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ABSTRACT
The Role of Non-Neuronal Acetylcholine in Urogenital Chlamydial Infection

by

Jessica Lockhart

Chlamydia trachomatis causes a bacterial sexually transmitted infection, Chlamydia, that is often
chronic and causes reproductive complications in women. We hypothesized that Chlamydia
infection increases local acetylcholine (ACh) production, which regulates the host’s
inflammatory response to the infection. Female mice infected with C. muridarum were sacrificed
at days 3, 9, 15, and 21 post-infection, genital tract tissues harvested, and immunohistochemistry
performed to enumerate ACh-producing cells. Infection increased the number of ACh-producing
cells in cervical tissue at days 3, 15 and 21 post-infection (pi), uterine tissue at days 3 and 9 pi,
and ovarian tissue at days 3, 15 and 21 pi. These findings suggest that C. trachomatis increases

ACh production, which may suppress host’s immunity and aid in establishing chronic infection.
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CHAPTER 1
INTRODUCTION

Chlamydia trachomatis is the organism responsible for the most prevalent bacterial
sexually transmitted infection in the United States, known as Chlamydia or chlamydial infection.
In 2016, there were approximately 1.6 million cases reported to the Centers for Disease Control
and Prevention (CDC) and an estimated 2.86 million new cases of infection in the US alone.'
The large discrepancy in reported cases and estimated new cases of chlamydial infection can be
attributed to the often-asymptomatic nature of the infection.” While chlamydial infection may be
asymptomatic, it can still cause inflammation and tissue damage, which may result in potentially
life-altering complications. Chlamydial infection is not restricted to the United States; in 2012,
there were an estimated 131 million new chlamydial infections worldwide,” * indicative of a
global problem.

The genus Chlamydia is part of the family Chlamydiaceae, of the order Chlamydiales, of
the phylum Chlamydiae, belonging to the Bacteria kingdom.” All species in the Chlamydia genus
are Gram-negative obligate intracellular bacteria. Within the unique species Chlamydia
trachomatis, there are multiple serovars. The serovars A, B, Ba, and C are most commonly
associated with trachoma, an infection affecting the eyes that is the most common infectious
cause of blindness worldwide.® The serovars D through K are those typically associated with
non-invasive genital tract infections.” *

Non-invasive urogenital chlamydial infection is associated with a number of
complications and sequelae. However, one of the confounding factors with identifying infected
individuals and initiating treatment corresponds with the findings of a 2003 study. This study

found that, of those with urogenital chlamydial infection, only about 10% of men and 30% of



women show symptoms.’ As a result, individuals without symptoms who have current infections
due to the C. trachomatis bacteria are at risk of spreading the disease unknowingly. In addition,
they are also at increased risk of HIV acquisition if they have sexual contact with individuals
who are HIV infected.'® In addition, there are a number of possible symptoms and complications
of chlamydial infection related to the inflammatory processes. Chlamydial infection-associated
inflammation can result in urethritis in both males and females and proctitis in males. It can also
result in cervicitis and pelvic inflammatory disease (PID) in females. Long-term effects of PID
may include tubo-ovarian abscess, tubal factor infertility, ectopic pregnancy, and chronic pelvic
pain. Antibiotics can eliminate infection and cure PID; however, they cannot alter lasting
damage that may have occurred as a result of the infection, such as genital tract scarring that

results in infertility.

Significance of the Issue

Sexually active females between the ages of fifteen and twenty-four years of age have the
highest rate of chlamydial infection, with an estimated rate of 1 in every 20 women in this age
range is infected with Chlamydia trachomatis in the United States.' A study published in 2011
found that seven years after a clinical PID diagnosis, 21.3% of women in the study had recurring
PID, 19.0% had developed infertility, and 42.7% of women reported having chronic pelvic
pain.'' In addition, women that experience recurrent PID are 1.8 times more likely to have
trouble conceiving in a twelve month period with little or no contraception use.'* This means that
many young women, who are infected with Chlamydia but do not receive appropriate and timely
medical care, may be at risk of developing PID, which can greatly impact their reproductive

futures.
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The Arrested Immunity Hypothesis

In chlamydial biology, the arrested immunity hypothesis has been proposed to explain
persistent or recurrent chlamydial infections. The hypothesis states that, while treatment can halt
progression of genital tract infection and subsequent disease, early treatment may eliminate the
organism but can also reduce development of Chlamydia-specific adaptive immune responses.
Thus, individuals who are infected and then treated may not develop sufficient anti-chlamydial T
cell responses and the antibodies necessary to resist re-infection. Stimulation of innate immune
responses, which would be expected to occur before treatment, is likely insufficient to protect
against re-infection."” Ultimately, if these individuals are re-exposed, they will not have
sufficient pre-existing immunity to protect them from re-infection. Unless lifestyle changes are
made in regard to sexual activity, previously infected individuals who receive treatment but do
not develop the necessary adaptive immune response to combat the infection are likely to acquire
the infection again from an infected sexual partner. In addition, if the first or a subsequent
infection remains asymptomatic and is not treated, this could lead to chronic infection and

increased risk of future adverse reproductive consequences.

Chlamydial Genomics

Stephens et al. published the first genome sequence report for a human urogenital
pathogenic chlamydial strain in 1998. This genome sequence and subsequent analysis for C.
trachomatis serovar D has been one of the most productive advancements in the field of
Chlamydia research. Chlamydiae are known to have genome sequences that are comparatively

14, 15

smaller than many other bacteria. C. trachomatis has a 1.04Mb genome sequence, which is

approximately half the size of the average extracellular urogenital bacteria, at 2.11Mb,'® and they

11



have limited abilities when it comes to performing many metabolic functions. It has been
suggested that the relatively small genome of the species within the genus Chlamydia is related
to their obligate intracellular parasitic relationship with their hosts.”®'* C. muridarum, which is
an oft-used organism for modeling infection with C. trachomatis, has largely conserved and

highly similar genomes and biosynthetic functions.'’

Chlamydial Developmental Cycle

C. trachomatis is a Gram-negative, obligate intracellular bacterium. It has a unique
developmental cycle (Figure 1), existing in one of two forms. In the smaller, elementary body
(EB) form, the Chlamydiae are infectious and capable of entering the host. EB use small
endosome-like vacuoles to enter the host epithelial cells. The EB form of C. trachomatis, similar
to other bacterial pathogens, can alter the host’s functions and signaling pathways to make the
environment conducive to survival, which helps prevent endosome acidification. This allows the
Chlamydiae to avoid being killed by the host’s lysosome contents.'® Once the EB form enters the
host cell through receptor-mediated endocytosis, '* it can form a membrane-bound protective
environment, called an inclusion. In order for chlamydial cells to reproduce, they must convert
into the reticulate body (RB) form.” The reticulate body form is the non-infectious, intracellular
form in which the chlamydiae divide and benefit from the host’s natural resources and processes.
Thus, the RB is the replicative form of the organism, and the reticulate bodies divide by binary
fission. Once the reticulate body cells have successfully reproduced, they are then able to
reorganize into the elementary body form once again. The elementary body cells are released

from the host cell and are now able to go out and infect other cells.** !
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Free EB are now available to attach and enter other host cells.

_________________________________________________________________________

Host cells are exposed
to Chlamydia. EB attach
and enter host cells

Inside the cells, the EB
are converted to RB

0 Elementary Sody

Retizulate Body

Q Aberrant Body

In the presence of certain
stressors, RB can convert to AB,
which aids in persistence. With
the removal of these stressors,

the AB covert back to RB

Figure 1. The Chlamydial Developmental Cycle. The host cells are infected by the elementary
body (EB) form. The elementary bodies enter the host cells and are converted to reticulate bodies
(RB). In the RB form, they are more metabolically active and undergo multiplication. The
inclusions also increase in size. In the presence of stressors such as B-Lactam antibiotics, lack of
necessary nutrients, and heat shock, the RB can convert into aberrant bodies (AB), which may
aid in the persistence of chlamydial cells in the host. In the absence of these stressors, the AB can
return to the RB form. RB convert to the EB form, and they exit the cell through extrusion or
lysis. In the case of extrusion, the inclusion can rupture, which releases EB and allows the EB to
infect other cells.

Further study of the developmental cycle and persistence of chlamydial infection
indicates that there is an additional form, the aberrant body (AB; Figure 1). Reports of a
chlamydial body that fits neither the RB nor the EB form date back to at least 1950, when Weiss
noticed that Chlamydia psittaci transitioned into a new developmental form when exposed to
certain stressors.”> Examples of stressors that can induce transition into this new form include
environments that do not provide the necessary nutrients, as well as exposure to f-Lactam
antibiotics.” After induction into these AB, the chlamydial cells can persist until these stressors

are no longer present, as long as they have a healthy host cell. Once the stressor is removed, the

AB revert back into RB, which continue to develop into infectious EB as described above.

13



Conversion to these aberrant bodies gives the infectious cells a method to escape conditions that
might otherwise result in death of the chlamydial cells. It should be noted that review of
published work by Bavoil cautions against using terminology such as aberrant bodies or
persistent bodies, as it implies that these abnormal chlamydiae are universal in features.** There
are a number of characteristics and details about aberrant bodies that are yet to be discovered and

understood, including whether the aberrant bodies have standard features.

Chlamydial Infection and Inflammation

Inflammation is part of the innate immune response and the body’s response to injury or
invader. It initiates suddenly when a pathogen or other insult is detected by cell surface
receptors.”” Inflammation can be either local or systemic and acute or chronic. Inflammation at
the local level is often characterized by 4 main signs- pain, erythema, increased warmth, and
swelling at the site of infection or injury. There are also changes to vascular permeability and
expression of cell adhesion proteins, which can aid in the recruitment of infection-fighting white
blood cells, including neutrophils, lymphocytes, and monocytes.*® Systemic inflammation can
result in leukocytosis, an elevated number of circulating white blood cells, and it can also result
in fever. Local inflammation is primarily mediated by cytokines, while control of systemic
inflammation can be neuroendocrine-mediated.”” Acute inflammation is also part of the immune
response to pathogen, invader, or injury; however, chronic inflammation is typically not a part of
the initial immune response to a pathogen. Chronic inflammation occurs when the body
continues to demonstrate these inflammatory responses for an extended period of time, which
suggests that either the body’s system of inflammatory checks and balances is not maintained or

that there is a persistent infection that is initiating the inflammation.®
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The inflammatory process is typically regarded as part of the innate immune response
and begins with pattern recognition receptions (PRR), which recognize pathogen-associated
molecular patterns (PAMPs) and/or danger-associated molecular patterns (DAMPs). ** In the
case of C. trachomatis infection, inflammation begins with detection of a PAMP by the toll like
receptors (TLRs) on host epithelial cells or on tissue-resident macrophages. Lipopolysaccharide
(LPS) is a component of the outer layer of the cell wall of Gram-negative bacteria that is
detected by TLR4 and is an example of a chlamydial PAMP.* Chlamydiae have also been
recently demonstrated to produce peptidoglycan, another PAMP, which is detected by TLR2.*
Once cell surface or cytoplasmic TLRs bind to their target PAMP or DAMP, they activate a
complex series of intracellular signaling events that result in the translocation of nuclear factor
kappa beta (NFkB). Once in the host cell nucleus, NFkB increases transcription of many genes
related to the inflammatory response, including those encoding inflammatory cytokines.”'
Following activation of NFkB, macrophages release cytokines, such as tumor necrosis factor
(TNF), interleukin-1 beta (IL-1p), IL-6, and IL-8. These pro-inflammatory cytokines are
associated with the start of local inflammation. TNF and IL- 1P increase vascular permeability to
allow immune cells to reach the affected area and have also been shown to significantly increase
the expression of cell adhesion molecules (CAM), resulting in increased leukocyte adhesion,

2%3%33 These neutrophils then participate in the immune

activation, and migration into tissues
response by phagocytosis. After the neutrophils have been recruited, IL-6 can also function to
recruit monocytes.’* Chlamydial infection has been observed to result in significantly increased

levels of IL-8 *°, which is responsible for the recruitment of neutrophils to the site of the

chlamydial infection. It is important to point out that the influx of neutrophils is critical for
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controlling chlamydial infection.’® Neutrophils can also function to attract other types of immune
cells, so the neutrophils can phagosytize the bacteria, as well as call on other cells to help fight

off infection by phagocytosis or releasing cytokines.’’ The production of these pro-inflammatory
cytokines is essential for resolution of infection, but an excessive response of these immune cells

may be the cause of the inflammation-related injuries that can cause long-term damage.

