dysfunction. They concluded that vitamin D deficiency increased
susceptibility by enabling greater intestinal injuries in a C. rodentium infection23. The researchers
determined that vitamin D3 inhibited the signal molecule PUMA by blocking the transcription
factor NF-κB19. Thus, 1,25(OH)2D3 inhibited the apoptosis of intestinal epithelial cells and
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preserved the membrane integrity to protect the colon from injury. However, inflammation
during the C. rodentium infection decreases the expression of VDR23. The gut would no longer
be able to respond to vitamin D. Thus, supplementation with vitamin D would not help the host
avoid the loss of gut barrier integrity. Decreasing the inflammation that accompanies the
infection and the immune response could potentially restore or at least increase the VDR
expression.
Another study involving vitamin D deficiency and tight junction proteins like ZO-1 in the
gut revealed that 1,25(OH)2D3 increased tight protein junction expression18. Thus, the decrease
in ZO-1 expression of WT D- mice from day 0 to day 14 could be a side effect of the vitamin D
deficiency or the decrease in the VDR expression. A different study looked specifically at C.
rodentium’s effect during the peak of the infection and found that the bacteria, not the
inflammation disturbed localization of tight junction protein32. The inflammation in the gut
persisted after the bacteria were removed from the gut but the tight junction proteins were
unchanged indicating a functional gut barrier despite the inflammation32. However, this study
does not help to explain why the CYPKO D- mice exhibited no significant change in their ZO-1
expression between day 0 and day 14 of the C. rodentium infection since the bacteria colonized
both the WT and the CYPKO mice. It could be that a different tight junction protein such as
claudin is affected due to the different phenotype of the mice. Or, the absence of 1,25(OH)2D3
induced expression of tight junction proteins in the gut barrier caused the tight junction proteins
to respond differently to immune challenges. It is also possible that decrease in the VDR
expression in the colon renders the effects of 1,25(OH)2D3 negligible during the infection.
In terms of future experiments, a kinetic study of the VDR and tight junction protein
expression would be interesting. By tracking the kinetics of the changes in VDR expression in
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the colon, the factors influencing the expression may become clearer. If the VDR expression
decreases early in the course of infection around day 3 or 4, the C. rodentium bacteria
colonization may activate decrease in the VDR. Or, innate immune system may initiate the
decrease or some combination of the two. If the VDR expression decreased later on during the
course of the infection, it could be due to the adaptive immune response. If the decrease in VDR
expression occurs gradually throughout the infection, then the C. rodentium may play the
dominant role. In terms of the tight junction protein, it would also be interesting to see if the
tight junction expression was restored with the clearance of the infection or with restoration of
vitamin D activity.
In addition to tracking the VDR expression change, it would also be interesting to look in
other tissues like the small intestine to see if the VDR or tight junction protein expression
changes there as well. If a similar decrease in the VDR expression occurred in the small
intestine, then the integrity of the gut barrier may be a dominant factor in determining the VDR
expression. It would also be important to look at the protein levels in addition to the mRNA
levels of both the VDR and tight junction protein expression. Though mRNA is usually a good
representation of expression, it is not the same as looking at the actual protein levels. Along
those same lines, the experiment should be repeated with more mice in order to better see the
differences between the three groups.
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Appendix 1
Kidney qPCR VDR Data
Table 1 qPCR VDR and HPRT Expression in Kidney
Sample

WT kidney

VDRKO kidney
MQ water
WT kidney

HPRT

VDR
2.68E-07
5.11E-08
1.02E-07
2.45E-07
3.82E-07
1.14E-07
5.25E-07
2.22E-07
3.58E-07
1.98E-11
0.00E+00
1.92E-07

1.13E-06
7.57E-07
2.57E-07
1.95E-09
1.14E-06
2.71E-09
4.76E-09
1.12E-09
1.21E-06
0.00E+00
0.00E+00
5.37E-08

VDR/HPRT
4.22E+00
1.48E+01
2.52E+00
7.96E-03
2.98E+00
2.38E-02
9.07E-03
5.05E-03
3.38E+00
0.00E+00
0.00E+00
2.80E-01

The table shows the renal expression of HPRT and VDR of control WT mice and VDRKO
mouse. The positive control was the last WT kidney listed in the table from unpublished data by Yang
Ding. The negative control for VDR was a kidney from a VDRKO mouse. The negative control for the
cDNA synthesis and aPCR amplification was the MQ water.
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Appendix 2
VDR and ZO-1 qPCR Data
Table 2 qPCR VDR and HPRT Expression in Colon Tissue
Sample

