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ABSTRACT

PHAGOCYTOSIS OF MYCOBACTERIUM PARATUBERCULOSIS CAUSES
UNIQUE GENE EXPRESSION PROFILES IN BOVINE MACROPHAGE CELLS

By

Brian C. Tooker

Mycobacterium avium subspecies paratuberculosis (M. paratuberculosis) is a
facultative intracellular bacterium with the ability to survive and proliferate inside the
phagocytic vesicles of macrophage cells. How M. paratuberculosis is able to survive in
this hostile host environment is not well understood. In this study we hypothesized that
phagocytosis of M. paratuberculosis would uniquely alter macrophage gene expression
patterns relative to patterns observed following the phagocytosis of E. coli or latex beads
and that these unique changes could contribute to the survival of M. paratuberculosis.

Using the techniques of DDRT-PCR and Northern blot hybridization we have
begun to test this hypothesis by comparing patterns in bovine macrophage cell gene
expression during no phagocytosis and phagocytosis of E. coli, M. paratuberculosis and
latex beads. These combined analysis revealed that the Nucleolin Related Protein gene
was not activated in macrophage cells following phagocytosis of M. paratuberculosis but
was activated at high levels following phagocytosis of either E. coli or latex beads.
Another gene, NADPH Dehydrogenase subunit 1 (ND1), was activated only at low levels
following M. paratuberculosis phagocytosis but was strongly induced following
phagocytosis of both E. coli and latex beads. Both of these genes have hypothesized
roles in bacterial destruction and the failure to induce gene expression following

phagocytosis may promote survival of M. paratuberculosis within bovine macrophages.
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CHAPTER ONE

A Review of Literature

I. Mycobacteria, M. paratuberculosis and Johne’s Disease
A. An Overview of Mycobacteria and M. paratuberculosis

Intracellular Mycobacterial pathogens such as Mycobacterium bovis (bovine
tuberculosis), Mycobacterium leprae (human leprosy), Mycobacterium tuberculosis
(human tuberculosis) and Mycobacterium avium (common infectious agent in birds and
mammals) are all closely related to the pathogenic Mycobacterium avium subspecies
paratuberculosis (M. paratuberculosis). M. paratuberculosis infection was first clearly
described in 1895 as “a peculiar case of tuberculosis” (Clarke et al., 1997) in a cow with
chronic enteritis, diffuse thickening and corrugation of the intestinal mucosa and with
acid-fast bacilli in intestinal lesions. As reviewed by Clarke et al. this original diagnosis,
made over one hundred years ago by Johne and Frothingham, identified yet another
Mycobacteria associated with disease (Clarke et al., 1997).

Mycobacteria in general are acid-fast, weakly Gram-positive bacilli 0.5-1.5um in
length, and require an organic source of iron to survive. M. paratuberculosis can be
differentiated phenotypically from other Mycobacteria by an extremely slow growth in
culture (up to 16 weeks) and a requirement for addition of Mycobactin J to the growth
media. Genotypically M. paratuberculosis can be distinguished from its closest relative
M. avium subspecies avium (M. avium) by DNA sequence. M. avium and M.

paratuberculosis share a 99.6% similarity in DNA sequence. One marker often used by



researchers is presence of insertion sequences known as IS900 in the M. paratuberculosis
genome. As stated above many Mycobacteria are pathogenic for humans, birds and
mammals. M. paratuberculosis has been described as a facultative intracellular pathogen
of bovine macrophages and as the causative agent of an inflammatory bowel disease now
known as Johne’s disease (Clarke et al., 1997).

B. General Overview of the Disease

Chronic weight loss, incurable diarrhea and eventual death are indicative of
Johne’s disease in cattle. The bacterium causes chronic granulomatous enterocolitis and
regional lymphangitis and lympadenitis in cattle leading to typical clinical signs of
progressive weight loss and eventual death, presumably from failure to absorb nutrients.
M. paratuberculosis causes a persistent infection in intestinal macrophages leading to a
local inflammatory immune response in infected hosts. Chronic inflammation leads to
formation of granulomatous lesions at sites of infection and may play a role in the
bacterium’s ability to persist within host tissues by excluding fresh immune cells from
sites of infection. Chronic inflammation may also be responsible for the majority of
localized damage observed in chronic M. paratuberculosis infections. Clinically infected
cattle shed the bacteria through milk, semen and feces. Bacterial shedding in feces is of
principal importance since it allows passage to offspring and herd mates via the fecal to
oral route.

