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ABSTRACT

Respiratory syncytial virus (RSV) is the most common cause of acute bronchiolitis in '
infants. Alveolar macrophages (AM), cells which play major roles in lung defense mechanisms,
are major targets for RSV infection in vivo and in vitro. This thesis examines the effects of cell
maturation, age and sex of the host, and interaction of envifbnmental particulates (PM10) on in
vitro RSV infection of guinea pig AM. In addition, the expression of protein kinase in RSV-
infected AM was studied. Electron microscopy localized i@unogold labeled RSV antigens in
the lysosomes of mature AM that restrict RSV replication while gold particles were observed in
the cytoplasm of immature AM that support viral replication. Using RSV Yield as a measure of
virus progeny per RSV immunopositive AM, immature AM from young animals showed a
significantly higher RSV Yield compared to the same AM subpopulation from adult animals.
The data concerning animal gender showed that the distribution of AM subpopulation from both
sexes is similar but the RSV Yield of mature AM was greater from male than female guinea pigs.
The introduction of PM10 during RSV infection of AM resulted in suppression of RSV Yield
and RSV-induced cytokine production. The study of protein kinase expression identified Rsk,
PKB and p70 S6K as potential candidates and MAPK and PKB as major pathways involved in
RSV-mediated signal transduction in AM. In conclusion, the response of guinea pig AM to in
vitro RSV infection is associated with expression of candidate protein kinases and is influenced

by cell maturation, age and sex of the host animal, and interaction with extrinsic factors such as

air pollution.
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CHAPTER 1

OVERVIEW

GENERAL INTRODUCTION |

Acute bronchiolitis is a lung infection in which inflammation is primarily localized to the
non-cartilaginous airways. The majority of hospitalized cases of acute bronchiolitis are the result
of infection by respiratory syncytial virus (RSV) (1). RSV-bronchiolitis is a serious condition
among infants (1) as well as immunocompromised adults and the elderly (2). For infants, acute
bronchiolitis is the most common single cause of hospital admission throughout the developed
world (3). In the United States, RSV-bronchiolitis hospitalization rates among children less than
1 year of age were 31.2 per 1000 in 1996 (4) resulting in an annual estimated rate of 91,000
hospital admissions and 4500 deaths (5). In addition, the annual bronchiolitis hospitalization
rates have increased more than 2-fold in recent years (4). Based on the numbers reported by
Shay et al. (4) this translates to an estimated cost of approximately US$585 million per annum
(6). In British Columbia, the reported hospitalization rate for bronchiolitis is similar to that of
the US for the same period (7) although no estimated cost has been reported. A significant
percentage of previously healthy children have been reported to develop chronic pulmonary
function abnormalities after RSV infection (8). There is compelling evidence, both
epidemiologic and clinical, that RSV-bronchiolitis in infancy is associated with reactive airway
disease that may persist for several years (9). Thus, from the public health as well as economic

perspectives, continuing efforts to understand and attenuate the severity of RSV infection among

young children is warranted.




ORGANIZATION OF THESIS

The focus of this thesis is a guinea pig model of in vitro RSV infection in alveolar
macrophages (AM), cells that are believed to harbor the virus for long periods. Chapters 2 and 3
provide background information on RSV and AM which are also focal points of this thesis. The
general features of the Materials and Methods are described in Chapter 4. Chapters 5 through 7
describe investigations of the effects of cell maturation, age and sex of the host on in vitro RSV
infection in guinea pig AM. Chapter 8 examines the interactive effects of RSV infection and air
pollution (using PM10) on guinea pig AM functions. As presented in Chapter 9, the last study
examines the expression of protein kinases involved in RSV-mediated signal transduction in
guinea pig AM. The Concluding Remarks section of this thesis provides a summary of the major

findings and some suggestions for future directions.



" CHAPTER 2

RESPIRATORY SYNCYTIAL VIRUS

HISTORY & CLASSIFICATION

Respiratory syncytial virus (RSV) was first isolated as an agent responsible for causing
colds in chimpanzees by Morris and coworkers in 1956 (10). Subsequently, Chanock et al.
obtained two isolates (Long strain and Snyder strain) from children with lower respiratory tract
infections and these isolates were indistinguishable from the chimpanzee coryza agent. This
virus was renamed RSV because of the cell fusion that is characteristic of its cytopathic effect in
continuous cultured cell lines (11, 12).

RSV belongs to the Paramyxoviridae family that consists of 2 subfamilies,
Paramyxovirinae and Pneumovirinae (13). The subfamily Paramyxovirinae is made up of the
genus Paramyxovirus (e.g., human parainfluenza virus types 1 & 3), Rubulavirus (e.g., mumps,
human parainfluenza virus types 2 & 4) and Mobillivirus (e.g., measles virus). RSV belongs to
the fourth genus Pneumovirus of the Pneumovirinae subfamily. Other members of
pneumoviruses include bovine-, ovine- and caprine-RSV and pneumonia virus of mice.
Distinctive features of RSV include the number and order of genes and the lack of hemagglutinin
and neuraminidase activity (13). There are two major antigenic strains of RSV, subgroup A and
B, with subtypes within each group. The most extensive antigenic and nucleotide sequence
differences between the two groups are found on the G glycoprotein (14). Both RSV A and RSV
B can circulate simultaneously during a seasonal outbreak. Initially it was thought that group A

RSV infections may cause more severe disease (15); however, two recent larger studies have

failed to show such a difference (16, 17).




CHARACTERISTICS

RSV is an enveloped virus and ranges in diameter from 150 — 300 nm. The viral envelope
is a lipid bilayer derived from the plasma membrane of the host cell. Electron microscopy of
ultrathin sections of infected tissue reveals RSV as a pleomorphic, round or filamentous particles
with spikes of transmembrane surface glycoproteins (F, G, SH) embedded in the envelope (18).
Two non-glycosylated matrix proteins (M and M2) line the inside of the viral envelope. .The
nucleocapsid, which comprises the RNA genome bouhd continuously to the nucleoprotein (N)
with clumps of small phosphoproteins (P) and large nucleoproteins (L), is located within and is
protected by the viral envelope.

The RSV genome constitutes a single-stranded RNA molecule of negative polarity and
contains 15,222 nucleotides (19). The genome transcribes 10 subgenomic monocistronic
mRNAs coding for 8 structural and 2 non-structural proteins. RSV infection is initiated by
attachment of the virion to a susceptible cell by the G protein, a surface glycoprotein. The cell
receptor for RSV is still not known. Recent studies have led to the speculation that the RSV G
protein, whose conserved region has sequence and structural homology to the TNF receptor, may
be involved in antiviral and apoptotic effects of TNF (20). Following viral attachment, cellular
proteolytic enzymes cleave the F glycoprotein into its subunits (F1 and F2) (13). Recent studies
of x-ray crystallography on human RSV F protein revealed hairpin structures thought to be
responsible for bringing viral and cellular membranes into close juxtaposition and facilitating
membrane fusion and subsequent viral entry (21). These 2 surface glycoproteins, F and G, are
the only RSV proteins capable of inducing protective neutralizing antibodies in the host (13). In
addition, the F protein promotes viral spread by infecting adjacent uninfected cells resulting in
the formation of giant cells or syncytia. RSV replicates solely in the cytoplasm with no

requirements for host cell nuclear functions (22). The virion polymerase (P and L) transcribes

the negative-strand RNA genome to produce viral proteins. The negative-strand RNA also
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serves as a template for synthesis of the positive-strand RNA. The virion complementary RNA is

then copied into progeny negative-strand RNA. The virion is assembled with progeny negative-

strand RNA and structural proteins and then released by budding from the host cell membrane

(13).

RSV INFECTION IN HUMANS

RSV is a major pathogen responsible for severe respiratory tract infections not only in the
young but also in the elderly and immunocompromised adults (2). RSV is the only known virus
that causes severe disease at a time when specific maternal antibodies are still present in the
serum (23). The peak incidence for infants infected with RSV is between 6 weeks and 6 months
but particularly those under 3 months of age (24). Nearly all children become infected with RSV
by their second year of life but not all of them acquire severe infantile lower respiratory tract
disease. As there is no long-term or complete immunity induced by natural infection, RSV
reinfections are common throughout life; however subsequent infections are progressively less
severe (25). The incubation period with RSV. is on average 2 to 8 days, after which RSV
replicates in the nasopharyngeal epithelium. In most normal healthy children, RSV infection is
contained within the upper respiratory tract resulting in a cold-like clinical symptom. However,
in a percentage Qf these infants, RSV spreads to the lower respiratory tract and these infants may
be acutely ill with cyanosis and respiratory distress and eventually develop bronchiolitis and/or
pneumonia (26). For unexplained reasons, the risk for hospitalization in infants infected with
RSV has risen from 1% in 1988 to 3% in 1999 (4, 27). It is estimated' that 50% to 90% of
children hospitalized with bronchiolitis and 5% to 40% of children hospitalized with pneumonia

are associated with RSV infection (26).




Epidemiology

Distinct seasonal epidemics of RSV infections, as characterized by increase in hospital
admissions of pediatric bronchiolitis, have been documented. In temperate countries, the peak
period of RSV activity is generally mid winter; in tropical areas, RSV outbreaks are usually
during the rainy season (13).

Among the host factors that have been reported to influence RSV infection are genetic
predisposition (28, 29), age (see Chapter 6), sex (see Chapter 7) and socioeconomic status (30).
Immunocompromised and institutionalized adults, especially the elderly, are at high risk of
severe RSV infection (2). In children, male infants are approximately 1.4 to 1.9 times as likely
to be hospitalized for RSV-associated bronchiolitis as female infants (31-33). In middle-income
populations, approximately 1 in every 1000 patients with. RSV required hospitalization; in

contrast, this rate is five-fold to ten-fold higher in lower-income populations (34).

Pathology

RSV is a cytopathic virus that infects adjacent cells in the airway epithelium by formation
of multinucleated giant cells or syncytia. The pathological observation seen in bronchiolitis is
considered to be a consequence of some combination of direct cytopathic effects induced by viral
replication and the resulting host inflammatory response, the relative importance of each being
unclear (35). The histological picture of bronchiolitis includes necrosis and sloughing of
respiratory epithelial cells. The peribronchiolar spaces are infiltrated with inflammatory cells
including lymphocytes, plasma cells, granulocytes (neutrophils, eosinophils) and macrophages.
The submucosal and adventitial tissues become edematous and result in excessive mucus
secretion. These processes cause obstruction of the small bronchioles, with either collapse or

emphysema of the distal airways (36).



Pathogenesis

A number of theories, based on immunologic and non-immunologic factors, have been
postulated for the pathogenesis of RSV-bronchiolitis (37). The severity of RSV infection in
children with high levels of circulating but non-specific antibodies induced by formalin-
inactivated RSV (FI-RSV) vaccine has suggested that immunologic mechanisms may contribute
to RSV diseases (38). Almost all components of the immune system have been implicated in the
pathogenesis of RSV infection (39). Concerning non-immunologic factors, anatomical and
functional differences in the lungs of young children (40, 41) as well as the role of pulmonary
surfactant (42) have been implicated in the pathogenesis of RSV-bronchiolitis (see section on
Non-immunologic Factors).

Humoral Immunity

The role of RSV-specific antibodies in the pathogenesis of RSV-bronchiolitis is
controversial. RSV-specific IgE antibodies were detected in secretions of infants with
bronchiolitis and are associated with disease severity and subsequent recurrent wheezing (43-45).
Welliver et al., who correlated high levels of IgE in bronchiolitic patients with a decrease in
circulating CD8+ cells, postulated that the IgE response might initiate a cascade of mediators
that induce inflammation in the lungs of RSV-infected infants (46). Subsequently, increased
levels of leukotriene C4 (LTC4) and eosinophil cationic protein (ECP), both mediators involved
in airway bronchospasm and inflammation, were detected in the lungs of RSV-bronchiolitic
children (47, 48). However, since most children produce IgE to RSV early in life, it has been
suggested that it is the level of IgE and the duration of response, rather than the production per
se, that is the important determinant in development of RSV associated lower respiratory tract
infection (49).

On the other hand, several studies have also shown the potential benefits and protective

effects of RSV-specific antibodies. Although maternal antibody does not provide complete
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protection during infancy, several studies have demonstrated that high levels of maternal

antibodies (e.g., RSV-specific IgG, IgA and IgM) correlated with lower infection rates and
decreased severity in children with RSV-bronchiolitis, suggesting a protective role for these
antibodies (30, 34). Studies have indic;ated that RSV-specific antibodies (IgA in the
nasopharynx and serum IgG in the lower respiratory tract) are boosted with each subsequent
reinfection (24). Moreover, the lower frequency of RSV-bronchiolitis among children with high
titers of RSV-neutralizing antibodies (>1:100) provides further support for a protective role in
these antibodies (50). In addition, trials of hyperimmune RSV globulin in high-risk infants have
been considered successful in the prevention of RSV-induced lower respiratory tract infections
(51, 52).
Cellular Immunity

Due to obvious ethical reasons, there are limited data about the role of cellular immunity
in RSV disease in humans. Evidence supporting a role of cell-mediated immunity in the
pathogenesis of RSV bronchiolitis emerged from the unfortunate experience of the unsuccessful
FI-RSV vaccine, and the study of RSV disease in immunocompromised individuals. Infants
given the FI-RSV vaccine were not protected against subsequent natural RSV infection and
many of them manifested unusually severe illness with high rates of hospitalization and mortality
(53). Follow-up laboratory findings by Chin e? al. (54) revealed lung infiltrates of neutrophils
and eosinophils as well as blood eosinophilia, both of which were not associated with primary
RSV infection and suggested an enhanced cell-mediated inflammatory (Th2 type) response (25).
This hypothesis was supported by subsequent studies demonstrating a Th2 type response in FI-
RSV vaccinatéd mice and a Th1 type response in mice when challenged with wildtype RSV (55).

However, alternative evidence suggests that cell-mediated immunity may play a central

role in the clearance of established RSV infection. For example, cancer or bone marrow

transplantation patients undergoing immunosuppressive chemotherapy have more severe RSV
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‘infection and prolonged virus shedding (56-58). In addition, detection of RSV-specific cytotoxic

T lymphocytes (CTL) in the peripheral blood of infected adﬁlts has been associated with
decreased clinical symptoms (59, 60).
Non-immunologic Factors

Besides immunologic mechanisms, the anatomy of the lungs has been considered to play
a role in severe RSV infection in infancy. By virtue of the relatively lower maximal expiratory
flows at functional residual capacity, infants with smaller and narrower airways may be more
prone to develop wheeze at the time of RSV bronchiolitis (40, 61). In addition, evidence from in
vitro studies indicated that plasma proteins leaking into the airways as a result of inflammatory
process may degrade and/or inhibit the function of pulmonary surfactant, which in turn could
cause blockage of conducting airways and contribute to increased airway resistance (62, 63).
Support for this possibility came from the work by Dargaville ef al. (42) who demonstrated a
deficiency of surfactant protein A with impaired functional activity in lavage fluids of infants

with RSV bronchiolitis. Furthermore, administration of exogenous surfactant has been reported

to alleviate disease symptoms in animal studies (37, 64) as well as in clinical studies (65, 66).
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Important Issues

At this point, I would like to draw attention to some issues in relation to RSV infections
in humans. First, as discussed earlier, RSV infection during infancy can induce either a Thl type
or Th2 type immune response depending on host and viral factors (67). However, classifying the
immune response of RSV bronchiolitis in humans should be carried out with reservations. One
should bear in mind that the dichotomy for activated T cells was originally described in the
mouse (68) and the distinction between the 2 subsets of cells is not as definitive in humans.

Secondly, the prevalence of asthma and atopy has been and is still on the increase over
the past 3 decades (70, 71). This increase prevalence of respiratory allergies may be due to the
interaction of independent factors (e.g., environmental and lifestyle) resulting in altered allergy-
related immune responses (71). The Hygiene Hypothesis (72) may be a plausible explanation for
the current unfavorable trend in asthma and atopy. The impact of the interaction between RSV
and environmental particulates on AM function (see Chapter 8) may provide insights on this

issue.

1 CD4+ T helper lymphocytes (Th0) play a major role in the modulation of immune responses. These ThO cells
differentiate into 2 subclasses: Th1 and Th2. Thl responses are usually observed in infectious diseases involving
intracellular pathogens (e.g., bacteria and viruses) and delayed-typed hypersensitivity while Th2 responses deal with
parasitic infections. Th2 responses are also associated with allergy-related diseases such as asthma. These
subclasses of cells are distinguished by their different cytokine profiles: Thl cells produce IL-2 and IFNY, both of
which mediate help for the generation of cytotoxic T cells. Th2 cells secrete IL-4, IL-5, IL-10 and IL-13, cytokines
which induce B cells to produce specific immunoglobulins (69).
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ANIMAL MODELS OF RSV INFECTION

Although it is not clear that the immune response demonstrated in animals can be directly
extrapolated to human infection, animal studies have contributed much to the understanding of
immunopathogenic mechanisms in RSV disease. These in vivo systems have facilitated the
testing of many hypotheses that would have been otherwise deemed unethical or impractical if
experiments were attempted in humans. Since the isolation of RSV, numerous animal models of
RSV infection have been developed using primates, cotton rats, mice, calves, sheep, guinea pigs,
rats, ferrets and hamsters (73-75).

As in humans, the manifestation of RSV disease in different animal models varies with
age, genetic makeup and immunologic status (73). In experiments using primates, only the
chimpanzee appears to be highly permissive to RSV replication even though other primate
species could be infected by intranasal instillation of RSV (13). Among the animal species used
as models of lower respiratory tract infection with RSV, one popular animal model is the Balb/c
mouse. While RSV infection produces asymptomatic bronchiolitis, this model has been useful in
the study of cell-mediated immunity in RSV infections (76). This model system provided the
evidence that the cell-mediated enhancement of RSV disease seen in humans was due to an
imbalance of Th1l and Th2 lymphocyte response to the FI-RSV vaccine. In the murine model,
RSV induces a Thl type CD4+ response characterized by production of Thl cytokines (IFNY,
IL-2, IL-12) and cytotoxic T cells (55, 59, 77). In contrast, immunization with inactivated virus
or G subunit viral proteins induces a Th2 CD4+ response with the corresponding cytokines (1L-4
and IL-5) and no CTL (55). In addition, studies with mice also indicated that RSV-specific
CD8+ lymphocytes can clear virus from persistently infected, immunodeficient mice, but acute
pulmonary damage occurs and may be associated with fatality (67, 78). Thus, both CD4+ and
CD8+ lymphocytes are involved in both recovery and the pathologic response even though

CD4+ cells have been demonstrated to be more antiviral (i.e., 4-fold less in cell number to
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decrease lung virus titer and produce similar effects) and more immunopathogenic than CD8+

cells in RSV infected mice (79).

The guinea pig model for RSV infection is the basis of RSV research in our laboratory
and in this thesis. Besides the extensive knowledge of airway physiology in this species, Hegele
et al. (80, 81) were the first to successfully induce acute and persistent RSV infection and
demonstrated RSV genome as well as viral antigens in airway epithelial cells and AM from
RSV-infected guinea pigs. Riedel and coworkers (82) demonstrated hyperresponsiveness to
histamine challenge and viral persistence in RSV-infected guinea pigs even after resolution of
virus-induced inflammation in the lung. Moreover, Dakhama et al. (83) demonstrated that RSV

could infect and replicate in guinea pig AM in cell culture medium.

RSV INFECTION IN VITRO

In vitro experiments permit the isolation and manipulation of a microenvironment in a
controlled and systematic manner. In most diagnostic virology laboratories, RSV infection is
determined by rapid antigen detection test kits (for example, enzyme immunoabsorbent assay
(EIA) kits, and immunofluorescent techniques). However, the detection of infectious virus by
cell culture remains the gold standard. This technique is used throughout this thesis for detection
of replicating RSV as well as quantification of viral titers. RSV-sensitive, transformed human
epithelial cells, HEp-2 cells were used for RSV detection because of their characteristic
cytopathic effect of syncytia formation as a result of the fusion of cell membranes between

infected and uninfected adjacent cells.