Day 0 WT
D+

Day 0 WT D-

Day 0
CYPKO D-

Day 14 WT
D+

Day 14 WT
D-

Day 14
CYPKO DWT kidney
VDRKO
kidney
WT kidney
MQ water

HPRT

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Positive
Negative

7.52E-07
6.39E-07
6.29E-07
5.93E-07
6.26E-07
4.57E-07
6.12E-07
6.26E-07
7.38E-07
4.08E-07
6.34E-07
6.84E-07
5.54E-07
6.73E-07
7.13E-07
8.86E-07
8.58E-07
8.60E-07
6.32E-07
9.65E-07
6.74E-07
7.46E-07
6.68E-07
6.25E-07
7.66E-07
6.99E-07
5.47E-07
8.64E-07
2.49E-07
2.09E-07

VDR

6.29E-07
1.24E-06
8.23E-07
1.28E-07
1.07E-06
8.30E-07
1.10E-06
6.53E-07
1.16E-06
8.99E-07
8.83E-07
9.51E-07
1.04E-06
7.93E-07
3.93E-07
9.14E-08
9.54E-08
1.57E-07
1.81E-07
8.16E-08
1.00E-07
6.14E-08
1.42E-07
9.09E-08
8.65E-08
6.47E-08
3.67E-11
0.00E+00
3.22E-08
0.00E+00
1.01E-07
0.00E+00

Normalized VDR

8.36E-01
1.94E+00
1.31E+00
2.16E-01
1.71E+00
1.82E+00
1.80E+00
1.04E+00
1.57E+00
2.20E+00
1.39E+00
1.39E+00
1.88E+00
1.18E+00
5.51E-01
1.03E-01
1.11E-01
1.83E-01
2.86E-01
8.46E-02
1.48E-01
8.23E-02
2.13E-01
1.45E-01
1.13E-01
9.26E-02
6.71E-05
0.00E+00
1.29E-01
0.00E+00

Fold Change from
WT D+ Day 0
Average

7.78E-01
1.80E+00
1.22E+00
2.01E-01
1.59E+00
1.69E+00
1.67E+00
9.70E-01
1.46E+00
2.05E+00
1.30E+00
1.29E+00
1.75E+00
1.10E+00
5.13E-01
9.59E-02
1.03E-01
1.70E-01
2.66E-01
7.86E-02
1.38E-01
7.65E-02
1.98E-01
1.35E-01
1.05E-01
8.61E-02
6.24E-05
0.00E+00
1.20E-01
0.00E+00

29
The table shows the colonic expression of HPRT and VDR of day 0 control mice and day 14
infected mice. The vitamin D sufficient wild type mice are samples 1-4 for the day 0 mice and samples
15-18 for the day 14 infected mice. The vitamin D deficient wild type mice are samples 5-9 for the day 0
control mice and samples 19-23 for the day 14 infected mice. The CYPKO vitamin D deficient mice are
samples 10-14 for the day 0 mice and samples 24-28 for the day 14 infected mice. Sample 29 was a WT
kidney positive control for VDR expression whereas sample 30 was a VDR KO kidney negative control
for VDR expression. The positive control for the qPCR run was a WT kidney and the negative control
was MQ water.

