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ABSTRACT

Reactivation of latent tuberculosis (TB) in HIV-infected individuals has arisen as a major
contributor to early death in areas where TB and HIV overlap. CD4" T cells are the
targets of HIV, leading to insufficient IFN-y to control disease. In the first section of this
thesis I tested natural extracts to synergize with IFN-y to control M¢b growth. Infected
macrophages were treated with the extracts and IFN-y. Although the extracts showed no
synergy with IFN-y, this model of ex vivo infection could provide a template for future

study.

The second section investigated the contribution of pre-existing atherosclerosis to the
development of allograft vasculopathy (AV). Aortas from ApoEKO mice bearing an
atherosclerotic lesion were transplanted into fully disparate recipients, treated with
Cyclosporin A and changes in size and structure were analyzed. The results support our
hypothesis that by 7d changes in the atherosclerotic lesion post-transplant set the stage
for AV.
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CHAPTER 1. INTRODUCTION

1.1. Project 1. Implications of the Innate Immune Response in TB

1.2. Background

Tuberculosis (TB), caused by the bacterium Mycobacterium tuberculosis (Mtb), is one of
the oldest known human diseases. There were close to 10 million people with TB in
2011" and this is a substantial rise from 1990 when the number was estimated to be 5.2
million." Notwithstanding this growth in the number of TB affected individuals, the most
recent data from the World Health Organization show that there is considerable progress
toward a global target (the Millennium Development Goal) of 50% reduction in new
cases by 2015. Despite this progress toward the 50% global reduction, TB continues to be
a significant problem.

Almost 1.5 million people die from TB annually, making it the world’s most deadly
bacterial pathogen and one of the world’s most serious infectious diseases.” The majority
of the cases and deaths occur in developing countries. Even with widespread use of
protective vaccination (the Bacille Calmette—Guérin [BCG] vaccine), TB continues to
spread uncontrollably in areas of the world burdened by poor sanitation, malnutrition, and
poverty.

It would be a mistake to think that TB is restricted to the developing world. It is a
treatable and mostly curable disease, yet in developed countries like Canada, TB still
persists, and the majority of TB cases occur in marginalized populations. In Canada, for
example, an overwhelming proportion of TB cases occur in Aboriginal and foreign-born
Canadians. Aboriginals are particularly overrepresented in TB prevalence and have a 20

fold greater chance of developing TB than non-Aboriginal Canadians.’



The Mycobacterium tuberculosis bacterium is the causative agent in TB. The disease has
many manifestations but is primarily a pulmonary disease, due to its mode of
transmission via aerosol droplet nuclei. Sneezing, coughing, talking, or laughing can
propel the bacilli into the air. Bacilli can remain in these droplets for several hours, and
the minimum infectious dose (MID) for Mtb is only 3 organisms.* Once inhaled, the
larger droplet nuclei become lodged in the upper respiratory tract, but the smaller droplets
migrate further into the lung, eventually residing in the alveolar spaces. If left untreated,

an infected individual can subsequently infect 10-15 others every year.'

1.3. Current diagnostics

The most commonly used test to assess for TB exposure is the TST, or Mantoux, test. In
this test small amounts of purified protein derivative (PPD) from Mtb are injected
intradermally. A positive TST is the result of uptake of the PPD by local macrophages
and presentation of this antigen to local memory T cells (Tm).” The presence of Mtb
antigen-specific Tm cells is an indication of prior exposure. Induration results from the
activation of these Tm in the skin, leading to the release of IFN-y and a subsequent influx
of macrophages through a delayed type hypersensitivity (DTH)-type response.’
Macrophage influx into the local site initiates focal inflammation and the reaction is read

by measuring the diameter of the induration between 48 and 72h after injection.

There are limitations with the TST test. The first is that false positives may arise from
previous exposure to the BCG vaccine.® This is an important limitation as most areas with

high prevalence of TB are also areas where the BCG vaccine is widely used.”* Moreover,



the test will not detect infection in someone who has been recently infected with TB, or in
those with compromised immune systems. Given the fact that a significant percentage of
individuals in sub-Saharan Africa, a region rife with TB infection, are HIV positive (low
CD4" T cell counts) this represents a significant limitation to the TST.” New diagnostic
tools seek to overcome some of these limitations by using more specific
immunodiagnostic tools, and one example is the interferon-gamma (IFN-y) release assay
(IGRA).” Rather than looking at the focal inflammatory response due to macrophage
activation and accumulation by IFN-y, IGRAs measure the upstream event of IFN-y

production in the Tm cells.'""

These assays measure the release of IFN-y in whole blood
samples incubated in vitro with PPD, and exposure of Mtb-specific Tm cells to PPD
causes quick release of IFN-y in the blood that is markedly above baseline.”'* Though
more specific than the TST, the IGRA still has limited reliability in HIV-infected

. s 12,13
individuals.

The oldest diagnostic tool for TB exposure is the chest radiograph (x-ray). Currently
chest x-rays are used primarily as a confirmation of infection and to confirm the extent of
lung involvement in patients with prior infection.'* Active disease can still be confirmed
by evidence of live acid-fast bacteria (AFB) in the sputum.'> Sputum smear microscopy
is the most widely-used, definitive diagnostic measure but it may have low sensitivity in
HIV positive individuals, and is also unable to detect drug resistance.'®'” There is an
urgent need for faster and less expensive tests to confirm TB cases in resource-poor
settings. As such, TB management based on clinical observations is essential, and often
begins before test results are available. Those include fatigue, fever, unexplained weight

loss, night sweats, productive cough, chest pain, and hemoptysis (coughing up blood)."®



This clinical presentation, along with the patient medical history, usually leads to a

potential diagnosis of TB infection.

1.4. Antibiotics and Antibiotic Resistance

The most important advance in TB treatment came with the introduction of rifampicin
(RIF) in 1963, and there have been no new classes of TB drugs since."” Currently, RIF
and isoniazid (INH) are considered the two most powerful anti-TB drugs and they are
used alongside ethambutol, pyrazinamide, and streptomycin as the first line of defense
against TB.”” When administered daily for six months, this cocktail of antibiotics has
proved to be effective in most cases. But mutant strains of M¢b have emerged that are
resistant to these first-line drugs. The development of resistance is primarily due to
inconsistent or partial treatment, resulting from complex dosing schedules, longer
treatment times, and patient non-compliance.'” Not surprisingly, the most affected by cost
are those in the poorest regions of the world where TB is rampant. Transmission rates
soar when the infection cannot be well controlled, and the emergence of multi-drug

resistant Mtb to both RIF and INH (MDR-TB) is cause for great concern.'”

MDR-TB results from either primary infection with resistant bacteria, or may develop

during the course of treatment.”**

Measures taken to prevent the patient acquiring
resistant mutations during their treatment would dramatically reduce the incidence of
MDR-TB.* The Directly Observed Therapy Short-Course (DOTS) Strategy was
employed by the WHO to help combat MDR-TB and provides supervision and patient

support to avoid non-compliance.** Ideally it ensures that a patient takes the



recommended drugs necessary for the entire treatment period.”> The DOTS strategy also
works to increase case detection, ensure drug availability and to keep associated costs
low, and pushes for greater international political financial commitments for the
eradication of TB.>* Of greater concern is the emergence of extensively drug-resistant
Mtb (XDR-TB) that are resistant to INH and RIF as well as any fluoroquinolone and any
of the second-line anti-TB injectable agents (amikacin, kanamycin and/or
capreomycin).”> XDR-TB do not respond to the six-month treatment with first-line drugs
and can take two years or more to treat with drugs that are less potent, more toxic and
much more expensive.”**’ These developments would suggest that TB could spread
unchecked in the next several years.

There is currently reason to have new hope for TB control. For the first time in 50 years,
2012 marked the development of a new drug (bedaquiline) to be registered to combat
DR-TB.***’ In 2013 delamanid became the second.’® The long-term activity against
XDR-TB of these drugs is unknown, but it is possible that resistance will develop against
these antibiotics as well. One particular concern with respect to XDR-TB is that it has
recently emerged in areas heavily affected by HIV.?” This presents a massive challenge to
global TB control since control of TB infection in HIV-infected individuals is already a

significant problem.

1.5. HIV and TB Co-infection

HIV is the most potent risk factor for reactivation of latent tuberculosis, and TB is
currently the leading cause of death in HIV-infected individuals.”' Those with HIV/TB

co-infection are burdened with an accelerated progression of both diseases, and it is



believed that there are now over 14 million people worldwide who are dually
infected.**** TB deaths account for over 25% of all AIDS-related deaths, and 99% of

those deaths are in developing countres.'*

The synergy between HIV and TB has serious consequences. First, there is extensive

35,36 .
® The immune

literature on how an Mtb infection increases HIV load in the lung.
response to TB and the excessive production of TNF increases the replication of the HIV
in the local sites of Mtb infection, shown in vitro using monocytic cell lines such as THP-
1.>” Many other in vivo studies, sampling PBMC-derived monocytes from serum’",
bronchoalveolar lavage (BAL)*’, or pleural fluid, convincing show that TB provides the
perfect milieu of continuous cell activation and dysfunction in the production of

cytokines, chemokines, and their receptors for enhanced systemic HIV replication.***'

Second, co-infected individuals are 30 times more likely to develop active TB than HIV-
uninfected persons and an elevated risk of death or another severe, life threatening
opportunistic disease other than active TB due to their compromised immune

3341 The reduction in CD4" T cells, the target of HIV, potentiates more than 20

systems.
systemic opportunistic infections aside from tuberculosis.”®> And, perhaps most
importantly, the relationship between HIV infection, immunodeficiency and reactivated
TB infection hinges on the importance of the CD4" T cell/ IFN-y axis.** The imbalance of
CD4" T cell number and function due to HIV reduces the elaboration of the IFN-y that, as
described below, is critical for the maintenance of the granuloma that encapsulates the

36,43

active bacilli in latent TB. IFN-y is also essential for effective immunity to newly

acquired TB.* Reduction in CD4" T cell numbers by HIV thus limits the very arm of the



immune response required to fight off newly acquired TB disease and to control latent
infection.”® One of the mechanisms that facilitates this is via the upregulation of Mtb
receptors on macrophages*’ and manipulation of the TNF-mediated macrophage
responses to Mtb, which is reduced upon HIV infection.* Patel ef al demonstrated the
reduction of TNF and subsequent macrophage apoptosis both in vitro and ex vivo once
cells are infected with HIV.* When macrophage responses fail, control of latent TB
disease fails, and there is fulminant infection and death.” Poverty, overcrowding,
malnutrition, and difficult access to care impede all efforts aimed at controlling both HIV

and TB.

When latent TB is detected in an HIV-positive person, a course of chemoprophylaxis is
given, usually either INH or RIF for a few months.*® Treatment of a co-infected patient is
exacerbated by the fact that while immunocompromised, they need a therapeutic regimen
of 18 months to control the TB infection, rather than the 6-9 month regimen of antibiotic
treatment for patients with robust immune systems.*® This is difficult to achieve in areas
of poorly funded health care and widespread poverty. Highly active anti-retroviral
therapy (HAART) is the aggressive treatment regimen used to suppress active viral
replication.”” HAART substantially improves HIV prognosis by helping restore the
immune system, but can be jeopardized by side effects.”® This means being combined
with other drugs to fight various other opportunistic infections. Access to HAART to
prevent immune system collapse would greatly reduce the number of people who become
ill and die from TB. It is crucial to start HAART early after HIV diagnosis to prevent
reactivation of latent TB.* But adequate measures to control TB are still not

implemented in most settings that provide treatment to HIV/AIDS patients. Delayed



treatment means that many of those co-infected have severe immunodeficiency and high

plasma viral load.”® These patients will usually die from disseminated TB fairly quickly.
1.6. Immune Response to Mtb

1.6.1. Innate Immunity

Macrophages are one of the most important cells in innate defence, and through
evolution, macrophages have developed methods of recognizing bacterial carbohydrates,
lipids, and other pathogen-derived components.” These components are often referred to
as pathogen associated molecular patterns (PAMPs) and are recognized through the cell’s
pattern recognition receptors (PRRs).”' Immediate recognition and engagement with
bacterial PAMPs by PRRs can stimulate macrophages, NK cells, dendritic cells (DCs), T
cells, and B cells, and allow for very rapid innate immune responses but also facilitate the
activation of adaptive immunity.”>>® Stimulation of PRRs promotes macrophages and
dendritic cells to express higher levels of Class II MHC and co-stimulatory molecules,
and this enables them to efficiently act as antigen presenting cells (APC) to T cells and
initiate the adaptive arm of immunity.”* The most important PRRs in macrophages that
are involved in anti-TB immunity are mannose receptors, Toll-like receptors, DC-SIGN,
NOD-like receptors, and Dectin-1.> After recognition of Mth with these receptors,
intracellular signaling cascades are activated which eventually will lead to the activation

of NF-kB, transcription of pro-inflammatory cytokines and cell activation.”

The macrophage mannose receptor binds bacterial carbohydrate, and is one of the most
important factors in anti-TB immunity. It is a cell bound C-type (calcium dependent)

lectin that binds polysaccharide structures of bacteria and viruses, including HIV, and is



highly expressed on alveolar macrophages.’® The mannose receptor on macrophages
functions as an activator of phagocytosis once it binds to LAM and other Mtb cell wall

5
components.’’

The Toll-like receptors (TLRs), are a large family of transmembrane receptors that
engage PAMPs and DAMPs (damage associated molecular patterns) and bind bacterial
lipoproteins.”® TLRs are signaling receptors, expressed on the cell surface but also
intracellularly in cells such as macrophages and dendritic cells.”® The PAMPs on Mtb are
recognized primarily by TLR2, leading to a signaling cascade in which the adaptor
molecule MyD88 plays an important role.”” The activation of both the NF-kB pathway
and the MAPK pathway leads to induction of inflammatory genes and the production of
inflammatory cytokines such as TNF, IL-1B, and IL-12.% In early infection, TLRs,
especially TLR-2, connect the innate and adaptive immune response that are fundamental
in keeping Mtb growth under control.®"%*

DC-SIGN (Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-
integrin) plays important role in macrophage-DC interactions and subsequent DC
migration and interaction with T cells.®> DC-SIGN recognizes LAM, a glycolipid that is
shed by Mtb during phagocytosis that modifies the phagosome membrane to prevent the
formation of the phagolysosome.**

NODs (nucleotide-binding oligomerzation domain) are surveillance proteins in the
cytosol that are routinely exposed to bacteria, and share binding features of surface bound
TLRs.*% NODs recognize microbial products released into the cytosol, in particular
bacterial cell wall proteoglycans, and subsequently activate the NF-kB pathway.”' NOD2

in particular plays a critical role in the type 1 IFN-y response in Mtb infection.”’