Based on isolation and growth of the bacterium shed in feces of infected cattle
(gold standard), prevalence of Johne’s disease in dairy herds has been estimated from as
low as 15-18% in parts of the United States and the United Kingdom (Braun RK, 1990)

to as high as 54% in some regions of the United States (Johnson-Ifearulundu Y, 1999).



Within dairy herds that have tested positive for Johne’s disease it is not uncommon to
observe individual infection rates of 7-20%. Infection rates within infected herds will
increase through horizontal transfer as healthy calves are exposed to fecal contamination
and infected colostrum. Another cause for concern in the spread of Johne’s disease is
that M. paratuberculosis has been reported to infect fetuses in utero (Doyle et al., 1958;
Seitz et al., 1989; Sweeney et al., 1992) when the dam is in either subclinical or clinical
stages of disease.

Infection with M. paratuberculosis usually occurs within the first 6 months of a
calf’s life when it’s immune system is not prepared to respond to Mycobacterial
infections (Payne et al., 1961; Rankin et al., 1961). Exactly how the immune system
becomes prepared for a Mycobacterial infection is not yet known, but may involve
balancing between various T cell subsets and tissue distribution of immune cells. Due to
the limits of specificity and sensitivity in commercially available tests that monitor
peripheral blood cytokine profiles for diagnosis of Johne’s disease, M. paratuberculosis
infections can go undetected until there are observable signs of clinical disease. A long
subclinical phase (up to 3 years) of M. paratuberculosis infection also makes the task of
tracking and controlling Johne’s disease extremely problematic.

IL. Bacterial Survival

A. The Endocytic Pathway

Macrophages and other APC employ three main strategies for destruction of
invading bacteria. All three of them are represented in the endocytic pathway [see Figure
2.1]. First, APCs can acidify the environment where bacteria are replicating. Secondly,

the cells can sequester bacteria away from essential nutrients such as iron. Lastly, APCs



can fuse phagosomes containing ingested bacteria with lysosomes containing lysozyme
and other killing enzymes thus exposing the bacteria to potent anti-bacterial molecules.
Endocytosis, pinocytosis, macropinocytosis and the receptor-mediated endocytotic
process called phagocytosis are all used by APC to envelope target bacteria.

Since phagocytosis is a receptor-mediated process, it is the most specific ingestion
method available to APCs. Receptors used for phagocytosis of pathogenic bacteria are
the mannose receptors (MR) (Astarie-Dequeker et al., 1999; Schlesinger et al., 1993), the
complement receptors CR1, CR3 and CR4 (Schlesinger and Horwitz, 1991), Fc-y
receptors (Ernst et al., 1999), carbohydrate receptors (Ernst et al., 1999), fibronectin
receptors (FR) (El-Etr and Cirillo, 2001) and Toll-like receptors (TLR) TLR4 and TLR2
(Means et al., 1999). All of these membrane bound receptors on APCs can bind pattern
recognition domains on bacteria and initiate the process of phagocytosis. After binding
bacteria through one of these receptors, APCs form an invagination or pit that surrounds
the bacteria until it is completely sequestered from the extra-cellular space. Membrane
bound vesicles that surround ingested bacteria are known as phagosomes.

Following internalization, phagosomes undergo a stepwise process of maturation
that allows the original phagosome structure to fuse with important endocytic and
exocytic vesicles. The purpose of these fusion events is ultimately to degrade
phagocytozed targets into small peptide and lipid components for presentation as antigens
in the context of major histocompatibility complex, MHC II (in the case of peptides) or
CDI1 (in the case of lipids). This presentation of bacterial antigens in the context of MHC
IT or CD1 will activate T cells to release pro-inflammatory cytokines (which can increase

bacterial killing) or B cell expansion in an antigen specific fashion (which will increase



bacterial destruction through opsinization). The final stage in pathogen destruction
occurs when late maturation vesicles (late phagosomes) fuse with lysosomes to create a
phagolysosome, where bacteria are fully digested by antimicrobial agents and lysosomal
enzymes.

Processing through the endocytic pathway has been hypothesized to occur via
multiple fusion events with other vesicles (endosomes) in a process termed the “kiss and
run” hypothesis [see Figure 2.1] (Duclos et al., 2000). The specificity of intracellular
trafficking and fusion events are conferred by integral membrane proteins on both the
phagosomes and endosomes, termed v-SNAREs and t-SNARE:s for vesicle- and target-
specific soluble-N-ethylmaleimide-sensitive factor (NSF)-attachment protein (SNAP),
respectively. Binding of t-SNARESs with v-SNARE:s from opposing vesicle membrane
faces causes vesicles to be brought into close proximity to one another and ultimately to
fuse (Rothman and Wieland, 1996). Several other host proteins are also involved in
regulating vesicle trafficking, including the Rab family of small GTP-binding proteins
with intrinsic GTPase activity (Pfeffer et al., 1994). The Rab family of proteins also
figures prominently in another proposed model of endosome maturation known as the
“fusion” model.