The Cholinergic Anti-Inflammatory Pathway

When PAMPs, DAMPs, or pro-inflammatory cytokines are released, they can bind to
neuronal PRR or cytokine receptors and stimulate vagus nerve fibers capable of sending
information towards the brain stem. Following this communication with the brain, efferent vagal
nerve impulses can then trigger norepinephrine (NE) release from nerve terminals in the spleen,
and perhaps in the mucosal tissues of the gastrointestinal tract and lungs. This NE then binds to
B-adrenergic receptor 2, which stimulates the expression of the choline acetyl-transferase
(ChAT) enzyme and promotes synthesis of acetylcholine (ACh) by a sub-set of CD4+ T cells.
This secreted ACh binds a7-nicotinic acetylcholine (a7nAChR) on nearby macrophages, and
stimulates these receptors, reducing the activity of NF«xB, which corresponds with decreased
production of pro-inflammatory cytokines (Figure 2).*® Thus, activation of the cholinergic anti-
inflammatory pathway (CAP) is one of several regulatory pathways that function to reduce

inflammatory responses in peripheral tissues.>

16



Cells became infected
with Chlamydia. PAMP
recognize LPS, which
stimulates the
preduction of pro-
inflammatory cytokines.

Anti-inflammatory cytokines
l foB:lPrn-mﬂammatory cytokines ‘s.’

Figure 2. The Cholinergic Anti-Inflammatory Pathway. Upon recognition of PAMP or DAMP,
such as Lipopolysaccharide in the case of chlamydial infection, cytokines are released. These
cytokines signal to the brain using the afferent vagal nerve. The efferent vagal nerve signals to
the spleen to release norepinephrine, which binds to a B-adrenergic receptor. CD4+ T-cells are
stimulated to release acetylcholine, and ACh binds to a nAChR, stimulating an increase in
production of anti-inflammatory cytokines and decreasing the production of NF«B, which results
in a decrease of the production of pro-inflammatory cytokines.

Cytokines such as IL-10 and IL-4, antagonists for IL-1 receptors, and transforming
growth factor beta (TGF-p) also all participate in counteracting inflammation. TNF and IL-18

40,41, 42
s s I

also work as mediators of inflammation in the brain on top of their local influence. n

addition to these pathways, when the vagus nerve is activated, afferent sensory neurons signal to

the brain that inflammation is occurring.”” >+

The vagus nerve, part of the Autonomic
Parasympathetic Nervous System, stimulates production of anti-inflammatory responses in the
hypothalamus, pituitary gland, and adrenal gland.** The vagus nerve can function as a link

between the immune system and the brain. This mechanism, which is involved in modulating

immune response, is termed the “cholinergic anti-inflammatory pathway.”

17



Vagal Nerve Involvement

The tenth cranial nerve, the vagus nerve, is the longest nerve in the human body, starting
at the brain and traveling down to a number of organ systems. It is involved in a multitude of
processes and functions, as it is the nerve with most complex and expansive distribution.* It is
composed of mixed nerve fibers and is involved in both sensory and motor function.*® Recent
research has focused on the relationship between the vagus nerve and immune function.
Specifically, attention has been focused on the parasympathetic nervous system.”” In a 2002
review, Tracey outlined the role of vagus nerve stimulation and the inflammatory process,
termed “the inflammatory reflex.”*’ In essence, the inflammatory reflex provides information
about the links between local inflammation and the central nervous system. Stimulation of the
immune system initiates processes, such as the release of cytokines and chemokines that allow
the peripheral tissues to communicate with the brain through the vagus nerve. Subsequently,
immune function can be regulated through a neural pathway.

Importantly for our study, it has been shown that the vagus nerve indirectly innervates the
genital tract. Gerendai and Halasz performed a small study that shows a connection between the
vagus nerve and ovarian function. Specifically, they found that ovarian regulation was affected
by interference with the physiology and function of the vagus nerve.*® Furthermore, there is
evidence that the vagal nerve branches extend to the uterus* and can receive information from
the lower genital tract. Current research shows that the lung and gut, which are innervated more
directly by the vagus than the genital tract, demonstrate similar methods to regulate the mucosal
immunity process.”” >’ Thus, the inflammatory reflex described initially by Tracey may also
contribute to regulation of immune process initiated by sexually transmitted infections such as

chlamydial infection in the genital tract.

18



Importance of Anti-Inflammatory Responses

The inflammatory reflex’s role is significant because it serves to regulate the body’s
immune response. With this regulation, the body attempts to protect itself from the detrimental
effects of inflammation as a function of the immune response. There is potential therapeutic
importance behind this phenomenon, because it may be a method that can be employed to

prevent the effects of conditions related to excess inflammation within the body.*®*">' F

or
example, Pavlov et al. demonstrated that treatment with the alpha 7 nAChR agonist GTS-21
protects mice from the lethal effects of sepsis, a disease the lethal effects of which are partially
mediated by over-production of inflammatory cytokines and systemic inflammation. The authors
proposed that, as would be predicted by the CAP model illustrated in Figure 2, GTS-21 acts by
reducing inflammatory cytokine production much like ACh acts during CAP activation.’” These
experiments, and many others, illustrate how CAP function might be modulated to reduce the
severity of inflammatory diseases in humans. A 2017 review by Hoover summarizes recent
research developments about the CAP.>® Recent data suggests that vagal nerve stimulation can
result in anti-inflammatory effects. Hoover also discussed the possibility that o 7nAChRs may
provide a new mechanism that may be employed to approach treatment of conditions that can
cause damage as a result of excess inflammation.”® Specifically, it may be possible to repurpose
current therapies, such as Memantine, which will be further addressed in a subsequent section.
The idea behind this is that the manipulation of the innate a7nAChRs may aid in controlling

inflammation and, thus, it may prevent some of the down-stream effects of chlamydial infection

— many of which are elicited by chronic inflammation.™
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Acetylcholine and its Function

Acetylcholine (ACh) is a neurotransmitter of high importance in the body. It is found in
numerous places throughout the CNS, is involved in ganglion synaptic transmission in the
sympathetic and parasympathetic neurons, and is also a major component of postganglionic
efferent neurons. Acetylcholine is not limited to the nervous system, however. For example,
research published in 1982 indicates the acetylcholine is present in denervated skeletal muscles,
indicating the presence of ACh is peripheral tissues.’* Research has also shown that ACh is
present in the circulating blood of mammals, as well as the spleen.> This information confirms
the possibility that ACh may have effects that have remained undiscovered, such as involvement

in immune function.

Synthesis. ACh is formed from acetyl coenzyme A (acetyl CoA) and choline. This reaction is
made possible by catalysis from choline acetyltransferase (ChAT) as well as carnitine
acetyltransferase (CarAT). A review analysis by Kawashima et al. in 2015 found that, in
different cell lines, ChAT but not CarAT activity corresponded with the amount of ACh found in
the cells. From this, they concluded that ChAT is responsible for the synthesis of ACh in
lymphocytes. These observations also indicate that ChAT levels can be used as an indirect
indicator of ACh production in various cell types. In fact, ChAT expression is a commonly used
experimental marker for ACh production.”® >’ Both non-neuronal cells, such as T cells, and
neurons produce ACh. This ACh then binds to receptors on non-neuronal cells, such as

endothelial cells, and immune cells such as macrophages.
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Receptors. ACh exerts its biologic effects by binding to two main types of receptors—
muscarinic, G-protein signal transduction receptors, and nicotinic, ion channel pore receptors.
Muscarinic receptors are associated with biological processes such as heart rate, smooth muscle
contraction, and neurotransmitter released, while nicotinic receptors are more closely related to

Y i 43,58
signaling and transmission. "

Non-neuronal ACh and the AChR (acetylcholine receptors)
have a number of functions in immune regulation. a7nAChRs have been of special interest in the
investigation into cholinergic regulation of immune processes.”™ > Once activated, 07nAChRs
results in depolarization of the membrane of the immune cells and excitation due to a change in
ion permeability. Immune cells such as macrophages express the a7 subunit of the nicotinic
acetylcholine receptor. When ACh binds to an a7nAChR, it prevents the release of TNF, which
is secreted by macrophages in response to an immune threat.** Thus, the inflammatory process is
attenuated. These findings indicate that acetylcholine is part of a specialized circuit involving the
efferent vagus nerve, because it is capable of taking advantage of a7 receptors for signaling and
decreasing pro-inflammatory cytokines.®” Importantly, Yamaguchi et al. showed that
acetylcholine, as well as other nicotinic acetylcholine receptor (nAChR) agonists, enhanced the
growth of Chlamydia pneumoniae infection in vitro; these findings indicate that nAChRs may

also act directly on developing Chlamydiae, in addition to their role in neurotransmission and

immunologic regulation.’
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Regulation of Mucosal Immunity by the CAP

Mucosal Immunity

Once an injury or infectious agent has surmounted the mechanical and chemical barriers
that are part of the natural defense system, another line of defense is employed to protect the
body from these insults. This line of defense is the innate immune system.”> Phagocytes are a
significant part of the innate immune response, and they function at the site of the invader or
insult. The word phagocyte translates as “a cell that eats,” which gives insight into its function.
Phagocytes engulf particles that are detected as foreign, such as pathogens or other types of small
cells and then travel to the lymph nodes.®* Innate immune cells, including macrophages,
neutrophils, and dendritic cells, demonstrate phagocytic activity. These cells also have Toll-like
receptors (TLRs). These TLRs can detect characteristics that are often associated with pathogens
and invaders, sometimes termed PAMPs. Following detection of a pathogen-associated
characteristic by their TLRs, these dendritic cells and macrophages can secrete cytokines and
chemokines, which allow for the recruitment of other immune cells. Activated dendritic cells can
then enter lymphoid tissues and activate pathogen-specific T-cells within the lymphoid system.
Following activation of the T-cells, they can either migrate to the site of the infection or stay in
the lymphoid system, where they can help activate other T-cells, as well as B-cells.*

The CAP is a significant part of the regulation of mucosal immunity. This regulation is
achieved by affecting the amount of inflammation, part of the innate immune response, at the site
of an invader or injury. The CAP begins with detection of an insult to the cell through
recognition of LPS or other pro-inflammatory cytokines with the help of PAMPs or DAMPs.
Ultimately, this process results in reduced inflammation overall. Since the genital tract is

innervated by the vagus nerve, albeit indirectly, it is possible that an infection in the genital tract

22



could activate the CAP. Similar phenomena have been observed in the lung and digestive

1’1’1L1C058..51

Lymphocytes

T cells are thought to have a significant regulatory effect on the CAP. One of the first
suggestions of T cell involvement occurred when Fuji et al.” observed that a T cell activator,
phytohemagglutinin (PHA), corresponds to an increase in ACh. Specifically, they were able to
determine that PHA affects ChAT, but not CarAT, activity, suggestive that only the ChAT
enzyme corresponds with T cell involvement.®' The finding that T-cell involvement is correlated
with the presence of the enzyme ChAT is of importance, because it supports the use of
genetically engineered ChATE™ mice to investigate possible effects of chlamydial function on
immune response. Since infections result in activation of T-cells and T-cells correspond with the
production of acetylcholine, it may be possible to achieve better understanding of the immune
response as a result of chlamydial infection by further investigating how lymphocyte production

changes.