Phagocytosis of Mtb also involves scavenger receptors, complement receptors and
Dectin-1. Dectin-1 is present on macrophages and dendritic cells and recognizes B3-
glucans.®® The precise Mth PAMP that leads to recognition through Dectin-1 is not
completely known, but Dectin-1 is understood to function alongside TLR2 and is

involved in the production of cytokines and ROS.”’
1.6.2. Macrophage activation

TLR2 signaling after engagement with Mtb PAMPs recruits the adaptor molecule MyD88
and the downstream events that take place involve phosphorylation of a number of
kinases (Figure 1.1). After IRAK (IL-1 receptor associated kinase) 1 and 4 have been
phosphorylated they dissociate from MyD88 and interact with TRAF (TNF receptor
associated factor) 6.*°° TRAF6 is phosphorylated and recruited to IRAK to activate the
NF-«B pathway as well as the MAPK pathway (not shown). Additional kinase TAK1 and
its binding proteins phosphorylate the IKK complex, which is the converging point for
NF-kB activation.” The IKK proteins phosphorylate IxB, which then becomes
susceptible to ubiquination and targets it for degradation by the proteasome.”” The NF-xB
dimer is released and translocates to the nucleus, regulating the transcription of genes
involved in inflammatory responses.”” A regulatory mechanism for NF-«B signaling is
necessary to control inflammation. Once NF-«B translocates to the nucleus it promotes
the transcription of a large number of genes. One of these genes is IxB alpha, which

modulates cell signaling by exporting NF-xB back out of the nucleus.”!
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Figure 1.1. Pattern recognition receptors in macrophages. The innate recognition and
intracellular signaling occurs immediately after Mtb makes contact with the macrophage.
TLR?2 and other Mtb-specific receptors trigger a signaling cascade via a MyD88-
dependent pathway that eventually leads to translocation of NF-«B to the nucleus and
the transcription of genes involved in the inflammatory response, including pro-
inflammatory cytokines and ROS. PG= proteoglycan. LP= bacterial lipoprotein.
MR=mannose receptor. CR=complement receptor 1. SR=scavenger receptor. DC-
SIGN= dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin.

NOD= nucleotide-binding oligomerization domain protein.
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The binding of bacteria and subsequent activation of macrophages initiates phagocytosis
and uptake into phagosomes. This is followed by vesicle acidification and fusion of the
phagosome with lysosomes.” Phagolysosome fusion results in the production of reactive
oxygen species and reactive nitrogen species as well as the release of antimicrobial
peptides and lysosomal enzymes.”” The primary oxygen-derived products (ROS) are
superoxide, hydrogen peroxide and hydroxyl radicals, and the most important nitrogen

intermediate is the short lived but potent molecule nitric oxide.”””

1.6.3.  Mz1b survival strategies in macrophages

Mz1b bacilli have evolved ways to survive and replicate in the phagosomal compartment of
macrophages via a number of complex mechanisms, altering lysosome activity and
phagosomal acidification, enhancing its ability to persist inside the cell.”*”” The cell wall
of Mtb is unique in that it is comprised of over 60% lipid.” There are also mycolic acids,
cord factor, wax-D, and lipoglycans including LAM or, in the case of slow growing,

more virulent Mtb, mannose capped LAM (ManLAM). These components increase Mtb
resistance to many antibiotics, to osmotic lysis by activated complement, resistance to

macrophage bactericidal products, and overall virulence.”

In most cases, Mtb remain in the phagosome that is now a protected environment for
replication. An example of this is the decreased production of IL-10 by DCs and
macrophages after binding with LAM.* Under normal circumstances it is sensible that
the secretion of IL-10 is involved as a regulatory mechanism that limits tissue damage

from the initial inflammatory response. But in the case of Mtb infection, LAM and
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ManLAM contribute to Mtb survival by protecting infected macrophages from

apoptosis.*"* Thus, LAM is a major determinant of Mtb virulence.

Finally, the function of a 19kDa lipoprotein on Mtb that binds TLR?2 is unknown, but it is
understood to have a role in cell death and manipulation of bactericidal mechanisms in
macrophages.” Of particular interest is that it promotes the inhibition of IFN-y mediated
signaling and limits the upregulation of class Il MHC.*

1.6.4. Adaptive Immunity

Adaptive immunity to Mtb is primarily a Type 1 CD4" T cell (Thl) response, known as a
delayed type hypersensitivity (DTH) response that induces a large influx of macrophages
to the site of infection.” The Th1 cells are crucial to the T cell/IFN-y/TNF axis that
controls TB. In an otherwise healthy individual, a significant percentage of Mtb bacilli
are killed, and the Mtb elements are killed and taken up by local DCs, already activated
by PAMPs resulting from the infection.*” DCs that have processed Mtb antigens migrate
to local lymph nodes and present Ag to CD4" T cells.* CD4* T cell activation results in
proliferation and differentiation into IFN-y producing Th1 cells.*”* B cell activation and
antibody production to intracellular bacteria like Mtb is present but limited.” Th1 cells
then leave the lymph nodes and transit by the circulation to the site of infection, and it is
there that the Th1 effectors secrete large amounts of IFN-y.* As a result macrophage
activation is increased, resulting in greater killing and an increase in class II MHC
molecules, recruiting more T cells, perpetuating the DTH response. This positive
feedback loop is dependent on IFN-y production.”””' Th1-derived IFN-y fulfils two
important functions. First, [IFN-vy activates local macrophages to increase phagocytosis

and killing by increasing TLR expression.” Downstream, IFN-y can increase TLR
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signaling by enhancing intracellular pathways, such as increasing MyD88 expression.”
Macrophages and alveolar epithelial cells produce NO in the initial response to Mtb once
it reaches the lung, and IFN-y greatly elaborates NO and increases the macrophage
oxidative burst, critical to the killing of the majority of bacilli upon early infection

(Figure 1.2).”

When IFN-y binds to its receptor, the receptor undergoes a conformational change, so
that inactive JAK2 autophosphorylates, and subsequently JAK 1 is phosphorylated.”” This
initiates the formation of a paired set of STAT docking sites recruited by the receptor, at
which time they associate with two STAT molecules.”* They are brought in close
proximity to JAK1 and 2, and STAT 1 is phosphorylated in this process. Phosphorylated
STAT1 homodimers travel to the nucleus and bind to an IFN-vy activation site (GAS)
element, initiating the activation of IFN-y regulated genes. Negative regulation of IFN-vy
signaling is due to a number of factors, including ligand degradation once the receptor is
recycled at the cell surface, and dephosphorylation of JAKs due to protein tyrosine

phosphatases (PTPs) in the cytosol and the nucleus.”
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Figure 1.2. IFN-y signaling. I[FN-y signaling via the JAK/STAT pathway for the
production of the reactive nitrogen species nitric oxide (NO), resulting in NO-induced
apoptosis in infected macrophages. NO production is dependent on the activation of
inducible nitric oxide synthase (iNOS). Transcription of iNOS requires IFN-y

engagement with Mtb cell surface receptors and subsequent intracellular signaling.
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Even though IFN-y is capable of enhancing the killing response of infected macrophages,
it is not effective enough to allow for complete clearance of M¢b from the lung. But
macrophages stimulated with IFN-y release large amounts of tumor necrosis factor (TNF)
to produce a strong granulomatous response.”” TNF serves to recruit large numbers of
macrophages from the circulation to the site of infection. This, along with increased Thl

cell recruitment, allows for the containment of the Mtb in a granuloma or tubercle.”

The innermost section of the granuloma contains the infected macrophages and free Mtb,
which forms the caseous necrotic core. The outer layer of the granuloma is composed of
macrophages and the Th1 cells that are responsible for the IFN-y that sustains it.”’
Continuous activation of macrophages here allows for ingestion and destruction of any
Mib escaping from the edge of the caseum.” In a healthy individual, TB infection can
remain in a latent state within the granuloma, often for the lifetime of the person
affected.” Loss of either IFN-y production from Th1 cells or subsequent loss of TNF
production from macrophages causes failure of this ongoing containment that

characterizes latent TB.”

The central role played by CD4" T cells in the containment of Mtb bacilli means that any
factors affecting T cell number or function would adversely affect control of TB.” If a
person's CD4" T cell count falls for any reason, although the most obvious being HIV
infection, the granuloma fails.'® It is because of this that the infection develops into
fulimant disease. The failure of the granuloma is associated with the emptying of caseous

material and the formation of a lung cavity.'"!

Here the new oxygen-rich environment
allows for explosive growth of the bacilli, and the bacilli are very easily discharged into

the bronchi and other parts of the lung and outer environment. The exact mechanisms
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involved in reactivation of TB at this stage are unclear and there is evidence that at this

point the bacilli can multiply extracellularly for the first time.'"*

The pathology associated
with this infection, and the cell-mediated immune response mounted to try to clear it, is

often fatal.

1.7. Immune enhancement to control M7b infection

1.7.1. Rationale

The standard drug regimen for TB is now over 50 years old (when rifampin was first
used). This has allowed plenty of time for Mtb to develop resistance to current therapeutic
agents. Two new anti-TB drugs have recently appeared (bedaquiline (2012) and
delamanid (2013)).*°° However, antibiotic resistance in Mzb is rampant, and will most
likely develop in these drugs in the future. It is a particularly acute problem in infected

105 An alternate

individuals that are immunocompromised (either naturally or acquired).
strategy to antibiotic therapy is to boost the immune response in these
immunocompromised patients allowing them to control TB infection more efficiently.

This strategy could work when combined with standard antibiotic therapy and might slow

the rate of development of resistance to novel antibiotic treatments.

World-wide, traditional medicine has a long history of treatment of infectious diseases,
including the industrialized world where novel pharmaceuticals from plants, fungi, and
animal based holistic treatments have played and continue to play a major role in primary

104-107 The proposal here is that the

health care as they do in many developing countries.
use of traditional medicinal agents with reported immune enhancement functions could

boost type 1 immune responses. This would include enhancing phagocytosis, killing
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ability and TNF production by macrophages. All three of these elements would allow for
a better response to TB and contribute to the stability of the granuloma in
immunocompromised patients with latent TB.

1.7.2  Selected treatment agents

1.7.2.1. Echinacea purpurea

There are many species of Echinacea, a group of perennial prairie wildflowers of the
family Asteraceae. Of these, Echinacea purpurea (purple coneflower), is the most
popular cultivar throughout Canada, the United States, and Europe not only as a showy
flowering perennial, but also for its widely reported medicinal uses.'*® It is reported to be
the most common neutraceutical in North America, and approximately 40% of
individuals using it to combat the common cold on a regular basis.'” For clarity, all

references to Echinacea in this thesis refer to Echinacea purpurea.

The studies investigating Echinacea species are widespread and diverse, including effects
on wound damage, inflammation, and tumour growth.''” But the majority of Echinacea
research has been devoted to prevention of upper respiratory tract infections. It has been
the focus of a limited number of clinical trials, testing its efficacy against a number of
viruses including rhinovirus, coronavirus, adenovirus, and influenza."'" In particular, the
clinical trial conducted by Goel and colleagues (2004) showed that after the onset of cold
symptoms in an Echinacea-dosed group versus a placebo, a 23% reduction in cold
symptoms was seen at the end of the 7d treatment period. Shah (2007) and colleagues
performed a meta-analysis evaluating the effect of Echinacea preparations on the

incidence and duration of the common cold in randomized placebo-controlled studies.
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The summary of study data showed that Echinacea decreased risk of a patient contracting

199 Jawad et al

a cold by 58%. It was also found to decrease the duration of colds slightly.
conducted the largest clinical trial using Echinacea for respiratory infections to date.
They showed that compliant prophylactic intake of Echinacea over a 4-month period
appeared to provide a “positive risk to benefit ratio”, with significant reductions being

observed in the number of episode days, co-medicated episodes, and recurring infection

during treatment compared to a placebo.'"!

There are certainly studies that oppose the effectiveness of Echinacea preparations in
combating the common cold. A limitation to studies in terms of immunomodulatory
activity is the fact that no two treatment agents are exactly alike.''> Moreover, there is
often no indication of the level of proposed active agent in the treatment used in the
study.'”® Since Echinacea was first examined there have been many active ingredients
identified. These include caffeic acid derivatives, chicoric acid (phenolic), essential oils,
polyacetylenes, echinacin, echinacoside, flavonoids, polysaccharides, and alkylamides.'"
The phytochemical variability in different preparations is influenced by many intrinsic
and extrinsic factors. Intrinsic factors include the growing conditions, harvest techniques,
and storage, and extrinsic factors include aspects of the preparation and storage of the
extract.''''* Some manufacturers control batch-to-batch variation. Factors R&D in
Vancouver, BC, extract particular elements and recombine them at specific
concentrations to ensure batch to batch homogeneity in certain phytochemical
elements.'”® Another consideration is the risk of endotoxin contamination, which is

substantial during the extraction process. This can lead to false positives in those cases
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when endotoxin concentration is not monitored.'” This is an especially acute problem in

studies with innate immune activity where it is crucial to control for endotoxin.'°
1.7.2.2. Echinacea and Macrophage Activation

The majority of the data coming from studies using Echinacea provide evidence of a
mechanism of immunomodulatory action involving the activation of innate immune cells.
The most convincing data demonstrate the effects of purified Echinacea polysaccharide
preparations on macrophage activation. We, and others, have shown that it is a potent
activator of macrophages in vitro and in vivo in a murine model.''”"'** Others have

115,119,121

demonstrated similar effects in human macrophages. Importantly, Echinacea

polysaccharide has been shown to increase in vitro production of TNF, IL-1, and IL-

110,117,122
6.