In the fusion model various Rab proteins are brought to maturing phagosomes via
pre-packed endocytic vesicles (Novick and Brennwald, 1993). Acquisition of Rab
proteins is said to “mature” phagosomes. As phagosomes mature, their ability to degrade
bacteria also increases. It has also been theorized that vesicle maturation through the
endocytic pathway may occur through a sequential acquisition process (Via et al., 1997)

where endosomes must acquire Rabs$ if they are to acquire Rab7. In this model,



cytoplasmic proteins, including Rab$ and Rab7, are recruited to the maturing phagosome.
Rab protein recruitment brings about structural alteration or enhanced expression of
receptor molecules on the surface of phagosomes, leading to a step-wise fusion process.

Regardless of the way phagosomes acquire Rab proteins, they appear to be
necessary for vesicle maturation through the endocytic pathway (Pfeffer et al., 1994) and
are believed to positively or negatively regulate the rates of SNARE complex assembly
between endosomes (Novick and Zerial, 1997; Schimmoller et al., 1998). There are more
than thirty known members of the Rab family (Lutcke et al., 1994; Zerial and Stenmark,
1993), including Rab5 and Rab7, which appear to control major fusion steps in the
endocytic pathway [see Figure 2.1]. Both Rab5 and Rab7 have intrinsic GTPase
activities similar to the Ras super-family of proteins (Chavrier et al., 1990; Simons and
Zerial, 1993) and are most likely involved in phosphorylation/de-phosphorylation events
related to membrane fusion. The absence of Rab$ on phagosomes has been shown to
block fusion with early endosomes (Zerial et al., 1992) and stop entry of phagosomes into
the endocytic pathway. (Horwitz and Maxfield, 1984) [see Figure 2.1 “D”].

If the endocytic pathway is functioning correctly, phagosomes acquire vesicular
proton-ATPase (H'-ATPase) pumps from early endosomes (Russell et al., 1995) either
through vesicle fusion or the mechanism put forth in the “kiss and run” hypothesis.
Acquisition of this integral membrane bound H'-ATPase pump has the rather important
job of acidifying early endosomes to initiate destruction of ingested bacteria. Having this
H'-ATPase pump present on early phagosomes, or at least acidification of the early
phagosomes (endosomes) caused by this pump, may be mandatory for further phagosome

maturation (Xu et al., 1994). The next step in vesicle maturation is either fusion of early



phagosomal (endosomal) vesicles with late endosomes or at least acquisition of proteins
from late endosomes.

Maturing phagosomes begin to lose Rab$ and acquire Rab7 (Novick and
Brennwald, 1993) [see Figure 2.1 “F”]. At this stage of maturation bacteria continue to
be degraded by the low pH in early endosomes. Finally, the late phagosome (endosome)
will lose integral Rab7 membrane proteins and fuse with a lysosome to form a
phagolysosome (Deretic et al., 1997). The phagolysosomal environment will expose
already partially degraded bacteria to hydrolytic enzymes, reactive oxygen species
(ROS), reactive nitrogen intermediates (RNI) and inducible nitrogen oxide synthase
(iNOS) that have inherent bactericidal properties. This last step in phagosomal
(endosomal) maturation will fully degrade bacteria and is needed for presentation of
bacterial antigens in the contest of MHC II and CD1 [see Figure 1.1].

B. Bacterial Survival Strategies

As described previously, APC are uniquely designed to destroy bacteria. After
phagocytic uptake, APC can destroy bacteria with a combination of hydrolytic enzymes,
ROS, RNI, iNOS and nutrient deprivation through sequestration in phagosomes and a
process of step-wise destruction through the endocytic pathway. However, several
intracellular bacteria have developed unique methods to evade and circumvent
phagocytic destruction. Generally, bacterial survival mechanisms can affect the
phagocytic host cell on either a global (throughout the cell) or local (limited to a specific
bacterial phagosome) scale (Hackstadt et al., 2000). Although mechanisms vary for
different bacteria, they all have in common the same goal, to circumvent the awesome

destructive power of the endocytic pathway [see Table 1.1].