Epithelial Cells

Since the airway epithelial cell is the primary target for RSV infection, it is speculated

that these cells and the soluble factors (cytokines and mediators) derived from them are
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responsible for initiation of airway immune responses and inflammatory processes (84, 85). In

epithelial cells, viral replication causes upregulation of multiple cytokines, chemokines and
adhesion molecules by triggering intracellular signaling pathways (86-88). In vitro infection in
epithelial cells with RSV activates transcription factors such as activator protein-1 (AP-1),
nuclear factor-kappa B (NF-kB), NF-IL6 and CCAAT-enhancer binding proteins (¢/EBP) (89,
90). A major cytokine induced by RSV infection is interleukin-8 (IL-8) (91, 92). IL-8 is a
potent chemotactic agent for neutrophils (93). Clinical studies have demonstrated that lavage
fluid from RSV-infected infants contains a predominance of neutrophils (94). Another cytokine
that is worthy of mention is interleukin-6 (IL-6). 1L-6 is detected in respiratory secretions during
RSV infection in vivo (95) as well as in RSV infected epithelial cell cultures in vitro (95-98).
During RSV infection IL-6 may play an immunoregulatory role by promoting humoral and
cellular defense mechanisms (99). IL-6 plays a major role involved in isotype switch,
differentiation and synthesis of IgA (100). On the other hand, IL-6 may play a proinflammatory
role by contributing to the symptoms and signs of acute infections (99). Therefore it appears that
RSV may cause inflammation in part through the production of these proinflammatory cytokines
from epithelial cells in the lung.

In addition to the accumulation of neutrophils, eosinophils have been demonstrated in the
inflammatory infiltrates from autopsied lungs of children infected with RSV (53). Studies by
Becker et al. (101) demonstrated that RSV infection of human airway epithelial cells caused the
production of an important eosinophil chemoattractant, RANTES (Regulated upon activation,
normal T cells expressed and presumably secreted). Garofalo et al. (47) demonstrated the
increased levels of ECP in lavage fluid sampled from RSV-infected infants. Moreover,
subsequent studies have indicated that degranulation of the accumulated eosinophils and the
release of ECP may be mediated via upregulation of CD18 molecules on the RSV infected

epithelial cells (102).
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Other cytokines that have been implicated in the promotion of the inflammatory response

induced by RSV infection include interferon-f (IFNB), interleukin-l1ow (IL-10), macrophage
inflammatory protein-1oc (MIP-10t) and monocyte chemotactic protein (MCP) (92, 102, 103).

Enhanced expression of IFNB and IL-lot causes upregulation of the major histocompatible

~ complex (MHC) class I molecules on the surface of the epithelium, which in turn results in

activation of CD8+ T cells and increases local inflammation (103, 104). MIP-1o. and MCP are
known chemotactic and activator factors for monocytes, basophils and eosinophils. In addition,
MIP-1o has been shown to stimulate the production of IgE and 1gG4 by human B cells (105) and
to induce degranulation of natural killer cells (106), thereby contributing to the augmentation of

local inflammation.

Alveolar Macrophages

Besides epithelial cells, AM (107, 108), eosinophils (109), T cells and neutrophils (110)
are also cell targets for RSV infection. AM are the first li_ne of defense against inhaled pathogens
(biologic and non-biologic) and are in direct encounter with the virus during RSV infection. In
addition, AM are the pivotal cell type that link the external environment to within the lung. For
these reasons, AM are very important and are the cell type of focus in this thesis work. Panuska
et al. examined bronchoalveolar lavage cells from adult transplant patients with RSV infection
and found both AM and epithelial cells were infected with RSV in vivo (107). Studies
investigating susceptibility of blqod monocytes, AM and cord blood to RSV infection indicated a
role for intrinsic cellular factors in the restriction of viral infection (83, 108). Panuska ef al.
(111) demonstrated that human AM are able to support prolonged RSV replication in vitro.
Although AM are susceptible to RSV infection, in comparison to epithelial cells, the infection is

usually abortive after the initial cycles of viral replication (112, 113). In addition, RSV does not
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induce cytopathic effects in AM and only a fraction or subpopulation of AM was susceptible to

RSV regardless of the dose of infectious virus used. This observation has also been reported in
mice (114), cattle (115) as well as in guinea pig (83).

The effects of in vitro RSV infection on AM have been studied (83, 111, 114). Exposure
of AM to RSV has been reported to stimulate the immunoregulatory functions and depress the
microbicidal activity of these cells (114). With regards to cytokine expression, as demonstrated
in epithelial cells, RSV induced upregulation of IL-1 (114), IL-6 (114, 116, 117) and IL-8 (116,
117) in AM. Of particular interest is tumor necrosis factor-o. (TNFot), a marker of macrophage
activation. TNFo is induced in RSV-infected AM but not expressed in epithelial cells infected
by RSV (91, 114, 116, 117). TNFa is synthesized and secreted in large quantities by
macrophages in response to various proinflammatory stimuli (e.g., lipopolysaccharide). More
importantly, TNFa is mediated by NF-xB activation and induces macrophage synthesis of
several key proinflammatory cytokines (e.g., IL-1, IL-6, GM-CSF), chemokines (e.g., RANTES,
IL-8, MCP-1 and MIP-10) as well as inflammatory mediators (e.g., leukotrienes, reactive
oxygen species). The combined effects of these mediators on cell recruitment and cell activation
are likely to play a fundamental role in the pathogenesis of RSV disease. In contrast to epithelial
cells, there is limited published literature on how RSV modulates these mediators via

intracellular signaling pathways in AM (see Chapter 9).

SUMMARY
This year, 2002, marks the 46" anniversary since the discovery of RSV. While the
impact of RSV from public health and economic perspectives is appreciable, there are numerous

issues that remain controversial. These include the pathogenic/ protective role of RSV against

development of allergies in later life, the role of RSV in reactive airway disease, and whether

.
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RSV infection induces a Th1 or Th2 response in humans. Epidemiological studies suggest that

the influence of viral infection on the developing immune system depends on the type of viral
infection, the age, sex, and genetic background of the host and environmental factors. The
purpose of this thesis is to examine the relationship between RSV infection and anti-viral

immune response by evaluating some of these factors in a controlled environment in order to

better understand the nature of RSV disease.
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CHAPTER 3

ALVEOLAR MACROPHAGES

INTRODUCTION
The alveolar macrophages (AM) play major roles in the lungs defense against bacterial
infections (e.g., Mycobacterium, Pseudomonas), parasitic infections (e.g., Leishmania), viral
infections (e.g., HIV, RSV), chronic inflammation (e.g. particulates, silicosis, asbestosis) and in
response to cigarette smoke and air pollutants (118). As “gatekeepers”, AM are responsible for
clearance of microorganisms and small inhaled particulate material in the alveolér space. The
aim of this chapter is to provide a basic review of AM biology in general and highlight issues

that are relevant to RSV infection in AM.

ORIGIN OF MACROPHAGES

Macrophages originate from a pluripotent stem cell (colony-forming unit granulocyte-
macrophage (CFU-GM)) in the bone marrow (119, 120). In response to growth factors, such as
interleukin-3 (IL-3), granulocyte-macrophage colony stimulating factor (GM-CSF) and
macrophage colony stimulating factor (M-CSF), the pluripotent stem cells from the bone marrow
develop into myeloid stem cells that eventually become promonocytes (121, 122). As the
promonocytes mature, they leave the bone marrow and enter the blood stream to become blood
monocytes. Monocytes circulate in the blood stream for 1 — 2 days and continue to mature
within the blood stream. Monocytes are randomly distributed and recruited into different organs,
i.e. Kupffer cells in the liver, Langerhan cells in the skin, osteoclast cells in bone, microglial
cells in the central nervous system, peritoneal macrophages in the intestine and pulmonary

macrophages in the lung. In lung capillaries, blood monocytes traverse the blood vessel wall by

a process known as diapedesis and mature into pulmonary macrophages (123). Recruitment
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from the bone marrow is the dominant mechanism for renewal of the pulmonary macrophage

population. This recruitment process is mediated by monocyte-specific chemoattractants
including MIP-1, MIP-2 and monocyte chemoattractant protein-1 (MCP-1) (124, 125). In
addition, a very low percentage (0.5%)_of AM proliferates locally and contributes to the alveolar
pool of cells (126). In vitro experiments have demonstrated that human AM are capable of

proliferation in response to GM-CSF (127).

HETEROGENEITY OF MACROPHAGES

Macrophages are tissue-specific and in different tissues they are morphologically and
functionally distinct depending on the microenvironment in which they mature. However, the
basic functions of macrophages remain similar despite their ability to excel in specific functions
at various body sites. For example, AM are excellent at phagocytosis and secretion of nitric
oxide (NO) but are somewhat deficient at antigen presentation. In contrast, macrophages in the
spleen and lymph nodes are excellent at antigen presentation. Macrophage heterogeneity is
therefore a reflection of the local microenvironment of the cell and its involvement in various
physiological or pathological processes (1 18).

Pulmonary macrophages are the only macrophages living in an aerobic environment and
are categorized into 4 different types based on their localization: intravascular macrophage,
dendritic cell, interstitial macrophage and AM (128). Intravascular macrophages are located on
the endothelial cells of the pulmonary capillaries (129). These cells are highly phagocytic and
are responsible for clearance of pathogens entering the lung via the blood stream (130).
Apparently, these cells have been described in humans, pigs, cats, dogs and sheep but not in
rodents (131). Dendritic cells, located in the lung interstitial tissue, are poor phagocytes (132,
133). High amounts of Class II antigen expression on the surface of dendritic cells make them

suited for antigen presentation and accessory function (128). Interstitial macrophages are located
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in the lung connective tissue. Like AM, interstitial macrophages are effective phagocytes,

function as antigen presenting cells as well as produce cytokines (e.g., TNFa, IFNo/B) and
oxygen radicals (131). Unlike AM, they have an increased ability to replicate and synthesize
DNA in vitro (134, 135) and are much more effective in stimulating T-cell responses to antigens
(136). Morphometric comparisons of AM, interstitial macrophages and blood monocytes
indicated that interstitial macrophages represent a transitional stage of maturation between blood
monocytes and AM (137). AM are localized on the alveolar epithelial surface within a film of
surfactant. As a first line of defense, AM possess high phagocytic and microbicidal potential. In
addition, AM are also involved in inflammatory activities and regulation of lung homeostasis
(see below) (136). Since AM can be easily obtained by bronchoalveolar lavage (>95% purity),
in comparison to other types of pulmonary macrophages, these cells have been most extensively
studied (138).

AM that are newly recruited into the alveolar space continue to undergo maturation
(136). AM represent a morphologically and functionally heterogeneous population. As AM
mature, they increase in size; ranging from 12 um (generally the newly recruited cells) to 40 um
(the older and sometimes multinucleated AM) in diameter (139). Taking advantage of these size
and density differences, several investigators (140-142) have fractionated AM into different
subpopulations using density gradient centrifugation and characterized these subpopulations and
studied their heterogeneity based on receptor expression, release of mediators such as oxygen
radicals and tissue factor, cytotoxicity, migration and pinocytosis (140, 143, 144). Likewise, the
methodology of isolating AM into subpopulations has been applied in 3 studies (Chapters 5, 6
and 7) in this thesis work. In addition, Sibille e al. (131) have established that the response of
each subpopulation of AM to different stimuli (including response' to RSV — see Chapters 5 and

6) may be markedly heterogeneous. In humans, the distribution of AM subpopulations is known

to vary with different disease states. For example, the predominance of small monocyte-like AM
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has been observed in acute inflammation whereas an increase in larger and more mature AM is

associated with chronic lung disorders (145).

MORPHOLOGY OF AM

Light Microscopy

AM are large irregular shaped cells with prominent ruffled membranes ranging from 12-40 pm
in diameter. The kidney-shaped nucleus, usually eccentrically placed within the cell, contains
fine nuclear chromatin with one or two prominent nucleoli. Newly recruited AM have a
relatively smaller cytoplasm-to-nucleus ratio while mature AM have a larger ratio due to an
abundant cytoplasm with an increased number of cytoplasmic inclusions (146). Besides
cytoplasmic vacuoles, fine granules and multiple large azurophilic granules are seen in the

cytoplasm (147).

Electron Microscopy

Electron microscopy shows the multi-lobulated nucleus with fine clumps of chromatin. The
cytoplasm contains well-developed Golgi complex, numerous vesicles, vacuoles and pinocytic
vesicles, large mitochondria and lysosomes. Membrane bound, electron dense vesicles filled
with ingested biological or inert particulate material are also visible. The ruffled cell membrane
of the AM exhibits irregular microvilli or pseudopods that are involved in amoeboid movement

and phagocytosis (147).

FUNCTIONS OF AM
AM perform their function as “gatekeepers” mainly through phagocytosis (when the

alveolar space is invaded by inhaled pathogens), recruitment of inflammatory cells (in response

to tissue and vascular changes), and regulation of lung homeostasis. These functions are carried
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out and assisted by the wide range of surface receptors and large spectrum of secretory products

within membrane bound organelles within the AM.

Phagocytosis

As the resident phagocyte of the alveolar space, AM play major role in defending the host
against invasion by a wide variety of small particles (0.5 um to 3.0 um diameter) that are inhaled
into the distal airways (148). These inhaled substances may be of biological (for example,
bacteria, viruses, fungi and protozoa) as well as non-biological (for example, asbestos,
particulate material) nature (128). Since AM are among the first cells encountering the virus in
the event of a RSV infecfion, these cells play a major role as a first line of defense. However,
and more importantly, AM trigger the immune response cascade through activation of
granulocytes (see section on Inflammatory Activity). In addition to invading pathogens, AM
also play an important part in scavenging apoptotic, senescent and damaged cells. Through
phagocytosis and the production of oxygen radicals and proteases, most of the microorganisms
and particulates are eliminated by the AM (128).

Phagocytosis is a special form of endocytosis; unlike pinocytosis, a constitutive process
that occurs continuously, phagocytosis is a receptor-mediated process that requires the
transmission of extracellular signals to the interior of the cell to initiate the response (149). The
main features of phagocytosis are attachment, engulfment, phagosome formation and maturation,
.digestion and membrane retrieval (118). AM move toward inhaled particles guided by a gradient
of chemotactic molecules. Particle attachment and engulfment méy be facilitated by the
presence of specific receptors on the surface of the cell and opsonins that coat the inhaled

particles. Several classes of receptors that promote phagocytosis have been characterized (see

Table 3.1).
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Table 3.1 Ligands recognized by AM via receptors
(Extracted from Lohman-Matthes ML et al. (128), with permission)

Immunoglobulins Complement

IgG1, IgG2a (murine) C3b, iC3b, C4b, C3d, C5a
IgG2b, IgG3 (murine)

IgG1, IgG3 monomers (human) Lipoproteins

IgG complexes (human) Low density lipoproteins

IgE, IgA (murine and human) B-very low density lipoproteins
Proteins Lectins with specificity for
Fibronectin, fibrin - o-linked galactose residues
Lactoferrin, transferrin N-acetylgalactosamine residues
GM-CSF, CSF-1 N-acetylglucosamine residues
Interferon-vy, IL-4, IL-1Ra o-linked fucose residues

IL-2, insulin Mannose residues

N-acetylneuramine residues
Surface markers .
Class II molecules, CD11a, CD11b, CD11c, CD14, CD18, CD54
Molecules recognized by monoclonal antibodies:
25F9 (mature macrophages), 27E10 (inflammatory macrophages), Ki M2, Ki M8 (mature
macrophages), RM31 (inflammatory macrophages), RFD1, RFD7, RFD9

Ig: immunoglobulin; GM-CSF: granulocyte-macrophage colony stimulating factor;

IL: interleukin

Three major groups of receptors that play important roles in the attachment stage of phagocytosis
are: the Fc receptors (which recognize the Fc region of antibodies coating inhaled pathogens),
the complement receptors (which recognize the cleaved products of the third component of the
complement C3) and lectin-binding receptors (which recognize lectins on microorganisms)
(128). However, the specific AM receptor(s) that recognize RSV is yet to be determined,
although the toll-like receptors are thought to be involved (150). Opsonization is an essential
mechanism that enhances the initial stages of phagocytosis. Opsonins were initially discovered
as factors that “butter” the particles to make them “appetizing” to phagocytes (151). Opsonins
ére soluble components in the alveolar space that facilitate phagocytosis by increasing the
recognition and endocytosis of different pathogens by the AM through their binding to a specific

receptor on the cell surface (131). Examples of opsonins include surfactant phospholipids,

glycoproteins (e.g., fibronectin), proteins (e.g., IgG, IgA) and complement fragments (C3b)
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(131). For example, antibodies may coat inhaled pathogens so that the Fc regions are exposed on

the exterior. When the Fc portions of antibodies attach to the Fc receptors on the surface of AM,
intracellular signals are triggered. These signals initiate the reorganization of cytoskeletal
microfilaments at the site of attachment and result in the extension and fusion of the AM
pseudopods and consequently engulfment of the inhaled particle (149). A number of hypotheses
have been proposed for the mechanisms involved in the engulfment stage of phagocytosis. In
Fc- and complement receptor-mediated uptake of inhaled particles, a “zipper” mechanism guided
macrophage pseudopods to circumferentially envelop the attached particle (152). The bacterium
Legionella pneumophilia enters the macrophage via an alternative coiling mechanism in which
the microbial outer wall components induce the cell membrane to wrap around the organism in
myelin-like configurations (153). Alternatively, engulfment could also occur independent of
opsonins; for example, certain bacteria possess surface determinants 6r carbohydrate residues
that interact with the mannose-fucose receptor on the surface of the AM (154).

Engulfed particles are contained in large membrane-bound endocytic vesicles called
phagosomes within the cytoplasm. The diameters of the phagosomes are determined by the size
of the ingested particle and could be as large as the AM itself (149). At this stage, recycling of
membrane and receptors takes place via sorting endosomes which are acidic vesicles that
dissociate receptors from ligands and are responsible for shuttling of cell membrane and
receptors back to the cell surface (155). The phagosomes containing the ingested particles fuse
with primary lysosomes and mature into secondary lysosomes or phagolysosomes (156).

The primary lysosomes contain lysosomal enzymes, which comprise more than 40
different acid hydrolases and are optimally active at a pH of about 5, that are involved in the
degradation of phagocytosed material (131). In addition, AM possess granules containing

oxygen metabolites (such as superoxide anion (O7’), hydrogen peroxide (H20,) and hydroxyl

radical (OH)) and other enzymes that can be released into the phagosomes or the external
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~ environment during phagocytosis to destroy ingested materials (see Table 3.2) (157). AM are

equipped with various ways to degrade and eliminate ingested matter. Degradation of ingested

matter in the AM depends on the nature of the ingested substance and/or the opsonins that are

involved. For example, Fc-mediated phagocytosis results in the release of oxygen radicals and

arachidonic acid metabolites (158, 159).

In contrast, complement receptor-mediated

phagocytosis does not involve oxygen or arachidonic metabolites but induces secretion of IL-1

(160).

Table 3.2 Major products released by AM
(Extracted and modified from Sibille Y et al. (131), with permission)

Proteins

Antiproteases (e.g.ol-proteinase inhibitor)
Other inhibitors (e.g. IL-1 inhibitor)
Glycoprotein (e.g. fibronectin)
Complement components (e.g. C2, C4)
Binding protein (e.g. transferrin, ferritin)
Free fatty acids

Antioxidants (e.g. Glutathione)
Coagulation factors (e.g. Factors V, VII)

Cytokines

Interleukin-1a, Interleukin-13
Interleukin-6

Tumor necrosis factor
Interferon-a., Interferon-y

Colony stimulating growth factors
Transformation growth factor-8

Enzymes .

Lysozyme, B-glucuronidas

Acid hydrolase

Angiotensin converting enzyme
Elastase: serine and metalloenzyme
Collagenase (fibroblast-like, gelatinase)
Plasminogen activator

Cysteine proteinase (cathepsin L)

Biologically active lipids
Thromboxane A2
Prostaglandins
5-hydroxyeicosatetraenoic acid
Leukotrienes

Platelet activating factor

Fibroblast growth factor, insulin growth factor-1

Neutrophil-activating factor
Enzyme-releasing peptide
Neutrophil chemotactic factor
Platelet-derived growth factor
Histamine releasing factor
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Following degradation of the ingested material, AM are removed from the alveoli by a

number of routes. Some AM are transported up the airway by the mucociliary escalator while
other AM migrate to the regional lymph nodes via peribronchial lymphatics. In addition,
pathogen-containing AM can also be scavenged and phagocytosed by other AM (131).