Of particular relevance to this project is the data that links Echinacea polysaccharide to
enhanced macrophage activity in a model of intracellular bacterial infection. Listeria
monocytogenes is an intracellular bacterium that causes the human disease Listeriosis.
Like Mtb, Listeria resides in macrophages. In a seminal study, Steinmuller (1993) used
immunocompromised mice to determine if Echinacea could enhance innate immune
responses to Listeria infection. CyA was administered to ablate CD4" T cell activity.
Their results confirmed that macrophages, not lymphocytes, were required for the
reduction in bacterial burden that was observed. Sullivan also showed this effect in an in
vivo study using Listeria-infected mice, where Echinacea polysaccharide was delivered

orally for 2d before and 1d after infection. Echinacea polysaccharide significantly
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reduced bacterial burden and suggests that it has the ability to decrease the severity of

intracellular infection.
1.7.2.3. Cordyceps sinensis

Cordyceps sinensis (caterpillar fungus) is a parasitic fungus that primarily invades the
larvae of a particular species of moth (Hepialus armoricanus).'® Once the larval moth
has been infected, the fungus germinates and fills the larvae with the mycelium

containing many hyphae, and then sprouts a fruiting body."**

Due to the protruding
fruiting body above ground, the mycelium can be harvested. Dried Cordyceps mycelium
has had a long history of use in traditional Chinese medicine for a variety of ailments,
including for asthma, bronchitis, cancer, chemoprotection, enhanced exercise
performance, hepatitis, hyperlipidemia, immunosuppression, and chronic renal failure.'>
In the last decade, due to increased popularity, demand and the scarcity of wild
Cordyceps, the price of the fungal mycelium has risen 20% annually.'**'*’ Cultivated

Cordyceps mycelium is an alternative to wild-harvested Cordyceps, and is typically by

growth of pure mycelia in culture.'?’
1.7.2.4. Cordyceps and Macrophage Activation

The active ingredients in Cordyceps mycelium have still not been clearly determined, but
studies have shown the active components in a whole Cordyceps extract to include
cordycepin and cordycepic acid, ergosterol, polysaccharides, nucleosides, and

123128 The polysaccharide component is well documented as a major active

peptides.
ingredient of Cordyceps ranging from 3 to 8% of its total dry weight.'* The majority of

current data in vitro and in murine models indicate that the polysaccharide fraction of
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Cordyceps is the most important in the activation of macrophages for enhanced secretion

128-132 Importantly for this study, Zhang (2008) demonstrated that an

of cytokines.
"exopolysaccharide" fraction enhanced TNF activity in peritoneal macrophages isolated

from tumor bearing mice, and increased IFN-y mRNA expression in the splenic

lymphocytes.'*

Our laboratory demonstrated that an aqueous Cordyceps extract activates macrophages to
produce pro-inflammatory cytokines in the setting of intracellular bacterial infection. It
was observed that Cordyceps-stimulated macrophages in vitro produce IL-6 and TNF, as

134

well as increase production of NO in the presence of IFN-y. ”" In an in vivo study of

intracellular infection, Cs was able to decrease bacterial load in mice infected with

. . 134
Listeria monocytogenes.

1.7.2.5. Heracleum maximum

Heracleum maximum (cow parsnip) is a member of the Apiaceae family and is native to
Canada and parts of U.S."*® Apiaceae is a large family of plants, with Heracleum species

13 The Apiaceae family contains many

alone comprising approximately 120 species.
plants that have varying biological properties that are used in traditional medicine.
Common for this group of plants is the presence of bioactive secondary metabolites such

as essential oils, phenolics, alkamides, and coumarins."*® It is highly antimicrobial and is

phototoxic, but these compounds can be removed to test for other active ingredients. *’

1.7.2.6. Heracleum and Macrophage Activation

Studies have been performed on Heracleum species in the past, mostly as an antifungal

138,139

agent. There is less data on the immunostimulatory properties of Heracleum.
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Webster et al originally investigated the immunostimulatory effects of an aqueous extract
of Heracleum on mouse peritoneal macrophages.'*’ The extract showed to have enhanced
IL-6 activity compared to a control. Previous to these studies, in an in vitro study using
isoniazid as a positive control, a sterile aqueous extract of prepared ground Heracleum
maximum root demonstrated complete inhibition of the growth of both Mycobacterium

: . 141
tuberculosis and Mycobacterium avium.

Webster et al followed this study using a
sterile aqueous Heracleum maximum extract, derived from the roots, as a treatment agent
against mycobacteria and demonstrated significant antimycobacterial activity against a
rifampicin control. More recently their laboratory was able to identify key

antimycobacterial components in the extract.'*

1.8. Objectives

The objectives of this study are to examine whether our selected agents activate type-1

immunity in a manner that would suggest they could be used to treat TB disease.
The specific objectives are:

(1) To establish an ex vivo human model to mimic, as closely as possible, human TB
infection using a virulent strain of M¢bh (H37Rv) and freshly isolated human
macrophages.

(2) To assess three aqueous extracts made from natural products for their ability to
boost macrophage responses in combination with IFN-y to resist intracellular

infection by Mycobacterium tuberculosis.
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1.9. Project 2. Implications of the Innate Immune Response in Cardiac

Allograft Vasculopathy (CAYV)

1.10. Background

In industrialized countries, cardiovascular diseases are top killers of men and women,

150

and, in Canada alone, responsible for over 20% of all fatalities. ™ The global epidemic in

obesity and subsequent increase in Type Il diabetes has exacerbated this situation since
both are major risk factors for hypertension, atherosclerosis and cardiac failure."”"'**
Transplantation remains the treatment of choice for improving the quality of life and

increasing the lifespan of patients with end-stage heart failure.'>>'>*

The first heart transplants were performed in South Africa in the late 1960s, before the
etiology of graft rejection was understood.'”” In these early days before modern
immunosuppressive regimens, recipients of organ transplantation died within the first
year because of human leukocyte antigen (HLA) incompatibility.'*® HLA antigens are the
vehicles that present peptides to the cell surface and instigate appropriate immune
responses through HLA/T cell receptor interactions."”’ The disparity in HLA between
donor and recipient creates an environment for immune activation and tissue
destruction.'”® There are two classes of HLA antigens of significant importance in
transplantation, class I (HLA- A, B, and C) and class II (HLA- DR, DQ, DP)."’ There
are two genes for each HLA loci resulting in up to 12 different HLA molecules on the
cell surface. The three most important loci to match for transplantation are HLA-A, HLA-

B, and HLA-DR, a so-called six-point match.'®’ There is agreement among the transplant

24



community that there is a direct relationship between the long term survival of the graft
and the number of HLA-A, B, and DR mismatches.'>%'¢!:162 Kidney transplantation is
routinely performed after matching HLA antigens, and thus has better long-term

outcomes than hearts.'>®

Practical considerations for the lack of HLA matching in hearts
include size matching, availability of donors, and the necessity for much shorter cold
ischemia times, which prevent heart transplant teams from achieving the level of HLA

matching that is currently standard in kidney transplantation.'>'®*

1.11. Acute Allograft Rejection

Every transplanted organ is subject to some degree of acute rejection. Acute rejection is
considered to be predominantly a T cell-mediated process.'®* According to the
International Grading System for categorizing transplant rejection, severe acute cellular
rejection (ACR) in transplanted hearts is defined as having diffuse, aggressive cellular
infiltrates, along with edema, haemorrhage, and vasculitis.'® There is also obvious and
sometimes widespread destruction of myocytes. Varying degrees of acute cellular
rejection have been shown to occur within days to months after transplantation, and
within one year of transplantation, between 20-40% of heart transplant recipients
experience at least one acute rejection episode.'® Acute antibody-mediated rejection
(AMR) has been suggested to be much less common than ACR, occurring in only
approximately 10% of patients.'®® Recent data is pointing to a potential revision upward
of the estimated frequency of AMR, as AMR becomes a more popular area of

research.'®’ !¢
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1.11.1. Innate Responses in Graft Rejection

An allogeneic graft provides a strong immunological stimulus, and as such, all arms of
the immune response are engaged in the development of acute rejection.'”’ Many studies
have shown a primary role for T cells in both ACR and AMR, but the activation of T
cells requires the appropriate engagement of the innate immune compartment. ''"'">
Thus, post-transplant inflammation is critical to the activation of adaptive immunity. The
elaboration of pro-inflammatory mediators due to tissue injury is independent of the
adaptive immune response, and critical to its development.'” Organ procurement, cold
storage, and surgical trauma are key components associated with graft injury.'”* Oxygen
deprivation in the graft, and subsequent reperfusion with whole blood, results in a
phenomenon known as ischemia/reperfusion injury (IRI) where neutrophils play a key

role.!”

Immediately post-transplant, there is a release of reactive oxygen species (ROS)
and pro-inflammatory cytokines that activate vascular endothelial cells, degrade
pathogens, and recruit neutrophils within minutes of reperfusion.'” Neutrophil
recruitment initiates a cascade of events that include breakdown of extracellular matrix
and cell death (both necrosis and apoptosis).'’® Additionally there is dendritic cell
activation, activation of tissue macrophages and recruitment of further neutrophils and
circulating monocytes.'”” The initiation of IRI occurs through damage associated
molecular patterns (DAMPs). The engagement of DAMPs with complement receptors
and TLRs on macrophages and dendritic cells in the donor tissue promote pro-

! The inflammation and cell

inflammatory cytokine release and DC maturation.
destruction created by IRI leads to the egress of donor dendritic cells that can activate

recipient adaptive immune responses by so called "direct presentation” of foreign
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HLA."” Direct cell destruction also leads to the release of HLA molecules from donor
cells into the extracellular space.'”” This leads to uptake and processing of foreign HLA
molecules by recipient DCs for presentation of foreign HLA peptides in the context of
Class IT MHC as well as in the context of Class I MHC (through cross presentation).'””
Presentation of donor antigens in self MHC is referred to as indirect presentation, and

both will lead to the activation of adaptive immunity against the graft.'”>'®

1.11.2. Adaptive Responses in Graft Rejection

Following the response to tissue injury and inflammation discussed above, antigen
presenting cells (APCs) from the graft migrate to recipient lymph organs where they will
encounter T cells.'®" Activation of T helper (Th) cells is pivotal to the initiation of acute
rejection events, and they are activated by a multi-signal pathway.'” The first signal
occurs via the stimulation of the T cell receptor (TCR) when presented with an allo-

peptide in the groove of Class Il MHC on the surface of an APC.'"

This first signal
activates a number of intracellular kinases, a discussion of which is outside the scope of
this thesis research. One important end result of the activation of this kinase cascade is
the liberation of intracellular stores of Ca™.'™ One of the most important activities of this
intracellular Ca™" is the activation of calcineurin and subsequent de-phosphorylation of
nuclear factor of activated T cells (NFAT). NFAT translocates to the nucleus and acts as
a transcription factor for new gene expression.'™ Additional to the interaction of the TCR
with the APC, a second signal is required to activate the T cells. This second signal is
provided by the interaction of the B7 molecule on the surface of the APC with its

182

receptor on the surface of the T cell (CD28). ™ This second signal also activates through

intracellular kinases and leads to the translocation of another set of transcription factors
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that work in tandem with NFAT to initiate the expression of the IL-2 gene and the IL-2R

gene.'® The expression of IL-2 and IL-2R leads to the engagement of IL-2 with its

186

receptor on the surface of the T cells. ™ This engagement of IL-2 with its receptor

represents the third signal of T cell activation, initiating cell proliferation through a series

of events involving the mammalian target of rapamycin (mTOR) pathway.'*"'*®

Upon
activation, T cells orchestrate both ACR and AMR through secretion of cytokines (such
as [FN-y, IL-2, IL-4, IL-6 and IL-12), resulting in three main immune defenses.'® The
first is that CD8" T cells become activated to kill donor cells, and over time this destroys
parenchymal structures and initiates fibrosis. Secondly, once activated, T cell interactions
with B cells cause maturation of B cells, which provide defense via the secretion of
antibodies. Finally, Th1 cells orchestrate the effector response that results from active
secretion of IFN-y, mobilizing and activating tissue macrophages and other immune cells,

189

other lymphocytes, and endothelial cells. ™ The continuous influx of Thl effectors to the

site of graft damage allows acute rejection events to persist.

With the high probability of mismatch within populations, the inevitable tissue damage
and inflammation due to ischemic events, and the innate and adaptive immune processes
that are initiated, there will always be acute rejection events. This highlights the vital role

of immunosuppression to control and treat allorecognition and rejection.

1.12. CNI Immunosuppression

The understanding of the three signaling events for effective T cell function has guided
the development of immunosuppressive therapy in transplant recipients.'” A cocktail of

immunosuppressive drugs is administered post-transplant to block these events.'”!
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Decades ago calcineurin inhibitor (CNI) immunosuppressive drugs emerged as the
mainstay of post-transplant immunosuppression.'” In cardiac transplantation the majority
of studies have reinforced the view that CNI immunosuppression is critical for long-term
graft survival. The two dominant CNI immunosuppressive drugs are cyclosporine and
tacrolimus, and their primary mode of action is to prevent the dephosphorylation of

193,194

phosphorylated NFAT by calcineurin. Phosphorylated NFAT cannot translocate

from the cytoplasm to the nucleus and thus, in the presence of CNI, IL-2 transcription

and subsequent T cell activity are shut down.'”

Thus cyclosporine and tacrolimus
interfere with the activation of CD4" T cells, a crucial step in the prevention of acute cell-

mediated allograft rejection.'”

There are many complications with using CNI such as cyclosporine. One of the most
serious complications of long-term use is chronic nephrotoxicity, which is augmented
when in combination with other immunosuppressive drugs (sirolimus).'”® There are other
major morbidities associated with its use, including hypertension, hyperlipidemia, and
increased risk of opportunistic infections and certain malignancies.'”” Ultimately, it is
important to realize that while CNI ablates the majority of CD4" T cell activity, it is less
able to reduce CD8" T cell activity. We, and others, have suggested that the progression
to late cardiac graft rejection is due primarily to the activities of CD8" T cell- mediated

197-200

killing, leading to late graft rejection. This could explain why current CNI based

immunosuppressive regimens do not limit the development of late graft rejection.

1.13. Late Graft Rejection and CAV

Since the inception of CNI, there has been dramatic improvement in early graft survival,
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and currently the data for graft survival one year post-transplant is near 90%.%"' Despite
these excellent short-term outcomes, CNI and other immunosuppressive agents are still
unable to prevent the development of chronic rejection responses. The survival of
transplanted hearts 10 years post transplant still averages only approximately 50% and
this number is not improving as years go by and new immunosuppressive drugs are
used.”' Chronic rejection of cardiac transplants is a multifactorial pathological vascular
remodeling process, often referred to as cardiac allograft vasculopathy (CAV).
Approximately 50% of recipients at one year post-transplant and 75% by three years

post-transplant have diagnosable CAV.*"?