Activation

Once the dendritic cells and macrophages are activated following the detection of a
PAMP, such as LPS, T-cells are activated, which can result in ACh synthesis. This synthesized
ACh then acts to regulate immune processes. It does so by reducing the production of pro-
inflammatory cytokines, such as TNF and interleukins. With the knowledge that ACh synthesis
is dependent on T-cells, there could be therapeutic potential to regulate the expression of ChAT

by blocking antigen presentation between CD4+ T cells and APCs. °" ® If the APCs are no
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longer able to present to the the T-cells, the inflammation would be reduced and initiation of

adaptive immune responses halted.

Strategies of Infection

One of the treatment challenges associated with urogenital chlamydial infection is that it
has a tendency towards recurrence.® Persistence is characterized by the ability for the bacteria to
exist in a non-culturable state. During the persistent state, the hosts do not show signs of
infection, and it is often undetectable. It is also worth considering that many of the individuals
that do have a detectable C. trachomatis infection receive treatment but do not make lifestyle
changes, leading to a greater likelihood of reinfection. More recent studies have suggested that

IFN-Y treatment, as well as antibiotic treatment can lead to the aberrant state. ’* ©>

In addition,
iron deficiencies and other nutrient limitations may also lead to formation of AB.°”% These AB
may be allowing the chlamydial inclusions to remain in the human body, while avoiding
degradation. As discussed previously, this is thought to be a method of establishing long-term
infection in the host, because it allows the chlamydial cells to remain alive despite stressful

conditions. After the removal of these stressors, the AB can convert back to RB so that they can

then multiply or convert to the EB form and go on to infect additional cells.”

Current Treatment with Antibiotics

The Center for Disease Control (CDC)-recommended treatment guidelines suggest
Azithromycin or Doxycycline to treat chlamydial infection. However, alternative treatments
include Erythromycin, Levofloxacin, and Ofloxacin.”’ Treatment challenges arise when an

individual has asymptomatic infection but is treated with a beta-lactam antibiotic for another
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reason, as this may help induce a persistent state of the bacteria.” There are also numerous
studies focusing on the development of a vaccine to inoculate against C. trachomatis. Some
scientists believe that a vaccine may be an optimal management strategy due to the nature of
urogenital chlamydial infections, because C. trachomatis can employ unique strategies, such as
its genetic change capabilities, to evade the innate infection-fighting immune response and

172 Nonetheless, unless the disease is eradicated, there will still be

treatment by antibiotics.
inflammation related sequelae if the inflammation deregulation process is not remedied. Current
studies, such as the one we are conducting, are looking more specifically at ways to manipulate
what we know about current immune response and chlamydial pathogenesis. A 2015 research
article by Yu et al. focuses on repurposing a current Alzheimer’s Disease treatment, Memantine,
to treat bacterial infections through manipulating the cholinergic anti-inflammatory pathway
using nAChR. They found that Memantine is capable of modulating both inflammatory and anti-
inflammatory pathways within the host. Combined with the use of appropriate antibiotics, it may
be an effective therapy to treat sexually transmitted diseases or other bacterial infections.
However, it is important to note that Memantine alone would not be a sufficient treatment for
chlamydial infection, as the potential utility of Memantine is focused on reducing inflammation

and disrupting the inflammatory response. ">

Rather, it offers a possible mechanism of
treatment for the potential side effects of chlamydial infection, such as inflammation-related

e 3
injuries.’

Challenges

Despite these future possibilities and advancements, we continue to strive to develop

alternative infection treatment and management strategies. One commonly faced issue in

25



healthcare is the increased risk of antibiotic-resistant bacteria due to overprescribing of
antibiotics. Even with multiple effective pharmaceutical treatments for chlamydial infections,
there can still be significant negative effects, both medically and economically. It is in our best
interest to continue seeking treatment options that are more effective and to continue learning
about host-bacteria interaction. Thus, we hypothesized that urogenital C. trachomatis infection
results in increased levels of ACh within the host cells and that the ACh enhances urogenital

chlamydial infection.

26



CHAPTER 2
MATERIALS AND METHODS
Overview

To determine whether chlamydia infection regulates the CAP, we examined production
of ChAT in vaginally infected ChATEP transgenic mice. These mice contain a transgene
composed of the ChAT-promoter driven expression of a green fluorescent protein (GFP) gene.
Since the ChAT enzyme is required for ACh production, ChAT promoter activity is a commonly
used experimental marker to determine if cells are producing ACh.”>® Thus, we determined
how many host genital tract cells in this ChATE? mouse line were producing ACh by staining
tissue sections with an anti-GFP antibody.”” In addition, we determined if the ChAT-expressing
cells are at the same tissue location as the chlamydia inclusion-containing cells using anti-
chlamydia antibody staining. The comparison between the number of ChAT-expressing cells and
cells containing chlamydial inclusions was determined using immunohistochemistry (IHC) of
mouse tissues. The mice were infected with C. muridarum Weiss strain (a Chlamydia species

7576 Tissues from the

that infects mice) and sacrificed at days 3, 9, 15, and 21 post-infection.
cervix, uterine horn, and ovaries were harvested for the immunohistochemistry assays.
Chlamydial titer assays were also performed as a positive control to confirm that chlamydia-
infected mice were shedding chlamydiae. The numbers of ChAT-GFP producing cells were
counted via a microscope with a 63x oil-immersion objective lens, equating to 630x
magnification. For each slide, an average of twelve counts from three tissue sections was

determined, using two non-consecutive sections. Data were averaged and the standard error of

the mean values calculated and compared using an independent T test.
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Murine Modeling

A review by De Clerq et al.”” explores animal modeling in chlamydial research. The
similarity between human urogenital chlamydial infections and murine modeling systems is
dependent on the strain of mouse and the chlamydial species used. For example, C. trachomatis
infection is typically less severe in most non-human animal models than in humans. It does not
typically ascend up the genital tract, and it often resolves on its own.”*”” However, C.
muridarum cervicovaginal infection in mice ascends to the upper genital tract from the cervical
tissues, as observed with C. trachomatis in humans. C. muridarum genital tract infection also
causes hydro- and pyo-salpinyx and reproductive complications similar to those observed in C.
trachomatis infected humans.'” For these reasons, C. muridarum is the most widely used animal
model for chlamydial genital tract infection. Therefore, we chose the C. muridarum
cervicovaginal infection model to use in our studies. Notably, murine genital infection is also
affected by the stage of the estrous cycle at the time of infection. Likewise, the estrogen and
progesterone levels within the organism being studied affect C. trachomatis infection
significantly.” Thus, the estrous cycles of all mice used in these studies were synchronized by

hormone treatment prior to infection, as described below.

Animal Handling and Infections

ChATP*“-eGFP mice (MGI ref ID J:114554; PubMed ID:1694043) from Jackson
Laboratories were used for all experiments.’® Male and female homozygous founder mice were
obtained from Jackson Laboratories and used to establish a breeding colony in the Quillen
College of Medicine DLAR. All mice were provided food and water ad /ibitum and kept on a

standard 12-hour light/dark cycle. After 1-week acclimation period, 9-week-old mice were

28



subcutaneously injected with 2.5 mg Depo-Provera (Greenstone LLC, Peapack, NJ). Mice were
vaginally infected using a micropipette at 10 weeks of age with 10° inclusion-forming units
(IFU) of C. muridarum Weiss strain in 2SPG on day 0, represented by the star in Figure 1. C.
muridarum Weiss strain was obtained from Kyle Ramsey (Midwestern University). Mock-
infected animals were included in each experiment and received 10ul of 2SPG alone on the
infection day. A total of 6 mock and 5 infected animals from at least 2 separate infection
experiments were analyzed at each time interval described in these studies. Mice were sacrificed
at days 3, 9, 15, or 21 post-infection by cervical dislocation. To determine pathogen shedding,
vaginal swabbing and titers were performed every 3 days, as described by Phillips-Campbell et
al.”” (Figure 3) All animal experiments in this study were conducted in strict accordance with the
National Institutes of Health “Guide for the Care and Use of Laboratory Animals.” The
University Committee on Animal Care at East Tennessee State University approved the animal
protocol under the guidelines of the Association for Assessment and Accreditation of Laboratory
Animal Care, US Department of Agriculture, and in compliance with the Public Health Service

Policy on Human Care and Use of Laboratory Animals.

Experimental Timeline

| |

6 12 18
Day 0O 3 2, 15 21

Figure 3. Experimental timeline. Star at Day 0 indicates day of infection. Titers were taken every
three days. Mice were sacrificed on days 3, 9, 15, and 21 post-infection.
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Tissue Collection, Fixation, and Embedding

Genital tract tissues were removed and immersed in 10% unbuffered formalin made from
10ml formaldehyde 37-40% (Fisher Scientific, Waltham, MA) and 90ml distilled H,O for 48-72
hours. Tissues were then transferred to 70% EtOH and stored at 4°C for 24-72 hours until they
were embedded in paraffin. Paraffin blocks were stored at ~20-25°C with a desiccant for a period
of up to two years until being cut. They were cut into Spm slices using a microtome and placed
on positively charged microscope slides (Fisherbrand Superfrost Plus, catalog #12-550-15, lot
#010515-9). The slides were allowed to dry overnight. Then, IHC was started the next day or
they were stored for future use (at room temperature). ABC immunohistochemistry was used to
stain for ChAT-producing cells within the tissue using anti-GFP antibody-ChIP Grade (ab290,
lots GR278073-1 and GR196874-1, rabbit polyclonal, Abcam, Cambridge, UK).