Although AM are well-equipped with a large spectrum of enzymes with microbicidal
activities for destruction of many microorganisms, certain pathogens have evolved anti-immune
strategies to counteract macrophage defenses in order to survive, parasitize and replicate within
these cells. For example, Mycobacterium tuberculosis releases sulpholipids that prevent the
fusion of lysosomes and phagosomes thereby avoiding exposure to the lysosomal enzymes (161).
The Epstein-Barr virus (EBV) synthesizes a homologue of interleukin-10 (IL-10) so that its anti-
inflammatory properties are retained; however the ability to stimulate lymphocytes is lost (162).
While it has been postulated that RSV induces IL-10 production in AM to prevent complete anti-
viral immunity (163); direct evidence is lacking and further investigations are needed to provide
insights on the evasion strategies used by this virus to circumvent macrophage defenses.
Regardless of the evasion strategy utilized by RSV, this virus is capable of causing productive

infection in isolated human AM (111).

Inflammatory Activity

AM play an important role in the recruitment of additional inflammatory cells during the
initial phase of lung inflammatory response when the load of inhaled material is overwhelmed
and resident AM are insufficient to mount an adequate response (136). In the lung of the normal
individual, AM are a major source of chemotactic factors (131). AM release various chemotactic
factors to recruit inflammatory cells such as polymorphonuclear leukocytes (PMN), monocytes
and lymphocytes. In the event of a RSV infection, AM play major roles in the activation and

recruitment of granulocytes with PMN being the first cells recruited to the site of infection (164).
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On interaction with pathogens or other stimuli such as complement, AM become

stimulated and release chemotactic factors that attract PMN from the capillary lumen into the
alveolar space. There are numerous macrophage-derived chemotactic factors for PMN (131);
however, a few that are of particular interest include leukotriene B4 (LTB4) (165), TNFa. (166),
interleukin-8 (IL-8) (167, 168), and MIP-1a (169).

Upon stimulation by IgG or IgE immune complexes, AM release several arachidonic acid
metabolites including LTB4. As one of the earliest factors identified, LTB4 is considered as the
predominant PMN chemotactic factor secreted by human AM (165). LTB, is a potent
proinflammatory mediator and chemoattractant for PMN as well as eosinophils (170, 171).
LTB, increases pulmonary vessel permeability by inducing plasma leakage and leukocyte
adhesion (172). In addition, LTB,4 in combination with other mediators (e.g., PAF and 5-HETE),
mediates enzyme degranulation of PMN (173).

During phagocytosis or stimulation by calcium ionophore (174), LPS and other
microbial agents, IL-2, GM-CSF and IL-1 stimulate AM to produce TNFa, a potent chemotactic
factor for monocytes and PMN (166). TNFo was initially identified for its ability to induce
hemorrhagic necrosis of certain tumors (175). Subsequently, TNFo was shown to have
cytotoxic effects in vitro against various human tumors. TNFa is involved in the induction of
IL-1, GM-CSF, IL-6 and intercellular adhesion molecule-1 (ICAM-1) production (176). In
addition, TNFoc‘ activates PMN, enhances their phagocytic capabilities, and induces secretion of
H,0, (177, 178). Moreover, TNFo is responsible for monocyte differentiation and the
subsequent release of IL-1 from these cells (179). IL-1 stimulates the release of granule proteins
(lysozyme and lactoferrin) in PMN (178). TNFa induces upregulation of IL-6, which in turn

induces the proliferation of immature and mature T cells (180). IL-6 also acts on B-lymphocytes

as a differentiation factor and induces immunoglobulin secretion (181, 182).
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LPS stimulation of AM causes the release of IL-8 (168), a potent chemoattractant for

PMN and T cells (183, 184). In addition to recruitment of PMN to sites of infection, IL-8 also
regulates PMN activation. 1L-8 increases the microbicidal ability of PMN by enhancing
phagocytosis, O, generation and granule release (185). Indeed, production of these
proinflammatory cytokines (i.e. TNFo., IL-8 and IL-6) has been enhanced during RSV infection
(116).

MIP-1a. is produced by AM as well as PMN and epithelial cells during lung
inflammation (186). MIP-1o has been shown to have chemoattractant activity for T cells,
eosinophils and basophils (187). MIP-1a also plays a role in regulation of hematopoiesis
through stimulation of other inflammatory mediators (e.g., TNFa, IL-1, IL-6, histamine).
Increased MIP-1a expression has been observed in animal models of bacterial sepsis, silicosis
and oxidant-induced lung injury (188-190). In addition, recent studies have demonstrated high
levels of MIP-1c expression in AM from asthmatic individuals (191, 192). Recent studies have
demonstrated that in vitro RSV infection of AM stimulated the expression of MIP-1a (193).
Moreover, increased expression of MIP-lo has recently been associated with severe RSV

bronchiolitis in infants (194).

Regulation of lung homeostasis

During inflammation, AM may elaborate many proinflammatory factors in
concentrations that result in irreversible injury to the lung. In addition, AM may release
cytokines and other factors that affect the function of other cells such as epithelial cells and
fibroblasts (136). AM play an important role in the maintenance of lung homeostasis by the

secretion of various inhibitory factors against inflammatory cells. For example, AM can inhibit

PMN activity through the release of prostaglandin E2 (PGE2). In vitro studies have shown that
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PGE2 can inhibit PMN and monocyte chemotaxis as well as the release of O, anions by PMN

(195). Furthermore, recent studies by Thomassen et al. (196) have demonstrated that AM may
regulate lung homeostasis via the release of NO which downregulate AM production of

proinflammatory cytokines TNFa and MIP-10..

SUMMARY

AM play a pivotal role in the innate immune response in defending the host against
invading pathogens. As a first line of defense, AM limit the spread of infection and stimulate the
immune response cascade through activation of granulocytes as well as activation of cytotoxic
and helper T cells and the production of specific immunoglobulins. Despite the tightly regulated
mechanisms against invaders, the RSV has devised strategies to not only evade subsequent
immunosurveillance but also to survive within infected AM with productive replication of virus
progeny. The study of RSV infection in different AM subpopulations and the viral impact on

cytokine production as well as activation of signaling cascades in these cells will further our

understanding of AM functions.
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CHAPTER 4

GENERAL MATERIALS & METHODS

CELL CULTURE
All cell culture work was carried out in a Biosafety cabinet (Forma Scientific, Marietta,
OH) housed in a Level II containment facility. All solutions and equipment that come into
contact with cells were steam sterilized or purchased as “sterile” from the manufacturers. Proper

aseptic techniques were practiced and used accordingly.

HEp-2 cells

HEp-2 cells, a transformed human cell line isolated from epidermoid carcinoma of the
larynx, were purchased from American Type Culture Collection (ATCC) (Manassas, VA). HEp-
2 cells were seeded in T75 flasks (Corning; Corning, NY) containing minimum essential medium
(MEM) (Life Technologies, Burlington, ON, Canada) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Life Technologies) and 50 ng/mL gentamycin (Life Technologies) and
incubated in an incubator (Fisher Scientific, Nepean, ON) at 37°C in an atmosphere of
humidified air and 5% CO,. The cell line was maintained by sub-culturing the confluent
monolayers. When cells were confluent the culture medium was removed and the monolayer was
rinsed with sterile phosphate buffered saline (PBS, pH 7.4; Sigma). A 1 mL solution of trypsin
(0.25%)-EDTA (0.02%), prewarmed at 37°C, was added to the flask. The flask was rocked
gently to ensure even distribution of the trypsin solution and incubated at 37°C for 5 minutes.
The cells were detached by slapping the flask in a vertical position. The enzymatic action of
trypsin was inhibited by the addition of fresh culture medium containing FBS. The sub-

cultivation ratio as recommended by the supplier for HEp-2 cells is between 1:4 and 1:10.

Freezer stocks of HEp-2 cells were prepared by the above trypsinization procedure followed by a




30
5-minute centrifugation in PBS at 1000 x g. The cells were re-suspended in a 3 mL solution of

culture medium: DMSO (9:1) and stored as 1 mL aliquots in cryovials. Cells were frozen in a
“slow-freeze” procedure by standing on ice for a half-hour, kept in the —20°C freezer for 1 hour,
then kept in the —70°C freezer overnight and transferred to liquid nitrogen tanks for long term

storage the following day.

L.929 Fibroblasts

TNFo-sensitive 1.929 fibroblasts were a gift from Dr. R.R. Schellenberg, McDonald
Research Laboratories, St. Paul’s Hospital, Vancouver, BC. L1929 cells were cultured in T75
flasks of RPMI medium (Life Technologies) containing 10% FBS, 10 mM Glutamine, 100
units/mL penicillin, 100 pg/mL streptomycin and 250 ng/mL amphotericin B. The sub-
cultivation ratio as recommended by the original supplier (ATCC) is 1:6. The procedure to

maintain the cell line and to store freezer stocks is as described for HEp-2 cells.

VIRUS CULTURE

RSV Propagation

The Long strain, type A of human RSV was purchased from ATCC. RSV stocks were
propagated on monolayers of HEp-2 cells in MEM supplemented with 2% FBS and 50 pg/mL
gentamycin. RSV infection of HEp-2 cells induces the cytopathic effect of multiple cells fusing
to form a mega-cell or syncytium. RSV was harvested when syncytial formation peaked in the
monolayers of HEp-2 cells. A crude RSV stock was prepared by scraping infected cell
monolayers with a sterile cell scraper and the cells and supernatant were transferred to 50 mL

tubes for short term storage in the —70°C freezer. This crude preparation of RSV was used for

regeneration of viral stocks.
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Harvest and Concentration of RSV

Concentrated stocks of RSV were prepared by mechanical disruption of the syncytia-
filled monolayers of HEp-2 cells using sterile 3 mm glass beads (Fisher Scientific) over a vortex
for 30 seconds. The cell suspension was transferred to 50 mL tubes and underwent
centrifugation at 1500 x g, 4°C for 15 minutes to sediment the cellular debris. The clear
supernatant (containing free virus and soluble macromolecules such as inflammatory mediators)
was applied on to Centriplus™ concentrators (Amicon, Beverly, MA) with molecular cut-off at
100,000 Daltons to concentrate the virus as well as to remove soluble macromolecules
synthesized during viral infection of HEp-2 cells. The clear supernatant was spun in the
concentrator unit at 3000 x g, 25°C for 75 minutes and the virus-enriched retentate was stored in

1 mL aliquots in the -70°C freezer.

RSY titer determination

HEp-2 cells were seeded in 6-well plates (Corning; Corning, NY) at a density of 5 x 10°
cells/well. Overnight culture at this density usually results in cells reaching approximately 80—
90% confluency. Teﬁ;%old serial dilutions (10 to 107) of RSV stocks were prepared using
MEM. HEp-2 cells were exposed to 1 mL of the serially diluted RSV and viral adsorption was
allowed to take place over 90 minutes at 37°C in a 5% CO; incubator (Fisher Scientific). The
plates were gently agitated intermittently at 15-minute intervals to ensure even distribution of
virus over the cells. The wells were washed in PBS and 1 mL of medium-agarose mixture (1:1,
2X MEM with 2% FBS:1% agarose) was applied. The agarose mixture was allowed to solidify
at room temperature before returning to the CO; incubator. The cells were cultured until
syncytia were visible (7 — 10 days) and were fixed in 4% paraformaldehyde (Ted Pella Inc,

Redding, CA) at room temperature for 30 minutes. The agarose layers were removed and the

wells rinsed with dH,O. The adherent monolayer was fixed in methanol (BDH Chemicals,
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Toronto, ON, Canada) and air-dried. To enhance visualization of the syncytia formation, the

cells were stained with 0.1% neutral red (Life Technologies) for 1 minute and then washed with
running tap water. The syncytia were counted under an inverted light microscope. The number
of plaque forming units per milliliter (pfu/mL) (i.., the amount of replicating virus per milliliter
of stock) was determined by the number of syncytia counted divided by the corresponding

dilution factor.

ANIMALS
Juvenile Cam Hartley guinea pigs of both sexes, 22 to 29 days old (250 g to 300 g body
weight) and female retired breeders (>1000 g) were purchased from Charles River Laboratories
(Montreal, QC, Canada). The animals were housed in metal cages with corncob bedding and
access to guinea pig chow (Purina, Ralston Purina Company, St. Louis, MO), alfalfa cubes and
water. The animals were allowed to acclimatize for at least 5 days before being used for
experiments. The guinea pigs were maintained in accordance with standards of the Canadian

Council on Animal Care (197).

ALVEOLAR MACROPHAGE HARVEST

Bronchoalveolar Lavage

The guinea pigs were killed by intraperitoneal administration of pentobarbital (Euthanyl;
MTC Pharmaceuticals; Cambridge, ON, Canada) at a dose of 40mg/kg body mass. When the
animal was fully euthanized (no response to forceps pinch test or spontaneous respiration),
bronchoalveolar lavage was performed in situ. The animal was positioned ventral side up and a
longitudinal cut was made through the skin from below the jaw line to the bottom of the sternum.
The trachea was exposed and a small horizontal cut was made between two cartilage rings. A 21-

gauge cannula was inserted approximately 1 cm into the trachea and secured with a piece of
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suture thread. The lungs were lavaged by intratracheal instillation of 5 mL aliquots of sterile

non-pyrogenic normal saline solution (Baxter, Toronto, ON, Canada), pre-warmed at 37°C,
totaling 100 mL. The instilled fractions were gently aspirated and pooled together in 2 x 50 mL
centrifuge tubes and kept on ice until processed. This procedure of bronchoalveolar lavage

performed on guinea pigs results in a typical yield of 10-15 million AM per animal,

Cell Processing
The BAL fluids were centrifuged at 500 x g for 10 minutes at 4°C. The resultant cell
pellets from the same animal were pooled together and re-suspended in 5 mL Hank’s balanced

salt solution (HBSS, Life Technologies) and counted in a hematocytometer.

Isolation of Macrophage Subpopulations

Columns of discontinuous gradients were prepared fresh in 15 mL transparent
polypropylene centrifugation tubes (Corning) immediately before use. This method was adapted
from Dakhama et al. (83) using 3 concentrations of metrizamide (Nycomed Pharma AS; Oslo,
Norway), 18%, 20% and 22% prepared in H-saline®. Cell pellets from the same animal were
pooled together and counted; the cell suspensions were spun down again at 500 x g for 10
minutes at 4°C and the pellet re-suspended in 3 mL of 18% metrizamide solution. This cell
preparation was gently overlaid a 15-mL polypropylene centrifugation tube containing 3 mL of
20% metrizamide overlaid to another 3 mL of 22% metrizamide solution. A 4 mL overlay of H-
saline was applied over the cell suspension to prevent dehydration during centrifugation. After
centrifugation at 1,200 x g for 45 minutes at 18°C, the cells were collected from each interface

and washed in 5 mL HBSS.

2 H-saline is a HEPES-buffered saline solution containing 10mM HEPES (pH 7.4, Sigma-Aldrich, Toronto, ON,
Canada), 150mM NaCl, 0.1% glucose and 0.1% gelatin.
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In vitro RSV exposure

After washing, viability of the AM was determined by trypan blue dye exclusion test and
the cell concentration was adjusted to 1 x 10%mL. The AM were seeded in 6-well plates at a
density of 2 x 10° cells/well and allowed to adhere for 30-60 minutes. For an infection with a
multiplicity of infection (m.o.i.) of 3, the vira} stock concentration was adjusted to 6 x 10°
pfu/mL of which 1 mL was applied to each well. Viral adsorption with intermittent agitation of
6-well plates was carried out over 90 minutes. The wells weré washed with PBS and fresh MEM
containing 5% FBS were added (2 mL/wéll) followed by overnight incubation at 37°C in a 5%

CO; incubator.
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CHAPTER 5

EFFECT OF CELL MATURATION- AN EM STUDY

INTRODUCTION

AM exist as an heterogeneous population in the lung in vivo (143). Using density
gradient centrifugation, subpopulations of AM can be separated based on the inverse relationship
of cellular maturation and buoyant density (141, 143). By examining subpopulations of AM
based on their stage of maturation, our laboratory (83) has demonstrated that cell maturation may
be an important factor in the susceptibility of these cells to acute RSV infection in vitro. Using
immunocytochemistry and viral plaque assay, to determine the proportion of RSV-positive cells
and the amount of intracellular replicating virus respectively, Dakhama et al. (83) showed that
immature AM were significantly more susceptible to RSV infection and supported RSV
replication more efficiently compared to their matured cellular counterparts. While it is known
that AM of different maturation stages are morphologically and functionally different (141, 143),
it is not understood if the different subpopulations respond differently to RSV infection.
Dakhama et al. (83) have shown that immunostaining of RSV antigens manifest a distinct
granular pattern in the cytoplasm of mature AM while a less granular and‘ more diffuse
cytoplasmic staining is found in intermediate and immature AM. These observations suggest
that mature AM may be structurally better equipped to deal with RSV infection when compared
to the relatively immature AM. Ultrastructural studies of RSV infection in HEp-2 cells (18, 22)
and eosinophils (109) have been documented; however, prior to the publication of this work (83),
there have been no ultrastructural studies of RSV in AM. Arslanagic et al. (18) showed two
mechanisms by which RSV mature in HEp-2 cells. Maturation of RSV particles occurred on the
internal vesicle membrane within the cytoplasm before being delivered to the plasma membrane

by transport vesicle and were subsequently released into the extracellular space by exocytosis.



36
The other pathway for RSV maturation, a widely accepted maturation process for most

paramyxoviruses, newly synthesized viral proteins are assembled and packaged on the plasma
membrane of infected cells and mature by budding through the plasma membrane (13). In the
work by Garcia ef al. (22), RSV antigens, as recognized by RSV-specific antibodies conjugated
to colloidal gold particles, were detected in electron-dense inclusion bodies found in the
cytoplasm in close proximity to cell nuclei of RSV-infected HEp-2 cells. Kimpen et al. (109)
demonstrated that RSV particles could be taken up by phagocytic vacuoles in eosinophils within

2 hours following exposure of the cells to virus.

HYPOTHESIS AND SPECIFIC AIMS
On the basis of the above observations, we speculate that the maturation stage of AM
may be a determining factor in the outcome of RSV infection and the Working Hypothesis is:

Differences in RSV replicative outcome in subpopulations of guinea pig AM may be due

to differences in the intracellular compartmentalization of RSV during its life cycle in

these cell subpopulations.