In the coronary epicardial vessels CAV is
characterized by an inward expansion of the intimal layer.”” It is generally regarded that
the intimal expansion in the is the most important aspect of CAV with respect to organ
survival **>*** The immunological risk factors including HLA mismatches, severity of
IRI, and number of acute rejection episodes predict more severe CAV, but there are also
non-immunological risk factors such as donor and recipient age, graft ischemic time, and

bacterial or viral infections, that are known to be associated with CAV.2**2%

1.14. Etiology of CAV (in Humans and Rodents)

Part of the complexity in developing novel treatments for CAV relates to the discrepancy
in the expression of CAV in animals and humans. This is most profoundly seen in the
intimal lesion in the epicardial coronary arteries. Until recently, our understanding was
based primarily on a widely accepted paradigm using rodent models of CAV.**>2% In
rodents, the internal elastic lamina (IEL) serves as a base for a single-layer of endothelial

cells that sits on a thin basement membrane (Figure 5.1). In humans the structure of the

intimal layer is more complex. All human donor epicardial CA possess a SMC-rich
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diffuse intimal layer from birth. It has been observed as adaptive intimal thickening, non-
atherosclerotic intimal thickening, or diffuse intimal thickening.”””** Our laboratory has
referred to this intimal cushion as benign intimal thickening (BIT), and for clarity, BIT
will be used for the remainder of this thesis. By early adulthood, the BIT layer is at least

298 BIT does not obstruct the lumen, and is

as thick as the media (usually 200-300um).
thought to represent adaptation to cardiac mechanical forces.”” This BIT layer, with few
exceptions, is generally absent in laboratory animals. It has been shown that the

prevalence of an intimal cushion in a variety of species is negligible.zog’2 10
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Intima
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Figure 1.3. Human versus mouse native aorta (courtesy Dr. M. Hart-Matyas). The top
left panel shows a normal murine aorta with three distinct layers, including the intima,
media, and adventitia. The bottom left panel shows a mouse aorta with AV. There is a
loss of SMCs from the media accompanied by the development of an intimal lesion,
composed of proliferating cells characteristic of smooth muscle cells, as well as
lymphocytes and macrophages. In the top right panel, a normal human coronary artery is
also comprised of three layers, but the innermost layer is made up of a diffuse intimal
cushion known as benign intimal thickening (BIT). In human CAV (bottom right), the

difference lies within two contiguous layers of the BIT and the post-transplant neointima.
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The original paradigm of how CAV developed in human epicardial CA was based
entirely on older studies using rodent vessels. Because the neointima in the rodent vessels
consist entirely of SMC it was originally thought that after transplant, donor SMC in the
media migrate across the IEL into the subendothelial intimal space and develop into a

211,212

homogeneous neointimal lesion. Later evidence demonstrated that the cells that

populated the de novo neointimal AV lesion in rodents are all recipient, not donor, in

213219 This led to a modified hypothesis that recipient myofibroblasts migrate from

origin.
the bloodstream into the intima, drawn in by inflammatory signals from the injured

endothelium.?"’

The rodent data has now been shown to be inconsistent with the observations of human
CAV. In fact, lesions in humans are almost entirely donor in origin.*'®*'” The other
striking difference is that human CAV presents itself as two distinct layers. The layer that
lies adjacent to the media is SMC-rich and macrophage poor, which our laboratory and
others believe to be the BIT layer that has been transferred over from the donor.*'®*"* Our
laboratory has demonstrated with a mechanical injury model in rats that the BIT survives
transplantation.”” Moreover, we have found that human cardiac transplants harvested at
1, 4 or 10 days post transplant all show an intact BIT layer, thus proving that the BIT

2% Thus, the starting point while studying the

layers survives clinical transplantation.
mechanisms of CAV between human and rodent is very structurally different. The
implications of carry-over BIT to the expression of human CAV have not been fully
recognized to date. The more luminal layer of the human CAV lesion is lipid and

macrophage rich, less cellular than the deeper medial layer, and contains more fibrotic

factors like TGF-B.**!
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It also appears more eccentric in nature than the BIT layer. This layer contains a high
proportion of macrophages and lipid, and is suggestive of an atherosclerotic-like

. 221
lesion.

If the most luminal area of the lesion resembles atherosclerosis, this presents the
possibility that de novo lesion growth post-transplant is a result of an accelerated
atherogenesis. This could be due to ischemia reperfusion injury and subsequent

inflammatory responses to donor elements after transplant.***

The high lipid environment
created by CNI immunosuppression post-transplant could accelerate this process.”” One

could speculate that this lesion progression is intensified if donor atherosclerosis is

already present, and have very significant impact on graft survival after transplantation.

1.15. Atherosclerosis

Atherosclerosis may begin in early childhood. 50% of infants have small collections of
macrophages with lipid droplets in the coronary arteries, which dissipate in childhood but
return at puberty in larger accumulations.””” The initiating events in atherosclerosis are
difficult to elucidate, because early atheroma development often occurs in conjunction
with BIT.*** In addition, both are usually found within the epicardial coronary arteries
and the more proximal regions of the aorta. Williams and Tabas (1995) first proposed the
response to retention hypothesis for atheroma development, where lipoproteins are

retained in the intima by binding to extracellular proteoglycans from established BIT.**

The most recent evidence by Nakashima (2007) supports this. Nakashima has shown that
extracellular matrix (ECM) lipid deposition in the deeper region of the more luminal BIT
layer precedes macrophage accumulation, and colocalizes with intimal proteoglycans.***

The proteoglycan-lipoprotein complexes increase the lipoprotein susceptibility to
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oxidation, leading to inflammatory signals that promote macrophage activation, uptake of
lipid, and formation of foam cells.”****” Other studies show early events in
atherosclerosis may be stimulated by the increased expression of HLA-DR molecules in

the more luminal layer of BIT.***

The Bobryshev group showed a positive correlation
between HLA-DR with extracellular lipid accumulation.”*’ It is believed that this is a

source for inflammatory cell recruitment and Ag presentation, creating “microsites” for

+ o 229
atherogenesis.

While the earliest events in atherosclerosis are still not clearly defined, the literature
characterizes it as an archetype of chronic inflammation that begins with endothelial

219,225,230-232
damage.” "

Normal endothelium, in general, does not attract leucocytes until the
endothelial cells have met with an inflammatory insult, like mechanical stress or
alterations in blood flow.”*” Augmented wall stress may promote the production of

221

proteoglycans by SMC.””" These proteoglycans bind lipoprotein components and retain

221,226

LDL in the intima, facilitating their oxidative modification. This would support the

observations that the first visible fatty streaks tend to be in the branches of the BIT layer

in muscular arteries like the coronary arteries and the aorta.**”

It would also provide
insight into why there is modification of LDL particles before being taken up by
macrophages.”*>**® Once in the intima bound to proteoglycan, LDL is prone to oxidation
by innate inflammatory enzymatic attack.”*® The oxidized LDL (oxLDL), along with the
simultaneous changes in blood flow at branch points, can lead to the expression of
adhesion molecules like E-selectin and VCAM-1.>** These act in synergy with MCP-1,
CCLS5 (RANTES), CXCL10 (IP-10), and CX3CLI1 (fractaline) to attract monocytes, DCs,

T cells, and NK cells.”**** Recruited monocyte-derived macrophages increase their
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expression of a number of TLRs and scavenger receptors that leads to ingestion of the

oxLDL and intracellular accumulation of cholesterol.*¢

With the understanding that the arterial intima of a mouse is structurally different than the
human, there should be fundamental differences in how LDL binds and accumulates in
the sub-endothelial space. In the mouse, early signs of inflammation happen
simultaneously with lipid accumulation.”® Previous reports suggest that in animal models
there is increased expression of VCAM-1 in arterial branches when mice are subjected to
an atherogenic diet, and this response has been observed to be sufficient to initiate

atheroma development.”**’

Immunity to atherosclerosis is primarily a Th1 response, and is strikingly similar to the
DTH response in an Mtb infection. In this case, the Th1 cells drive the T cell/IFN-y/TNF
axis that strongly influences the growth of the atherosclerotic lesion.*> After antigen

presentation, CD4 " activation and subsequent macrophage activation (as described

above) leads to larger numbers of foam cells and increased extracellular lipid.****

Matrix metalloproteases (MMPs) secreted from activated macrophages degrade collagen

240,241

and break down elastin. MMPs may also be involved in the proliferation and

migration of SMCs.**

When there is release of inflammatory mediators and growth
factors (TGF-B, CTGF, FGF, VEGF) from macrophages, SMC from the media are also
activated and transition from a fairly stable contractile phenotype to a more macrophage-
like phenotype.*** Once active, they can also imbibe lipid and proliferate.** While
proliferating, SMC also increase production of proteoglycan with high binding affinity
for LDL.*** If there is migration to the intima, the intermixing of SMCs and inflammatory

245

cells form a more advanced, intermediate lesion.”” The robust adaptive response and the
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activation of SMCs continues uninhibited, thus results in an advanced plaque containing
immune cells, a lipid core, apoptotic cells, cholesterol, new extracellular matrix

components, calcification, and a fibrous cap.**>***%

1.16. Donor-Derived Atherosclerosis and Contribution to CAV

Understanding the impact of donor-derived atherosclerosis on CAV should be of great
concern. More than ever before, patient waiting lists are getting longer for a very limited
pool of donor hearts. As a result, the criteria for suitable donors have been expanded to
the point where older donor hearts are being transplanted.**’” The importance of this is
that not only can the development of atherosclerosis begin early in life, but the incidence
of atherosclerosis increases significantly with age.**® In the earlier days of heart
transplantation, the upper limit for donor age was 35. Now, almost 50 years later, hearts
are routinely being used from donors over 40 and occasionally over 50 years old.**’ In
Canada alone, the average age of deceased organ donors is 48 years old."*° The ISHLT
guidelines for care of heart transplant recipients (2010) indicate that donor age is an
independent, yet, the most consistent risk factor for the onset of atherosclerosis. This
compounds the influence of other risk factors, like body mass index (BMI), hypertension,

or smoking, for earlier graft failure or death from other causes after transplant.***!

If evidence indicates that the majority of the normal human population has some degree
of atherosclerosis in at least one of their major coronary epicardial vessels, then there is
an assumption that the majority of donor hearts are being transplanted with a certain

204,248

amount of atherosclerosis. It has also been shown that this atherosclerosis is being

transferred to the recipient.”*> An angiographic study in transplant recipients by Gao et al.
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described the appearance of AV lesions in the coronary arteries and observed two distinct

23 With ethics approval, our laboratory gained access to the Capital District Health

types.
Authority (CDHA) heart tissue at the QEII Health Sciences Centre in Halifax to examine
tissue from a normal human population. Coronary arteries from 10 patients who died for
reasons other than heart failure were examined. Dr. Greg Hirsch assessed the potential
donor status of this group of hearts based on medical records. We used the standard
pathological criteria for defining arterial stenosis (courtesy Dr. Mathieu Castonguay). In
this sample group, 2/10 had mild or no arterial stenosis, 4/10 had moderate stenosis, and
4/10 had severe stenosis (Figure 1.4). All of these individuals met the donor criteria for
transplantation. The level of arterial stenosis in the human coronary artery tissue that was
examined agrees with that in the literature, indicating that the majority of donors have
some degree of stenosis in at least one coronary artery. If it is present in a majority of
donors, naturally occurring atherosclerosis is a prominent component of human heart
transplant vessels. The combination of a pre-existing atherosclerotic lesion and the
growth of the neointimal lesion post-transplant may have significant consequences on

long-term graft survival. For this project, a mouse model of transplanted atherosclerosis

was incorporated to mimic the clinical setting as closely as possible.
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Figure 1.4. Representative images from human epicardial vessels at autopsy. Panel a,
b, and c represent mild, moderate, and severe arterial stenosis, respectively. This group
of patients examined (n=10) had died for reasons other than heart failure, and met all
donor criteria for transplant. Arrowheads demarcate the inner and outermost edges of

the atherosclerotic lesion. Original magnification 2.5x.
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1.17. Apolipoprotein E Knockout Mouse Model of Atherosclerosis

The apolipoprotein E knockout mouse model is well established in the study of

- 254-258
atherosclerosis.