In addition to anti-GFP staining to look at the presence of ChAT within the tissues,
staining using an antibody to C. trachomatis was performed using the same method as the anti-
GFP staining. The only differences were the antibody used at the primary antibody stage of
immunostaining (Rb pAB to C. trachomatis, catalog ab31131, lot GR235293-2) and the length
of time that the VIP substrate was on the tissues (20 minutes). Slides were analyzed at 40x
magnification for a total of 400x magnification. The number of inclusion-containing cells was
not quantified. Instead, they were analyzed qualitatively to look for the presence or absence of

chlamydial inclusions.
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Immunohistochemistry

Rehydration

Microscope slides with tissues sections were placed into a glass slide rack and placed in
60°C oven for 30 minutes to melt paraffin and desiccate the samples. After 30 minutes, the slides
were removed in the slide rack, and the slide rack was placed on the bench surface for
approximately 30 minutes to allow the slides to cool to room temperature. After the slides were
brought to room temperature, they were rehydrated. The slides were rehydrated with xylene for
two 5-minute increments, 100% EtOH for two 2-minute increments, 95% EtOH for two 2-
minute increments, 75% EtOH for one 2-minute increment, 50% EtOH for one 2-minute
increment, distilled H,O for two 5-minute increments, and 0.1M OBS for one 5-minute

increment.

Antigen Retrieval

Slides were then placed in Tissue-Tek slide holder. The container was then filled with
Antigen Retrieval Solution (Appendix A) and microwaved at full power for 3.5 minutes and then
using the defrost setting for 6 minutes. The slides in the Tissue-Tek slide holder were removed
and placed on bench to allow them to cool to room temperature (45 minutes). After cooling to
room temperature, the slides were washed in distilled H,O three times for 5 minutes per wash.
Following the dH,O wash, the slides either started in the immunostaining protocol or were stored

in IHC PBS for 24-72 hours at room temperature until immunostaining.
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Immunostaining

Slides were washed in IHC PBS for four washes, each lasting 5 minutes. Then they were
washed once in 0.5% BSA (Appendix A) for 10 minutes, once in 1% H,O; for 15 minutes, four
times in IHC PBS for 5 minutes each, and finally, once in 0.5% BSA again for 10 minutes.
Slides were removed one at a time, and the area surrounding the tissue was dried using a
Kimwipe. ImmEdge hydrophobic barrier pens (Vector Labs, Burlingame, CA, catalog # H4000)
were used to draw water barrier circle around each section of tissue on the slide. The barriers
were given one minute to dry before slides were placed into a humidity box and covered with
blocking buffer (Appendix A). After 2 hours of incubation at room temperature, the blocking
buffer was poured off of each slide and replaced with primary antibody solution (Appendix A).
The slides were then allowed to incubate overnight (at least 2.5 hours but not more than 36
hours) at room temperature.

After primary antibody staining, slides were washed four times in IHC PBS at 5
minutes/wash, and then, washed with 0.5% BSA once time for ten minutes. Slides were removed
from BSA and gently dried using Kimwipes, carefully avoiding the tissue. Biotinylated
secondary antibody solution (Appendix A) was placed on the tissue sections and allowed to
incubate at room temperature for two hours. Slides were rinsed in IHC PBS, washed four times
in IHC PBS for 5-minutes/wash and, finally, subjected to one 10-minute wash in 0.5% BSA. The
tissues were again removed from the slide holder and gently dried, before being covered with
ABC reagent and incubated for 1.5 hours. The ABC reagent was poured off of each slide before
the slides were washed in TBS four times at 5-minutes/wash. Slides were removed from slide
holder, gently dried, and then placed on a light-colored background. The VIP Substrate (Vector

Laboratories, Burlingame, CA, catalog SK-4600) solution was applied to each tissue section and
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allowed to develop for 2 minutes for ChATE? staining or 20 minutes for chlamydial staining.
Slides were rinsed in dH,O and then washed for two 2-minute periods. Then, slides were
counterstained using Methyl Green (Vector Laboratories, Burlingame, CA, catalog # H-3402) for
2 minutes at room temperature (~23°C). Slides were rinsed in ddH,O and then washed twice for
2-minutes/wash in ddH,O Slides were dehydrated using the opposite order of the rehydration
protocol, starting at 50% EtOH, up to xylene. Following the last soak in xylene, the tissues
remained in the last xylene-staining dish until being removed one by one for coverslip
placement. Cytoseal 60 (catalog # 327734, lot #8310-4) was used to mount coverslips over the
tissue sections. After applying coverslips, the slides were allowed to lie flat at room temperature
until they were viewed under the microscope. In the event of water under the coverslip, the slides
were soaked in xylene for no more than 30 minutes so that the coverslip came off without

. . . . . 9, 80, 81
disturbing the tissue, and a new coverslip was mounted on the slide.” *"

Data Collection and Analysis

Data was collected from IHC tissues using 630x magnification oil immersion microscopy
to count the number of ChAT-producing cells as described previously.”* 7> Counts were taken
from at least 2 non-consecutive tissue slices per slide for each tissue. Slides contained
approximately 4 tissue sections each. Two slices or sections of tissue were counted per slide, and
there were twelve fields within each slice/section. Microscopic fields were non-consecutive.
Tissue counting started at the top left of the tissue and moved down and to the right in the
progressive fields. Every effort was made to ensure that fields did not overlap and that fields

were not all directly beside each other. Averages were determined for each tissue section; the

33



82,83

averages were combined for each tissue type at each time point. Independent T-test analysis

was used to determine significance (p<0.05), and standard error was calculated.

34



CHAPTER 3
RESULTS

As the most common bacterial sexually transmitted infection in the world, Chlamydia
imposes significant financial burdens and can impose long-term consequences on infected
individuals that are not treated in a timely manner. Chlamydial infection presents unique
treatment and management challenges due to its ability to manipulate host cells to make a more
favorable intracecllular environment for survival and proliferation. Thus, it often goes
undetected. At this point, current treatment methodologies can be effective, but are not optimal
due to the ability of the organism to persist despite stressors. Additionally, antibiotic treatment is
associated with financial burden and possible contraindiations.

To better understand the pathogenicity mechansims behind infection with C. trachomatis,
we would ultimately like to understand how the organism interacts with the host’s immune
response. So far, a majority of the work investigating CAP activity and its effects on disease
have been limited to study of non-infectious disease processes, such as cancer®’ and autoimmune

89:90 In these studies, the non-infectious disease often benefits from nAChR

conditions.
stimulation, which results in reduced inflammation. However, in infectious disease, the
significance of pro-inflammatory cholinergic responses is not as clear. Previous studies show
that it is possible for CAP activation to protect the infected host, as evidenced by reduced

85.91 Nonetheless, it is also

mortality in sepsis and viral myocarditis with CAP stimulation.
possible for CAP activation to be detrimental to the host, as demonstrated by the increased
mortality observed in Escherichia coli infected nAChR knockout mice that cannot activate the

CAP due to the absence of a7nAChR.*’ In addition, the use of an a7nAChR agonist, such as

nicotine, to prevent initiation of the CAP has been found to increase the amount of inflammation
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in Staphylococcus pneumoniae infected mice, and increased bacterial load was observed.”” These
findings suggest that, in some ways, the CAP may aid pathogenicity, because it can reduce the
body’s innate immune response to infection. This raises the possibility that some organisms may
specifically activate the CAP by inducing host cellular ACh synthesis in order to evade host
responses and help establish infection. Based on this knowledge of CAP activity, we
hypothesized that C. muridarum-infection causes an increase in ACh production within genital
tract tissues. To begin to test this hypothesis, IHC using anti-GFP antibody was performed on
tissues extracted from ChAT-eGFP mice that were sacrificed on days 3, 9, 15, or 21 from the
time of inoculation with C. muridarum, allowing for the identification and enumeration of the
number of cells producing ChAT. An increase in the number of ChAT-expressing cells in C.
muridarum-infected genital tissue compared to that in mock-infected mice would suggest that
chlamydial infection does result in an increase of ACh, which would be consistent with our
hypothesis.

To start, we C. muridarum infected or mock-infected female ChATBAC-eGFP mice as
described in the methods. Neither C. muridarum nor mock-infected showed any sign of distress
and all mice survived for the duration experiment until the sacrifice date (Figure 3). There was
no detectable chlamydial shedding in mock-infected mice. All chlamydial-infected mice shed
infectious C. muridarum EB, with maximum shedding observed at day 3 post-infection (data not

shown).
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Effect of Chlamydial Infection on ChAT Production within Cervical Tissue

Table 1 shows the average number of ChAT positive cells/microscopic field obtained
from cervical tissue isolated from C. muridarum- and mock-infected mice. At all three time
points, we observed an increase in the average number of ChAT-producing cells in infected
tissues as compared to genital tissues from mock-infected mice. Statistically, the number of
ChAT-producing cells was significantly increased on days 3 and 15, and 21post-infection (pi).
On day 21pi, there was a large difference in the averages of the mock and infected tissues (Table
1), but there was also a large degree of variability between different samples. (Figure 4). These
findings suggest that C. muridarum increases ACh production in the cervix within infected mice.
This is inferred from the increased number of cells that produce ChAT, which, as stated
previously, is necessary for ACh production and is a commonly used experimental marker for

ACh synthesis.

Table 1. Summary of counts of ChAT-gfp producing cells within cervical tissue samples
harvested at time points 3, 15, and 21 days post-infection. p<0.05

Cervical Tissue
Day Mock Infected Standard Error Independent T-Test
3 0.0656746 2093402778 1013864087 0.007636731°*
15 (.353703704 5.84380787 2.745052083 0.011713378*
21 (0.581018519 4.831597222 2.125289352 0.047643868°

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
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Figure 4. ChATE? Cervical Tissue Data. A. Representative images from each time point- days 3,
15, and 21 in both mock- and Cm-infected groups. Yellow arrows indicate ChAT positive cells.
B. Comparison of average counts for mock vs. infected tissues. * indicate those values that are
significantly different at P=0.05 or P=0.01. Images taken with 630x maginification.

Effect of Chlamydial Infection on ChAT Production within Uterine Horn Tissue

Table 2 shows the average number of ChAT positive cells/microscopic field obtained
from uterine horn tissue isolated from C. muridarum- and mock-infected mice. In the uterine
horn, the number of ChAT cells in infected tissues showed a statistically significant increase
from the mock tissues on days 3 and 9 (Table 2). Again, infection appeared to increase the
number of ChAT positive cells at all time points (Figure 5). Since chlamydial infection ascends
up the genital tract, it is reasonable to expect that the amount of change between mock and

infected averages may increase as the uterine horn tissues become more heavily infected at later

38



times post-infection. However, this is not reflected in the collected data. Further testing with

more samples would help support or refute this possibility.

Table 2. Summary of counts of ChAT-gfp producing cells within uterine horn tissue samples
harvested at time points 3, 9, 15, and 21 days post-infection. p<0.05

3 0.128472222 0.639583333 0.255555556 0.004934258**
9 0.261284722 0.859375 0.299045139 0.012250255*
15 0.258333334 1.354166667 0.347916667 0.1445864044
21 0.131944444 2.615277778 1.241666667 0.104392292
* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
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Figure 5. ChATE? Uterine Horn Tissue Data. A. Representative images from each time point-
days 3, 9, 15, and 21 in both mock- and Cm-infected groups. Yellow arrows indicate ChAT
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positive cells. B. Comparison of average counts for mock vs. infected tissues. * indicate those
values that are significantly different at P=0.05. Images taken with 630x magnification.

Effect of Chlamydial Infection on ChAT Production within Ovarian Tissue

Finally, Table 3 shows the average number of ChAT positive cells/microscopic field
obtained from ovarian tissue isolated from C. muridarum- and mock-infected mice. Ovaries had
significantly more ChAT cells in the infected tissue samples as compared to the mock tissue
samples on days 3, 15, and 21 pi (Table 2). The largest amount of variation between mock and
infected tissues samples at each time point was observed in ovarian tissues. As mentioned
previously, if considered in conjunction with the ascending nature of urogenital chlamydial
infection, there is the possibility of a correlation between later time points post-infection,

ascension of infection, and the effect on ChAT production.