Salmonella typhimurium enters macrophage cells through the process of
macropinocytosis. Entering macrophages through this non-receptor mediated process is
believed to nullify generation of the oxidative burst used by macrophages to destroy
many types of bacteria (Ernst et al., 1999) and could also avoid calcium mobilization
necessary for some macrophage activation events. Uptake by macrophages also allows
Salmonella typhimurium to avoid neutrophils, which are successful in degrading the
bacterium. S. fyphimurium is able to induce polymerization of the local host G-actin.
This polymerized actin surrounds S. fyphimurium containing vacuoles for as long as 16
hours and may help stabilize vesicles providing a framework that can be used to recruit
endosomes for vesicle expansion (Amer and Swanson, 2002; Holden, 2002). S.
typhimurium can also exclude host proteins from the vesicle it resides in by using a type
111 secretion system that may play a role in preventing formation of the NADPH oxidase
complex on salmonella-containing vesicles (Holden et al., 2002). By utilizing these
different strategies S. typhimurium is able to evade host immune responses and thrive
within vesicles of macrophage cells.

The intracellular bacteria Leishmania donovani has also developed specific
strategies to live within macrophages. Unlike S. typhimurium, L. donovani is believed to
be ingested by phagocytosis not macropinocytosis and ultimately reside within
phagolysosomes where it can tolerate the extremely low pH that would degrade most
other bacteria (Desjardins et al., 1997; Murray et al., 1988). Maturation of L. donovani
phagosomes however, is not rapid. L. donovani can express a bacterial derived protein
called lipophosphoglycan (LPG) and introduce it throughout the surface of the bacteria’s

phagosome (Duclos and Desjardins, 2000). It is believed that this LPG protein



introduction delays maturation of L. donovani phagosomes until the bacteria expresses
genes that will allow it to survive in the hostile environment of the phagolysosome
(Bogdan and Rollinghoff, 1999; Duclos and Desjardins, 2000). This tactic of delaying
phagosome maturation is not unique.

Legionella pneumophila also delays phagosome maturation for several hours
(Amer and Swanson, 2002). In contrast to Leshmania however, L. pneumophila is not
delaying phagosome maturation to gain time for expression of survival genes, but rather
to avoid the endocytic pathway altogether. L. pneumophila phagosomes do not enter the
endocytic pathway (Russell et al., 1995). Through an unknown molecular process, L.
pneumophila phagosomes are able to fuse with early autophagosomes or early endosomes
of the autophagocytic pathway (Baba et al., 1994). The autophagocytic pathway is
principally involved in degradation of organelles and cellular components and is not
designed to destroy bacteria. Once fused with early autophagosomes, L. pneumophila
reside within a cellular milieu that will provide them with ample raw materials for growth
(Dom et al., 2002). L. pneumophila containing endosomes have also been observed to
associate with rough endoplasmic reticulium and ribosomes (Hackstadt et al., 2000).

This association may be yet another way for L. pneumophila to effectively bypass
endocytic pathway destruction.

Phagosomes containing Brucella abortus have been shown to associate closely
with rough endoplasmic reticulium (Amer and Swanson, 2002) and also infiltrate the
autophagocytic pathway (Arenas et al., 2000). In addition to fusing with endosomes from
the autophagocytic pathway, B. abortus also has the capacity to globally affect

phagocytic cells by utilizing a type IV secretion system that translocates effector



molecules to the host cytoplasm (Foulongne et al., 2000). These effector molecules may
slow or inhibit fusion of all vesicles, allowing B. abortus time to express genes that may
be important for facilitating fusion with autophagocytic pathway endosomes.

Membranes of phagosomes containing Toxoplasma gondii are studded with
proteins that originate from the parasite (Mordue and Sibley, 1997). Incorporation of
parasitic proteins into phagosome membranes may allow 7. gondii phagosomes to avoid
or slow fusion with other endosomes and ultimately allow this parasite to hide from
machinery that normally integrates phagosomes into the endocytic pathway (Dubremetz
et al., 1998). T. gondii also encodes for enzymes that scavenge hydrogen peroxide,
making 7. gondii within phagosomes resistant to destruction by ROS (Murray et al.,
1981). Finally, T. gondii are able to enter macrophage cells by utilizing B1-integrin
receptors. Utilization of this class of receptors for uptake can protect the bacteria from
destruction within phagolysosomes by avoiding macrophage activation (Solbach et al.,
1991).