Mice as a species are highly resistant to atherosclerosis
development, and induced mutations are necessary for examining atherosclerosis
development that is similar to humans.*®” Apolipoproteins in plasma are involved in
lipoprotein metabolism. Apolipoprotein E (ApoE) is synthesized primarily in the liver,
and is specifically involved in degrading particles rich in cholesterol and triglycerides.**
It also acts as a ligand for receptors in the liver that clear chylomicrons and VLDL.*
Due to rapid hepatic LDL clearance, wild-type mice have a completely different lipid
profile than humans, with total cholesterol around 85mg/dL, comprised of mostly
HDL.* Apolipoprotein E knockout (ApoEKO) refers to the targeted ApoE gene
inactivation in the mouse that impairs the clearance of lipoproteins in plasma, and renders

254 I
When maintained on a normal

the mouse hyperlipidemic and hypercholesterolemic.
chow diet, ApoEKO mice have total plasma cholesterol level of 400mg/dL or greater,

facilitating the development of spontaneous atherosclerosis.*'

An extensive review by Daugherty (2002) compared several transgenic and gene-targeted
mice for their similarities to human atherosclerosis development. The ApoEKO mouse
has proved to be the most comparable to human in lesion characteristics, cellular
components and progression.”** They also have a similar predilection of site in the aortic
tree as the lesions develop. A direct relationship exists between early atherosclerotic
lesions that develop in the proximal aorta and lesions that develop in the distal aorta as
the mouse ages.”*> Our laboratory confirmed this progression of lesion development

throughout the aortic tree over time (between 12-32 weeks) (A. Zaki, unpublished). My
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transplant model requires lesion growth in the abdominal aorta, highlighting the
significance of using older mice. The second important factor in using older mice is the
composition of the lesion. Advanced plaques in mice at 28 weeks of age and beyond have
the characteristics most similar to established lesions in human atherosclerosis in size and

complexity.**

1.18. Hypothesis/Objectives

It is not fully understood whether transmission of donor atherosclerosis will impact
patient survival after transplantation. My hypothesis is that donor-derived atherosclerosis
contributes to the growing neointimal lesion of AV, and the post-transplant vasculopathy
is a combination of donor and recipient elements that creates an inflammatory state of
“accelerated” atherosclerosis. The specific objectives of my project are to analyze the
morphological changes in the structure of the atherosclerotic lesion at early time points
after it is transplanted, and how these early changes might relate to the development of
AV. Of particular interest are the changes in atherosclerotic lesion size and composition.
The changes observed could provide significant insight into the mechanisms for retention
of donor-derived atherosclerosis and the influence it may have on the initiation of AV

after transplantation.
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CHAPTER 2. MATERIALS AND METHODS

2.1. Aqueous extracts of Echinacea purpurea, Cordyceps sinensis, and

Heracleum maximum

An extract comprised of Echinacea purpurea aerial parts and roots was prepared and
supplied by Factors R&D Inc. (Vancouver, BC). The alkamides, cichoric acid and
polysaccharides in this extract were obtained by water/ethanol extraction of various parts
of freshly harvested Echinacea purpurea plants. Purity of these extracts (>95%) was
determined by high-pressure liquid chromatography and UV-visible spectral analysis
through published methods. The polysaccharides were precipitated from the extract to
create a polysaccharide-enriched aqueous solution via ethanol (EtOH) extraction. Briefly,
Sml of Echinacea solution was diluted in 45ml 95% EtOH in a 50ml centrifuge tube. It
was mixed vigorously by hand, followed by centrifugation at 500 x g. The eluant was
decanted and the pellet was resuspended in 45ml 95% EtOH. This was considered the
first wash, and the pellet was washed three times in total. For the last wash the suspension
was moved to a pre-weighed petri dish and left to air dry in the laminar flow hood
(Labconco, Kansas City, MO). Once the EtOH evaporated, it was weighed again, then
resuspended in 5Sml ddH»0 and stored at 4°C until use. The total weight of dry
polysaccharide in each tube was based on total mg of crude herb in the 50ml bottle. At
the time of experimentation, the solution was diluted in sterile RPMI 1640 (ICN
Biomedicals; Irvine, CA) supplemented with 100U/ml penicillin, 100pg/ml streptomycin,

10% fetal bovine serum (FBS) (Gibco, Grand Island, NY), and 2g/L. sodium bicarbonate
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and filter sterilized using 0.22um filters (Millipore; Bedford, MA) before use. The final

working concentrations were 5.6 and 2.8mg/ml.

Our laboratory obtained Cordyceps sinensis dried mycelium from Yantai Ruidong
Science and Technology Developing Co., Ltd. (China). A sterile aqueous solution was
prepared by first grinding 7g of Cordyceps to a fine powder using a mortar and pestle.
The powder was added to 100ml of sterile, distilled, deionized water (ddH»0) and boiled
for 1h. Once the mixture was cooled it was homogenized using a Polytron tissue
homogenizer. The homogenate was centrifuged at 200 x g for 15 min at room
temperature (RT) to remove course particulates, then further centrifuged at 15000 x g for
10min at 4°C to remove fine particulates. The remaining homogenate was freeze-dried in
pre-weighed 50ml centrifuge tubes. Once completely freeze-dried it was re-weighed and
then stored at -20°C until use. It was reconstituted and diluted in sterile RPMI
supplemented with 10% FBS and filter sterilized using 0.22um filters (Millipore) before

use. Final working concentrations were 4 and 6mg/ml.

Hercleum maximum was collected by our collaborator, Dr. Duncan Webster, Dept. of
Infectious Disease and Medical Microbiology, Saint John Regional Hospital, Saint John,
N.B. and prepared as previously described.'*’ Freshly harvested plant roots were air-dried
and ground using a Waring commercial blender. Approximately 10g of ground root
sample was placed in distilled H,O (200 ml) and brought to a boil and allowed to simmer
for 1.5h. The supernatant was removed and centrifuged at 200 x g for 10min to remove
particulates. Ratio for preparation of sample was 1g ground root: 10ml ddH,O. All

samples were filtered sterilized using 0.22um filters. Each filtrate was divided into 1ml
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aliquots and stored at 4°C until use. Samples were diluted in 10% RPMI and the working

concentrations were 1:20, 1:40, and 1:80 of the original aqueous sample.
2.2. Macrophage isolation and culture

Human macrophages were cultured from isolated peripheral blood monocytes.
Approximately 100ml of venous blood was collected in heparinized vaccutainers from
healthy, tuberculin-negative volunteers by a registered phlebotomist. Blood was diluted
with an equal volume of Hank’s Buffered Saline Solution (HBSS) (Gibco) containing 2%
FBS. Dilute blood was layered on a Ficoll-Paque gradient (Ficoll-Paque Plus, Stem Cell
Technologies, Vancouver, BC) and centrifuged at room temperature at 400 x g for 30min
with no brake. Peripheral blood mononuclear cells (PBMCs) were collected from the
plasma-Ficoll interface layer following centrifugation. The PBMCs were washed three
times in HBSS and 2% FBS to remove excess Ficoll, then prepared for the isolation in
HBSS containing 2% FBS and I1mM EDTA. Monocytes were isolated from PBMCs by
negative selection using a human monocyte enrichment cocktail and magnetic
microparticles (EasySep CD14 Human Monocyte Enrichment Kit (StemCell
Technologies, Vancouver, B.C.). Cocktail and microbeads were added at a concentration
of 50ul per 1ml cells. Isolated monocytes were resuspended in RPMI media with 5%
FBS. They were plated in 48-well Nunclon®™ polypropylene plates (Sigma-Aldrich, St.
Louis, MO) at a concentration of 3x10° cells in 500ul per well for 7d. 24h before
infection with Mycobacterium tuberculosis (Mtb), cells were gently washed and wells
were filled with antibiotic (Abx)-free RPMI media with 1% FBS in 500ul volume per

well. Plates were transferred to the Level III laboratory and incubated for 24h.
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2.3. Flow cytometry

Detection and purity of CD14" monocytes was assessed by flow cytometry, or FACS™
(fluorescence-activated cell sorting). Briefly, cells were resuspended in Sml polystyrene
tubes in staining buffer (PBS containing 1% FBS and 0.09% sodium azide). Non-specific
binding was blocked with FITC (fluorescein isothiocyanate)- conjugated mouse IgG2a
antibodies (BD Biosciences, Franklin Lakes, NJ) on ice for 10min. Mouse anti-human
CD14 antibody (Mo-P9; Stem Cell Technologies, Vancouver, BC) was added to the
PBMC and the enriched monocytes for 30min on ice. Cells were then washed and
resuspended in PBS containing 1% FBS and 1% formalin for fixation and subsequent
analysis on the flow cytometer (BD FACScalibur). Analysis of the cell population was

done using CellQuest Software (BD Biosciences).
2.4. Cytospin

Using a Shandon Cytospin 4 cytocentrifuge, (Thermo Scientific, Waltham, MA), pre-
labeled silinated slides were inserted into centrifuge funnels. The funnels were prepared
for the addition of cells using 20l cushion of PBS. 1x10°%ml monocytes were collected
after enrichment and resuspended in a total volume of 1ml sterile PBS. A total volume of
75ul of cells was added to each funnel. Once the spin cycle was complete, the slides were
removed from the funnels and left to air dry. The cells were then fixed with Giemsa

solution (Sigma-Aldrich Co., Saint Louis, MI) and visualized for nuclear morphology.

2.5. Exvivo intracellular infection
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The intracellular bacteria Mtb H37Rv (ATCC) stock culture was kindly provided by Dr.
David Haldane, Director of Bacteriology and Special Pathogens, QEII Health Sciences
Centre, Halifax, N.S. The stock culture of Mth H37Ra was provided by Dr. Webster at
the Saint John Regional Hospital. Stocks of Mtb were stored at -70°C, and at the time of
the experiment, a 7ml Mycobacterial Growth Indicator Tube (MGIT) Becton Dickinson
Biosciences, Cockeysville, MD) containing Middlebrook 7H9 broth (VWR, Radnor, PA)
was supplemented with 800ul PANTA (BD Biosciences) and 0.05% Tween 80 (Biorad
Laboratories, Hercules, CA). A heavy suspension of Mtb H37Ra or H37Rv was added to
the tube and incubated until the culture had grown to mid-exponential phase, with a
viable count of approximately 3x10’- 5x10” Mth/ml, approximately 7d."** For inoculation
of human macrophages, a 0.5 McFarland was attained (10’-10° Mtb per ml) on the
nephlometer (ATB 1500, Biomérieux, Marcy L’Etoile, France) after the MGIT reached
mid-exponential growth phase. On Day 0 the MGIT was centrifuged at 300 x g for
10min. The Mtb suspension was transferred to a snap-cap tube and then sonicated for
30sec and placed in the nephlometer. Here either more suspension or more MGIT broth
was added to reach a final concentration of 0.5 McFarland. 4ml of the 0.5 McFarland
suspension was added to 16ml RPMI supplemented with 0.05% Tween80 and PANTA to
dilute to 1:5. This achieved a working concentration of 10°-10” M¢b/ml. The final

multiplicity of infection (MOI) was between 13-16 for the duration of the experiments.

Existing media was carefully removed from the plate wells and 800p1 of inoculum was
added. The plates were returned to the incubator for 6h to allow for incorporation of Mtbh
into the cells.'*> After 6h the wells were washed two times with RPMI-10. Cordyceps,

Echinacea, or Heracleum treatments were added to the wells with 2U/ml interferon
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gamma (IFN-y) (recombinant human IFN-y (Sigma-Aldrich Co.). Negative control wells
contained media alone, and positive control wells contained 2U/ml IFN-y. Plates were
returned to incubator. After 7d incubation, wells were washed with serum-free, antibiotic-
free RPMI. After the third wash the media was removed and the cells were lysed with
100ul of 0.25M NaOH for 15min. A 10ul loop of lysate was plated on Middlebrook 7H9
agar plates. The plates were incubated for 3wk at 37°C. After 3wk the colony forming

units (CFU) were counted and recorded for analysis.
2.6. Statistics

This experiment was performed a total of seven times. The data shown are the results of
three successful experiments. Statistical significance was determined by the Kruskal-
Wallis analysis of variance by ranks for non-parametric data using GraphPad Prism 5
statistical software (GraphPad Software Inc., La Jolla, CA). The Dunn’s post-test was

applied for multiple comparisons. P values of <0.05 were considered to be significant.
2.7. Animals

Male 30-32wk old Apolipoprotein E knockout mice on a C57BL/6 background
(B6.129P2-*PocmiUne/ (B6 ApoEKO; H-2") with naturally occurring atherosclerotic
lesions were used as donors. Male 8-10wk old C3H/HeJ mice were used as recipients. All
mice were purchased from Jackson Laboratories (Bar Harbour, ME) and maintained in
the Carleton Animal Care Facility at the Sir Charles Tupper Medical Building at
Dalhousie University in a specific pathogen free environment. Mice were fed a standard
chow diet and water ad libitum. All animal experiments were performed in compliance

with the guidelines of the Canadian Council on Animal Care.
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2.8. Aortic transplantation

Abdominal aortic segments were transplanted as our laboratory has previously
described.” Briefly, B6 ApoEKO aortic segments were examined by an operating
microscope (Zeiss). Those identified as containing a single, focal, eccentric
atherosclerotic lesion were used for transplantation. A section containing a suitable lesion
was harvested and flushed with saline for transplant into the recipient. The 1mm section
was kept in cold saline until transplant, with a cold ischemic time of 20min or less. The
recipient (C3H) infrarenal abdominal aorta was isolated and, after clamping of the
proximal and distal areas, the recipient aorta was transacted. The donor aorta with lesion
was then interposed with end-to-end anastamoses using an 11-0 suture in an interrupted

fashion. The clamps were removed and blood flow was re-established.
2.9. Immunosuppression

Cyclosporine (CyA; Sandimmune i.v."™) was purchased from the QEII Health Sciences
Centre Pharmacy, Halifax, NS and diluted in 0.9% sterile saline to obtain the desired
concentration. Aortic allograft recipient mice were treated subcutaneously with
50mg/kg/day CyA for the duration of each experiment. This dose has previously been

shown to be sufficient to ablate acute cardiac rejection.

2.10. Histology
Aortas were harvested at 1d, 4d, and 7d post-transplantation, and there were 4 animals
per group. Aortic graft segments were flushed with heparinised saline and fixed in 10%

formalin at 4°C for 18-24h. Grafts were subsequently transferred to phosphate buffered

saline (PBS) for 1-2h and then transferred into 70% ethanol (EtOH) until processing.
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Samples were embedded in paraffin and Sum cross-sections were sectioned with a Leica
microtome (Wetzlar, Germany). Sections were deparaffinxed in xylene, hydrated through
an ethanol series, and stained with Harris’ Hematoxylin and 0.5% Eosin (H&E) for

general histology and digital assisted morphometric analysis.
2.11. Calculation of lesion area /volume

Atherosclerotic lesions were measured in sifu with a Pelco micro-ruler (Redding, CA).
Once the outer lesion area was measured the lesions were excised and fixed for
sectioning. The paraffin embedded lesions were sectioned on a Leica microtome. Serial
Sum sections of the entire lesion were prepared and processed for H&E, as above. Every
5™ section of the lesion was measured for area using the Microbrightfield Stereo
Investigator, Neurolucida Software Version 7, MBF Bioscience (Williston, VT) and an
Olympus BMAX microscope. Images of histological sections were captured using a Zeiss

Axiocam camera (Zeiss, Thornwood, NY).
2.12. Immunohistochemistry

To visualize alpha-actin positive SMC, paraffin sections were deparaffinised in xylene,
hydrated through an EtOH series, washed in 0.1M PBS and antigen retrieval was
performed. Endogenous peroxidase was quenched with a 20min incubation in 3%
hydrogen peroxide in 0.1M PBS. Non-specific blocking was performed with horse serum
specific to the secondary antibody used (Vector Laboratories, Burlingame, CA). The
primary antibody was a monoclonal anti-mouse alpha-SMA (1:2000, Sigma; Saint Louis,
MO). Primary antibody was detected with the appropriate biotinylated secondary

antibody (horse anti-mouse BA-2001, Vector Labs Inc). Sections were then washed in
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PBS and incubated with a peroxidase avidin/biotin complex kit (Vector Labs Inc). One
drop of 3,3’-diaminobenzidine (DAB; Dako, Mississauga, ON) in 1ml of substrate buffer
was used as the chromogen. Sections were counterstained with Mayer’s Hematoxylin,

dehydrated and coverslipped with mounting media Cytoseal 60 (Thermo Scientific).