Table 3. Summary of counts of ChAT-gfp producing cells within ovarian tissue samples
harvested at time points 3, 9, 15, and 21 days post-infection. p<0.05

Ovarian Tissue
Day Mock Infected Standard Error Paired- T-Test
3 0 0.347177128 0.173588564 0.023981837+
9 0.117424242 2.700025252 1.291300505 0.191469334
15 0.15625 2.052083333 0.947916667 0.030374735*
21 0.013888889 3.550347222 1.768229167 0.02682588*

* Significant at the 0.05 probability level.
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Figure 6. ChATE? Ovarian Tissue Data. A. Representative images from each time point- days 3,
9, 15, and 21 in both mock- and Cm-infected groups. Yellow arrows indicate ChAT positive
cells. B. Comparison of average counts for mock vs. infected tissues. * indicate those values that
are significantly different at P=0.05. Images taken with 630x magnification.

Anti-Chlamydia Staining

As an additional control that genital tissues were infected, IHC staining for C. muridarum
inclusions was also performed (Figure 7). There were no quantitative methods applied to these
tissues following immunohistochemistry. Instead, the tissues were reviewed qualitatively to look
for the presence of chlamydial inclusions. In all tissue types and time-points, there were C.
muridarum-containing cells in the Cm-infected tissues, and there were no C.muridarum-
containing cells detected within the mock-infected group, which would have suggested a false

positive result.
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Mock Infected

Figure 7. Representative anti-Cm staining. Cervical tissue samples taken from a mock-infected
and Cm-infected mouse sacrificed at day 3pi. Yellow arrows indicate C. muridarum positive
cells.
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CHAPTER 4
DISCUSSION

Implications for Chlamydial Pathogenesis

The deactivation of an inflammation management mechanism, such as the CAP, could
result in deleterious effects and increase the likelihood of the host suffering inflammation-related
injury. Our findings suggest that this could be a potential method of pathogenesis for C.
trachomatis. When chlamydial infection causes the production of acetylcholine to increase, the
CAP will be activated. This would cause an increase in anti-inflammatory cytokines, as well as a
decrease in pro-inflammatory cytokines. The decreased in pro-inflammatory cytokines would
then diminish leukocyte attraction to the infection site and subsequent activation. When the the
recruitment of immune cells is reduced, the likelihood that the bacterium is phagocytized or
killed by the host’s immune response is decreased. Furthermore, if the T-cells and B-cells are not
recruited or recruited only minimally, this would prevent the host from developing or cause
underdevelopment of adaptive immunity to C. trachomatis. Since C. trachomatis evades much of
the innate immune response, it would be expected to reproduce rapidly. If this happens, there is
such a great amount of bacteria present that, if the CAP is turned off, the body cannot fight off
the infection alone. This may result in more severe disease, more rapid genital tract ascension, or
increased transmission to new hosts.

Interestingly, C. trachomatis and other members of the Chlamydiae family have a unique
relationship with neutrophils. As mentioned previously, neutrophils are some of the first
responders from the immune system in response to an infection. They are able to phagocytize the
infectious agents, and this is done by ingesting the organism and then initiating apoptosis shortly

thereafter. However, C. trachomatis is actually able to delay the apoptosis by exposing the
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neutrophils to pro-inflammatory cytokines.”> ** Since neutrophils express pro-inflammatory
activity and C. trachomatis can postpone apoptosis, the result is increased inflammation at the
site of the infection due the the combined activity of the neutrophils. ** The effect of C.
trachomatis infection on neutrophils is one of the mechanisms through which chlamydial
infection can cause lasting damage to the tissues due to excessive inflammatory response.

For an individual that is infected with C. trachomatis, there is an increased likelihood of
developing other STIs.>® The pathogenic mechanism of evading the immune response may be
one of the reasons behind this. For example, studies have shown that individuals with Chlamydia
are at increased risk of contracting HIV if exposed.'® Though the mechanisms by which
chlamydial infection promotes other STI is unknown, it is possible that chlamydial infection-
induced down-regulation of the immune response by activation of the CAP could increase host
susceptibility to other genital tract pathogens.

Conversely, if the CAP was downregulated or prevented from initiating, there would be
an increased amount of pro-inflammatory cytokines present and a decrease in the release of anti-
inflammatory cytokines. With the increase of the pro-inflammatory cytokines comes the risk of
an inflammatory response that is so strong that it results in inflammation-related injuries, such as
pelvic inflammatory disease and urethritis. However, if we understand that the CAP can reduce
inflammation and that the CAP can be initiated through vagal stimulation, there is potential
application for treatment of inflammation-related conditions by vagal stimulation. So, in the case
of a hyper-response of the immune system, it may be possible to reduce inflammation and tissue
damage after an inflammatory stimulus. In chlamydial infection, increased activation of the CAP
may have utility in treating young females that still wish to reproduce, especially if they are

already at higher risk of inflammatory conditions, such as PID.
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Implications for Treating the Inflammatory Damage Caused by Chlamydial Infection

With increasing concern about antibiotic-resistant bacteria, there is more and more
pressure to develop alternative treatment methods for bacterial infections. Fortunately, C.
trachomatis poses less risk of developing antibiotic resistance.®’ However, there is an increased
risk of individuals infected with Chlamydia contracting other STIs, so chlamydia-infected
individuals may actually have concurrent infections with other bacterial species that cause STIs.
When antibiotics are administered to treat the chlamydial infection, the other organism
responsible for a STI, such as Neisseria gonorrhoeae, may develop this antibiotic resistance.
Specifically, there has been a decline in susceptibility of N. gonorrhoeae to Azithromycin, which
the CDC recommends as part of a dual therapy.*® However, N. gonorrhoeae has been proven to
rapidly evolve, especially in terms of antibiotic resistance. Therefore, reducing antibiotic usage
by combining antibiotics with immunomodulators to treat STIs could be beneficial.

Understanding the effects of chlamydial infection on the inflammatory response can
contribute to potential therapeutic strategy to prevent and treat inflammation-related injury. In
the case of chlamydial infection, this may allow for significant decrease in the number of lasting
complications from urogenital chlamydial infection, such as chronic pelvic pain, PID, and
infertility. Understanding the infection’s potential effects on the host’s immune defenses, such as
down regulation of pro-inflammatory processes and cytokine release, may also help develop
another approach to treat other infectious diseases that similarly manipulate host physiological
function to proliferate. If the inflammatory process can be manipulated to allow the body to fight
off infection as needed but to not have so much inflammation that there are lasting consequences,
it may allow for a revolutionary new method of treatment. This would require a delicate balance

between activation and down regulation of CAP activity. For example, there is potential for
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supplementation to antiviral or antibiotic therapies, such as in the case of infection. It will be
particularly advantageous if these concepts can be applied using previously approved therapeutic
agents so that new treatments can be developed more effectively, such as Memantine, as
previously discussed.

Chlamydial infection poses a unique challenge since it is capable of affecting immune
response in two extreme manners-- either by attenuating the inflammatory response or over-
activating it. There are already a number of studies and investigators that are researching
potential treatments for infections that affect the host’s immune response and can harm the host
through dysregulation of the inflammatory process. Our findings suggest that urogenital
chlamydial infection does increase the production of acetylcholine, part of the cholinergic anti-
inflammatory pathway, so it is possible that managing the inflammatory response could be
beneficial in the treatment of chlamydial infections. Treatment by immunomodulation through
administration of pro-inflammatory or anti-inflammatory cytokines, stimulation of the CAP,
altering chemokine levels, and affecting the activation of T-cells, are all possible methods to
control inflammation.® In the case of infected individuals with a weakened immune response, it
may be helpful to down-regulate the CAP. There is also therapeutic potential in dampening the
inflammatory response, which may be achieved through stimulation of the CAP, administration
of the anti-inflammatory cytokines, or activating T-cells to increase ACh production.
Therapeutically decreasing the inflammatory response could prove helpful in managing
conditions such as sepsis. Nonetheless, immunomodulation does pose significant challenges,
because global effects on inflammation may result in unintended consequences. Specifically,
dampening the immune response could increase susceptibility to infection. In the case of

preventing the activation of the CAP, there is risk that an inflammatory process may be robust
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enough to cause inflammation-related injury. Thus, for many immunomodulation-based
therapies to be effective and appropriately safe, further research is necessary to improve
specificity. If immunomodulation proves to be an effective treatment strategy, it may be used
independently or with the use of antibiotic and antiviral therapies to manage infection and reduce

the likelihood of inflammation-related injuries.

Limitations of the Study

Sample Size

The primary limitation of the study pertains to sample size. The study will benefit from
having more animals for each group—mock versus infected—at each time point. Increasing the
number of animals at each time point will allow us to better account for variations in technique
and to pinpoint outlying data. This is consistent with the data presented in Figures 4, 5, and 6.
Though increased ChAT + cells are observed at days 3, 15 and 21 post-infection (pi) for cervical
tissues and all four time intervals in uterine horn and ovarian tissues, the increase is only
statistically significant in cervical tissue at days 3, 15, and 21pi, uterine horn tissue at days 3 and
9 pi, and ovarian tissue at days 3, 15, and 21pi . It seems likely, therefore, that analysis of
samples from a greater number of mice would reduce the observed variability and demonstrate
significant differences at a greater number of sampling times for each tissue. Furthermore, due to
the nature of IHC experiments, especially the amount of labor required for each slide, analyzing
more samples would be beneficial. Ideally, another technique can be adapted that will allow for
larger sample sizes. There is increased likelihood in error due to the number of IHC experiments
performed, as there may be unknown variations in technique and conditions despite the effort

devoted to uniformity in each IHC experiment repeat. Currently, consideration is being given to
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enumerating ChAT positive cells by intracellular anti-GFP staining followed by flow cytometry.
Ultimately, though the data set needs to be expanded, the observation of a significant increase in
Chat + cells in infected animals versus uninfected controls in the cervix on days 3, 15, and 21pi,
the uterine horn on days 3 and 9pi, and ovary on days 3, 15 and 21pi provides compelling
support for the hypothesis and for future studies. Though lower in number than in C. muridarum
infected tissues, ChATEP-producing cells were detected in mock tissues. Since acetylcholine is a
part of the innate immune response and is expressed in non-neuronal cells, it is not wholly
unexpected for some ChAT to be detected in the tissues in the absence of infection. However, as
mentioned above, an increased number of repetitions, as well as confirmatory assays will be

helpful in ruling out whether this may be due to experimental error.

Specificity

IHC was used to detect expression of ChAT, which is an enzyme involved in the
production of ACh. Methods to test specifically for the presence of ACh, such as ELISA or Mass
Spectrometry, will confirm that there is a positive correlation between the expression of ChAT
and increased presence of ACh. To further investigate the application of current findings, it will
also be beneficial to do a7nAChR inhibitor studies that investigate how a change in the
availability and/or activity of ACh receptors affects the chlamydial infection. If a7nAChR
inhibitors or agonists were administered to chlamydia-infected mice, the CAP would not be
initiated by infection, because the ACh produced would not be able to bind to its receptors,
which is the initiating step for decreased inflammatory cytokine production (Figure 2). In this
case, the inflammatory response would lose a mechanism of modulation, so it would be expected

that there might be an increased risk of inflammation-related injury during or after infection.
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Despite years of investigation, there is still a great deal of information yet to be
discovered about chlamydial infections and pathogenesis. Since C. trachomatis operates as an
obligate intracellular parasite, it presents unique experimental challenges, but advancements in
genetic analysis are providing novel insight about how the organism operates and potential

methods for management and treatment.