Table 3 qPCR ZO-1 and HPRT Expression in Colon Tissue
Sample

Day 0 WT D+

Day 0 WT D-

Day 0 CYPKO
D-

Day 14 WT
D+

Day 14 WT D-

HPRT

1
2
3

7.52E-07
6.39E-07
6.29E-07

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

5.93E-07
6.26E-07
4.57E-07
6.12E-07
6.26E-07
7.38E-07
4.08E-07
6.34E-07
6.84E-07
5.54E-07
6.73E-07
7.13E-07
8.86E-07
8.58E-07
8.60E-07
6.32E-07
9.65E-07
6.74E-07
7.46E-07

ZO-1

1.32E-06
3.05E-06
Outside limit
of detection
1.98E-06
2.49E-06
1.98E-06
1.96E-06
1.43E-06
6.83E-06
2.52E-06
3.39E-06
5.02E-06
2.77E-06
5.18E-06
1.25E-06
4.86E-07
2.75E-06
3.20E-06
1.02E-06
6.75E-07
1.49E-06
1.29E-06

Normalized
ZO-1

Fold Changes
from WT D+
Day 0
Average

1.76E+00
4.77E+00
N/A

5.34E-01
1.45E+00
2.69E-06

3.34E+00
3.98E+00
4.33E+00
3.20E+00
2.28E+00
9.25E+00
6.18E+00
5.35E+00
7.34E+00
5.00E+00
7.70E+00
1.75E+00
5.49E-01
3.21E+00
3.72E+00
1.61E+00
6.99E-01
2.21E+00
1.73E+00

1.02E+00
1.21E+00
1.32E+00
9.74E-01
6.95E-01
2.81E+00
1.88E+00
1.63E+00
2.23E+00
1.52E+00
2.34E+00
5.33E-01
1.67E-01
9.74E-01
1.13E+00
4.91E-01
2.13E-01
6.72E-01
5.26E-01

30

Day 14
CYPKO D-

23
24
25
26
27
28
29
30

6.68E-07
6.25E-07
7.66E-07
6.99E-07
5.47E-07
8.64E-07
2.49E-07
2.09E-07

2.13E-06
2.64E-06
2.18E-06
2.79E-06
4.65E-06
8.44E-06
1.47E-07
1.64E-07

3.19E+00
4.22E+00
2.85E+00
3.99E+00
8.51E+00
9.77E+00
5.90E-01
7.85E-01

9.69E-01
1.28E+00
8.65E-01
1.21E+00
2.59E+00
2.97E+00
1.79E-01
2.39E-01

WT kidney
VDRKO
kidney
WT kidney
positive
4.87E-07
MQ water
negative
0.00E+00
The table shows the colonic expression of HPRT and ZO-1 of day 0 control mice and day 14

infected mice. The WT D+ mice are samples 1-4 for the day 0 mice and samples 15-18 for the day 14
infected mice. The WT D- are samples 5-9 for the day 0 control mice and samples 19-23 for the day 14
infected mice. The CYPKO D- mice are samples 10-14 for the day 0 mice and samples 24-28 for the day
14 infected mice. Sample 29 was a WT kidney positive control for VDR expression whereas sample 30
was a VDR KO kidney. The positive control for the qPCR run was a WT kidney and the negative control
was MQ water.
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Recruited new members and helped organize Faculty-student lunches

Shift-leader, Dairy Queen Orange Julius
Grove City Premium Outlets Grove City, Pennsylvania 04/2009-present: 40 hours/week (breaks)



Delegated tasks and efficiently ran the store while manager was off-duty



Handled the cash register and maintained a clean store at all times



Trained new employees and earned a perfect company inspection multiple occasions

Technical Skills


Excel - proficient (4+ years)



Microsoft Office suite (Word, PowerPoint) – expert (4+ years)



Data Prism- satisfactory (2+ years)

Professional Skills


Determination and ability to complete difficult tasks successfully and creatively



Self-motivated



Team player



Emotionally intelligent



Leadership skills necessary for group cohesiveness



Ability to manage multi-disciplinary projects and time wisely



Effective communication and didactic skills

Relevant Coursework


Honors Biochemistry



Honors Immunology



Molecular Biology of the Gene and Laboratory component



Laboratory in Proteins, Nucleic Acids, and Molecular Cloning



Laboratory in Protein Purification Techniques



Nutrition Metabolism and Assessment



Nutrition Diet and Disease



Physical Chemistry



Honors Organic Chemistry and Laboratory component



Honors Inorganic Chemistry and Laboratory component



Microbiology and Laboratory component



Honors Molecular and Cell Biology