2.13. Transmission Electron Microscopy (TEM)

Aortic graft segments were fixed with 2.5% glutaraldehyde in 0.1M sodium cacodylate
buffer and post-fixed with 1% osmium tetroxide. After washing, the segments were
incubated in 0.25-0.5% uranyl acetate, rinsed and dehydrated through acetone. Segments
were embedded in epon-araldite resin and sectioned using an ultramictrotome (Reichert
Jung Ultracut E) with a diamond knife. Sections were stained with lead citrate and uranyl
acetate before examination on a JOEL 1230 transmission electron microscope at an

accelerating voltage of 80kV. Digital images were captured using a CCD digital camera.
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CHAPTER 3. RESULTS

3.1. Natural health products for enhancement of innate immunity
against intracellular infection (Project 1)

Mpycobacterium tuberculosis (Mtb) is an intracellular pathogen that resides within
macrophages. Upon cell activation, cytokines and antimicrobial mediators such as TNF,
NO, and SO" are able to control most of the infection until adaptive immunity is triggered
and there is a sustained DTH reaction. In healthy persons, the production of IFN-y by
Thl cells is critical for the macrophage response that contains Mtb-infected cells in a
granuloma. However, the Th1-IFN-y-TNF axis is interrupted when an individual is
immunocompromised, especially in the case of HIV co-infection, leading to reactivation

and fulminant TB infection.

In this pilot project aqueous extracts of Echinacea purpurea (Ep), Cordyceps sinensis
(Cs), or Heracleum maximum (Hm), were examined to see if they could enhance the
activity of IFN-y-driven responses in Mtb-infected human macrophages. Monocytes
were first isolated from whole blood using a human CD14" monocyte enrichment kit. The
kit contained antibodies directed against CD2, CD3, CD16, CD19, CD20, CD56, CD66b,
and CD123, and the resulting monocyte population was preserved. To determine the
purity of the isolated cell population, flow cytometry was performed (Figure 3.1). FITC-
labeled mouse anti-human IgG2a antibodies were used for the isotype control. FITC-
labeled mouse anti-human CD14 antibody was added to the PBMC before and after
enrichment. Figure 3.1 shows 11.6% of the PBMC were positive for CD14 before

enrichment. After enrichment, we achieved monocyte purity between 73% (shown) and
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91% over the course of experimentation (purity increased over the duration of the
experimentation). A cytospin was performed on the isolated cells (Figure 3.2) to confirm
the enrichment of the monocyte population from the initial the PBMC. The contaminating

population was primarily lymphocytes and neutrophils.

3.1.1. Echinacea purpurea does not limit or reduce Mtb colonies ex vivo

Freshly isolated human monocytes were grown and plated in media for 7d. The
transitioned macrophages were then infected with M¢h H37Rv. They were treated 6h later
with IFN-y (2U/ml) alone, or with IFN-y as well as an aqueous extract of Ep at two
different dilutions. After 7d the cells were lysed and the lysates were plated and incubated
a further 3wk. Figure 3.3 shows the CFU from the lysates of the M¢b-infected
macrophages after treatment. The cultures that received no treatment with IFN-y or test
agent showed CFU ranging from 12-110. This was our control for bacterial growth
without the addition of IFN-y. This data reveal that there is a wide variation in CFU using
this technique and that this variation is likely to negatively affect statistical analysis of
future results. The cultures that received IFN-y alone showed CFU ranging from 0-3 over
the six plates that were counted. This data shows that, at this dose, Mtb growth was
completely ablated. Surprisingly, when aqueous extracts of Ep were added along with the
IFN-y bacterial growth was restored to a certain extent (p<0.05). At a concentration of
5.6mg/ml, CFU ranging range between 0-180 CFU were observed. At an Ep
concentration of 2.8mg/ml a similar effect was seen. Thus, the addition of Ep at 5.6 or
2.8mg/ml to the IFN-y treatment reduced the bactericidal effect of the IFN-y rather than

enhancing it, as had been expected.
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3.1.2. Cordyceps sinensis does not limit or reduce Mtb colony growth ex vivo

The second agent to be tested was Cs. Macrophages were infected as described above. At
6h post-infection they were treated with two concentrations of an aqueous extract of Cs,
at 6mg or 4mg/ml, again with the addition of the standard dose of IFN-y at 2U/ml.
Insufficient numbers of human monocytes were obtained from the purification to include
a no treatment control group in this pilot experiment. CFU were counted 3wk after
infection and treatment. The results are shown in Figure 3.4. As with Ep, treatment with
Cs appeared to restore bacterial growth. As above, cultures treated with IFN-y alone
showed nearly completely abated growth. In contrast, the addition of Cs to the IFN-y
treatment resulted in substantial bacterial growth in the cultures, suggesting it was

inhibiting the bactericidal effect of IFN-y.

3.1.3. Heracleum maximum does not limit or reduce Mtb colonies ex vivo

The third agent to be tested was Hm. Macrophages were infected as described above. At
6h post-infection IFN-y (2U/ml) alone, or along with an aqueous extract of Hm was
added to infected macrophages. As noted in the Cs experiment above, there were an
insufficient number of purified monocytes available to include a no treatment group in
this pilot experiment. CFU were counted 3wk after infection and treatment. The results
are shown in Figure 3.5. As seen in the earlier figures, IFN-y was effective at limiting
bacterial growth. The data arising from the Hm treated groups (all with IFN-y as well)
were surprising. At the highest concentration of the extract, bacterial growth was seen to
be limited at least as much as with the IFN-y alone. Although the data for this group

shows a mean CFU that is lower than the IFN-y alone, this did not reach statistical
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significance. In contrast, at lower concentrations (higher dilutions) CFU counts were
significantly (p<0.05) higher than CFU resulting from cultures of IFN-y alone. Both 1:40

and 1:80 dilutions showed this effect with the 1:80 dilution being the most marked.

3.2. Changes in the atherosclerotic lesion after transplantation

3.2.1. Quantification of change in atherosclerotic lesion volume after transplant is

not possible based on outer lesion area before transplant.

In our assessment of the fate of the atherosclerotic lesion after transplant, we first
examined whether the gross size of the lesion increased, stayed the same or decreased
after transplantation. Since we could not measure the internal volume of the lesion
directly we assessed whether a readily available parameter could be used as a correlate
for lesion size. Since lesions can be visualized from the outer layer of the aortic segment
we examined whether the lesion area visible at the outer surface could be used as a

surrogate for the internal lesion volume.

To find out whether this was possible we first started with 10 control ApoEKO mice with
advanced atherosclerotic lesions. In this control group of non-transplanted lesions, the
outer lesion area of the aortic lesions were measured in situ with a micro-ruler (Figure
7.1). These dimensions were used to determine outer lesion area, assuming a basic ellipse
shape (area of ellipse= pi* % a**b”). The same group of lesions were then removed,
formalin fixed, embedded in paraffin, and processed for histology. Once processed they
were serial sectioned which allowed for calculation of area for each Sum section. Using

the area measurements from all of the serial sections morphometric analysis was
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performed to determine the actual volume of the control lesions (using Neurolucida
image analysis software). Subsequently, a ratio was calculated between the outer lesion
area and the actual volume (Neurolucida data). The average of these ratios was multiplied

by outer lesion area to produce a predicted volume (Table 7.1).

The data in Table 3.1 clearly illustrate there is enormous variability in the ratio between
outer lesion area and actual volume. The ratio, which was hoped to be relatively constant,
varied between 27:1 and 113:1. Thus, when the average ratio is used to calculate a
predicted internal lesion volume, the calculated volume is highly variable. Figure 3.7
shows the actual volume versus predicted volume compared to an ideal correlation line.
In this figure error bars were artificially added that represent a 30% threshold (above and
below the measured data) because we predicted that a variation up to 30% in the fit to the
correlation line might be acceptable for the purposes of this study. Even with this

assessment predicted and actual volume were within the threshold for only 3/10 lesions.

Further examination of the sections showed that the reason for this large variation is that
the shape of the internal lesions varied dramatically among samples. A roughly elliptical
shape was predicted for the internal lesion along the length of the involved area. As
shown in Figure 3.8, this was not the case. The shape of the internal lesions in these
samples (as determined by their accumulated volume over length by the software) varied
widely. In this figure, CL4 and CL5 show roughly elliptical lesion shapes over the length
of the lesion as we had hoped, but CL1 and CL3 show two peaks of lesion, indicating that

the lesion in these samples is uneven.
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Based on the predicted versus actual volume in this group of control ApoEKO lesions, it
was determined that it is not possible to establish a correlate between predicted volume
and actual volume based on this method of calculating lesion area. This meant that we

had no way of measuring a reduction in volume over time post transplant in these lesions.

3.2.2. Atherosclerotic lesion remodeling is initiated early, but not immediately, post-

transplant.

3.2.2.1. control “pre-transplant” atherosclerotic lesion

To examine the fate of the lesions in a direct way, we examined the atherosclerotic
lesions at various times after transplantation for evidence of morphological changes. We
accomplished this by standard histology, by immunohistochemistry and by TEM. Initially
we characterized native C3H aortas by histology and TEM as controls. Figure 3.9 shows
representative H&E cross sections showing the three layers of the normal, non-lesioned
aorta. The intima is the innermost layer to the lumen that includes the internal elastic
lamina (IEL) and a single layer of endothelial cells. The media (M) contains several
layers of elastin and is populated by smooth muscle cells. The adventitia (A) is the
outermost layer and is mostly comprised of connective tissue. The TEM micrograph
shows the IEL and underlying elastic layers, with very closely associated SMC nuclei and

SMC bodies, endothelial cell nuclei and cell bodies, and surrounding ground substance.

The lesioned aortas were examined next. The atherosclerotic lesion in an ApoEKO mouse
closely resembles that of a human lesion, in both composition and complexity. In Figure
3.10 the micrographs represent what was observed in the untransplanted ApoEKO control

group (n=4). The H&E sections show the contrast between the involved and uninvolved
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area. In the uninvolved area, all three layers of the aorta look similar to the normal aorta
in Figure 3.9. The endothelial cell nuclei are visible in the intima and there are layers of
elastin heavily populated with SMC. In the involved area, there are pockets of foam cells
and possibly lipid-laden SMC. The extracellular lipid resides in the more luminal areas of
the lesion, while the cholesterol clefts are found in the deeper layers. The elastin layers in
the media are often fractured accompanied by more disrupted areas of SMC. The
adventitia consistently shows cellular infiltration, indicating an immune contribution to
the atherosclerotic lesion formation. Panel (c) of this figure shows an alpha-SMA stain of
the same control lesion and the distribution of the SMC, indicating that this lesion is at an
advanced stage where the fibrous cap has already formed. It also shows the presence of
SMC in the intima as well. The TEM micrograph of the control lesion (d) clearly
demonstrates lipid droplets in the foamy macrophages in the lesions and a distinct layer
of endothelial cells overlaying the atherosclerotic lesion. The IEL is not present in this
micrograph since the foamy macrophages overlay the IEL to such an extent that it is not
visible. In the TEM, a distinct IEL could be visualized below the atherosclerotic lesion
(data not shown), but for the most part the lesions were too large to capture in their
entirety. Note in this micrograph that the lipid bearing cells appear to be quite
homogeneous and appear to have a particular orientation. There are varying degrees of

electron density in the lipid at this point.

3.2.2.2. 1 day post-transplant

By 1d post transplant there are significant changes to this pre-transplant picture. Figure
3.11 (a-f) shows representative histological images from the 1d group of animals post-

transplant. There is complete loss of endothelium at this time point (a-b). This is not
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unexpected given earlier data from us, and others, that IRI severely damages the
endothelial layer. IRI has also initiated as significant neutrophil response as evidenced by
the significant influx of neutrophils and mononuclear leukocytes into the adventitia. In
these samples we saw neutrophils in the adventitia of all sections and a varying degree of
neutrophils in the media (c). In the areas of the media where there is neutrophil influx,
there is accompanying loss of SMC (d-e). The most unexpected observation at this point
is that there is no neutrophil influx or neutrophil accumulation in the lesion (f). It is worth
noting that at the suture sites there is some compression of the elastic layers and SMC
loss in those areas, but it is still possible to observe the composition of the aorta

independent of those areas.

The distribution of alpha-SMA positive cells in and around the lesion is shown in Figure
3.12. As expected, the media remains positively stained but not the lipid core. The darkly
stained outer rim of the lesion, indicating the presence of a fibrous cap characteristic of
an advanced lesion, would further suggest that the lesion remains intact at 1d despite the
insult of IRI. Figure 3.13 shows representative images of the 1d group at high
magnification (TEM). Here the endothelium is very clearly gone, and there is significant
platelet deposition (a-b). Foam cells appear to comprise the outermost areas of the lesion
and line up in an orientation very similar to that seen in the pre-transplant sample (c). The
lipid-bearing cells compared to the control look normal, and again, there is no cellular
infiltration, which corresponds with what was seen in the histology images at this time

point (d).
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3.2.2.3. 4 days post-transplant

Figure 3.14 shows by 4 days post transplant it is clear that there is continued loss of SMC
from the media (a). The predominance of neutrophil accumulation has given way to an
influx of macrophages by 4d post-transplant, and numerous neutrophils can now only be
seen in small clusters around the sutures in a typical suture reaction response (b). The
higher magnification of the lesion and the SMC-actin staining reveals a loss of positively-
stained cells around the cap region of the lesion, but the lesion itself still appears very
cellular with numerous SMCs and macrophages (c-d). The media is still very positively
stained in the uninvolved area. Most importantly, the lesion looks similarly unaffected as

it did at 1d post-transplant.