49



REFERENCES

. Centers for Disease Control and Prevention. 2016. Chlamydia - CDC Fact Sheet
(Detailed). Division of STD Prevention. https://www.cdc.gov/std/chlamydia/stdfact-
chlamydia-detailed.htm

. Center for Disease Control, Braxton J, Davis D, Flagg E, Grey J, Grier LZ, Harvey A,
Kidd S, Kreisel K, Llata E, et al. 2017. Sexually Transmitted Disease Surveillance.
Centers for Disease Control and Prevention. [cited 2018 Jul 01]. https://www.cdc.gov/
std/stats17/default.htm.

. WHO Guidelines for the Treatment of Chlamydia trachomatis. Geneva, Switzerland:
World Health Organization; 2016 [cited 2018 Jul 01]. http://apps.who.int/iris/bitstream/
handle/10665/246165/9789241549714-eng.pdf?sequence=1

. Newman L, Rowley J, Hoorn SV, Wijesooriya NS, Unemo M, Low N, Stevens G,
Gottlieb S, Kiarie J, Temmerman M. 2015. Global Estimates of the Prevalence and
Incidence of Four Curable Sexually Transmitted Infections in 2012 Based on
Systematic Review and Global Reporting. [cited 2018 Aug 3];10(12). https://doi.org/
10.1371/journal.pone.0143304

. Chlamydiales. ITIS Standard Report Page: Chlamydiales. 2017 Nov 18 [accessed 2018
Mar 18]. https://www.itis.gov/servlet/SingleRpt/SingleRpt?search _topic
=TSN&search_value=600#null

. Water, Sanitation & Environmentally-related Hygiene. Centers for Disease Control and
Prevention. 2009 Dec 28 [accessed 2018 Oct 14]. https://www.cdc.gov/healthywater/

hygiene/disease/trachoma.html

50



10.

11.

12.

Moulder JW. 1991. Interaction of Chlamydiae and Host Cells In Vitro. Microbiological
Reviews 55:143-190. [accessed 2018 Feb 27] https://www.ncbi.nlm.nih.gov/
pubmed/2030670

Bachmann NL, Polkinghorne A, Timms P. Chlamydia genomics: providing novel
insights into chlamydial biology. Trends in Microbiology. 2014 [accessed 2018 Jan
31;22(8):464—472. DOI: 10.1016/j.tim.2014.04.013

Farley, T A, et al. “Asymptomatic sexually transmitted diseases: the case for
screening.” Preventive Medicine, vol. 36, no. 4, Apr. 2003, pp. 502-509. Science
Direct. DOI:10.1016/S0091-7435(02)00058-0.

Plummer FA, Simonsen JN, Cameron DW, Ndinya-Achola JO, Kreiss JK, Gakinya
MN, Waiyaki P, Cheang M, Piot P, Ronald AR, et al. 1991. Cofactors in Male-Female
Sexual Transmission of Human Immunodeficiency Virus Type 1. Journal of Infectious
Diseases 163:233-239.

Marrazzo J. Treatment of Chlamydia trachomatis infection Hynes N, Bloom A, editors.
UpToDate. 2016 Nov 15 [accessed 2016 Nov 28]. https://www.uptodate.com/contents/
treatment-of-chlamydia-trachomatis-infection?source=machineLearning&search=
chlamydiatreatment&selectedTitle=1~150§ionRank=2&anchor=H49

Trent, Maria, et al. “Recurrent PID, Subsequent STI, and Reproductive Health
Outcomes: Findings From the PID Evaluation and Clinical Health (PEACH) Study.”
Sexually Transmitted Diseases, vol. 38, no. 9, Sept. 2011, pp. 879-881.,

DOI:10.1097/0lq.0b013e318211918c.

51



13.

14.

15.

16.

17.

18.

19.

Vickers, David M., and Nathaniel D. Osgood. “The arrested immunity hypothesis in an
immunoepidemiological model of Chlamydia transmission.” Theoretical Population
Biology, vol. 93, 7 Feb. 2014, pp. 52-62. Elsevier. DOI:10.1.//016/j.tpb.2014.01.005.
Stephens RS. Genome Sequence of an Obligate Intracellular Pathogen of Humans:
Chlamydia trachomatis. Science. 1998;282(5389):754-759. DOI:
10.1126/science.282.5389.754

Elwell C, Mirrashidi K, Engel J. Chlamydia cell biology and pathogenesis. 2016
[accessed 2017 Jun 1];14(6):385—400. DOI: [10.1038/nrmicro.2016.30]

Nayfach S, Pollard KS. Average genome size estimation improves comparative
metagenomics and sheds light on the functional ecology of the human microbiome.
2015 [accessed 2018 Aug 19];16(51). https://doi.org/10.1186/s13059-015-0611-7

17. Conrad TA, Gong S, Yang Z, Matulich P, Keck J, Beltrami N, Chen C, Zhou Z,
Dai J, Zhong G. 2015. The Chromosome-Encoded Hypothetical Protein TC0668 Is an
Upper Genital 18. Bavoil, Patrik M., et al. “Closing in on Chlamydia and its
intracellular bag of tricks.” Microbiology, vol. 146, no. 11, Jan. 2000, pp. 2723-2731.,
doi:10.1099/00221287-146-11-2723.

Hatch TP. 1996. Disulfide Cross-Linked Envelope Proteins: the Functional Equivalent
of Peptidoglycan in Chlamydiae. Journal of Bacteriology 178:1-5. [accessed 2018 Mar
1]

Borel N, Pospichil A, Hudson AP, Rupp J, Schoborg RV. 2014. The role of viable but
non-infectious developmental forms in chlamydial biology. Frontiers Research Topics

4. DOI: [10.3389/fcimb.2014.00097]

52



20.

21.

22.

23.

24.

25.

26.

Schoborg, R.V. “Chlamydia Persistence — A Tool to Dissect Chlamydia-Host
Interactions.” Microbes and infection / Institut Pasteur 13.7 (2011): 649-662. PMC.
Web. 3 Feb. 2017. DOI: [10.1016/j.micinf.2011.03.004]

Matsumoto A, Manire GP. 1970. Electron Microscopic Observations on the Effects of
Penicillin on the Morphology of Chlamydia psittaci. Journal of Bacteriology 101:278—
285. [accessed 2018 Mar 3]

Kintner, Jennifer, et al. “Commonly prescribed -Lactam antibiotics induce C.
trachomatis persistence/Stress in culture at physiologically relevant concentrations.”
Frontiers in Cellular and Infection Microbiology, vol. 4, Nov. 2014,
DOI:10.3389/fcimb.2014.00044

Bavoil, Patrik M. “What’s in a word: the use, misuse, and abuse of the word
"persistence" in Chlamydia biology.” Frontiers in Cellular and Infection Microbiology,
vol. 4, Apr. 2014. DOI:10.3389/fcimb.2014.00027.

Lodish H, Berk A, Kaiser CA, Krieger M, Bretscher A, Ploegh H, Amon A, Scott MP.
23. Immunology. In: Molecular Cell Biology. 7th ed. New York: W. H. Freeman &
Company; 2013. p. 1059-1106.

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. 24-5. Pathogens,
Immunity. In: Molecular Biology of the Cell. 5th ed. Garland Science; 2013. p. 1485—
1601

Zila I, Mokra D, Kopincova J, Kolomaznik M, Javorka M, Calkovska A. Vagal-
Immune Interactions Involved in Cholinergic Anti-Inflammatory Pathway. 2017

[accessed 2017 Nov 1];66(Supplement 2):S139-S145.

53



27.

28.

29.

30.

31.

32.

33.

34.

Watkins LR, Maier SF, Goehler LE. Cytokine-to-brain communication: A review &
analysis of alternative mechanisms. 1995 [accessed 2017 Nov 02];57(11):1011-1026.
https://doi.org/10.1016/0024-3205(95)02047-M

79. “Acute vs Chronic Inflammation.” Not-For-Profit Health Insurance, CBHS Health
Fund, 9 Jan. 2015, www.cbhs.com.au/health-well-being-blog/blog-
article/2015/01/09/acute-vs-chronic-inflammation

Ingalls RR, Rice PA, Qureshi N, Takayama K, Shin Lin J, Golenbock DT. The
Inflammatory Cytokine Response to Chlamydia trachomatis Infection Is Endotoxin
Mediated. 1995 [accessed 2018 Aug 21];63(8):3125-3130.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC173426/

Kumar S, Ingle H, Prasad DVR, Kumar H. Recognition of bacterial infection by innate
immune sensors. 2012 [accessed 2018 Oct 4];39(3):229-246.

Olofsson PS, Rosas-Ballina M, Levine YA, Tracey KJ. Rethinking inflammation:
neural circuits in the regulation of immunity. 2012 [accessed 2016 Mar 2];248:188—
204. DOI: 10.3109/1040841X.2012.706249

Chu W-M. Tumor necrosis factor. Cancer Letters. 2013 [accessed 2018 Oct
51;328(2):222-225. DOI:10.1016/j.canlet.2012.10.014

Bickel M. The role of interleukin-8 in inflammation and mechanisms of regulation..
Journal of Periodontology. 1993 [accessed 2018 Oct 4];64 5 Supplement: 456-460
Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S. The pro- and anti-inflammatory
properties of the cytokine interleukin-6. Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research. 2011 [accessed 2018 Oct 9];1813(5):878—888.

DOI:10.1016/j.bbamcr.2011.01.034

54



35.

36.

37.

38.

39.

40.

41.

42.

Vardan H, Dutta R, Vats V, Gupta R, Jha R, Jha HC, Srivastava P, Bhengraj AR, Mittal
AS. Persistently Elevated Level of IL-8 in Chlamydia trachomatis Infected HeLa 229
Cells is Dependent on Intracellular Available Iron. Mediators of Inflammation.
[accessed 2018 Oct 17];2009. DOI: 10.1155/2009/417658

D'Ella RV, Harrison K, Oyston PC, Lukaszewki RA, Clark GC. Targeting the
"Cytokine Storm" for Therapeutic Benefit. Clinical and Vaccine Immunology. 2013
[accessed 2018 Oct 24];20(3):319-327. DOI:10.1128/CVI1.00636-12

Martelli D, Mckinley M, Mcallen R. The cholinergic anti-inflammatory pathway: A
critical review. Autonomic Neuroscience. 2014 [accessed 2016 Mar 15];182:65—69.
DOI:10.1016/j.autneu.2013.12.007

Lawrence T. The Nuclear Factor NF- B Pathway in Inflammation. 2009 [accessed 2018
Aug 21];1(6). DOI: 10.1101/cshperspect.a001651

Singer M, Sansonetti PJ. IL-8 Is a Key Chemokine Regulating Neutrophil Recruitment
in a New Mouse Model of Shigella-Induced Colitis. The Journal of Immunology. 2004
[accessed 2018 Oct 15];173(6):4197-4206. DOI:10.4049/jimmunol.173.6.4197
O’Caroll, S., et al. (2015). Pro-inflammatory TNFa and IL-1 Differentially Regulate
the Inflammatory Phenotype of Brain Microvascular Endothelial Cells. Journal of
Neuroinflammation. 12:131. BioMed Central. Web. 27 March 2017.
https://doi.org/10.1186/s12974-015-0346-0

Zhang J-M, An J. Cytokines, Inflammation, and Pain. 2007 [accessed 2018 Aug
21];45(2):27-37. DOIL: [10.1097/AIA.0b013e318034194¢]

Pavlov, V.A., Wang, H., Cure, C.J., Friedman, S.G., and Tracey, K.J. (2003). The

Cholinergic Anti-inflammatory Pathway: A Missing Link in Neuroimmunomodulation.