The Specific Aims of this study are:
1. To isolate heterogeneous guinea pig AM into 3 subpopulations by density gradient
centrifugation.
2. To determine intracellular localization of RSV antigens in these AM subpopulations
following in vitro infection using immunogold labeling and transmission electron

microscopy.
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EXPERIMENTAL PROTOCOLS

Study Design

The design of this study is shown in Figure 5.1. Briefly, juvenile female guinea pigs
(n=3) were killed and heterogeneous AM were obtained by in situ bronchoalveolar lavage. The
AM were isolatéd into three subpopulations, “immature”, “intermediate” and “mature”, by
density gradient centrifugation. The cells were transferred to 6-well plates (2x10° cells per well)
after washing in cold RPMI medium and left in the incubator (37°C, 5% CO,) for 30 minutes to
allow viable AM to adhere to the plates. Non-adherent cells were washed off and the 3
subpopulations of AM were exposed to RSV at an m.o.i. of 3. At 24 hours post-infection, the
cells were collected into pellets and processed by standard EM procedures before being
embedded and cured in plastic blocks. Ultra-thin sections of cells were prepared and

immunogold labeling was performed. Examination of these cells was carried out by

transmission electron microscopy. Positive control HEp-2 cells were used in parallel with the

guinea pig AM through the experimental procedures.
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Immunogold Labeling & TEM

Figure 5.1 Experimental design of EM study — a cell maturation effect on in vitro RSV
infection in guinea pig AM.
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Immunogold Labeling & Transmission electron microscopy
Cell Processing and Fixation

At 24 hours post-infection, RSV-exposed AM were scraped off 6-well plates with a
sterile cell scraper and washed in PBS. The AM were collected into a pellet by centrifugation at
4°C, 400 x g for 10 minutes. After aspirating off the PBS, the cell pellets were gently dislodged
and fixed in 0.IM sodium cacodylate buffer (pH7.4, Marivac Ltd., Halifax, NS, Canada)
containing 2.5% glutaraldehyde (BDH Chemicals) for 1 hour at 4°C. The cells were spun down
and resuspended in a minimum amount of cacodylate buffer. This cell suspension was
transferred to rubber }nould. An equal volume of tepid 2% (w/v) low-melting point agarose
(Sigma) was added to the cell suspension, mixed thoroughly and allowed to set in the
refrigerator. The agar block was cut into 2 mm’ cubes, transferred to glass vials, washed thrice
in cacodylate buffer and then fixed in 1% osmium tetroxide for 1 hour in the dark. The cubes
were washed in 3 changes of dH,O followed by an hour fixation in saturated uranyl acetate.
Excess uranyl acetate was washed off in 3 changes of dH,0. Unless otherwise mentioned, all
electron microscopy products/reagents were purchased from Electron Microscopy Services, Fort
Washington, PA.
Infiltration and Embedding

Prior to infiltration, the cubes containing AM were passed through a series of increasing
concentrations of alcohol, (30%, 50%, 70%, 90% and 3X100%) at 10-minute intervals. The
cubes were washed thrice in 100% propylene oxide for 10 minutes each. Immediately before
use, equal volumes of Epon Mixture I was mixed with propylene oxide and used as infiltration
fluid. After aspirating off the propylene, the freshly prepared infiltrating fluid was added to the

cubes. The vials of cell cubes were left to infiltrate overnight on a rotator with their lids off. The

3 Recipe for Epon Mixture I:

Prepare Stock using 62 mL of Epon 812, 81 mL of Araldite 502 and 5 mL of DBP (Dibutyl Phthalate). Mix 1 part
Stock to 1 part DDSA (Dodecenyl Succinic Anhydride) and 1.5% (v/v) DMP30 (2,4,6-Tri (dimethylaminomethyl)
phenol).
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cubes were then transferred the following day to rubber moulds, embedded in fresh 100% Epon

Mixture I and left to cure overnight in a 60°C oven in a fume hood.
Grid Preparation and Cutting

Specimen grids made of nickel with a diameter of 3.05 mm and standard hexagonal mesh
were used for supporting ultra-thin sections of cells. The grids were coated with 0.5% formvar
in ethylene dichloride. Semi-thin sections (0.5 um thickness) were cut using a glass knife fitted
with a trough of dH;O. These sections were stained with Toluidine Blue O and examined under
light microscope to locate areas of interest. Ultra-thin sections, between 60 nm (gray color) and
90 nm (silver color) in thickness, were sectioned using a fresh glass knife. The sections floating
in the trough of dH,0 were transferred onto the dull side of formvar-coated grids with the aid of
a wire loop.
Immunogold Labeling and Visualization

Ultra-thin sections of specimens that were mounted on nickel grids were pretreated with
2% sodium metaperiodate to unmask antigenic sites (198). The sections were first incubated
with 5% normal goat serum to minimize background staining and then incubated with NCL-
RSV2 (l;Iovocastra Laboratories; Newcastle-Upon-Tyne, UK), a pool of monoclonal antibodies
with specificities for RSV fusion protein (F), phosphoprotein (P) and the 22K membrane-
associated protein (M2). The feasibility of the antibodies directed against the P and M2 proteins
have been demonstrated by Garcia et al. (22) for intracellular localization. The primary antibody
was used at a empirically determined working dilution of 1:50 in PBS for 1 hour at 37°C.
Consecutive sections incubated with non-immune mouse IgG; served as controls for
immunostaining. Excess primary antibodies were washed off using PBS. Specific antibody-
antigen reaction sites were labeled by incubation of goat anti-mouse immunoglobulins

conjugated to 10 nm diameter gold particles (1:50 dilution, Dakopatts) for 30 minutes at 25°C.

Three changes of PBS plus a final wash in dH,O was performed. The sections were
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counterstained with uranyl acetate and lead citrate prior to viewing under a Philips 400 electron

microscope (Philips 400; N.V. Philips’ Gloeilampen-fabrieken; Eindhoven, The Netherlands).

RESULTS
Isolation of AM subpopulations
Figure 5.2 shows heterogeneous AM harvested by bronchoalveolar lavage isolated into 3
distinct fractions on a metrizamide gradient following density gradient centrifugation. The
subpopulation of AM recovered at the 20-22% metrizamide interface was designated as
“immature”, those recovered at the 18-20% metrizamide interface were designated as
“intermediate”, and those residing in the 18% metrizamide-H-saline interface were “mature” AM

(83).

Localization of RSV particles

All three subpopulations of AM were exposed to RSV (m.0.i.=3) and immunolabeled
with a pool of anti-RSV monoclonal antibodies. Examination by transmission electron
microscopy revealed aggregates of colloidal gold particles in the lysosomal compartment of
mature AM (Figure 5.3A). In contrast, clusters of gold particles were seen in perinuclear
distribution in the cytoplasm of intermediate AM (Figure 5.3B) and in immature AM (Figure _
5.3C), the gold particles associated with electron-dense material, that had the ultrastructural
appearance of free RSV nucleocapsid. Positive control RSV-infected HEp-2 cells (Figure 5.4),
which showed gold particles within cytoplasmic regions and budding of virus progeny around

the cell membrane, confirmed the specificity of immunogold labeling by our TEM technique.



42

Figure 5.2 Isolation of AM subpopulations by density gradient centrifugation. Heterogeneous
AM obtained from bronchoalveolar lavage were separated into hypodense mature (A),
intermediate (B) and high density immature (C) subpopulations on a discontinuous metrizamide
gradient.
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Figure 5.3 Electron micrograph of immunogold labeling of RSV particles using anti-RSV

antibodies in AM subpopulations. Scale bar represents 50 nm.

(A)Mature AM: colloidal gold labeled RSV particles (arrow) were observed in phagolysosome
(D).

(B) Intermediate AM: colloidal gold particles (arrow) found in cytoplasm near the nucleus (N).

(C) Immature AM: colloidal gold particles localized to viral nucleocapsid (asterisk) in cytoplasm.

(D) Immature AM: negative control.




Figure 5.4 Electron micrograph of RSV-infected HEp-2 cell. Arrow indicates colloidal gold
localized to RSV progeny budding from cell membrane. Scale bar represents 100 nm.

44
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DISCUSSION

The objectives of this study were to localize RSV proteins within infected AM by
electron microscopy and compare intracellular compartmentalization of RSV in the three
subpopulations of guinea pig AM. The results showed that immunogold labeled-RSV pérticles
were found in different intracellular compartments of AM according to their degree of
maturation. More specifically, colloidal gold particles were observed in the lysosomal
compartment of mature AM, whereas gold particles were found in the cytoplasm of intermediate
and immature AM. These observations are consistent with and extend the light microscopic
observations made by Dakhama ef al. (83) in that RSV infection of mature AM yielded a
granular staining pattern (which we interpreted as corresponding to lysosomes) while that of
intermediate and immature AM produced a diffuse cytoplasmic staining pattern (which we
interpreted as corresponding to free cytosolic virus).

Ultrastructural studies on functional studies of subpopulations of human AM have been
described (199). Transmission electron microscopic analysis by Nakstad et al. (199) revealed
mostly primary lysosomes and very few secondary lysosomes in high density immature AM in
contrast to large mature AM with numerous secondary lysosomes. Primary lysosomes are
membrane-bound organelles which contain lytic enzymes for intracellular digestion but have not
yet become engaged in enzymatic digestive activities. ~When a phagosome (with its
phagocytosed material) fuses with a primary lysosome, the resulting merged organelle is referred
to as a secondary lysosome or phagolysosome (156). Thus localization of colloidal gold
particles in the phagolysosomes of mature AM, in contrast to the free cytoplasmic colloidal gold
particles found in intermediate and immature AM, suggests that mature AM were more able to
contain the viral particles within the lysosomal compartment than less mature AM
subpopulations. Since virus-associated colloidal gold particles were found in the

phagolysosomes of mature AM, this localization may be pertinent to the mechanisms by which
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mature AM inactivate RSV and restrict viral replication. On the other hand, the observation of

virus-associated colloidal gdld particles free in the cytoplasm of intermediate and immature AM
is similar to observations made in RSV-infected epithelial cells (22). Furthermore, in immature
AM, the colloidal gold particles were associated with electron dense material that showed
morphologic features typical of paramyxovirus nucleocapsids (22, 200). The observations made
in intermediate and immature AM suggest that these cells were less able to inactivate RSV and
thereby have a tendency to support viral replication.

Qualitative observations, such as those described here, represent a limitation of the
current study but are nonetheless valuable because the differences in RSV-AM interactions show
distinct patterns of ultrastructural localization that extend light microscopic observations.
Although the proportions of AM subpopulations in children have not been determined (due to
practical and ethical reasons), most of the AM in the lungs of normal adults are of the mature
subpopulation which are relatively more capable of conferring protection (201); this may be an
explanation for immunocompetent adults to rarely develop serious RSV-bronchiolitis.
Investigations to examine the relative proportions of AM subpopulations between the ages in
animal studies (see Chapter 6 — Effect of age of host animal) would provide new information to
improve our understanding of the interactions betweén RSV and AM.

In summary, the ultrastructural observations of immunogold labeled-RSV particles in
different intracellular compartments of AM according to their degree of maturation supports the
hypothesis that differences in RSV outcome in subpopulations of AM may be due to differences
in intracellular compartmentalization of RSV, with the mature subpopulation of AM containing

viral antigens within phagolysosomes.
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CHAPTER 6

EFFECT OF AGE OF HOST ANIMAL ON RSV INFECTION

INTRODUCTION

The age of the host animal is é major determinant in the ability of the cell to contain viral
infections. Increased resistance to disease in the course of growth, development and maturation
of the host appears to be a general characteristic in humans and other species. Age-dependent
resistance of macrophages to viral infections has been demonstrated in animal models. Some.
examples, included but not limited to, are herpes simplex virus (HSV) (202, 203) and rabies
virus (204). Several theories to explain the age-related resistance against viral infections have
been postulated; included are maturation of immunological reactivity, augmented IFN
production and reduction in number of cell surface viral receptors (205).

As mentioned in the overview, the age of the host is one of the determinants affecting
RSV infection. In children, the severity of primary pulmonary disease due to RSV infection is
inversely proportional to age (1). The nature of the maturation process that renders in most
adults the ability to confine RSV infection in the upper respiratory tract is still not well
understood. Although numerous animal models of RSV infection have been developed, only a
limited number of these models have included the age dependency phenomenon (73). Using the
ferret model, Prince and Porter (206) showed that RSV could replicate in the lungs of infant but
not adult animals. Similarly, data from our laboratory has demonstrated that juvenile guinea pigs
are more susceptible to acute bronchiolitis than adult guinea pigs when inoculated with human
RSV (207).

While the effect of age on in vitrro RSV infeétion in subpopulations of AM has not been

examined, it has been studied in different virus-host systems. Hirsch et al. (202) showed that

HSV-infected macrophages from suckling mice released more progeny virus than adult mouse
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macrophages. In vitro studies by Morgensen (203) showed that HSV-2 infection of peritoneal
macrophages from 3-week old and 8-week old mice correlated age-related resistance with én
increased restriction of viral replication, as determined by plaque assay.

Recent studies of in vitro RSV infection in AM have demonstrated that viral infection is
restricted to a subset or sﬁbpopulation of cells (83, 108, 113). Midulla et al. (108) studied the
“permissiveness” of various cell types to RSV infection by examining the proportion of RSV-
positive cells following in vitro exposure to RSV. Cirino et al. (113) showed that only
approximately one-third of AM exposed to RSV were capable of replicating RSV and restriction
of viral replication may be related to cellular differentiation. Dakhama et al. (83) extended this
observation: in addition to examining the proportion of RSV-positive cells following in vitro
RSV infection, they included in their investigation the amounts of replicating virus in RSV-
exposed AM. However, none of these studies examined the effect of age of the host animal on
RSV infection in conjunction with subpopulations of AM. Various investigators (83, 108, 113)
have used the term “permissiveness” in their reports in a rather vague. manner and without
precise definition. To avoid confusion, this term will not be used in this thesis. A more
complete understanding of the interaction between RSV and AM could be achieved by
considering the ability of RSV to enter cells as well as the ability of cells to support viral
replication as one entity. Therefore, in this thesis, a new term, RSV Yield, will be used. The
RSV Yield of a cell is defined as the amount of viral replication (as determined by plaque assay)
per RSV-immunopositive cell (as determined by RSV immunostaining). Mathematically,

RSV Yield = (pfu per million AM) + (% RSV-immunopositive AM)

The investigations in this study examined the effect of age of guinea pigs on in vitro RSV
infection by analyzing the distribution of the AM subpopulations and the RSV Yield of AM

subpopulations between juvenile and adult animals.
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HYPOTHESIS AND SPECIFIC AIMS

The Working Hypothesis of this study is:

The susceptibility of guinea pig AM to in vitro RSV infection is dependent on the age of

the host animal and the state of cell maturation.

The Specific Aims of this study are:

1. To examine the distribution of AM subpopulations between juvenile and adult guinea
pigs.

2. To determine and compare the uptake of RSV in AM subpopulations isolated from
juvenile and adult gﬁinea pigs.

3. To determine and compare RSV replication of RSV in AM subpopulations isolated from
juvenile and adult guinea pigs.

4. To determine and compare the RSV Yield in AM subpopulations isolated from juvenile

and adult guinea pigs.

EXPERIMENTAL PROTOCOLS

Study Design

The design of this study is shown in Figure 6.1. Six adult female guinea pigs (retired
breeders, >1000 g) and five one month-old, juvenile female guinea pigs (250 — 300 g) were used
in this study. Since puberty in the female guinea pigs occur around 10 weeks of age, yoﬁné SOWS
at one month of age are considered to be sexually»immature (208). Heterogeneous AM were
obtained by bronchoalveolar lavage immediately following killing. The cells were isolated into
3 subpopulations (immature, intermediate and mature) by means of density gradient
centrifugation. These cells were exposed to RSV at a m.0.i.=3 for 90 minutes with intermittent

agitation, and harvested at 24 hours post-exposure. The susceptibility of AM subpopulations to

S
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RSV infection and replication were determined by a combination of immunostaining of cytospin

preparations and viral plaque assays, and RSV Yield was calculated.

Juvenile GP
(n=6)

Adult GP
(n=5)

Heterogeneous AM

|
)

RSV infection (m.o.1.=3)

\

1. Immunocytochemistry
2. Plaque Assay

Figure 6.1 Experimental design for study of effect of age of host animal on in vitro RSV
infection in guinea pig AM.
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Cytospin preparation

RSV-exposed AM and control cells (HEp-2 cells) were collected from 6-well plates by
scraping off the monolayers using a sterile cell scraper and transferred to 15 mL polypropylene
tubes. The cells were collected by centrifugation at 200 x g for 10 minutes in a bench top
centrifuge. The resultant cell pellets were re-suspended in MEM supplemented media plus 1%
FBS. The cell density was adjusted to 0.5 x 10° cells/mL. 100 pL of each sample was applied to
the cytospin chamber that had been assembled with a blotter (Shandon Inc, Pittsburgh, PA) and a
labeled adhesion microscope slide (Histobond®, Marienfeld, Germany). At this cell density, a
target of 50,000 to 100,000 cells per cytospin spot was obtained. The assembled cytospin
chambers were spun at 200 x g for 5 minutes at room temperature. The prepared slides were air-

dried and fixed in methanol (BDH Chemicals) for 5 minutes.

Immunocytochemistry
RSV Immunostaining

RSV antigens in cytospin preparations were detected by immunostaining using RSV
mouse monoclonal antibody (NCL-RSV2, Novocastra Laboratories, New Castle-upon-Tyne,
UK) in conjunction with the Vectastain® Avidin-Biotin Complex-alkaline phosphatase (ABC-
AP) kit (Vector Laboratories, Burlingame, CA). NCL-RSV2 is made up of a pool of monoclonal
antibodies with specificities for RSV fusion protein, phosphoprotein and M2 protein. The
staining protocol as recommended by the manufacturers has been modified for cytospin
preparations as follows. Slides were boiled in 0.01 M sodium citrate buffer (pH 6.0, BDH
Chemicals) for 10 minutes, cooled and rinsed in dH,O. The slides were incubated fqr 20 minutes

4

with diluted normal blocking serum®. Excess serum was blotted off, and the NCL-RSV2

antibody solution at 10 pg/mL was applied to each section and incubated for one hour. The

4 Normal blocking serum: 3 drops of stock to 10 mL TBS (10 mM sodium phosphate, pH 7.5, 0.9% saline).
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slides were washed thrice in TBS and incubated with the biotinylated secondary antibody’ for 30

minutes. After another 3 x 5 minute washes, the slides were incubated with VECTASTAIN®
ABC-AP Reagent® for 30 minutes. Following that, the slides were washed again and incubated
with Vector® Red Alkaline Phosphatase Substrate’ (Vector Laboratories) for 30 minutes. A

final wash in tap water was carried out before mounting in VECTASHIELD® mounting medium
and viewed under light microscope. For every cytospin sample tested, control slides using 1gG,
of equivalent protein concentration to substitute the primary antibody were carried out in
parallel. All incubations were performed at room temperature.
Scoring and Statistical Analysis

A total of 300 AM were scored and the proportion of RSV-positive cells were reported as
a percentage of cells counted. The data were reported as the means of each group + SEM,
analyzed using ANOVA and the Bonferroni procedure was used to correct for multiple

comparisons. A two-tailed p value of < 0.05 was considered as statistically significant.

Viral Plaque Assay
Quantification of RSV progeny titer

After the AM had been exposed to RSV for 90 minutes at an m.o.i. of 3 and allowed to
incubate overnight, the cells were gently scraped with sterile cell scraper (Fisher Scientific) and
the cell suspensions collected into 2 mL sterile eppendorf tubes. Sterile glass beads (Fisher
Scientific) were added and the tubes were vortexed for 5 minutes to release cell-associated virus.
Ten-fold serial dilutions (10! to 10”%) of each sample were prepared using culture medium. 1

mL of each dilution was applied onto a monolayer of HEp-2 cells in 6-well plates. All samples

3 Biotinylated secondary antibody: working concentration is 1 drop of stock in 10 mL TBS.

¢ ABC-AP Reagent: 2 drops of Reagent A + 2 drops of Reagent B in 10 mL TBS. Mix and stand for 30 minutes
before use.

7 Vector Red Substrate: Working solution is prepared immediately before use — 2 drops of Reagent 1 + 2 drops of
Reagent 2 + 2 drops of Reagent 3 in 5 mL of 100 mM Tris-HCl buffer, pH 8.2-8.5
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were plated in duplicate. Subsequént steps for this assay involved washing of virus-exposed

cells with PBS, agarose overlay followed by incubation over a period of 7 to 10 days of
incubation and syncytia scoring. Full details of these methods are described in the section for

RSV titer determination (Chapter 4, General Materials & Methods).

Scoring and Statistical Analysis

The number of syncytia formed in the different serial dilutions of sample applied was
scored. The dilution, which yields 25-75 syncytia, was used to determine the number of plaque
forming units (pfu) per 10° cells. The data, reported as the means + SEM, were analyzed using

ANOVA and the Bonferroni method was used to correct for multiple comparisons. A value of

p<0.05 (two-tailed) was considered as statistically significant.
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RESULTS

Distribution of AM subpopulations
The distribution of AM subpopulations from juvenile and adult guinea pigs was
examined and is presented in Table 6.1. There were no significant differences in the distribution

of AM subpopulations between adult and juvenile guinea pigs.

Table 6.1 Distribution of AM subpopulations in adult and juvenile guinea pigs.

Adult Juvenile
Mature AM | 38.8+5.9 46.6 1.9

;‘ Intermediate AM 31.5+14 208+44 |
Immature AM 29.7+5.0 23.6+4.8

Data represent the proportion (mean + SEM) of mature, intermediate and
immature AM.
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Effect of Age on RSV Immunopositivity

Figure 6.2 shows the staining pattern of RSV-infected subpopulations of AM in
comparison to the IgG; non-specific staining control. RSV antigens were localized in the
cytoplasm of RSV-infected AM. Control slides incubated with immunoglobulin (IgG;) did not
exhibit any immunostaining. Figure 6.3 shows results of the percentage of RSV-immunopositive
cells, determined by scoring at least 300 cells per specimen under the light microscope. The
proportion of RSV-immunopositive cells in juvenile guinea pigs are significantly higher
compared to their respective maturation stages in adult guinea pigs (p<0.0001).

In juvenile animals, the percentage RSV-immunopositive AM from the mature
subpopulation was significantly less than those in the intermediate (mature vs. intermediate
(mean + SEM): 10.6 = 0.7% vs. 18.6 £ 0.9%, p<0.0002) as well as immature (mature vs.
immature: 10.6 + 0.7% vs. 20.6 + 1.3%, p<0.002) subpopulations. There were no significant
differences in the proportion of RSV-immunopositive cells between intermediate and immature

AM subpopulations from juvenile animals. In contrast, there were no significant differences

among the three subpopulations of AM from adult guinea pigs.