The TEM images (Figure 3.15 a-f) reveal a more complete story of what is happening to
these lesions, as it would seem at this point the changes are too subtle to be easily
recognized by standard histology. The TEM images reveal that platelet deposition is still
present (a-b). Lipid bearing macrophages can still be easily identified within the lesion
but they look dissimilar from the lipid-bearing macrophages seen at 1d or in the control
animals. The cells have lost the characteristic orientation that was seen in the control
lesions and the lesions at 1d post transplant (c-d). There appears to be more ground
substance between the cells and the lesion is, in general becoming disorganized. These
data suggest that at 4d post-transplant the lesion is beginning to suffer negative effects of

transplantation. Note that although these subtle changes can be seen, there is still no
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neutrophil or mononuclear cell infiltration of the lesion. The lesion at this point seems to

be protected from infiltration.

3.2.2.4. 7 days post-transplant

By 7d post transplant there is evidence of a inflammatory response in the adventitia,
indicated by the heavy presence of macrophages, lymphocytes, and in some areas,
eosinophils (Figure 3.16). The media is now being aggressively attacked by a second
wave of neutrophils (a) and potentially migrating toward the intima. A fibrotic response
has begun in the adventitia as well, indicated by the presence of oriented fibroblastic
cells. The H&E also reveals some evidence of apoptosis in the media and adventitia.
Endothelial cell replacement has further progressed. Surprisingly, even in this second
wave of inflammatory cell infiltrate, the atherosclerotic lesion still appears minimally
affected. Lipid bearing macrophages still appear to constitute the majority of the lesion
(b). The alpha-SMA stain appears consistent with the H&E images, and clearly shows the

presence of the fibrous cap that remains even 7d later.

Again, examination by TEM shows subtle changes are ongoing in the lesion that are
morphologically unrelated to the changes going on around it (Figure 3.17). The TEM
micrograph reveals that re-endothelialization has not fully taken place and there are still
large areas covered in platelets (a). In the cases where lipid is seen in the cells, the droplet
size appears much smaller (b). The phenotype of the cells in the atherosclerotic lesion
have changed to such an extent that they are barely recognizable as the cells that were in
the lesion in the first place, or may very well be not the same cells (c). They have lost the

original orientation, they no longer appear to have cell-to-cell communication, there are
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very large areas of intercellular ground substance, and few have intracellular lipid
remaining. The cellular infiltrate in the adventitia, consisting of a large number of
neutrophils, is shown in (d). Of interest is that the lesion is still populated with cells and
does not show extensive areas of cell death. This suggests that the cell phenotype has
either changed or the cells have been replaced. Infiltration of neutrophils and
inflammatory mononuclear cells in the lesion does not seem to have occurred on a large
scale. This suggests again that the processes ongoing in the lesion are dramatic but are
different than the processes ongoing in the rest of the vessel. A flow chart depicting the

summary of events that are occurring in the first 7d are displayed in Figure 3.18.
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Figure 3.1. Characterization of CD14" monocytes by flow cytometry from freshly
isolated peripheral blood mononuclear cells (PBMC). This figure shows composite
histogram of fluorescence intensity in the isotype control (in blue) (FITC-labeled mouse
anti-human IgG) and the PBMC population before enrichment (in black) with the
addition of FITC-labeled CD14" antibody. The fluorescence of the CD14" monocyte
population after enrichment is shown in dark green.
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Figure 3.2. Monocyte purity before (a) and after (b) CD14" enrichment via negative
selection. Cells were visualized after being fixed with Giemsa solution. The panel on the
left shows PBMCs before negative selection. The right panel shows monocytes visualized
after enrichment (Giemsa stain; 75,000 cells/ml).
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Figure 3.3. Treatment of Mtbh-infected human macrophages with Echinacea
purpurea (Ep) + low level IFN-y did not limit colony growth compared to the media
control. Human macrophages were infected with M¢b H37Rv (MOI= 13.3) and treated
with media, media+ 2U/ml IFN-y, 5.6mg/ml or 2.8mg/ml Ep and 2U/ml IFN-y. Shown
are the colony forming units (CFU)/10ul 3wk after cell lysis.
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Figure 3.4. Treatment with Cordyceps sinensis (Cs) + low level IFN-y did not limit
colony growth in Mtb-infected human macrophages compared to the IFN-y control.
Human macrophages were infected with Mtb H37Ra (MOI=16) and after 6h treated with
2U/ml IFN-y and 4 or 6mg/ml Cs with 2U/ml IFN-y. Shown are CFU/10ul 3 weeks after

cell lysis.
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Figure 3.5. Treatment of human macrophages with Heracleum maximum (Hm) +
low level IFN-y did not limit colony growth compared to the IFN-y control. Human
macrophages infected with Mtb H37Ra (MOI=13.3) were treated with doubling dilutions
of Hm. Shown are the CFU/10ul 3wk after cell lysis.
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Figure 3.6. Abdominal aorta from ApoEKO mouse bearing a lesion suitable for
transplant (a). Lesions were measured in sifu with a micro-ruler (seen in panel (b)
compared to the size of a penny) before harvesting. The micro-ruler was able to measure
the outer lesion area under the view of the light microscope to the nearest S0pm.
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Outer Lesion Area

Ratio (Actual V: outer

ID |Ruler LD (um)| Ruler SD (um) (im2) Actual V (um3) S Predicted V (um3)
CL1 550 500 215984.5 6,234,030 28.9 12,307,056
CL2 700 700 384845.1 31,703,700 82.4 24,121,830
CL3 500 400 157079.6 11,686,600 74.4 9,845,645
CL4 400 300 94247.8 2,934,530 31.1 5,907,387
CL5 500 300 117809.7 10,757,900 91.3 7,384,234
CL6 550 450 194386.0 8,220,960 42.3 12,183,986
CL7 800 450 282743.3 18,407,600 65.1 17,722,161
CL8 700 450 247400.4 27,973,700 113.1 15,506,891
CL9 300 200 47123.9 1,279,460 27.2 2,953,694
LG 550 500 215984.5 14,729,000 68.2 13,557,760

62.4

Table 3.1. Predicted volume versus actual volume of aortic segments from
Apolipoprotein E knockout mouse (ApoEKO) mice bearing an atherosclerotic lesion
(n=10). CL= control lesion. LD= long diameter. SD= short diameter. V= volume. The
average ratio (62.4) was multiplied by the outer lesion area to calculate a predicted
volume for each lesion.
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Figure 3.7. Correlation between predicted volume and actual volume using the
calculations shown in Table 7.1. The correlation was plotted for each animal and
compared to an ideal fit line. Data are accompanied by an artificial 30% threshold to see
whether the data lies within a 30% variation of the ideal fit. Only 3/10 of the control
atherosclerotic lesions crossed the ideal fit line even with this 30% threshold added
(n=10).
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Figure 3.8. ApoEKO assessment of internal lesion shape by Neurolucida. These
images were built from the volumes of the individual serial sections. Internal lesion
volume was calculated from the area of each serial section x Spum section. X axis=serial
section from which a contour was measured (from the beginning to end of each lesion).
Y axis= area (um?). CL= control lesion. Note scale and area vary between each lesion, so
they are not relative in size to one another.
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Figure 3.9. Representative cross sections of native C3H mouse aorta. Panel a and b
show histological examination. In panel b the media (M) is demarcated by arrowheads.
A=adventitia. [IEL= internal elastic lamina. L=lumen. Panel ¢ shows similar C3H aorta by
TEM. SMCnu= smooth muscle cell nucleus. ECnu= endothelial cell nucleus.
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Figure 3.10. Representative cross sections of ApoEKO mice bearing an
atherosclerotic lesion before transplant. Panel a and b show histological examination at
low and high magnification, respectively. Infiltrating cells, cholesterol clefts, foam cells,
intracellular and extracellular lipid, and ECM all comprise the atherosclerotic lesion.
Panel ¢ shows distribution of alpha-smooth muscle actin (alpha-SMA) positive cells.
Panel d shows TEM micrograph of lesion. Arrowheads demarcate the media. Arrows
indicate IEL. EC=endothelial cell. F= foam cell. L=lumen.
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Figure 3.11. Histology micrographs showing aorta with lesion at 1d post-transplant.
(a-b) shows loss of endothelium due to IRI (low and high magnification). Fractures in the
IEL are characteristic of the established atherosclerotic plaque. (c-d) neutrophil influx
due to IRI. (e-f) neutrophils penetrating the media and corresponding SMC loss. An
otherwise intact lesion is observed. Neutrophils are demarcated by block arrows. L=
lumen.
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Figure 3.12. Alpha-SMA staining 1d post-transplant. Panels a and b show low and
high magnification, respectively. Positive staining is evident in the media in the areas not
affected by the lesion and in the region that comprises the fibrous cap. IEL is demarcated
by arrows. L= lumen.
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Figure 3.13. TEM of aorta 1d post-transplant. Panel a shows complete loss of
endothelium (uninvolved area) immediately post-transplant. Panel b shows massive
influx of platelets in the lesioned area upon loss of the endothelium. Lipid-bearing
macrophages (foam cells) are tightly packed and arranged in similar orientation, and
remain unchanged at 1d post-transplant (c-d). Platelets demarcated by arrows. L= lumen.
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Figure 3.14. Composition of the atherosclerotic lesion 4d after transplantation. There
is continued loss of smooth muscle cells from the media (panel a). There is an apparent
transition from neutrophils to macrophages in the adventitia (b) but otherwise the lesion
still remains macrophage-rich and intact (c). Alpha-SMA staining shows fibrous cap
remains at 4d. L= lumen.
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Figure 3.15. TEM micrographs at 4d post-transplant. Panel a and b show platelet
deposition that is still present at 4d. Panel ¢ and d show the presence of lipid-bearing
macrophages with some change in orientation. Increased ground substance is also evident
by 4d (d). Platelets are demarcated by arrows. L= lumen.
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Figure 3.16. Composition of lesion 7d post-transplant. By 7d there is an inflammatory
response evident in the adventitia and this cellular infiltration is migrating into the media
by this time (a). The alpha-SMA staining shows that the fibrous cap in the lesion persists
at 7d (b). IEL is demarcated by arrows and block arrowheads indicate presence of
apoptotic cells. L= lumen.
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Figure 3.17. TEM micrographs at 7d post-transplant. Panel a shows that re-
endothelialization has not taken place, and that there is still evidence of platelets. Panel b
shows the reduced presence of lipid. There are large areas of ground substance, loss of
cell-to-cell contact, and cellular changes evident in (c). Cellular infiltration in adventitia
with high presence of neutrophils is shown in panel d. L= lumen.
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Figure 3.18. Summary diagram of the changes in the atherosclerotic lesion after
transplantation. Panel a shows the lesion composition pre-transplant. Panel b-d
demonstrate the changes in lesion structure that were observed at 1d, 4d, and 7d,

respectively.
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CHAPTER 4. DISCUSSION

4.1. Echinacea purpurea, Cordyceps sinensis, and Heracleum maximum

as potential immunotherapeutics against Mzb infection (Project 1)

Tuberculosis is a deadly, rapidly progressing epidemic, especially in those regions of the
world with widespread poverty, HIV/TB co-infection, and antibiotic resistance.’® In areas
like Sub-Saharan Africa, people face high drug costs and poor sanitation, and the
population as a whole struggles with non-compliance while treating TB disease.*® Despite
the fact that TB is curable, it continues to expand with our exploding population, and
drug-resistance strains of Mth are more deadly than ever before.” Expanding the current
TB treatments with the addition of natural immune-boosting agents could be an important

finding in changing the course of TB disease.

The recent popularity of natural remedies has brought many laboratory studies to the
forefront when investigating novel anti-mycobacterial agents.'** Despite this, there is still
a lack of evidence at the clinical trial level to make these therapies reliable alternatives to
current mainstream treatments. Our laboratory has had a long-standing interest in
studying alternative therapies that stimulate an individual’s immune system to fight
infection. The most recent work conducted in our laboratory using extracts from
medicinal plants gave us evidence that Ep, Cs, and Hm had potential as
immunostimulatory agents in our ex vivo TB model, as all have been proven to stimulate
macrophages under a variety of conditions in vitro or ex vivo. Sullivan (2008) and
demonstrated the ability of Ep to stimulate macrophages in vitro to produce pro-

inflammatory cytokines and ROS, but most importantly, TNF and NO, and that neither of
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these extracts were contaminated by LPS. Webster et al (2008) showed strong
antimycobacterial activity with Hm in vitro using the colormetric microplate resazurin
assay. His subsequent study showed significant cell viability in three separate human cell
cultures against a DMSO control after the addition of varying dilutions of Hm aqueous
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extract. "~ Jordan (2008) demonstrated that an aqueous extract from the fungal mycelium

13% This work was worth

of Cs could stimulate macrophages in vitro and ex vivo.
expanding in this ex vivo model of TB infection to test similar aqueous extracts of these

treatment agents.

Peripheral blood human monocytes were isolated and transitioned into macrophages in
culture, then infected with either an avirulent or virulent strain of Mtb. Together with our
collaborator, I created a model for the ex vivo infection of the freshly isolated human
macrophages. The Mtb inoculum was prepared by the Level III laboratory staff in
advance of the infection date. There were a series of “trial” experiments to achieve an
MOI that would be high enough for intracellular growth, but not so concentrated that the
macrophages would be overwhelmed and killed. Due to the natural robustness of Mtb,
working with it in liquid culture is challenging. There is a high incidence of cording and
settling out of suspension. It also grows very slowly, doubling every 22h in liquid
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culture. ™ When I saw colony formation in our isolated macrophage lysates, I proceeded

to the next step of the experimentation and treated the inoculated cells with our extracts.

Macrophage activation by a variety of agents is enhanced in the presence of IFNy. In
these experiments we tested the ability of Ep, Cs, or Hm to act in conjunction with IFN-y
to increase macrophage pro-inflammatory responses. In this model, there was evidence to

believe that treating the infected cells with our extracts would create a synergistic effect
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with low level IFN-y to reduce colony counts, if not ablate Mtbh growth all together. In the

case of Ep, it was the same product that was used in clinical trials for rhinovirus.'?’

There was one complete experiment with results for each treatment agent tested.
However, my pilot data with each of these treatment groups did not show evidence of
synergy compared to an IFN-y control. In the case of Ep, there was no significant
difference in CFU between the media control and Ep (+ low level IFN-y) at either 5.6 or
2.8mg/ml. Not only is this a negative result, but it may be indicative that Ep is interfering

with the IFN-y and limiting its ability to stimulate macrophages.