55



43.

44,

45.

46.

47.

48.

49.

Molecular Medicine. 9:5-8. 125-34. Web, 24 March 2016.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1430829/pdf/mol9p125.pdf
Bencherif, Merouane, et al. “Alpha7 nicotinic receptors as novel therapeutic targets for
inflammation-Based diseases.” Cellular and Molecular Life Sciences, vol. 68, no. 6,
2010, pp. 931-949., doi:10.1007/s00018-010-0525-1.

Borovikova, L.V., et al. “Vagus Nerve Stimulation Attenuates the Systemic
Inflammatory Response to Endotoxin.” Nature. vol. 405. no. 65. Web. 23 January 2017.
pp.: 458-62. DOI: 10.1038/35013070

The Editors of Encyoclopaedia Brittanica. Vagus Nerve. In: Encyclopaedia Brittanica.
https://www.britannica.com/science/vagus-nerve

Gray H. 9. Neurology. 5J. The Vagus Nerve. In: Lewis WH, editor. Anatomy of the
Human Body. Philadelphia: Lea & Febiger; 1918.
https://www.bartleby.com/107/205.html

Tracey KJ. The inflammatory reflex. Nature. 2002 [accessed 2018 Oct
91;420(6917):853—-859. DOI:10.1038/nature01321

Gerendai I, Toth IE, Boldogkoi Z, Medveczky I, Halasz B. CNS structures presumably
involved in vagal control of ovarian function. Journal of the Autonomic Nervous
System. 2000 [accessed 2018 Oct 9];80(1-2):40—45. DOI:10.1016/s0165-
1838(00)00071-0

Ortega-Villalobos M, Garcia-Bazan M, Solano-Flores LP, Ninomiya-Alarcon JG,
Guevara-Guzman R, Wayner MJ. Vagus nerve afferent and efferent innervation of the
rat uterus: an electrophysiological and HRP study. Brain Res Bull. 1990. 25:365-371.

PMID: 2292033.

56



50.

51.

52.

53.

54.

55.

Hoover, Donald B. “Cholinergic modulation of the immune system presents new
approaches for treating inflammation.” Pharmacology & Therapeutics, vol. 179, Nov.
2017, pp. 1-16. DOI:10.1016/j.pharmthera.2017.05.002.

Bonaz B, Bazin T, Pellissier S. The Vagus Nerve at the Interface of the Microbiota-
Gut-Brain Axis. Frontiers in Neuroscience. 2018 [accessed 2018 Oct 18];12(49).
DOI:10.3389/fnins.2018.00049

Pavlov VA, Ochani M, Yang L-H, Gallowitsch-Puerta M, Ochani K, Lin X, Levi J,
Parrish WR, Rosas-Ballina M, Czura CJ, et al. Selective a7-nicotinic acetylcholine
receptor agonist GTS-21 improves survival in murine endotoxemia and severe sepsis.
Critical Care Medicine. 2007 [accessed 2018 Oct 11];35(4):1139-1144.
DOI:10.1097.01.CCM.0000259381.56526.96

Komisaruk BR, Whipple B, Crawford A, Liu WC, Kalnin A, Mosier K. Brain
activation during vaginocervical self-stimulation and orgasm in women with complete
spinal cord injury: fMRI evidence of mediation by the vagus nerves. Brain Res. 2004.
1024:77-88. PMID: 15421368

Tucek S. (1982).The synthesis of acetylcholine in skeletal muscles of the rat. The
Journal of Physiology. vol. 322. Web. 26 Apr. 2017. pp.53-69.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1249655/pdf/jphysiol00725-0060.pdf
Kawashima K, Yoshikawa K, Fujii YX, Moriwaki Y, Misawa H. Expression and
function of genes encoding cholinergic components in murine immune cells.

2007;80(24-25):2314-2319. https://doi.org/10.1016/1.1fs.2007.02.036

57



56.

57.

58.

59.

60.

61.

62.

Wessler I, Kirkpatrick CJ, Racké K. Non-neuronal acetylcholine, a locally acting
molecule, widely distributed in biological systems: Expression and function in humans.
1998;77(1):59-79. https://doi.org/10.1016/S0163-7258(97)00085-5

Béez-Pagan CA, Delgado-Vélez M, Lasalde-Dominicci JA. Activation of the
Macrophage a7 Nicotinic Acetylcholine Receptor and Control of Inflammation.
2015;10(3):468—476. DOI: 10.1007/s11481-015-9601-5

Yamaguchi, H., Friedman, H., and Yamamoto, Y. (2003). Involvement of Nicotinic
Acetylcholine Receptors in Controlling Chlamydia pneumoniae Growth in Epithelial
HEp-2 Cells. Infection and Immunity. 71:6. 3465-67. Web. 13 February 2016. DOI:
10.1128/1A1.71.6.3645-3647.2003

Fuji, T., Tsuchiya, T., Yamada, S. , Fujimoto, K. , Suzuki, T. , Kasahara, T. and
Kawashima, K. (1996), Localization and synthesis of acetylcholine in human leukemic
T cell lines. J. Neurosci. Res., 44: 66-72. DOI:10.1002/(SICI)1097-
4547(19960401)44:1<66::AID-JNR9>3.0.CO;2-G

Fujii, T., Mashimo, M., Moriwaki, Y., Misawa, H., Ono, S., Horiguchi, K., &
Kawashima, K. (2017). Expression and Function of the Cholinergic System in Immune
Cells. Frontiers in Immunology, 8, 1085. http://doi.org/10.3389/fimmu.2017.01085
Phagocyte. In: Oxford Dictionaries. Oxford University Press.
https://en.oxforddictionaries.com/definition/phagocyte

Pavlov, V A, et al. Cholinergic Anti-Inflammatory Pathway: A Missing Link in
Neuroimmunomodulation. Molecular Medicine, vol. 9, 2003, pp. 125-131. PubMed.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1430829/pdf/mol9p125.pdf

58



63.

64.

65.

66.

67.

68.

69.

Niccolai LM, Hochberg AL, Ethier KA, Lewis JB, Ickovics JR. Burden of Recurrent
Chlamydia trachomatis Infections in Young Women. Archives of Pediatrics &
Adolescent Medicine. 2007;161(3):246. DOI:10.1001/archpedi.161.3.246

Coers, Jorn, Bernstein-Hanley 1., Grotsky D., Parvanova 1., Howard JC, Taylor GA,
Dietrich WF, Starnbach MN. Chlamydia Muridarum Evades Growth Restriction by the
IFN-y-Inducible Host Resistance Factor Irgb10. The Journal of Immunology, vol. 180,
no. 9, 11 May 2008, pp. 6237-6245. DOI:10.4049/jimmunol.180.9.6237.

Belland RJ, Nelson DE, Virok D, Crane DD, Hogan D, Sturdevant D, Beatty WL,
Caldwell H. D. Transcriptome analysis of chlamydial growth during IFN-mediated
persistence and reactivation. 2003 [accessed 2018 Aug 21];100(26):15971-15976.
DOI: 10.1073/pnas.2535394100

Conrad TA, Gong S., Yang Z., Matulich P., Keck J., Beltrami N., Chen C., Zhou Z.,
Dai J., Zhong G. 2015. The Chromosome-Encoded Hypothetical Protein TC0668 is an
Upper Genital Tract Pathogenicity Factor of Chlamydia muridarum. Infection and
Immunity 84:467—479. DOI:10.1128/IAL.01171-15.

Hammerschlag, Margaret R. “The intracellular life of chlamydiae.” Seminars in
Pediatric Infectious Diseases, vol. 13, no. 4, Oct. 2002, pp. 239-248.,
DOI:10.1053/spid.2002.127201.

Tan, Ming, and Patrik M. Bavoil, editors. Intracellular pathogens I: Chlamydiales.
ASM Press, 2012.

Chlamydial Infections. 2015 Jun 4. Treatment Guidelines. [accessed 2018 Mar 10].

https://www.cdc.gov/std/tg2015/chlamydia.htm

59



70.

71.

72.

73.

74.

75.

Bastidas RJ, Valdivia RH. Emancipating Chlamydia: Advances in the Genetic
Manipulation of a Recalcitrant Intracellular Pathogen. Microbiology and Molecular
Biology Reviews. 2016 [accessed 2018 Oct 24];80(2):411-427. DOL:
10.1128/mmbr.00071-15

Brunham, Robert C., and Jos¢ Rey-Ladino. “Immunology of Chlamydia Infection:
Implications for a Chlamydia Trachomatis Vaccine.” Nature Reviews Immunology,
vol. 5, no. 2, 1 Feb. 2005, pp. 149—-161. DOI:10.1038/nri1551.%

Yu, Jing-Yi, et al. “Repositioning of Memantine as a Potential Novel Therapeutic
Agent against Meningitic E. coli-Induced Pathogenicities through Disease-Associated
Alpha7 Cholinergic Pathway and RNA Sequencing-Based Transcriptome Analysis of
Host Inflammatory Responses.” Plos One, vol. 10, no. 5, 19 May 2015,
DOi:10.1371/journal.pone.0121911.

Lips KS, Lithrmann A, Tschernig T, Stoeger T, Alessandrini F, Grau V, Haberberger
RV, Koepsell H, Pabst R, Kummer W. Down-regulation of the non-neuronal
acetylcholine synthesis and release machinery in acute allergic airway inflammation of
rat and mouse. 2007;80(24-25):2263-22609. https://doi.org/10.1016/j.1f5.2007.01.026
Clercq, Evelien De, et al. “Animal Models for Studying Female Genital Tract Infection
with Chlamydia trachomatis.” Infection and Immunity, vol. 81, no. 9, Aug. 2013, pp.
3060-3067. DOI:10.1128/iai.00357-13.

Kintner J, Schoborg RV, Wyrick PB, Hall JV. Progesterone antagonizes the positive
influence of estrogen on Chlamydia trachomatis serovar E in an Ishikawa/SHT-290 co-

culture model. Pathogens and Disease. 2015;73(4). DOI: 10.1093/femspd/ftv015

60



76.

77.

78.

79.

80.

81.

82.

83.