56

Figure 6.2 Immunostaining of mature (A), intermediate (B), and immature (C) subpopulations of
guinea pig AM with anti-RSV antibody. The negative control (D) was an irrelevant isotype-
matched IgG1. Hematoxylin counterstained. Scale bar represents 50 pm.
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Figure 6.3 Effect of age of host animal on RSV immunopositivity.

Data represent percentage of RSV immunopositive AM (mean + SEM) in mature (white bars),
intermediate (gray bars) and immature (black bars) subpopulations from adult and juvenile
guinea pigs.

‘a’ p<0.0001 adult vs. juvenile guinea pigs in respective AM subpopulations.

‘b’ p<0.0002 mature AM vs. intermediate AM in juvenile guinea pigs.

‘¢’ p<0.002 mature AM vs. immature AM in juvenile guinea pigs.
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Effect of Age on RSV Replication

Infectious, replicating RSV within AM was released by mechanical disruption‘_ with
sterile glass beads. Ten-fold serial dilutions of the virus were used to infect HEp-2 cells which
form large syncytia when exposed to RSV (Figure 6.4). The number of RSV progeny from AM
was determined as the product of the number of syncytia observed and the reciprocal of the
dilution factor in which the syncytia were scored. Figure 6.5 shows the RSV progeny in
different AM subpopulations from adult and juvenile guinea pigs. The RSV progeny in all three
subpopulations of AM from juvenile guinea pigs was significantly greater than their respective
counterparts from adult animals (p<0.002).

As shown in Figure 6.5, the immature subpopulation of AM from juvenile animals had
significantly more RSV progeny compared to the intermediate ((mean = SEM) 4554 ‘i 751 vs.
975 + 257, p<0.006) and mature (4554 £ 751 vs. 252 * 27, p<0.003) subpopulations. In
addition, intermediate AM contained more RSV progeny than the mature AM in juvenile animals
(975 £257 vs. 252 £ 27, p<0.03). In contrast, there were no significant differences in the RSV

progeny from the three AM subpopulations isolated from adult animals.
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Figure 6.4 Formation of syncytium as a result of infection and fusion with neighboring cells on a
monolayer of HEp-2 cells stained with neutral red (0.1%). Scale bar represents 50 pm.
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Figure 6.5 Effect of age of host animal on RSV replication.

Data represent RSV progeny per million AM exposed to RSV in mature (white bars),
intermediate (grey bars) and immature (black bars) subpopulations from adult and juvenile
guinea pigs.

‘a’ p<0.002 adult vs. juvenile guinea pigs in respective subpopulations.

‘b’ p<0.006 immature AM vs. intermediate AM from juvenile guinea pigs.

‘¢’ p<0.003 immature AM vs. mature AM from juvenile guinea pigs.

‘d’ p<0.03 intermediate AM vs. mature AM from juvenile guinea pigs.
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| Effect of Age on RSV Yield

|

|

The RSV Yield in AM from adult and juvenile guinea pigs is presented in Table 6.2. The

data show that RSV Yield of immature AM from juvenile guinea pigs was 5 times greater than

| that from adult guinea pigs (Immature AM, juvenile vs. adult: 228 + 45 vs. 45 + 13, p<0.002).
Comparison of RSV Yield on intermediate AM between adult and juvenile did not reveal
significant differences and there was a trend (p=0.08) for higher RSV Yield in mature AM from

adult versus juvenile animals.

| In juvenile guinea pigs, the data indicate that RSV Yield of immature AM was
significantly higher than the intermediate (228 * 45 vs. 52 + 13, p<0.008) or mature (228 + 45
vs. 24 * 3, p<0.008) AM subpopulations. In contrast, there were no significant differences in

RSV Yield among the AM subpopulations from adult guinea pigs.

Table 6.2 RSV Yield in subpopulations of AM from adult and juvenile female guinea pigs.

’ Juvenile

|
Mature AM | 40+9 24 +3°
| Intermediate AM 86 + 58 | 52+13°
Immature AM 45+ 13 228 +45%

Data represent the RSV Yield (mean £ SEM) of subpopulations of guinea pig AM.
‘a’ p<0.002, Immature AM: adult vs. juvenile animals.

‘b’ p<0.01, Juvenile animals: immature AM vs. intermediate AM.

‘c’ p<0.01, Juvenile animals: immature AM vs. mature AM.
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Summary of Results

In summary, the data in this study showed that there were no differences in the
distribution of AM subpopulations between adult and juvenile guinea pigs. However, in juvenile
animals, the uptake of RSV by immature AM and the corresponding RSV progeny titer was
significantly greater than mature AM. By contrast, there were no differences in the RSV Yield
(neither in uptake of RSV nor in RSV progeny titer) in AM subpopulations from adult guinea
pigs. Immature AM from juvenile guinea pigs had by far the highest RSV Yield of the AM

subpopulations examined.

DISCUSSION
The working hypothesis for this study is that susceptibility of guinea pig AM to RSV
infection depends on 2 intrinsic host factors, namely, the age of the host animal and the state of
cell maturation. The main objective of this study was to determine and compare the in vitro RSV
infection of AM subpopulations from adult and juvenile guinea pigs in terms of RSV Yield,

defined as the RSV progeny per RSV-immunopositive cell.

Distribution of AM subpopulations

Due to difficulties in obtaining clinical samples from the lower respiratory tract of infants
and young children, examination and analyses of subpopulations of AM from children have not
been investigated. To my knowledge, the distribution of AM subpopulations between different
age groups or sexes (see Chapter 7) has not been inv'estigated in animal models. The data
obtained in this study showed that the distribution of mature, intermediate and immature AM
between adult and juvenile guinea pigs is similar. In Chapter 5, based on the localization of RSV
antigens in the lysosomes of mature AM as opposed to the cytoplasm in intermediate and

immature AM, it was speculated that perhaps the propensity of children to severe RSV disease
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may be explained by a proportionately greater distribution of AM towards the immature

subpopulation. Although data from the studies of Ferro ez al. (201) suggest that the majority of
AM from the normal adult lung is composed mainly of the mature subpopulation, this
phenomenon is not observed in the guinea pig. The observations in this animal model do not
support the hypothesis that young children are more prone to severe RSV disease because of
having a higher proportion of immature AM. As there is little or no published literature on the
interaction of age of the host animal and AM subpopulations, it is presently unclear whether the

data obtained are specific to guinea pigs or whether they can be extrapolated to other species.

RSV Yield between Adult and Juvenile guinea pigs

In this thesis, the term “RSV Yield” was introduced and defined as the ability of a cell to
internalize RSV and its ability to support viral replication. By this definition, the measures of
viral uptake (as determined by RSV immunostaining) and replication (as determined by plaque
assay) in the AM are correlated and incorporated into one entity. Therefore RSV Yield is a
reflection of viral replication within RSV-immunopositive AM based on immunostaining of
RSV antigens. In this experiment, the RSV Yield was greatest in immature AM from juvenile
animals, suggesting that this subpopulation of AM is particularly conducive to RSV propagation.
The data obtained in this study are consistent with and extend the findings of previous
investigators who documented increased viral replication in macrophages from young animals
(83,108, 113).

Together with these previous findings by others, the data presented in this study
demonstrate that as monocytes and the relatively immature AM differentiate and mature, they
lose their tropism for RSV. Immature AM are more susceptible to RSV infection compared to
the more mature cells in juvenile guinea pigs and also when compared to immature AM from

adult animals, but this increased susceptibility does not appear to be related to differences in
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distribution of AM subpopulations between the ages. Furthermore, these in vitro findings, when

considered in the context of the in vivo observations by Hegele et al. (207), suggest that young
animals may be highly susceptible to RSV infection of AM, with potential effects on more
extensive viral replication, suppression of host lung defenses, and production of more severe

lung injury.
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CHAPTER 7

EFFECT OF SEX OF HOST ANIMAL

INTRODUCTION

There are many risk factors known to predispose young children to RSV bronchiolitis.
Children born prematurely, with underlying cardiac and/or pulmonary disease seem to be
particularly susceptible to clinically severe RSV infections. In addition, the absence of
breastfeeding, low levels of maternal antibodies, sex (male), crowding and being in daycare also
increases the prevalence and severity of illness during the epidemic months (1). This study
examines the effect of sex of the host animal on in vitro RSV infection in guinea pig AM.

Epidemiological data of RSV-infected children indicates that male infants have a higher
risk of RSV bronchiolitis compared to females with a ratio ranging from 1.4:1 to 1.9:1 (31-33).
Furthermore, the more severe forms of RSV-bronchiolitis seen more frequently in male infants
than female infants may be associated with eosinophilia during illness (209). The reasons and
mechanisms responsible for these apparent sex-related disparities are not understood.
Speculations include sex-related differences in fetal lung development that result in earlier
maturation of the female lung than in males (210) and differences in pulmonary surfactant
production between the sexes (211). The investigations in this study examined the issue of sex
differences observed in RSV-bronchiolitis from 2 perspectives: the RSV Yield and the cytokine
profile of infected AM. First, based on our earlier findings that immature AM are more
susceptible to RSV infection than mature AM, the following questions were addressed: Do male
guinea pigs have more immature AM than females? Do AM from male guinea pigs have a
greater RSV Yield than females? Secondly, because a major role for cytokines has been

implicated in RSV-induced inflammation (95, 116), the production of these pro-inflammatory

cytokines by AM due to RSV infection was examined: TNFo. which has anti-viral activity (212,
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213), IL-6 which plays a major role in the initiation of the humoral arm of immunosurveillance,

and IL-8, a major chemoattractant for neutrophils (69).

HYPOTHESIS AND SPECIFIC AIMS
Therefore the Working Hypothesis of this study is:

AM from male guinea pigs are more susceptible to RSV infection and produce more

inflammatory cytokines than AM from female guinea pigs.

The Specific Aims of this study are:

1. To determine and compare the uptake of RSV in AM subpopulations between male and
female guinea pigs.

2. To determine and compare viral replication of RSV in AM subpopulations between male
and female guinea pigs.

3. To determine and compare RSV Yield in AM subpopulations between male and female
guinea pigs.

4. To examine the secretion of IL-6, IL-8 and TNFa in subpopulations of AM from male

and female guinea pigs.
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EXPERIMENTAL PROTOCOLS

Study Design

The design of this study is shown in Figure 7.1. Based on the data obtained in the EM
study and the age effect study, it was apparent that the intermediate and immature
subpopulations of AM responded in a similar manner to RSV. Therefore, for this experiment,
intermediate AM were isolated together with the immature cells by omitting the 20%
metrizamide layer in the density gradient column. Juvenile female (n=4) and male (n=4) guinea
pigs were sacrificed and heterogeneous AM were harvested by bronchoalveolar lavage. The
heterogeneous AM were fractionated into mature and immature subpopulations and were
exposed to RSV (m.0.i.=3). At 24 hours post-infection, the cell supernatants were used for

cytokine assays and the cells were used for immunostaining for proportion of RSV-

immunopositive AM and plaque assay for RSV progeny.
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Male GP Female GP
(n=4) (0=4)

Heterogeneous AM

=

Y
RSV infection (m.o.i.=3)

'

1. Immunocytochemistry
2. Plaque Assay
3.  IL-6, IL-8, TNFa profile

Figure 7.1 Experimental design for study of effect of gender of host animal on in vitro RSV
infection in guinea pig AM.
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Detection of IL-6 & IL-8 by ELISA

A protocol established by Dr. T.R. Bai and associates (McDonald Research Laboratories)
was utilized for the analyses of IL-6-like and IL-8-like proteins in supernatants from guinea pig
AM. For IL-6 ELISA assay, monoclonal anti-human IL-6 antibody (4pg/mL) was used as a
capture antibody with biotinylated polyclonal anti-human IL-6 antibody (25ng/mL) as the
detection antibody. Likewise, a monoclonal anti-human IL-8 antibody (4 pg/mL) was used in
conjunction with a biotinylated polyclonal anti-human IL-8 antibody (20 ng/mL) for the IL-8
ELISA assays. Recombinant human IL-6 and IL-8 were used in the respective assays for
calculation of standard curves that were generated for each set of samples assayed. All

antibodies and recombinant proteins for ELISA assays were obtained from R&D Systems.

Plate Preparation

High binding polyvinyl chloride plates (Corning Costar, Corning, NY) were coated with
100 uL/well of the capture antibody overnight. Using a multi-channel pipettor, the plates were
washed thrice with Wash Buffer® to remove unadsorbed excess capture antibodies. 300 pL of
Blocking Solution® were added to each well and incubated for one hour to minimize non-specific
binding of cytokines to the plates. Again the plates were washed thrice using Wash Buffer, dried

under vacuum and stored at 4°C until used.

Assay Procedure
Dilutions of standards were carried out in polypropylene tubes. Samples of culture
supernatant from guinea pig AM (2 x 2x10° AM per well per animal) and standards (100

uL/well) were added and mixed gently by tapping the plate frame. The plates were sealed and

8 Wash Buffer: 0.05% Tween-20 (Sigma-Aldrich) in PBS, pH 7.4
° Blocking Solution: 1% BSA (Sigma-Aldrich), 5% sucrose (Fisher Scientific), 0.05% NaN; (Sigma-Aldrich) in
PBS, pH 7.4
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incubated for 2 hours. Washing, as described above, was carried out and the biotinylated

detection antibody (100 uL/well) was added and incubated fbr 2 hours. The aspiration/washing
step was repeated and 100 pL/well of streptavidin HRP (Zymed, South San Francisco, CA) was
added and incubated for 20 minutes. A final aspiration/wash procedure was performed and 100
uL/well of Substrate Solution'® was added to each well and incubated for 20-30 minutes,
protected from direct light. The reaction was stopped by the addition of 50 uL/well of Stop

1

Solution!!. The absorbance (A4gs) of each well was read within 30 minutes using a microplate

reader set to a wavelength of 405 nm.

Calculation of Results

To calculate assay results, the zero standard absorbance was subtracted from the mean of .
the sample duplicate readings. A standard curve from each set of experiments was obtained by
plotting the A4os against the concentrations of the standards. The equation of the best-fit line was
determined and the concentration of the cytokine measured can be calculated based on its A4os

reading and the best-fit equation.

Statistical Analysis
The data were presented as means + SEM of values. Data were analyzed using an
ANOVA and the Bonferroni method was used for correcting multiple comparisons. A value of

p<0.05 (two-tailed) was considered statistically significant.

10 Substrate Solution: 1:1 mixture of H,O,: Tetramethylbenzidine (Medix Biotech, San Carlos, CA)
1 Stop Solution: 1 M H,SO4 (BDH Chemicals)
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Detection of TNFa by Bioassay

In our laboratory, Dr. R.R. Schellenberg and colleagues have used this protocol for the
detection of TNFo released by AM from guinea pigs (214). The protocol, also known as 1.929
cell cytotoxicity assay, is a modified version of that described in Current Protocols. The
proportion of lysis in the TNF-sensitive L929 cells indicates the level of bioactive TNF in the
culture supernatant from guinea pig AM. To confirm the expression of bioactive TNF by guinea
pig AM, a neutralization test was performed by using polyclonal rabbit anti-mouse TNFo

neutralizing antibody (Genzyme, Cambridge, MA).

Preparation of L929 fibroblasts

A large batch of 1929 fibroblasts was cultured in several T75 flasks until confluent. The
cells were pooled together by trypsinization and washed in RPMI medium supplemented with
10% FBS. After washing by centrifugation (10-minute centrifugation at 400 x g, room
temperature), the cell pellet was resuspended in supplemented RPMI. A cell count was
performed and cell viability was evaluated by the trypan blue exclusion test. The cell density was
adjusted to a final concentration of 4x10° cells/mL. The fibroblast suspension was added to each
well of a 96-well flat-bottom microtiter plate, at 100 pL/well and incubated overnight at 37°C in
a 5% CO, humidified incubator. In general, the L.929 fibroblasts plated at this density yielded

confluency the next day.

Assay Procedure
The confluency of the 1.929 cells in 96-well microtiter plates were checked the following

day before proceeding with the assay as this is important for reproducible assays. The culture

media was aspirated from each well of the microtiter plate using an 8-well aspirator with extra
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care so as not to damage the monolayers with the aspirator tips. Recombinant human TNFo
(thTNFRo; R&D Systems) was used as a standard for calibration. Using an 8-channel pipettor,
2-fold serial dilutions of standards (ranging from 5 pg/mL to 5 ng/mL rthTNFRa) and culture
supernatants from guinea pig AM (neat to 1:32 dilutions) were performed in the 96-well
microtiter plates such that the final volume in each well contained 50 puL. All standards and
samples were plated in duplicate. One set of standards was prepared for every assay performed.
The plates were incubated overnight (18 hours) in a 37°C, 5% CO, humidified incubator in the
presence of the metabolic inhibitor actinomycin D (2.5 nug per well, Sigma). Following overnight
incubation, supernatant from each well was aspirated off and the L929 cells were washed with
200 uL of PBS. The wells were stained with 50 pL of Crystal Violet solution'? for 10 minutes at
room temperafure. The wells were washed using cold tap water and excess water was removed
by a sharp flicking of the plate. Care was taken so as not to hit the plates against any hard
surfaces and thereby dislodging the adherent cells. The microtiter plates were inverted over

absorbent paper and allowed to dry.

Scoring for TNFo activity

The Crystal Violet stains from the L929 fibroblasts were eluted by the addition of 100 uL
of 100% ethanol. The plates were read immediately with a microtiter plate reader at an
absorbance of 595 nm. The mean absorbance reading of the negative control values was
subtracted from each well. The resulting data of the standards were graphed by plotting the
cellular response values (Y-axis) versus the TNFo concentrations. This calibration graph was
used to determine the saturating maximal response value and the linear portion of the dose-

response curve. The amount of TNFa required to stimulate a half-maximal response normally

12 Crystal Violet solution: 0.05% Crystal Violet in 20% Ethanol
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falls within the linear portion of the dose-response curve and was used to define a unit of
activity. The saturating maximal response value and linear portion of the dose-response curve
for each set of serially diluted samples were obtained similarly by graphing the cellular response
versus the reciprocal dilution. The half maximal response and the corresponding reciprocal
dilution were calculated from the equation of the linear portion of the dose-response curve. The
amount of TNFo. present in the sample supernatant is equivalent to the product of its reciprocal
dilution at half-maximal response and the corresponding amount of TNFa from the standard

controls.

Statistical Analysis
The data were presented as means = SEM within the same animal in each experiment.
Data were analyzed by ANOVA and the Bonferroni method was used for correcting multiple

comparisons. A value of p<0.05 (two-tailed) was considered as statistically significant.
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RESULTS

Distribution of AM subpopulations between the Sexes
The distribution of AM subpopulations from young male and female guinea pigs was
examined and is presented in Table 7.1. There were no significant differences in the distribution

of AM subpopulations between the sexes.

Table 7.1 Distribution of AM subpopulations in juvenile male and female guinea pigs.

IF'emale Male

Mature AM 479443 473+4.8

 Immature AM 521443 52.7+4.8

Data represent the proportion (mean + SEM) of mature and immature AM from young
male (n=4) and female (n=4) guinea pigs.
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Effect of Sex on RSV Immunopositivity '

The data describing the impact of sex on RSV infection are presented in Figure 7.2. In
comparison to AM obtained from male guinea pigs, these results indicated that female guinea
pigs had a higher proportion of RSV-immunopositive AM in both mature (female vs. male: 13.4
1 0.6% vs. 9.9 % 0.4%, p<0.004) and immature (female vs. male: 25.1 = 0.8% vs. 21.2 + 0.9%;
p<0.04) subpopulations. Moreover, regardless of the sex of the host animal, the préponion of
RSV-immunopositive cells within the immature subpopulation was significantly higher than

those in the mature subpopulation (p<0.002).

Effect of Sex on RSV replication

Quantification of viable RSV progeny from RSV-exposed AM was determined using
viral plaque assay. These data are presented in Figure 7.3. There were no significant differences
in RSV progeny cultured in AM between male and female guinea pigs. Despite a significantly
lower proportion of RSV-immunopositive cells from male guinea pigs, these cells contained
similar amounts of RSV progeny as compared to the female cells. A significantly greater

number of RSV progeny were isolated by viral plaque assay in immature AM compared to

mature AM from both male and female guinea pigs (p<0.0003).
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Figure 7.2. Effect of sex of host animal on RSV immunopositivity.

Data represent percentage of RSV immunopositive AM (mean + SEM) in mature (white bars)
and immature (black bars) subpopulations from juvenile male and female guinea pigs.

‘a’ p<0.04 immature AM: female vs. male

‘b’ p<0.004 mature AM: female vs. male

‘c’ p<0.002 mature vs. immature AM from both male and female guinea pigs.
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Figure 7.3 Effect of sex of host animal on RSV replication.