With the Cs aqueous extract as our treatment agent, the data suggest that Cs did not
synergize with IFN-y to enhance macrophage activation to reduce CFU. Based on limited
cell number, I chose not to include a media control, and instead used IFN-y as the internal
control. As above, if Cs + IFN-y had a reduction in CFU, I would know there was some
synergy between them. Because of the variability in CFU, It is possible that the addition

of a low concentration of Cs was also interfering with the effects of IFN-y.

An aqueous extract of Hm was the third agent I tested on our infected cells. Hm at 1:20 +
IFN-y shows best reduction of colony counts versus the lower concentrations. Therefore
it is doing something similar to Cs. It is possible that the lower concentrations are
interfering with IFN-y, which alone contains the Mtbh growth. Again, with limited cell
counts, I chose to do IFN-y as our internal control, and excluded a media alone group.
Hm in this preliminary data at both concentrations appears to be making Mtb growth
worse. This was a more rudimentary preparation than Ep or Cs. Hm comes from a family

of plants that contain high amounts of coumarins."*® It is possible that this preparation
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was cytotoxic to the cells at every concentration we tested, creating a more susceptible

host to Mib.

Each agent in this experimentation failed to synergize with low-level IFN-y to stimulate
macrophages to control Mtb growth. The reasons seem multifactorial, but in each case, it
would appear that the extracts are interfering with the effects of IFN-y. They may be
reducing IFN-y binding to its receptor, which might reduce overall TLR expression at the
cell membrane. It is possible that in the cytosol Ep is disrupting a signaling pathway that
blocks downstream iNOS expression (e.g. a JAK antagonist). The Ep was purified to
create a polysaccharide-enriched extract from a commercial preparation. There may be
additional activity via other components in the extract we prepared. One component may
enhance macrophage activity at a specific concentration, and one may hinder it. With
increased concentrations, an active agent could block IFN-y and another could reach a
threshold effect in its ability to activate the macrophage. The other possibility is that Ep is
directly enhancing Mtb growth. The extract may have a level of cytotoxicity that renders
the macrophage more susceptible to M¢b entering the cell membrane, by inadvertently
increasing the expression of Mtb-co-receptors, including TLR4 via potential LPS

contamination, aiding in M¢b-binding capacity.'**

It is important to note that in these experiments, IFN-y alone ablates Mtb growth. For
future experimentation, it would be critical to determine an appropriate dose of IFN-y that
would control Mtb growth, but not ablate it. For example, I could test for a minimum
inhibitory concentration of 50% (MICsp) for the IFN-y treatment versus a media control.
Once this was established the treatment groups at doubling dilutions could be tested with

the addition of IFN-y at MICsy. Then, to further confirm the effect of the extracts, we
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could add an experiment to test them at their optimal concentration, and titer the IFN-y
from 2U/ml, 1U/ml, 0.5U/ml, etc., until we started to see the CFU increase beyond

MICs.

This proposed work would be contingent on the potential result of seeing similar CFU in
the treatment groups compared to IFN-y in the original experimentation. For any future
experimentation, there would have to be a number of repeats to determine if the wide
distribution of CFU in the treatment groups was a true finding or experimental artifact. If
it were a true result, there would be no avenue to pursue further effects on enhanced
macrophage responses. If it were artifact, the time and cost associated with doing any

future work would have to be taken into account for practical reasons.

4.2. Summary (Project 1)

There have been many experimental models of human tuberculosis. Given its host
specificity, it is important that the models have a high degree of applicability to human
disease. Most models are in vitro based and study Mzb in isolation.'*” Others include the
use of faster growing, non-pathogenic organisms, and thus are limited in their ability to
closely represent pathogenic Mrb.'* This was a complicated project for several reasons.
The direct study of virulent M¢b is vital to understanding the effects of novel anti-TB
therapeutics in humans. Due to the fact that Mtb H37Rv is a Level III human pathogen, 1
was required to receive substantial training before handling M¢b organisms and obtaining
access to the Level III laboratory. This was the case at both the QEII Hospital in Halifax
and the Saint John Regional Hospital. Dr. Webster was providing access to the Level III

laboratory in Halifax on a regular basis while the model was being developed. His
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practice was transferred to the Saint John Regional Hospital in Saint John, New
Brunswick and working alongside Dr. Webster required travel between Halifax and Saint
John. The project continued in New Brunswick temporarily, but proved to be costly and
time-consuming, which tested its feasibility in continuing. The final set (3) of
experiments was performed at the Level III laboratory at the QEII in Halifax on a
conditional, short-term basis, after which access was denied. Even though it was early in
the experimentation, I did not see positive results from Ep or the other extracts in this
model. The data show the importance of getting the concentration of extract correct,
because if it is to be used in combination with IFN-y and the dose is wrong (i.e. IFN-y is
rendered inactive), the containment of the bacilli may be lost. The preliminary data,
alongside practical difficulties, didn’t suggest a fruitful avenue for further research.
However, the establishment of this infection model is novel in Canada, and deserves to be

revisited and fine-tuned until reproducible results are achieved.

In summary, this ex vivo model of human TB infection has promise to serve as a template
for the development of a model for novel therapies in TB. Treatments using herbal
preparations from Echinacea purpurea, Cordyceps sinensis, and Heracleum maximum,
alongside low-dose IFN-y provide a potential avenue of study for the development of

urgently needed novel anti-TB therapeutics.

4.3. Early changes in the atherosclerotic lesion after transplantation

(Project 2)

There is increasing evidence that the large epicardial coronary arteries of potential

cardiac donors show a high prevalence of at least mild to moderate atherosclerosis, and in
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some cases severe atherosclerosis.**® In our experience, as noted above, we found that
random samples of coronary arteries from ten potential donors revealed that 80% (8/10)
of the patients had moderate to severe stenosis in at least one major epicardial artery
(LAD, RCA or Circumflex). This prevalence of pre-existing atherosclerotic disease in the
epicardial coronary arteries of donors has been confirmed by studies that have attempted
to establish “baseline disease” by IVUS examination in recipients shortly after
transplantation. At one month post- transplant a significant prevalence of donor-derived
atherosclerotic disease in the donor epicardial arteries has been shown.”"** This
situation has been exacerbated by the fact that the shortage of donor hearts has recently
driven the use of hearts from increasingly older donors. Since donor age is the single-
most influential, independent risk factor in the development of naturally occurring

atherosclerosis,”® it is obvious that this problem will continue to get worse.

What remains unclear is fate of the pre-existing atherosclerotic plaques and the
contribution they may make to the development of CAV. While others continue to
determine the extent of donor-derived atherosclerosis being transmitted to the recipient, I
have concentrated on the fate of the pre-existing disease after transplant, and on how the
presence of donor atherosclerosis could impact the longevity of the heart after it is

transplanted.

The contribution of pre-existing donor lesions to the developing pathology of CAV has
been very difficult to ascertain. CAV research is dominated by animal models, and in our
laboratory these models have yielded valuable insights into the immunological
mechanisms involved in CAV development,'®”'*** but they are not capable of

providing data on the role of pre-existing disease. These models have no pre-existing
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atherosclerosis in the donor vessels, thus it is necessary to use a genetically modified

animal that spontaneously exhibits atherosclerosis.

The ApoEKO mouse model presents an opportunity to address this in the laboratory. As
noted earlier ApoE is a critical factor in lipoprotein metabolism, and the lack of this
protein results in hyperlipidemia and development of atherosclerosis. The ApoEKO
mouse model of atherosclerosis is well documented and used by a large number of
researchers in the cardiovascular research community.>” By using the well-established
aortic interposition model of transplantation with ApoEKO donors, fully disparate C3H
recipients, and CNI immunosuppression, the human transplant environment could be
mimicked as closely as possible, where almost certainly some atherosclerosis will be
transferred with the graft. The hope was that these studies would help us to understand

the contribution of pre-existing atherosclerotic lesions to de novo CAV lesion generation.

It is important to note that many studies have demonstrated that ApoEKO mice develop
naturally occurring atherosclerotic lesions that very closely resemble human
atherosclerosis, both in morphology and predilection of site. The age of the mice used in
this model was controlled to allow for development of advanced lesions in the abdominal
aorta. One advantage of this is that the internal lesions are visible from the external
surface of the aorta can be assessed for specific size and location before they are
transplanted. For these experiments, small to moderate lesions (between 100 and 500pm
in diameter) were used as donor lesions. Large lesions (>500um long diameter) were not
used for transplantation, as they were thought to exhibit sufficient luminal narrowing to

initiate post-transplant clotting and transplant failure.
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4.3.1. Analysis of changes in lesion volume

The ability to determine changes in lesion volume would be a valuable tool in the study
of atherosclerosis in a transplantation setting. My first objective was to characterize
changes in lesion volume to ascertain what these changes would mean to the development
of AV. My interest was in one of three scenarios after the atherosclerotic lesion was
transplanted: (1) the donor lesion would expand after transplant due to post-ischemic
events and neutrophil influx, (2) the donor lesion would remain the same, and post-
transplant, becoming a combination of donor atherosclerosis and recipient AV elements,
contributing equally to overall luminal narrowing or (3) the donor lesion would regress as

the allo-immune response replaced the lesion with de novo AV lesion.

It has been shown that the atherosclerotic lesion will regress on its own if transplanted
from an ApoEKO mouse (C57BL/6 background) to a wild type C57BL/6 mouse, as the
lipid profile transitions from hyperlipidemic to normal.”*”*% But in an allogeneic setting
the fate of the lesion is less clear. Our laboratory has shown that the lesion persists, in

269 . . .
But in these studies mentioned above, no

some form, for at least 10wk post- transplant.
attempt was made to measure the initial size of the lesion and the examination of the
lesion morphology itself was superficial. Others have attempted to chart the changes in
lesion size of transplanted lesions.””” In these studies luminal narrowing was measured by

either stereological techniques or in vivo MRI, but neither took into consideration what

occurs in a three-dimensional context.

To be able to accurately assess the fate of the transplanted lesion we would need to assess

the initial lesion volume and the final lesion volume at harvest. The final lesion volume is
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not a problem to assess, but this cannot be done on a fresh lesion for obvious reasons and
thus obtaining an initial volume is problematic. To circumvent this I tested the feasibility
of looking at whether the outer lesion area would be a sufficient predictor of volume (i.e.
a surrogate marker of lesion volume). The outer lesion area from a group of lesions from
ApoEKO mice was measured with a micro-ruler. After ruler measurements they were
harvested and processed for histology, and internal volume for these lesions was
assessed. The first parameter I calculated was the outer lesion area of each of a group of
10 lesions prior to transplant, and this represented the potential surrogate marker for
internal lesion volume. I then performed serial sections through the entire lesion and
calculated an actual volume from the sum of individual section volumes (area x Sum

thickness of each section).

Using the outer lesion area I calculated a predicted volume by assuming an elliptical
shape of the internal lesion. In this experiment an exact correlation between outer lesion
area and internal volume was not necessary. [ was prepared to accept up to a 30%
difference in these numbers. Unfortunately the data showed that measuring the outer
lesion area prior to transplant could not be used as a surrogate marker for internal lesion
size and thus we could not establish an initial internal lesion volume (and therefore not
follow any change in that volume). The reason for this is the large variation in lesion
shape that was clearly seen in Figure 7.3. This variation meant that a correlate was not

possible to calculate internal lesion size based on outer lesion area.

4.3.2. Analysis of changes in lesion composition
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My second objective for this project was to characterize changes in lesion composition.
My original hypothesis was that early immune events in the graft post-transplant due to
ischemia reperfusion injury would be sufficient to initiate changes in the lesion, and these
changes would set the stage for post-transplant vasculopathy. The innate response after
IRI is quick and robust, and our laboratory has shown that as early as 1d, neutrophils
come flooding into the graft and there is a corresponding loss of medial SMC.'”® This
loss of SMC would presumably cause architectural changes in the lesion, as well as
degeneration of lesion components once the neutrophils were present. Originally it was
believed that the donor atherosclerosis would be, at least in part, broken down by
neutrophils internalizing allogeneic macrophage foam cells. This response would result in
expelled lipid from the digested macrophages that would be taken up by recipient
macrophages, perpetuating and expanding the lesion. This would ultimately lead to

enhanced AV.

The data would suggest this is not completely the case (Figure 7.4-7.12). Between 1d and
7d, there was endothelial cell and medial SMC loss due to IRI as expected. The surprising
observation was that the lesion seemed to be protected against the worst of the tissue
damage. The distribution of neutrophils very early post-transplant was relegated to the
adventitia. There appeared to be no neutrophil influx from the luminal side of the graft,
only from the small vessels in the adventitia. This is perhaps not surprising with respect
to neutrophil infiltration of the media, since there is such a robust elastic layer (the IEL)
between the lumen and the media. But it is quite surprising that the intimal atherosclerotic
lesion does not attract the attention of neutrophils. This is in the face of significant loss of

endothelial cells and deposition of platelets on the surface of the lesion. In fact, in
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contrast to our expectation, the lesion showed no significant changes until 7d post
transplant. This is in the face of considerable tissue destruction around it. The reasons for

this lack of reactivity of the lesion are unclear.

By 7d post-transplant it is evident that the lesion has begun to undergo changes. There are
few recognizable large foamy macrophages, and the cells have lost their cell-to-cell
contact. There is also a large amount of intercellular ground substance (loose connective
tissue). Surprisingly, there is little in the way of immune cell infiltration. This is possibly
due to the fact that acute rejection is being held at bay by CNI immunosuppression (as

would be the case in humans).

4.4. Summary (Project 2)

The data above clarify, at least in this animal model of donor-derived atherosclerosis, that
the atherosclerotic lesion survives transplantation and in the early stages is protected from
extensive IRI injury. These data agree with earlier studies from our laboratory where it
was demonstrated that the lesion is still present, in some form, at 10wk post-transplant.
What these data show, especially the TEM data, is that significant changes are occurring
to the lesion structure over the first 7d post-transplant. This suggests that the lesion is
becoming biologically active and may thus contribute to the inflammatory response
thought to be involved in the early stages of CAV. With this knowledge and that of carry-
over intimal thickening that occurs in human coronary arteries post-transplant, donor-
derived disease may set the stage for the inflammatory response that initiates CAV. The
presence of atherosclerosis in donor vessels may accelerate this response. Further studies

will take this examination to later time points to assess whether the initial stages are
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followed by an expanded inflammatory response, or whether after IRI injury the lesion

gradually resolves.
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