Tallini, Y. N., et al. (2006). BAC Transgenic Mice Express Enhanced Green
Fluorescent Protein in Central and Peripheral Cholinergic Neurons. Physiological
Genomics. 27: 391-397. DOI: 10.1152/physiolgenomics.00092.2006

De Clercq, E., Kalmar, 1., & Vanrompay, D. (2013). Animal models for studying
female genital tract infection with Chlamydia trachomatis. Infection and

Immunity. 81(9), 3060-7. DOI: 10.1128/IA1.00357-13

Phillips-Campbell, R., et al. (2012). Chlamydia muridarum enters a viable but non-
infectious state in amoxicillin-treated BALB/c mice. Microbes Infect. 14:1177-1185.
DOI: 10.1016/j.micinf.2012.07.017

Gujral J. Neutrophils aggravate acute liver injury during obstructive cholestasis in bile
duct-ligated mice. 2003;38(2):355-363. https://doi.org/10.1053/jhep.2003.50341
Nguyen CQ, Hu MH, Li Y, Stewart C, Peck AB. Salivary gland tissue expression of
interleukin-23 and interleukin-17 in Sjogrens syndrome: Findings in humans and mice.
2008 [accessed 2016 Mar 3];58(3):734-743. DOI: 10.1002/art.23214

Song, W., et al. (2008). Local and humoral immune responses against primary and
repeat Neisseria gonorrhea genital tract infections of 17-p- estradiol-treated mice.
Vaccine. 26: 5741-5751. DOI: 10.1016/j.vaccine.2008.08.020.

Chui D-H, Tanahashi H, Ozawa K, Ikeda S, Checler F, Ueda O, Suzuki H, Araki W,
Inoue H, Shirotani K, et al. Transgenic mice with Alzheimer presenilin 1 mutations
show accelerated neurodegeneration without amyloid plaque formation. 1999 [accessed
2016 Mar 3];5(5):560-564. DOI: 10.1038/8438.

Riibe C, Riibe C, Uthe D, Wilfert F, Schmid K, Richter K, Wessel J, Willich N. Dose-

dependent induction of transforming growth factor TGF-f in lung tissue of fibrosis-

61



84.

85.

86.

87.

88.

89.

prone mice after thoracic irradiation. 2000. Science Direct. [accessed 2016 Mar
31;45(3):283-284. https://doi.org/10.1016/S0360-3016(00)00482-X

7. Hofer S, Eisenbach C, Lukic IK, Schneider L, Bode K, Brueckmann M, Mautner S,
Wente MN, Encke J, Werner J, Dalpke AH, Stremmel W, Nawroth PP, Martin E,
Krammer PH, Bierhaus A, Weigand MA. Pharmacologic cholinesterase inhibition
improves survival in experimental sepsis. Crit Care Med. 2008. 36:404-408. PMID:
18091537.

Gonorrhea. Centers for Disease Control and Prevention. 2018 Mar 28 [accessed 2018
Oct 26]. https://www.cdc.gov/std/gonorrhea/arg/basic.htm

. Chi F, Wang L, Zheng X, Wu CH, Jong A, Sheard MA, Shi W, Huang SH. Meningitic
Escherichia coli K1 penetration and neutrophil transmigration across the blood-brain
barrier are modulated by alpha7 nicotinic receptor. PLoS One. 2011. 6:¢25016. PMID:
21966399. PMCID: PMC3178609.

Coussens, L. M., & Werb, Z. (2002). Inflammation and cancer. Nature, 420(6917),
860-7.

Eskandari F, Webster JI, Sternberg EM. Neural immune pathways and their connection
to inflammatory diseases. Arthritis Research & Therapy. 2003;5(6):251.
doi:10.1186/ar1002

Su X, Matthay MA, Malik AB. Requisite role of the cholinergic alpha7 nicotinic
acetylcholine receptor pathway in suppressing Gram-negative sepsis-induced acute
lung inflammatory injury. J Immunol. 2010. 184:401-410. PMID: 19949071. PMCID:

PMC2877486.

62



90.

91.

92.

93.

Giebelen IA, Leendertse M, Florquin S, van der Poll T. Stimulation of acetylcholine
receptors impairs host defence during pneumococcal pneumonia. Eur Respir J.
2009.33:375-381. PMID: 18829677.

Lehr S, Vier J, Hicker G, Kirschnek S. Activation of neutrophils by Chlamydia
trachomatis -infected epithelial cells is modulated by the chlamydial plasmid. Microbes
and Infection. 2018;20(5):284-292. doi:10.1016/j.micinf.2018.02.007

U. Koedel, T. Frankenberg, S. Kirschnek, B. Obermaier, H. Hacker, R. Paul, et
al.Apoptosis is essential for neutrophil functional shutdown and determines tissue
damage in experimental pneumococcal meningitis. PLoS Pathog, 5 (2009), p. e1000461
*Figure 2, the Cholinergic Anti-Inflammatory Pathway, was constructed with elements from
Servier Medical Art. SMART. Servier Medical Art . [accessed 2018 Oct 10].

https://smart.servier.com/.

63



APPENDICES

APPENDIX A
IHC Reagent Recipes
IHC PBS (0.1 M PBS, pH 7.3)
Na2HPO4 (FW=141.96) 296 ¢
KH2PO4 (FW=136.09) 86¢g
NaCl 144 ¢

- For 0.1 M: Adjust pH by adding drops of 1.0 or 5.0 N NaOH. Total volume should be 2L.
- For 1.0 M: Adjust pH by adding ~100mL of 5 NaOH. Autoclave 20 min, store at RT. Total
volume should be 2L. Use heat if it isn’t going into solution. Then leave to cool to RT before

adjusting pH). Autoclave to sterilize. (Liquid 20-minute cycle)

0.5% BSA Solution

BSA 50¢

Triton-X100 4.0 mL

Add BSA to IHC PBS in beaker and stir until dissolved. Add Triton-X100 and stir until

dissolved. Total volume should be 1L.

1.0% BSA Solution

BSA 1.0g

Triton-X100 400 uL
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Add BSA to IHC PBS in beaker and stir until dissolved. Add Triton-X100 and stir until

dissolved. Total volume should be 100 mL.

Antigen Retrieval Solution

dH20 300mL 900mL I5L

Sodium Citrate 0.882 ¢ 2.646¢g 441g

Adjust pH to 7 or slightly lower by adding drops of 1 N HCI. Filter Sterilize.

IHC TBS

Tris-HCl 635¢g 12.7¢g
Tris Base 1.18 g 236¢g
NaCl 8.77¢g 17.54 g
dH20 1L 2L

Adjust pH to 7.5 using NaOH or HCI. Autoclave or filter sterilize.

1.0% H,0, Solution

2 mL of 30% H,0O,+ 58 mL IHC PBS = 60 mL total volume. H>O, is stored at 4°C.

For 3 times the amount: 6 mL 30% H,0O,+ 174 mL IHC PBS = 180 mL total volume.
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APPENDIX B

Data Tables
15A Mock Day 3 | 0.059523809 Chat 3
16A Mock Day 3 0.0125 Chat 3
1A Mock Day 3 0.125 Chat 1
17A Infected Day 3 | 2.530208333 Chat 3
18 A Infected Day 3 2.46875 Chat 3
9A Infected Day 3 1.28125 Chat 1
19A Mock Day 15 0.125 Chat 3
20A Mock Day 15 | 0.186111111 Chat 3
5A Mock Day 15 0.75 Chat 1
21A Infected Day 15 | 2.898148148 Chat 3
22A Infected Day 15 | 4.927083333 Chat 3
6A Infected Day 15 7.8 Chat 1
11A Infected Day 15 7.75 Chat 1
23A Mock Day 21 | 0.083333334 Chat 3
24A Mock Day 21 | 1.597222222 Chat 3
TA Mock Day 21 0.0625 Chat 1
25A Infected Day 21 | 1.833333334 Chat 3
8A Infected Day 21 | 3.645833333 Chat 1
12A Infected Day 21 | 5.916666667 Chat 1
42A Infected Day 21 | 7.930555556 Chat 4

Table 4. Averages for Each Cervical Tissue Sample. Average number of ChAT-containing
inclusions observed in cervical tissue at each time point, including mouse study and whether the

animal was mock-infected or infected with C. muridarum.
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15B Mock Day 3 0 Chat 3
16B Mock Day 3 | 0.013888889 Chat 3
1B Mock Day 3 0.375 Chat 1
2B Mock Day 3 0.125 Chat 1
17B Infected Day 3 | 0.833333333 Chat 3
18B Infected Day 3 | 0.516666667 Chat 3
9B Infected Day 3 | 0.708333333 Chat 1
1B Mock Day 9 | 0.294270833 Chat 2
2B Mock Day 9 0.1875 Chat 2
3B Mock Day 9 | 0.302083333 | Chat1 &2
4B Infected Day 9 | 0.916666667 Chat 2
5B Infected Day 9 | 0.479166667 Chat 2
6B Infected Day 9 1 Chat 2
10B Infected Day 9 | 1.041666667 Chat 1
19B Mock Day 15 | 0.066666667 Chat 3
20B Mock Day 15 | 0.166666667 Chat 3
5B Mock Day 15 | 0.541666667 Chat 1
21B Infected Day 15 | 2.541666667 Chat 3
22B Infected Day 15 | 1.916666667 Chat 3
6B Infected Day 15 | 0.666666667 Chat 1
11B Infected Day 15 | 0.291666667 Chat 1
23B Mock Day 21 0 Chat 3
24B Mock Day 21 | 0.104166667 Chat 3
7B Mock Day 21 | 0.291666667 Chat 1
25B Infected Day 21 2.6 Chat 3
8B Infected Day 21 | 1.083333333 Chat 1
12B Infected Day 21 | 1.166666667 Chat 1
42B Infected Day 21 | 5.611111111 Chat 4

Table 5. Averages for Each Uterine Horn Tissue Sample. Average number of ChAT-containing
inclusions observed in uterine horn tissue at each time point, including mouse study and whether

the animal was mock-infected or infected with C. muridarum.
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15C Mock Day 3 0 Chat 3
16C Mock Day 3 0 Chat 3
1C Mock Day 3 0 Chat 1
17C Infected Day 3 | 0.531565657 Chat 3
18C Infected Day 3 | 0.520833333 Chat 3
2C Infected Day 3 0.0625 Chat 1
9C Infected Day 3 | 0.273809524 Chat 1
1C Mock Day 9 0 Chat 2
2C Mock Day 9 | 0.041666667 Chat 2
3C Mock Day 9 | 0.310606061 | Chat 1& 2
4C Infected Day 9 | 5.095959596 Chat 2
5C Infected Day 9 | 0.604166667 Chat 2
6C Infected Day 9 | 0.666666667 Chat 2
10C Infected Day 9 | 6.633333333 Chat 1
19C Mock Day 15 | 0.052083333 Chat 3
20C Mock Day 15 0 Chat 3
5C Mock Day 15 | 0.416666667 Chat 1
21C Infected Day 15 | 2.354166667 Chat 3
22C Infected Day 15 | 3.395833333 Chat 3
6C Infected Day 15 1.4375 Chat 1
11C Infected Day 15 | 1.020833333 Chat 1
23C Mock Day 21 0 Chat 3
24C Mock Day 21 | 0.041666667 Chat 3
7C Mock Day 21 0 Chat 1
25C Infected Day 21 | 3.645833333 Chat 3
8C Infected Day 21 | 2.458333333 Chat 1
12C Infected Day 21 1.875 Chat 1
42C Infected Day 21 | 6.222222222 Chat 4

Table 6. Averages for Each Ovarian Tissue Sample. Average number of ChAT-containing
inclusions observed in ovarian tissue at each time point, including mouse study and whether the

animal was mock-infected or infected with C. muridarum.
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