Data represent RSV progeny per million AM exposed to RSV in mature (white bars) and
immature (black bars) subpopulations from juvenile female and male guinea pigs.

‘a’ p<0.002 mature vs. immature AM from both male and female guinea pigs.
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Effect of Sex on RSV Yield

The RSV Yield of AM between the sexes is presented in Table 7.2. These data indicate
that immature AM were significantly more susceptible to RSV than mature cells. In the mature
subpopulation, AM from male guinea pigs were significantly more susceptible to RSV than those
from female guinea pigs (male vs. female: 41.3 £ 2.9 vs. 28.0 + 2.8, p<0.009). By contrast, there

were no significant differences between the sexes in the subpopulation of immature AM.

Table 7.2 RSV Yield in AM from male and female guinea pigs.

Mature AM 28.0+2.8 413+29° I

Immature AM | 2929+ 11.7° 313.0+32.2°

Data represent the RSV yield (mean + SEM) of AM subpopulations from
young guinea pigs.

‘a’ p<0.002 mature AM vs. immature AM from both male and female animals.

‘b’ p<0.009 female vs. male in mature subpopulation of AM.
Effect of Sex on Cytokine Production

Cytokines released into cell supernatants following in vitro RSV infection were detected
by ELISA (IL-6 and IL-8) and bioassay (TNFar). The levels of IL-6-like proteins, IL-8-like
proteins and TNFa produced by subpopulations of AM from male and female guinea pigs are
presented in Table 7.3. All 3 cytokines were upregulated in RSV-infected cells compared to

sham-infected cells (see Appendix). However, there were no differences in the levels of

cytokines released between AM subpopulations or between the sexes.
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Table 7.3 Cytokine profile of guinea pig AM following RSV exposure.

Cvtokine Female
IL-6 (pg/mL) Mature | 349 + 67 378 + 68
‘1 Immature 331 £68 350 + 82
IL-8 (pg/mL) Mature 627 £ 160 730 £59
Immature 863 + 206 871 + 108
TNFo (ng/mL) | Mature 8.7+2.1 85125
Immature 104 £3.7 131+46 |

Data represent the amounts of IL-6, IL-8 and TNFa (mean + SEM) produced by RSV-
exposed AM from male and female guinea pigs.

Summary of Results

The data obtained in this study are summarized as follows. The distribution of AM
subpopulations in juvenile guinea pigs is similar between the sexes. Regardless of the sex of the
host animal, immature AM are more susceptible to RSV infection and manifest a higher RSV
Yield than mature AM. Although cells from female guinea pigs appear to be more susceptible to
RSV infection than male guinea pigs, the quantity of viable RSV progeny isolated from these
cells are similar between the sexes. Finally, examination of the cytokine profile revealed similar

levels of RSV-induced IL-6, IL-8 or TNFa produced by different AM subpopulations from male

and female guinea pigs.
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DISCUSSION

The working hypothesis in this study is that AM from male guinea‘pigs are more
susceptible to RSV infection and produce more inflammatory cytokines than AM from female
animals. This study was an attempt to determine if there was any disparity between the sexes of
the guinea pig AM response to RSV, as a possible mechanism of the apparent propensity for
boys to develop more clinically severe RSV infections than girls. This was achieved by
examining the distribution of AM subpopulations between the sexes, the susceptibility of AM

subpopulations to RSV (as reflected by RSV Yield) and the cytokine response of AM to RSV.

Effect of sex on distribution of AM subpopulations

Analysis of the distribution of AM subpopulations from male versus female guinea pigs
did not indicate any statistically significant differences. These findings do not support the
possibility that males are more at risk for RSV-bronchiolitis because of an increased proportion
of immature AM which are relatively more susceptible to in vitro RSV infection. There are no
published data on similar analysis of AM subpopulations between the sexes in humans or other
animal models. While epidemiological data suggest that young males are more at risk to RSV-
bronchiolitis, such differences have not been reported in animal studies. Microscopic
examination comparing histological changes in the lungs of RSV-infected male versus female
guinea pigs may provide further information concerning the risk differences observed in male
versus female infants. Regardless, the data in this study do not show any differences in the

distribution of AM subpopulations between male and female guinea pigs.

Effect of sex on RSV Yield in AM subpopulations
While the immunostaining data indicated a higher proportion of RSV-immunopositive

cells from female versus male guinea pigs, the plaque assay data showed that the quantities of
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RSV progeny from both sexes were similar. Therefore, the RSV yield, defined as the quantity of

RSV progeny per million AM that were exposed to RSV, was higher in the subpopulation of
mature AM from young male guinea pigs compared to the respective cells from the female
guinea pigs. Contrary to the initial speculation that male guinea pigs may have a greater uptake
of RSV (based on expression of RSV antigens determined by immunostaiﬁing), these data
showed that mature AM from male guinea pigs are capable of an enhanced support of RSV
replication rather than increased viral uptake. These findings suggest that male guinea pigs may
not be as efficient as female guinea pigs in restricting viral replication or inactivating RSV,
presumably due to differences in fetal lung development between the sexes. It is conceivable
that differences between male and female guinea pigs may involve cellular mechanisms of virus

clearance. Whether a similar phenomenon occurs in humans remains to be elucidated.

Effect of sex on RSV-induced cytokine production by AM subpopulations

Cytokines play major roles in the modulation of inflammatory and immune responses.
These molecules are often referred to as a “two-edged sword” because of their roles in protection
as well as pathogenicity and the subsequent structural damage brought abput by increased
production. The relationship between RSV-induced cytokine production and the sex of the host
animal has not been previously investigated. Examination of the cytokihe response of juvenile
male and female guinea pigs infected by RSV may aid in the understanding of increased severity
of RSV-bronchiolitis seen in infant boys compared to infant girls. IL-6, IL-8 and TNFo were
chosen to be analyzed in this study because of their major roles in the complex network of cell-
cell communication, the activation of AM and previous reports describing RSV-induced
increases in secretion of these cytokines by AM (114, 116). In this study, the expression of these

cytokines by guinea pig AM was upregulated in a similar manner when exposed to RSV;

however, the results showed no differences in these cytokine levels between the sexes in guinea
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pigs. This observation implies that the differential susceptibility of AM to RSV between the

sexes has no effect on viral-induced production of these cytokines. A major limitation of the in
vitro system used in this study is the lack of cell-cell interaction and the interaction between
cytokines. Therefore, an experimental system that enables such interactions to be examined
would be highly valuable in the understanding of the complex and dynamic network of cytokines
involved over the course of an episode of RSV-bronchiolitis.

Despite limitations, the data in this study show that the guinea pig is a useful animal
model for studying human RSV infection. In conclusion, mature AM from male guinea pigs are
more susceptible to RSV infection and support more viral replication compared to AM from
female guinea pigs. However, these differences observed between the sexes were not associated
with differences in distribution of AM subpopulations or differences in the cellular production of

IL-6, IL-8 or TNFa induced by RSV infection.
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CHAPTER 8

RSV INTERACTION WITH PM10

INTRODUCTION

Over the last 2 decades, there has been a remarkable increase in the prevalence of allergic
respiratory diseases and it is hypothesized that environmental, and not genetic, factors are
responsible (70). At the same time, for unexplained reasons, the prevalence of RSV bronchiolitis
has increased 2.4-fold within 16 years (4). To obtain an improved understanding about the
potential contribution of environmental factors in these marked increases in the prevalence of
respiratory diseases, scientists have examined the role of air pollution, as one environmental
factor. In some studies (215, 216), air pollution has been implicated as a possible protective
factor in preventing development of atopy and asthma in later life. On the other hand, data from
epidemiological studies indicated that air particulates caused adverse pulmonary health effects
(217) as well as increased the susceptibility of children to RSV and other airway infections (218,
219).

One plausible explanation for the increase in the prevalence of allergic respiratory
diseases over the last twenty years is known as the “Hygiene Hypothesis”. This term was coined
by David P. Strachan (72) who proposed that improved household amenities and the higher
standards of personal cleanliness have significantly reduced the incidence of various childhood
infections. This in turn led to increased susceptibility to become sensitized to harmless allergens
in later life. The basis for this hypothesis is that childhood viral or bacterial infections, which
induce Th1 type response and long-lasting immunological memory, could potentially prevent the
Th2 immune responses in individuals susceptible to atopy and asthma. Hence common

childhood infections are implicated as a protective factor against sensitization to allergens later

in life.
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Numerous reports appear to support the possibility that common childhood infections

could play a protective role in development of allergic diseases. Results from various cohort
studies (220-222) showed that young children who attend daycare or have older siblings are at a
lower risk of atopic diseases. Other studies carried out in Guinea-Bissau (223) and in Scotland
(224) provided epidemiological evidence that measles infection could reduce the risk of
allergies. von Mutius and colleagues studied children from East and West Germany (considered
a reasonably genetically homogeneous population) soon after the Reunification of 1989 and
found that East German children had a higher frequency of respiratory disease but a lower
prevalence of asthma compared to their West German peers (215). In a highly influential paper,
Shirakawa et al. (225) showed that a positive tuberculin response in BCG-vaccinated
schoolchildren in Japan correlated with a lower incidence of atopic conditions. Moreover, a
similar inverse relationship was proposed between hepatitis virus infection and atopy (226).
Taken together, the implication of these studies is that viral and bacterial infections during
childhood might afford protection against allergic sensitization.

However, there are others (227, 228) who dispute the apparent protective effects of
childhood infections against atopic diseases. In contradiction to earlier studies (223, 224), data
from Paunio ez al. (227) showed that naturally acquired measles infection in Finnish children
was associated with increased prevalence of atopic conditions. Furthermore, investigations on
tuberculin response by Strannegard et al. (229) did not confirm the findings of Shirakawa and
coworkers (225).

Air pollution has been incriminated as an important health risk factor. For example,
acute episodes of air pollution have been associated with increased mortality due to
cardiovascular disease (230, 231). Epidemiological studies have reported that air particulates

cause adverse cardiopulmonary effects especially in those with pre-existing lung diseases and are

also associated with increased incidence of pneumonia and airway hyperreactivity (217). Other
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studies have also suggested that pollution may influence the incidence of viral infections in

children living in rural versus urban environment (218, 219).

While the evidence for the pathogenic role of air pollution in lung disease is compelling,
there have been numerous published studies that suggest a possible protective role for air
pollution. The Reunification of Germany provided a unique opportunity to study the effects of
air pollution on the development of allergic disorders in two genetically similar populations that
had been exposed to different environmental conditions over four decades. Several studies of
children and adults have demonstrated a significantly lower prevalence of bronchial
hyperresponsiveness, hay fever and atopy in the more polluted East German cities compared to
the relatively cleaner West German cities (215, 232, 233). Similar evidence was also obtained in
studies performed in the Baltic region where schoolchildren living in the more polluted Poland
demonstrated a lower prevalence of atopic sensitization and asthma compared to those in
relatively less polluted western Sweden (234, 235).

The goal of the current study was to examine the interactive effects of RSV infection and
air pollution (using PM10) on guinea pig AM functions. Recent studies by Becker ef al. (193)
showed that PM10 inhibits the ability of human AM to take up RSV. However, earlier studies
demonstrated that RSV infection severely diminished the phagocytic ability of mouse AM (114).
To understand how RSV and PM10 might interact and affect AM functions, we proposed that the
AM response to RSV and PM10 is dependent on the sequence in which AM were exposed to
these agents. The following specific questions were considered: Does PM10 exposure protect
AM against RSV infection? Does RSV infection exacerbate a pre-existing PM10-induced
cytokine response of AM? Does RSV protect against effects of acute PM10 exposure? Does
exposure to PM10 exacerbate a pre-existing RSV-induced inflammation? Based on these

considerations, in vitro experiments using guinea pig AM were designed to simulate 2 scenarios:

RSV infection of individuals in high pollution areas (PM10+RSV) and RSV-infected individuals
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exposed to an acute episode of air pollution (RSV+PM10). This was achieved by sequential

exposure of AM to 2 environmental agents, RSV and PM10. In the former case, experiments
were performed on AM that had been pre-treated with PM10. In the latter case, RSV-infected
AM were subjected to a subsequent treatment of PM10. These 2 situations were analyzed in 3
aspects: (1) ability of AM to phagocytose PM10, (2) the RSV Yield based on ability of the AM
to take up virus and support viral replication and (3) cytokine response of the AM to these

stimuli.

HYPOTHESIS AND SPECIFIC AIMS
On the basis of the rationale presented above, the Working Hypothesis of this study is:

The outcome of the interaction of RSV and environmental particulates in AM is

dependent on the sequence in which the cells were exposed to these agents.

The Specific Aims of this study are:

1. To compare the effect of sequential PM10 and RSV exposure, and vice versa, on the
phagocytic function of AM using flow cytometric analysis.

2. To compare the effect of sequential PM10 and RSV exposure, and vice versa, on RSV
uptake by AM.

3. To compare the effect of sequential PM10 and RSV exposure, and vice versa, on RSV
replication.

4. To compare the effect of sequential PM10 and RSV exposure, and vice versa, on RSV
Yield.

5. To measure cytokine production (IL-6, IL-8 and TNFa) of AM in response to sequential

PM10 and RSV exposure, and vice versa.
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EXPERIMENTAL PROTOCOLS

Study Design

The design of this study is shown in Figure 8.1. In this study, heterogeneous AM were
obtained by bronchoalveolar lavage from female juvenile guinea pigs (n=4). Data from the
previous study (Chapter 7) has indicated that neither the gender of the host animal nor the
maturation stage of the AM influenced the cytokine profile of RSV-infected AM. Therefore in

this experiment, AM were used and examined as a heterogeneous population.

Heterogeneous AM

N N

PM10+RSV||RSY+PM10 PM10 RSV NEG

v

*Scatter Profile by Flow Cytometry
*RSYV labeling by Flow Cytometry

*Plaque Assay
IL-6, IL-8, TNFa profile

Figure 8.1 Experimental design for study of PM10-RSV interactions in guinea pig AM.
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Heterogeneous AM from each guinea pig were subjected to five different treatments:

exposure to PM10 followed by RSV infection (PM10+RSV), RSV infection followed by PM10
exposure (RSV+PM10), exposure to PM10 only (PM10), exposure to RSV only (RSV) and the
negative control (i.e., exposure to neither PM10 nor RSV) (NEG). At 24 hours post-treatment,
the AM were used for plaque assay to quantify RSV progeny and flow cytometric analysis of
proportion of RSV-infected cells and cell scatter properties while the cell supernatants were used
for ELISA (IL-6 and IL-8 detection) and bioassay (TNFo).

Several reports have demonstrated that the cytokine response of AM to environmental
particulates might be due to the presence of endotoxin on particles (193, 236). Results from
preliminary experiments indicated trace amounts of endotoxin (0.05 EU/100 pg PM10) in the
batch of particulates used in this study and this amount of endotoxin is unable to provoke a
cytokine response in guinea pig AM by using a similar method of in vitro exposure (237). In
addition, the dose response and viability of AM subpopulations to various concentrations of
PM10 was examined. These results showed a minimal toxic effect on the AM (>90% cell
viability by trypan blue exclusion test) and a maximal cytokine response with 100 pg/mL PM10
(238). Consequently, a PM10 concentration of 100 pg/mL was selected for use in the present
study. Furthermore, the association of PM10 with AM was examined using both light and
electron microscopes. Light microscopic examination of cytospin preparations (method is as
described in Chapter 6) of AM exposed to PM10 localized the particles within the cytoplasm
(Figure 8.2). Using techniques as described in Chapter 5, PM10-exposed AM were embedded in

Epon and examination under transmission electron microscope revealed PM10 within lysosomal

compartments of AM (Figure 8.3).




Figure 8.2 PM10-exposed AM in hematoxylin-eosin stain. Particulates (arrow) are located
within cytoplasmic regions of AM. Bar represents 25 pm.

Figure 8.3 Electron micrograph of an AM containing PM10 (arrow) within a lysosome. Bar
represents 100 nm.
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Particulate Matter (PM10)

The PM10 used in this thesis work was obtained from Environmental Health Canada,
Ottawa (EHC-93, kindly provided by Dr. R. Vincent of Health Canada). Airborne urban
particles were collected from the outdoors using a 'single-pass air-purificator by vacuum and
were sieved through a 36-um mesh filter before using for experimental purposes. The median
diameter of this preparation of fine particles is 0.35 pm but also retained a coarse component
(approximately 7 to 15 um). The chemical components of EHC-93 consisted mainly of
polycylic éromatic hydrocarbons, ions and metals and are listed in Table 8.1 (239). The
individual components of this complex mixture of organic and inorganic compounds responsible
for adverse health effects have not been identified. However, the soluble metal components in
ambient PM10 have been proposed as the major contributor in stimulating the production of
cytokines by AM (240). In addition, it has been suggested that the PM10-associated metals with
redox potential (for example, iron, vanadium or copper) play significant roles in contributing to

the toxicity of particulate matter (241-243).
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Table 8.1 Chemical components of EHC-93
Extracted and modified from Vincent et al. (239), with permission.

Polycyclic Aromatic Hydrocarbons ng/g particle

Anthracene 0.54
Benzo(a)anthracene 1.10
Benzo(b)fluoranthene 2.78
Benzo(ghi)perylene 1.52
Benzo(a)pyrene 0.95
Fluoranthere 2.47
Phenanthrene 1.83

Pyrene 2.11

Ions pg/g particle
Hydrogen ion 0

Sulfate ion 45x 10°
Metals ug/g particle (% solubility in water)
Aluminum 10 x 10° (2%)
Chromium 42 (3%)
Copper 845 (17%)
Iron 15x 10° (1%)
Lead 7 x 10° (4%)
Magnesium 7 x 10° (14%)
Nickel 67(7%)
Vanadium 90(0%)

Zinc 10 x 10° (46%)

PM10-RSYV Exposure

The EHC-93 particles were prepared fresh as 100 pg/mL particulate suspensions using
RPMI media supplemented with 2% FBS and gentamycin. To minimize aggregates of particles,
the PM10 suspensions were sonicated using a probe sonicator (VibraCell™, Sonics & Materials,
Danbury, CT) 3 times at 5 minutes intervals prior to use. 500 uL of PM10 particulate
suspensions were added to 6-well plates containing approximately 2 x 10° adherent AM per well.
The cells were exposed to PM10 particulates for 60 minutes in a 5% CO, incubator at 37°C.
Following exposure, the excess PM10 suspensions were removed by washing twice with PBS
and 1 mL of fresh medium was added to wells with no RSV infection. In wells where AM were

subjected to both agents, the cells were treated with the first agent (PM10 or RSV) and washed
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twice with PBS before being treated with the second agent (RSV or PM10) immediately

following the first treatment. Each treatment was carried out for 60 minutes, with intermittent
agitation to ensure even exposure, in a 37°C 5% CO, incubator. After removal of the second
agent, 1 mL of fresh medium was added to each well and the cells were allowed to incubate in a

37°C 5% CO, incubator overnight.

Flow Cytometry

Flow cytometry was used to analyze the cells because of the ability of this technique to
measure multiple parameters in large number of cells simultancously. In this thesis, flow
cytometry was utilized for the measurement of cell parameters (such as cell size and granularity)
and the expression of RSV antigens defined by fluorescent antibodies. The samples were
analyzed using the FACScan flow cytometer (UBC Biomedical Research Center, Flow
" Cytometry Facility). The term “FACS” is Becton-Dickinson’s registered trademark and is an
acronym for “Fluorescence-Activated Cell Sorter”. The FACScan uses an air-cooled argon gas
laser with a fixed wavelength emission of 488 nm. It has fluorescence detectors that detect
green, yellow-orange and red light. For the purpose of this thesis, fluorescein was used
extensively for the green channel. The FACScan analyzes cells at the rate of several hundreds
per second and 5,000 to 10,000 cells were acquired per sample. The samples were in mono-
disperse suspensions whereby the cells passed single-file through a laser beam By continuous
flow of a fine stream of the suspension.

The measurement of the side scatter intensity, which is proportional to the granularity of
the cell and reflection of particle ingestion, was obtained simultaneously with the fluorescence
intensity of the fluorescent-labeled RSV-infected cells. The photomultiplier tube (PMT) voltage
and compensation were set using cell surface staining controls (i.e., IgG of equivalent protein

concentration) and the same quadrant markers were used for all experiments to facilitate inter-
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experiment comparisons. Data were saved to zip disks and analyzed with WinMDI (version

2.8), a graphics software. WinMDI is a freeware obtained from the World Wide Web

(http://facs.scripps.edu). Using WinMDI, histograms and bivariate dot plots were generated

upon data reanalysis to display the mean fluorescence intensity (MFI) frequency of AM with

expression of surface and intracellular RSV antigens.