In contrast to previous examples, Listera, Rickettsia and Shigella are not able to
control maturation of phagosomes, but have developed a distinct survival strategy. These
three families of bacteria are able to lyse phagosomes and live within the cytoplasm of
host cells (Gouin et al., 1999). Thus, they avoid destruction not by halting maturation of
vesicles, but by simply refusing to stay where they are put by the host cell. In addition to
being able to lyse phagosomes Listera monocytogenes (L. monocytogenes) has another
important survival technique. L. monocytogenes, like Mycobacteria, are able to enter
macrophages through selective use of receptors (Zimmerli et al., 1996). Normally when

L. monocytogenes is phagocytized via CR3 receptors it is degraded, but when L.
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monocytogenes enters through an unknown alternate receptor (possibly mannose
receptor) it can survive and multiply within macrophages.

C. Mycobacterial Survival Within Macrophages

Mycobacteria, like other intracellular bacteria mentioned previously, are able to
successfully evade host immune responses. They are able to accomplish this feat by
utilizing one of several survival strategies outlined in Table 1.2 (Kaufmann et al., 1993).
Many Mycobacteria, including M. paratuberculosis, can enter macrophages by
interacting with the cell’s complement receptors (CR) (Stokes et al., 1993; Tessema et al.,
2001) most notably the CR3 (Malik et al., 2000). By entering macrophages through CRs
it is believed that the Mycobacteria are able to interfere with macrophage Ca®* signaling
and through an unknown mechanism avoid generation of ROS or iNOS (Tessema et al.,
2001) and are thus able to survive one of the most potent weapons available to
macrophages in combating intracellular bacteria. Besides entering macrophages through
receptors to avoid generation of ROS and iNOS, Mycobacteria also actively produce
molecules and proteins that may promote survival in the hostile environment of a
macrophage phagosome.

Mycobacteria produce a lipoprotein named lipoarabinomannan (LAM) as a major
component of their cell walls. This lipoprotein has been shown to not only be associated
with Mycobacterial phagosomes but also to be associated with endosomes that appear to
bud off from Mycobacterial phagosomes (Xu et al., 1994). LAM is an active scavenger
of potentially cytotoxic substances such as ROS (Tessema et al., 2001). This exo-

endosomal role of LAM is complemented by a second ability to delay fusion of
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Mycobacterial phagosomes with early endosomes and thus delay entry into the endocytic
pathway (Amer and Swanson, 2002).

Phagosomes are dynamic structures that are constantly maturing and moving
throughout the cell. Mycobacterial phagosomes differ from other phagosomes in several
ways. First, the pH of Mycobacterial phagosomes stabilizes around 6.4, matching the
average pH of perinuclear recycling endosomal compartments (Crowle et al., 1991;
Ullrich et al., 2000). This pH stabilization allows Mycobacteria to avoid destruction
within phagosomes even if it does fuse with early endosomes for entry into the endocytic
pathway. Reduced acidification of Mycobacterial phagosomes may be related to reduced
association of H'-ATPases with these endosomes (Deretic and Fratti, 1999; Xu et al.,
1994). Lack of acidification may also account for other differences between phagosomes
that mature through the endocytic pathway and phagosomes that contain Mycobacteria.

Acidification of phagosomes after entry into the endocytic pathway appears to be
required for maturation to the late endosomal stage (marked by acquisition of Rab7).
Mycobacterial phagosomes fail to acquire Rab7, even in systems where Rab7 is over
expressed (Clemens et al., 2000). Deretic et al. showed that Mycobacterial phagosomes
actively exclude Rab7 from their membranes (Deretic et al., 1997) and not only maintain
Rab$5 association, but appear to recruit even more Rab$ to their membranes. The
maintenance and recruitment of Rab5 to Mycobacterial phagosomes appears to affect
acquisition of other markers for endosomal maturation such as the mannose 6-phosphate
receptor (M6PR) (Clemens and Horwitz, 1995) and lysosomal associated membrane
protein (LAMP) (Clemens and Horwitz, 1995; Xu et al., 1994). Thus, available evidence

suggests that Mycobacterial phagosomes do not progress past an early endosomal stage
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[see Figure 2.1 “?”’] (Ernst et al., 1999). As shown above, phagosomal arrest is not
unique to Mycobacteria but the arrest of Mycobacterial phagosomes at early endosomal
stages limits intersection of Mycobacteria with MHC II and CD1 antigen presentation
pathways (Ullrich et al., 2000). Interestingly, this limiting of association with antigen
presentation pathways is abolished if macrophages are pretreated with IFN-y (Ullrich et
al., 2000) or with LPS and IFN-y (Via et al., 1998).

In addition to blocking acidification and endosomal maturation, Mycobacteri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>