Immunofluorescent staining of RSV antigens

The protocol described below was established empirically and optimized for combined
surface and intracellular labeling of RSV antigens in guinea pig AM. Following treatment, the
AM were scraped off 6-well plates using disposable sterile cell scrapers (Fisher Scientific). The
wells were rinsed with 1 mL PBS and collected into the respective tubes. Since the anti-RSV
antibodies (NCL-RSV3-FITC, Novocastra, UK) used in this protocol is a pool of monoclonal
antibodies that detect both surface and intracellular antigens, a two-step immunostaining
procedure was devised. The cells were washed in PBS and underwent centrifugation for 8
minutes at 1000 x g. A cell pellet was obtained by rapid decanting and was resuspended in 100
uL PBS. 10 pL of FITC conjugated anti-RSV antibody (NCL-RSV3-FITC) was added to the
cells and incubated for 30 minutes. Excess antibodies were washed off and the cells were fixed
in 4% paraformaldehyde (Ted Pella) in PBS for 5 minutes. After washing, the cells were
incubated in 0.5% Triton-X 100 (Sigma) for 10 minutes. Intracellular RSV antigens were
labeled by a second incubation with the NCL-RSV3-FITC antibody for 30 minutes. The cells
were washed in PBS and 0.2 mL crystal violet (2mg/mL PBS, BDH Chemical) was added to
quench auto-fluorescence (244). After 5 minutes, a final wash with PBS was carried out and the
cells were resuspended in 500 uL PBS and stored on ice. All incubations were performed at

room temperature unless otherwise stated. Flow cytometry was performed within 2 hours at the

UBC Biomedical Research Center, Flow Cytometry Facility. The proportion of RSV-
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immunopositive cells was determined by the amount of green fluorescence emitted by the FITC

conjugated anti-RSV antibody.

Statistical Analyses
Data were expressed as the mean value = SD. ANOVA analysis was performed with a
Bonferroni correction for multiple comparisons. A value of p<0.05 (two-tailed) was considered

as statistically significant.

RESULTS
The effects of sequential exposure of AM to PM10 and/or RSV were examined in this
study. The objectives were to examine the impact of sequential PM10-RSV interaction with
respect to the phagocytic ability of AM, ability of AM to take up RSV and support viral

replication as well as the cytokine response of these cells.

Effect of PM10-RSYV interaction on the phagocytic ability of AM

The ability of AM to phagocytose PM10 was determined indirectly by the measurement
of side scatter that is proportional to the granularity of the cell and a reflection of particle
ingestion. The effect of PM10-RSV interaction on AM granularity is summarized and presented
in Figure 8.2. AM that were exposed to PM10 showed a significant increase in mean side scatter
in comparison to the negative control AM (p<0.05) and in comparison to RSV-infected AM
(p<0.04). There were no significant differences in mean side scatter between negative control

AM and RSV-infected AM. In addition, there were no significant differences in mean side

scatter between AM that were exposed only to PM10 and AM that were exposed to both agents.
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Figure 8.4. Effect of PM10-RSYV interaction on AM granularity.

Data represent side scatter (mean + SD) of guinea pig AM subjected to different treatments.
‘a’> p<0.05  NEG vs. PM10+RSV, NEG vs. RSV+PM10, NEG vs. PM10
‘D> p<0.04 RSV vs. PM10+RSV, RSV vs. RSV+PM10, RSV vs. PM10
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Effect of PM10-RSV interaction on RSY Immunopositivity

Typical histograms of RSV labeling by flow cytometry on HEp-2 cells and guinea pig
AM with and without RSV infection are presented in Figure 8.5. The mean fluorescence of
uninfected HEp-2 cells (Top Left) and guinea pig AM (Top Right) labeled with anti-RSV
antibodies and IgG1 (equivalent isotype control) are very similar. The population of RSV-
immunopositive HEp-2 cells (>85%) is indicated by a right shift increase in mean fluorescence
intensity (MFI, Bottom Left, anti-RSV vs. IgG1: 53.2 vs. 4.3). The spread of this cell population
indicates that some HEp-2 cells are more heavily infected than others. Bottom right panel in
Figure 8.3 shows a right shift of a minor proportion (>25%) of RSV-immunopositive guinea pig
AM when labeled with anti-RSV antibodies (MFI anti-RSV vs. IgG1: 17.9 vs. 1.6).

The data describing the effect of PM10-RSV interaction on RSV infection are
summarized and presented in Figure 8.6. All four treated groups showed a significantly greater
proportion of RSV-immunopositive cells compared to negative control AM (p<0.007). The low
proportion (1.98% % 0.37% (mean * SD)) of RSV-immunopositive cells in the PM10 group may
be attributed to non-specific staining. In comparison to AM in the RSV group, AM that were
initially exposed to RSV followed by exposure to PM10 (i.e., RSV+PM10 group) showed a
similar proportion of RSV-immunopositive AM. By contrast, AM that were initially exposed to
PM10 followed by exposure to RSV (i.e. PM10+RSV group) showed a significantly smaller
proportion of RSV-immunopositive AM (PM10+RSV vs. RSV: (4.5% + 0.84%) vs. (10.5% *
5.11%), p<0.05). In addition, for cells that were subjected to both treatments, the RSV-
immunopositivity of AM is influenced by the sequence of exposure to these agents. The data

indicated that RSV uptake by AM is suppressed if these cells had been exposed to PM10 prior to

RSV (PM10+RSV vs. RSVHPM10: (4.5% + 0.8%) vs. (12.6% *+ 0.9%), p<2 x 10°).
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Figure 8.5 Representative histograms of HEp-2 cells and guinea pig AM with and without RSV
infection.

Top Left: HEp-2 cells labeled with anti-RSV antibodies (Red) and IgG1 (Black line, no fill).
Bottom Left: RSV-exposed HEp-2 cells labeled with anti-RSV antibodies (>85% RSV
immunopositive cells, MFI=53.2) and control IgG1 (MFI=4.3).

Top Right: Guinea pig AM labeled with anti-RSV antibodies and IgGI.

Bottom Right: RSV-exposed guinea pig AM labeled with anti-RSV antibodies (>25% RSV
immunopositive cells, MFI=17.9) and control IgG1 (MFI=1.6).
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Figure 8.6 Effect of PM10-RSV interactions on RSV immunopositivity.

Data represent percentage of RSV-immunopositive AM (mean + SD) as determined by flow
cytometric measurement of FITC-linked RSV antibodies.

‘a’ p<0.007 NEG vs. all other groups

‘D> p<0.05  PMI10+RSV vs. RSV

‘¢’ p<2x10® PMI10+RSV vs. RSV+PM10
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Effect of PM10-RSYV interaction on RSV replication

The quantity of RSV progeny isolated from AM, as determined by plaque assay, is shown
in Figure 8.7. Negative control AM and those that were exposed to PM10 alone did not
propagate RSV progeny. AM that were exposed to both agents produced 3- to 9-fold less RSV
progeny compared to AM that were exposed to RSV alone (PM10+RSV vs. RSV (mean * SD):
(390.6 £ 205) vs. (3534 *+ 1457), p<0.005; RSV+PM10 vs. RSV: (1009.4 £ 449) vs. (3534 &

1457), p<0.02). However, the quantity of RSV progeny was not significantly affected by the

sequence of exposure to RSV and PM10.
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Figure 8.7 Effect of PM10-RSV interaction on RSV replication.

Data represent quantity of RSV progeny scored per million AM (mean + SD).
‘a’ p<0.005 PMI10+RSV vs. RSV

‘b’ p<0.02  RSV+PMI10 vs. RSV
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Effect of PM10-RSYV interaction on RSV Yield

RSV Yield, as explained in earlier studies, is a measurement of the amount of replicating
virus per RSV-immunopositive AM as determined by immunolabeling of RSV antigens. RSV
Yield can therefore be considered as a reflection of the robustness of viral replication within an
infected cell. These data are summarized and presented in Table 8.2. AM that were exposed to
RSV alone produced the highest RSV Yield (p<0.04). When AM were exposed to both RSV
and PM10, a 5-fold decrease in RSV Yield was observed. This reduction in RSV Yield was

independent of the sequence by which AM were exposed to both RSV and PM10.

Table 8.2 Effect of PM10-RSV interaction on RSV Yield.

| 1™ Exposure . 2" Exposure . RSV Vield

I RSV - i 463 + 346°
PM10 RSV 88 + 40
RSV PM10 | 79 +37

Data represent RSV Yield (mean + SD) of AM in different treatments.
‘a’ p<0.04 PM10+RSV vs. RSV, RSV+PM10 vs. RSV




97
Effect of PM10-RSYV interaction on IL-6 production

IL-6-like proteins released into cell supernatants following various treatments were
detected by ELISA. The levels of IL-6-like proteins produced by AM are summarized and
presented in Figure 8.8. Of the different treatments, AM that were exposed to RSV alone
produced the most IL-6-like proteins (p<0.0002). Negative control AM and PM10-exposed AM
released similar amounts of IL-6-like proteins. Exposure of AM to PMI10 significantly
suppressed RSV-induced IL-6 production (PM10+RSV vs. RSV (mean £ SD): (69.3 + 6.4) vs.
(327.9 + 31.7), p<4 x 10%; RSV+PM10 vs. RSV: (113 +£22) vs. (3279 £ 31.7), p<1 x 10).
Furthermore, IL-6 expression by guinea pig AM was dependent on the sequence of exposure to

PM10 and RSV (PM10+RSV vs. RSV+PM10: (69.3 £ 6.4) vs. (11.3 £2.2), p<3 x 10°°).
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Figure 8.8 Effect of PM10-RSV interaction on IL-6 production by AM.

Data represent IL-6-like protein (mean + SD) released by AM subjected to different treatments.
‘a’ p<0.0002 RSV vs. all other groups

‘b’ p<4x10® PMI10+RSV vs. RSV

‘¢’ p<1x10® RSV+PM10 vs. RSV

‘@ p<3x10® PMI10+RSV vs. RSV+PM10



98
Effect of PM10-RSYV interaction on IL-8 production

IL-8-like proteins released into cell supernatants were detected by ELISA. The levels of
IL-8-like proteins produced by AM are summarized and presented in Figure 8.9. As in the
production of IL-6-like proteins, AM that were exposed to RSV alone produced the most IL-8-
like proteins compared to all other groups (p<0.009). Negative control AM produced a mean
baseline level of 256.2 pg/mL IL-8-like proteins per million AM. Exposure of AM to PM10
significantly suppressed baseline IL-8 production (PM10 vs. NEG: (45.4 £ 14.5) vs. (256.2 £
66.7), p<0.009) as well as that of RSV-induced IL-8 production (p<0.003). In contrast to IL-6
expression, IL-8 expression by guinea pig AM was not influenced by the sequence of exposure

to PM10 and RSV.

PM10+RSV RSV+PM10 PM10 RSV NEG

Figure 8.9 Effect of PM10-RSV interaction on IL-8 production by AM.

Data represent IL-8-like protein (mean £ SD) released by AM subjected to different treatments.
‘a’ p<0.009 RSV vs. all other groups

‘b’ p<0.009 PMI10 vs. NEG

‘¢’ p<0.003 PM10+RSV vs. RSV

‘d’ p<0.003 RSV+PMI10 vs. RSV
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Effect of PM10-RSV interaction on TNFo production

TNFao released into cell supernatants were detected by bioassay of L929 cells. The levels
of TNFa. produced by AM are summarized and presented in Figure 8.10. The data showed that
AM production of TNFo was significantly upregulated when these cells were exposed to RSV,
PM10 or a combination of both agents (p<0.02). There were no differences in the production of

TNFa by AM among different treatments. AM exposed to both RSV and PM10 did not exhibit

synergistic or inhibitory effect on TNFa levels from interaction of the two agents.
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Figure 8.10 Effect of PM10-RSV interaction on TNFa. production by AM.
Data represent TNFou (mean + SD) released by AM subjected to different treatments.
‘a’ p<0.02 NEG vs. all other groups.
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Summary of Results |

The results obtained in this study are summarized thus: Pre-exposure of AM to PM10
significantly reduced the proportion of RSV-immunopositive cells, inhibited RSV replication
within infected cells and suppressed the expression of RSV-induced IL-6 and IL-8 proteins. As
lfor RSV-infected AM that were subsequently treated with PM10, RSV replication, RSV Yield
and RSV-induced IL-6 and IL-8 production was similarly reduced despite the relatively higher
proportion of RSV-immunopositive cells which indicate that synthesis of viral proteins has been

initiated.

" DISCUSSION

The working hypothesis of this study is that the AM response to the interaction of RSV
and environmental particulates is dependent on the sequence in which the cells are exposed to
these agents. Specifically, we postulated that initial exposure of AM to PM10 results in cytokine
secretion that may decrease the ability of AM to fend off RSV infection. In contrast, the initial
exposure of AM to RSV may potentiate the secretion of cytokines in response to subsequent
exposure to PM10. The experiments in this study ref)resent a direct and sequential exposure of 2
environmental agents, RSV and PM10, to isolated AM in an in vitro system. An initial exposure
of AM to PM10 followed by RSV infection performed in in vitro experiments represent the
study of AM (obtained by bronchoalveolar lavage) from individuals who live vin high pollution
environment and subsequently contracting RSV disease. On the other hand, an initial exposure
of AM to RSV followed by PM10 in an in vitro system may be analogous to the study of AM

from RSV-infected individuals who are subsequently exposed to an acute episode of high

particle concentration.
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PM10+RSV: Model of RSV infection of individuals living in high pollution areas

Does PM10 protect against RSV infection?

Epidemiological studies have indicated that the prevalence of RSV infection and atopy is
higher in urban compared to rural areas (218, 219). The experimental design of this study,
specifically the sequential exposure of PM10 and RSV, allows the comparison of the
PM10+RSV group (modeling RSV infection of individuals in high pollution areas) to the RSV
group (modeling RSV infection in rural dwellers). Comparison of data obtained between the
PM10+RSV versus RSV groups indicate that the pre-exposure of AM to PM10 prior to RSV
infection results in reduction of RSV uptake, replication and yield as well as decrease in IL-6 and
IL-8 production.

The ability of AM to support RSV infection was studied on the basis of its ability to
synthesize viral proteins and support intracellular viral replication. The apparently lower RSV
Yield and quantity of RSV progeny in the PM10+RSV group compared to the RSV group may
be consequences of a lower proportion of RSV-immunopositive AM. Although the mechanisms
responsible for reduced immunofluorescent staining of RSV antigens in PM10+RSV versus RSV
are unclear, it has been suggested that exposure of AM to PMI10 causes impairment of
phagocytosis of RSV by these cells (193). Ingestion of environmental particles by human and rat
AM have been demonstrated to impair phagocytosis of silica particles specifically at the
attachment and internalization steps (245, 246). Similar impairment of phagocytosis by ultrafine
particles has also been demonstrated in a macrophage cell line (247). In retrospect, additional
experiments involving the examination of RSV mRNA and protein expression in AM at earlier
time points (e.g. T=0, 2, 4, 8 and 12 hours after exposure of AM to both agents) might provide
more insight on the phagocytosis of RSV following PM10 exposure.

We studied the cytokine response of AM following exposures to PM10 and RSV by

examining the production of proinflammatory cytokines IL-6, IL-8 and TNFo. Stimulation of
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these cytokines by environmental particulates had been reported in AM from humans and rats

(193, 236). However, the presence of endotoxin in thé particulate preparations used by these
investigators was demonstrated by a partial inhibition using polymyxin B. In this study, guinea
pig AM responded to PM10 by production of TNFa but not IL-6 or IL-8. As indicated earlier,
the batch of PM10 in our hands contained minute traces of endotoxin (0.05 EU/100 ug PM10)
that was not sufficient to induce a cytokine response. Hence the TNFo response of guinea pig
AM to particulate stimulation must be due to components of PM10 other than contaminating
endotoxins. It is not clear whether the different particulate-induced cytokine response observed
in this study, when compared to results of previous studies (193, 236), is due to species
differences and/or increased concentration of endotoxin in the preparation of environmental
particulates. F

In vitro studies by Li and colleagues (248) demonstrated that bronchoalveolar lavage
lepkocytes from rats following intratracheal instillation of PM10 produced greater amounts of
NO and TNFa than BAL leukocytes from control animals. Although the production of NO has
not been investigated in the present study, the production of bioactive TNFo release from AM in
the two groups, PM10+RSV and RSV, are increased in similar amounts compared to unexposed
AM (NEG group). Recent studies demonstrate that NO functions in an anti-inflammatory
capacity to modulate inflammatory response in human AM (196). RSV induction of the
inducible nitric oxide synthase (iNOS) gene has been demonstrated in epithelial cells (249).
Cytokines such as IFNY, IL-1P and TNFa have been shown to enhance iNOS induction in both
untreated and RSV-treated A549 cells (249, 250). Enhanced iNOS gene expression and NO
production have been reported in an in vitro Hepatitis B virus infection model (251). Many

studies now suggest an anti-viral role for NO (252). Activation of cellular NOS activity has been

associated with inhibition of viral replication in in vitro models of poliovirus (253), vaccinia
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virus (254), coxsackievirus (255), and rhinovirus infections (256). However, the possible anti-

viral role of NO induced by PM10 on RSV infection and replication in AM requires further
investigation.

Besides reduction in viral replication, analysis of the data for PM10+RSV versus RSV
groups also indicated a suppression of RSV-induced IL-6 and IL-8 in AM that were pretreated
with PM10. The results in this study demonstrated RSV stimulation of IL-6, IL-8 and TNFa in
guinea pig AM and are consistent with previously reported studies (114, 116, 117). RSV
infection of PM10-treated AM stimulated equivalent amounts of bioactive TNFa. as in untreated
AM. However, the levels of IL-6 and IL-8 proteins were significantly downregulated in the
PM10-treated AM than untreated cells. Reduced expression of IL-6 and IL-8 is likely a
consequence of reduced load of infectious virus, as reflected by decreased RSV Yield. While
reduced production of these mediators could potentially minimize structural damage in the lung,
it is not certain if recruitment of granulocytes and lymphocytes to the sites of infection and
consequently virus clearance could be hindered. Data from in vivo experiments are required to
provide further insights on this issue.

Since suppression of RSV-induced proinflammatory cytokines could potentially
minimize destruction of surrounding t_issue in vivo, and reduction in virus yield suggest
decreased virus activity and virus load, PM10 may play a protective role against in vitro RSV
infection in AM. On the other hand, in the complexities of an in vivo system, the suppression of
RSV-induced proinflammatory cytokines and reduction in RSV Yield may reflect a hindered
recruitment of second line of defense as well as virus clearance. Therefore the possibility of a

protective role of PM10 in RSV infection in vivo requires further elucidation.
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Does RSV infection exacerbate a pre-existing PM10-induced inflammation?
Comparison of results between PM10+RSV and PM10 groups indicates that the presence
of the second stimulus, RSV, stimulated increased 1L-6 and IL-8 expression. These findings
suggest a pathogenic role for RSV in our in vitro model. Future animal studies using a similar
experimental design are needed to provide clues to explain the observed differences in the

prevalence of RSV infection and atopy between communities of different pollution levels.

RSV+PMI0: Model of RSV-infected individuals subjected to acute pollution
Does RSV protect against effects of acute PM10 exposure?

The ability of AM to phagocytose PM10 was measured indirectly by the granularity (side
scatter) of the cell. Cell granularity data in the PM10 group versus RSV+PM10 group indicate
that phagocytosis of PM10 by AM is not affected by a pre-existing RSV infection. Previous
studies have shown that RSV infection in AM can inhibit the ability of the cell to phagocytose
Saccharomyces cerevisiae (114). Species specificities of AM and the type of particulate matter
being phagocytosed are two factors that might explain the differences between the present data
and the previous reports (114). Exposure of RSV-infected AM to PM10 resulted in higher levels
of IL-6 and IL-8 in comparison to PM10-exposed AM. These data suggest a pathogenic role for

in vitro RSV infection in AM.

Does exposure to PM10 exacerbate a pre-existing RSV-induced inflammation?
The present data show that PM10+RSV (i.e. Model of RSV infection of individuals in
high pollution areas), thé RSV Yield and quantity of RSV progeny in the RSV+PM10 group was
significantly reduced compared to RSV-infected AM. In contrast to the PM10+RSV group, the

proportion of RSV-immunopositive in RSV+PM10 group is similar to AM that were exposed to

RSV alone. While PM10 treatment of RSV-infected AM has no inhibitory effect on cellular
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synthesis of viral proteins,'it has the potential to suppress viral propagation. Although the

mechanisms for this effect are uncertain, others have postulated that particulate-induced immune
response may constitute an antiviral effect (85).

As mentioned previously, this reduced cytokine expression is likely a reflection of the
viral load. Studies examining cytokine production by RSV-infected AM indicate that
transcription of RSV induced IL-6, IL-8 and TNFa occurs within 1 hour after interaction with
RSV (116). PM10 treatment of RSV-infected AM resulted in suppression of IL-6 and IL-8
production, suggesting that PM10 inhibition of these proteins may target the translational stage
of cellular protein synthesis.

Overall, the exposure of RSV-infected AM to PMI0 reduced the expression of
inflammatory cytokines (IL-6 and IL-8) as well as the propagation of RSV progeny and viral
load, all of which implicate a protective role for PM10. Although the manipulation of the order
of stimuli to guinea pig AM in an in vitro system may represent an oversimplified analogy to the
biological system, this study began by the examination of 2 different scenarios: RSV infection of
individuals living in high pollution areas (PM10+RSV) and RSV-infected individuals exposed to

an episode of acute pollution (RSV+PM10). Interestingly, the results from both scenarios

suggest a pathogenic role for RSV and a protective role for PM10.
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CHAPTER 9

EXPRESSION OF PROTEIN KINASES IN RSV INFECTION

INTRODUCTION

Like many other viruses, RSV could cause dysfunction in the immune system through
activation of cytokine genes and consequently these cytokines cause inflammation and injury in
the lung (257). We have been interested in IL-6, IL-8 and TNFa and current evidence have
indicated that these proinflammatory cytokines could regulate macrophage gene expression
(258). While research in signal transduction has been extensively investigated in epithelial cells,
it is a relatively new avenue in RSV research. The intention of this introduction is to review
current knowledge of signal transduction in RSV research, provide an overview of potentially

related pathways and controversial issues.

RSV activation of NFxB

The regulation of numerous RSV-induced mediators including the cytokines IL-é, IL-8
(89, 259), IL-11 (260), the chemokine RANTES (261) as well as the adhesion molecule ICAM-1
(262) has been shown to be modulated by activation of the transcription factor NFxB. NFxB
was originally identified in 1986 as a nuclear factor that bound to the enhancer element of the
immunoglobulin (Ig) k light chain gene (263). In unstimulated cells, NFxB is bound to its
inhibitor IxB and is maintained in the cytosol in an inactive form (264, 265). Upon cellular
stimulation, phosphorylation and degradation of IxB results in the release of NFxB and its
translocation to the nucleus where it may interact with specific binding sites in the promoter

region of a number of genes. The activated NFxB participates in a variety of cellular processes,

such as activation of cytokine genes, stress response and apoptosis (266). NFxB consists of 2
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subunits of 50 kDa (p50) and 65 kDa (p65) and can function as homodimers or heterodimers

(267). In the IL-8 promoter, NFKB activates gene transcription by binding to its specific binding
site as a p65 homodimer (268). On the other hand, activation of TNFo (269, 270) and IL-6 (271,
272) genes requires that NFxB bind as a p50/p65 heterodimer. The role of NFxB in apoptosis is
an interesting one and depends on the cell and the signaling pathway. Studies by Baichwal ez al.
(273) showed that NFxB suppressed TNF-mediated apoptosis. In contrast, activation of NFxB
was demonstrated to induce apoptotic cell death in Dengue virus-infected hepatoma cells (274).
Currently, whether RSV induces or inhibits apoptosis remains controversial (see section on RSV
and apoptosis below).

Using alveolar epithelial cells Garofalo et al. demonstrated that RSV infection induced
transcriptional activation of the IL-8 gene and that translocation of the p65 component of NFxB
(also known as Rel A) from the cytosol to the nucleus was necessary for gene expression (275).
Fiedler et al. (262) and Mastronarde et al. (276) independently demonstrated that viral
replication is required for NFxB activation in RSV-induced cytokine expression. These findings
led to the proposal that activation of IL-8 gene may be a mechanism involved in the production
of airway mucosal inflammation (275). Subsequently, other investigators demonstrated that the
transcription factors NFKB and NF-IL6 were essential in the regulation of IL-8 gene activation
following RSV infection (259, 262, 277). In addition, subsequent studies demonstrated that the
cooperative interaction between NFxB and either AP-1 (89) or NF-IL-6 (278) was important in
the activation of IL-8 after RSV infection. In a recent study (279) using promoter deletion and
mutagenesis experiments, a novel upstream response element (termed as RSV response element
(RSVRE) by the authors) was identified as a requirement for RSV-induced IL-8 transcription;

however, the identity and source of the protein binding to this RSVRE remains unknown.

Moreover, a role for the RSV P protein has been suggested in the long term activation of NFxB
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(280). Several upstream activators of NFkB have been identified. These include the ring-finger

interacting protein (RIP — a death domain containing serine/threbnine kinase) and members of
the TNF-receptor associated factors (TRAF) family of proteins (TRAF-2, -5, -6, which mediate
responses associated with TNF-receptor family members) and the IL-1 type 1 receptor (281,
282). Furthermore, NFxB activation has been associated with a few major signaling pathways
including the mitogen-activated protein kinase (MAPK), protein kinase B (PKB/Akt) (283, 284)
and the Toll receptor (285, 286) signaling pathways. In the existence of the numerous
combinations of multiple stimuli and divergent signaling pathways, the mechanisms involved in

activation of NFxB induced by RSV infection remains to be characterized.

Activation of MAPK pathway by RSV

Viral infections of cells have been associated with activities of MAPKs. Examples
include activation of ERK2 (extracellular signal-regulated kinase) during Hepatitis B virus
infection of Chang liver cells (287, 288) and during adenovirus infection of HeLa cells (289).
Chen et al. (290) were the first to demonstrate that activation of ERK2 by RSV infection may be
one of the mechanisms that result in the production of IL-8. ERK belongs to the family of
MAPKSs signal transduction pathways that mediate effects of various extracellular stimuli on
signaling pathways in the cells (291, 292). Other members of the MAPK pathway family, p38
and JNK (c-jun N-terminal kinases), are not activated by RSV infection of A549 cells (290, 293).
There are multiple levels of control in MAPK cascades: MAPKSs are activated by upstream
kinases (known as MAPK/Erk Kinases or MAPKK or MEK) which are in turn activated by
additional upstream kinases (known as MAPKK kinases or MAP3K) such as the oncogene
product Raf (294). Recent studies (295) from the laboratory of Hunninghake focused on

upstream events involved in ERK activation by RSV. Monick et al. (295) found that RSV

infection activated MEK through multiple isoforms of PKC in epithelial cells in a biphasic
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pattern: immediately following RSV binding and later during active viral replication. RSV

binding was demonstrated to induce early activation but transient expression of ERK via PKCG
activation of MEK. During RSV replication, the activation of ERK was more sustained and was
activated through Raf-1 activation of MEK via multiple Ca2+-dependent isoforms of PKC (¢,

B1, B2, and 7). Although the concerted efforts and results of various research laboratories have
clearly indicated the crucial role of the PKC-Raf-MEK-ERK MAPK signal transduction pathway
during RSV infection of epithelial cells, events upstream of PKC, events downstream of ERK

and the association (or lack thereof) with NFxB have yet to be determined.

RSV and Apoptosis

Apoptosis is thought to be a major defense mechanism by the mammalian immune
system for virally infected cells to eliminate viral proteins and nucleic acids without inducing an
inflammatory response (296). While the evidence for induction of apoptosis by certain viruses
exists, other viruses have acquired the ability to evade apoptotic destruction. For example,
apoptosis is a major mode of cell death due to HIV-1 (297, 298) and influenza virus infections
(299, 300). However, since cell survival is advantageous to the virus whose replication and
survival is dependent on host cell viability, many viruses have elaborate strategies to evade
apoptosis. DNA viruses, such as herpesvirus, poxvirus and insect baculoviruses encode viral
proteins to prevent apoptosis triggered by p53 activation (301, 302). The EBV and Adenovirus
encode viral gene products, BHRF1 and E1B/19kDa respectively, that are homologues of the
Bcl-2 protein, a major inhibitory molecule that blocks the apoptotic pathway (303, 304). The
myxomavirus-encoded TNF-receptor homologue, M-T2, functions as a secreted glycoprotein
that blocks the activity of TNF and also functions as an intracellular effector that inhibits

apoptosis in myxomavirus-infected cells (305).
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The evidence on RSV regulation of apoptosis in lung epithelial cells has been somewhat

conflicting. The work by O’Donnell et al. (306) demonstrated that RSV infection directly
resulted in cellular apoptosis of A549 cells through upregulation of Fas mRNA as well as
protein. Subsequent studies by Bitko et al. (307) confirmed RSV-induced apoptosis in A549
cells. Furthermore, they showed that RSV-induced apoptosis is independent of NF«B activation
and is associated with increased expression of caspase-12, an endoplasmic reticulum-specific
stress-activated caspase (307, 308). By contrast, there is also mounting evidence that RSV
inhibits cellular apoptosis. Takeuchi et al. (309) demonstrated that RSV infection induced
mRNA and protein expressions of IL-1B converting enzyme (ICE) and its transcriptional
activator interferon regulatory factor (IRF-1). However, despite enhancéd expression of CPP32
(caspase-3, a key protein that stimulates apoptosis (310)), Takeuchi et al. were not able to
demonstrate apoptosis in the RSV-infected cells (309). Further evidence for RSV inhibition of
TNFo-induced apoptosis came from the laboratory of Domachowske et al. (311). By means of
differential display reverse-transcriptase polymerase chain reaction, Domachowske et al.
demonstrated that RSV-mediated inhibition of apoptosis is associated with increased expression
of the IEX-1L gene. The IEX-1L gene was originally cloned as a radiation-inducible early
response gene (312). The IEX-1L protein is now recognized as an apoptosis inhibitor involved
in NFxB-mediated cell survival (313). Since induction of the IEX-1L gene is dependent on RSV
replication and is not a universal response to viral infections, it was postulated that RSV proteins
might participate in transactivation of the IEX-1L gene (311). In addition, others have used
methods such as TUNEL assay and immunophenotyping to quantify apoptosis, and demonstrated
that RSV-infected peripheral blood mononuclear cells isolated from cord blood and from adults
are protected from apoptosis (314). Whether this inhibition of apoptosis by RSV is specific for
mononuclear cells requires further investigations. Both laboratories, that of O’Donnell and

coworkers as well as Bitko and associates, have attempted to explain the differences in ability to
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demonstrate RSV-induced apoptosis in A549 cells compared to that of Takeuchi et al.(309);

suggestions offered included differences in virus virulence, cell line used and methodology used
in detection of apoptosis. Regardless of these plausible explanations, the controversy regarding

the role of RSV in the regulation of apoptosis in A549 cells remains unresolved.

Summary

The current data on signal transduction in RSV infection indicate a strong association
between RSV infection and activation of the transcription factor NFxB, a significant role in the
PKC-Raf-MEK-ERK MAPK cascade and a controversial role of RSV in the regulation of
cellular apoptosis. Much more investigation will be required to understand the complex network
of signaling molecules involved in RSV infection. The purpose of this study was to utilize a
megascreening technique (Kinetworks™ Protein Kinase Screen (KPKS-1.0)) to examine the

signal transduction pathway(s) involved in RSV infection of guinea pig AM.

HYPOTHESIS AND SPECIFIC AIMS
On the basis of the rationale presented, the Working Hypothesis of this study is:

RSV infection of guinea pig AM results in differential expression of intracellular protein

kinases that may be involved in molecular mechanisms of virus-cell interaction.

The Specific Aims of this study are:
1. To determine and compare the expression of protein kinases in guinea pig AM in
response to in vitro RSV infection by the KPKS-1.0.
2. To delineate potential pathway(s) regulating the activation of guinea pig AM in response

to in vitro RSV infection.
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EXPERIMENTAL PROTOCOLS

Study Design

The design of this study is depicted.in Figure 9.1. Briefly, female guinea pigs (n=4) were
euthanized by an overdose of sodium pentobarbital (i.p.) and heterogeneous AM were obtained
by in situ bronchoalveolar lavage. The cells from all 4 animals were pooled together and plated
onto 15 cm tissue culture plates (Corning) in RPMI containing antibiotics. The cells were
allowed to adhere to the plastic for 30 minutes and excess floating cells were washed off. The
AM were exposed to RSV at an m.o.i. of 3 for 90 minutes and after washing off unadsorbed
virus, the cells were incubated overnight at 37°C, 5% CO,. An equal proportion of AM was set

aside as sham-infected control in which RPMI medium was used instead of the virus.
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Female GP
(n=4)

Pooled Heterogen@

Cell Protein Lysate

Protein Assa_}w%I
Kinetworks '~ Protein Kinase Screen

Figure 9.1 Experimental design for detection of protein kinase expression in RSV-infected
guinea pig AM.
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Cell Lysate Preparation

Eighteen hours following RSV infection, the AM were scraped and pooled into a pellet in
a 50 mL Falcon tube by refrigerated centrifugation at 5,000 x g for 5 minutes. Excess medium
was decanted and the cells were lysed in 0.5 mL of ice-cold lysis buffer'® was added to each
sample. The cells were sonicated twice for 15 seconds each time using the VibraCell™ probe
sonicator set at 80% of maximum output. The resultant homogenate was subjected to
ultracentrifugation for 30 minutes at 100,000 x g using the Optima™ TL ultracentrifuge
(Beckman Instruments Inc., Palo Alto, CA). The resulting supernatant fraction was removed and
the protein concentration was assayed immediately. As per Kinexus protocol, the protein
concentration of each sample was adjusted to 1 mg/mL in SDS-PAGE Sample buffer'® and
boiled for four minutes at 100°C prior to shipping to Kinexus Bioinformatics Corporation.

Additional controls using the human epithelial cell line, HEp-2 cells (RSV-infected and
sham-infected), were included in this study. HEp-2 cells were used because of the high rate of

RSV infection and to ensure specific detection of protein kinases by the KPKS-1.0.

Protein Assay

The protein concentrations of cell extract samples were determined using the DC Protein
Assay kit (Bio-Rad Laboratories, Mississauga, ON, Canada) with bovine serum albumin (BSA)
as a protein standard. This is a colorimetric assay for protein concentration following detergent
solubilization and is modified from that of Lowry et al. (316). The assay is based on the reaction

between protein and copper in an alkaline medium whose product is responsible for reduction of

'3 The lysis buffer as recommended by Kinexus Bioinformatics Corporation contained 20 mM MOPS (pH7 2),5
mM EGTA, 2 Mm EDTA, 5 mM sodium fluoride, 40 mM B-glycerophosphate (pH 7.2), 1 mM sodium
orthovanadate, 1 mM phenylmethysulfonylfluoride, 3 mM benzamidine, 5 UM pepstatin A, 10 uM leupeptin and
0.5% Nonidet P-40.

* The SDS-PAGE Sample buffer as recommended by Kinexus Bioinformatics Corporation contains 50mM Tris-
HCI (pH 6.8), 2% SDS (w/v), 25% glycerol (v/v), 0.7 M (5%) B-mercaptoethanol and 0.1%bromophenol blue (w/v)
(315).




115
the Folin reagent. The protein concentration of the sample can be measured by its correlation to

the quantity of reduced Folin species that have a characteristic blue color with maximum
absorbance at 750 nm (317).

A microplate assay protocol was used for quantification of protein concentration in the
cell extract samples. Six dilutions of the BSA standard (0, 62.5, 125, 250, 500 and 1000 ng/mL)
and three dilutions of samples (Undiluted, 1:2, 1:4) were prepared using a 0.1% SDS solution.
Five uL of each protein standard and sample were pipetted into individual wells of a clean, dry
96-well microtiter plate. Reagent A was used at a working concentration of 1:50 and 25 pL were
added into each well. Finally 200 pL of Reagent B was added into each well and the microtiter
plate was gently agitated to mix the reagents. The reagents were incubated at room temperature
for 15 minutes. The absorbance was read at 750 nm using a microplate reader. A standard curve
was obtained by plotting the A7so against the concentrations of the BSA standards. The equation
of the best-fit line was determined mathematically and the concentration of each sample can be

calculated based on its A7so reading measured and the best-fit equation.

Western blot

Expression of protein kinases was assessed by Western blots. This part of the study was
contracted out and performed by Kinexus Bioinformatics Corporation (Vancouver, BC, Canada)
using the Kinetworks™ Protein Kinase Screen (KPKS-1.0) which tracks the expression of 86
protein kinases. Briefly, the cell lysate of each sample was separated on 12.5% SDS-PAGE gels
and the proteins were transferred onto nitrocellulose membranes. The blots were blocked against
non-specific binding with 5% (w/v) non-fat dried milk and probed with cocktails of multiple
primary antibodies against specific protein kinases. (The source of antibodies used in KPKS-1.0
is considered as intellectual property of Kinexus and is not revealed by the Company.) After

washing, antigen-antibody immune complexes were detected with goat anti-rabbit IgG



116
conjugated with horseradish peroxidase for an hour. Signals due to specific binding were

detected using the enhanced chemiluminescence (ECL) detection system (Amersham, Arlington
Heights, IL). Images from ECL autoradiograms were captured using Adobe software. The
relative abundance of protein kinases present in a sample is measured using a high-resolution
scanner that detects chemiluminescence. Finally, the relative abundance of each detected
immunoreactive protein is quantified and this information is provided by Kinexus to the
customer in an Excel spreadsheet. |
RESULTS

The KPKS-1.0 measures a total of 86 protein kinases. Cell lysates were prepared (as per
Kinexus protocol) from control and RSV-infected cells (HEp-2 and guinea pig AM) and were
sent for analysis. The data resulting from the screen are summarized in Table 9.1. Of the 86
protein kinases tracked, 61 were detected in cell lysates from guinea pig AM. Similarly 42
protein kinases were detectable in the preparation from HEp-2 cells. Of the protein kinases
detected, 32 from guinea pig AM and 30 from HEp-2 cells were modulated. All 30 detectable
protein kinases in HEp-2 cell lysates were downregulated. As for the detectable protein kinases
from guinea pig AM lysates, 19 of them demonstrated a reduction in expression and the
expression of the remaining 13 protein kinases were enhanced. A representative blot scan of
RSV-infected guinea pig AM is shown in Figure 9.2. The intensity of each band of protein
kinase detected in lysates from guinea pig AM was measured as relative counts and are presented
in the Appendix. Table 9.2 summarizes the relative expression of protein kinases detected in

guinea pig AM lysates following RSV infection.
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Table 9.1 Summary of data from KPKS-1.0

No. of Protein Kinases
(& isoforms) in HEp-2 celly

No. of Protein Kinases
(& isoforms) in AM

Changes in Expression

Downregulation® 19 30
Upregulation© 13 0
Insignificant changes 29 12
No signalX] 25 44
Total 86 86

©, ® By a difference of at least 30% in comparison to control cells.
Expression of protein kinases not detected in control cells.

Figure 9.2 Representative autoradiogram of the KPKS-1.0.
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Upregulation FREECHyIumE
<30% 30-50% >50% <30% 30-50% >50%
Lyn ERK1-Bl Cdk2 #ERK1-A2 ERK2-B1 Ck4
PKC( GRK2 Cdk7 ERK2-A3 Ck2o
p38a Cko’ Fyn-U &#ERK2-A2
p90 S6K Fyn-L 43 FAK
Hpk MEK1
#JAK1 070 S6K L
&+MEK6 PKBo
p52 S6K Rsk2
PAKo
PKC B1
RAF1
Rskl
ZIPK

& Data confirmed by a different vendor using similarly treated cells.
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DISCUSSION

The working hypothesis for this study is that RSV infection of guineé pig AM affects
intracellular protein kinases involved in molecular mechanisms of virus-cell interactions. The
objectives of this study were to determine which kinases are expressed in guinea pig AM and to
determine changes in the expression of the protein in response to in vitro RSV infection by a
“blast” screen method. As a first step, these studies may help to delineate potential pathway(s)
involved in the activation of these cells as a consequence of the viral infection.

The data in this “blast” screen were obtained for one time point, at 18 hours post-
infection, when late signals and/or signals that were activated and sustained over long periods
could be detected. Therefore early and transient events were not examined in this analysis.
Expressions of protein kinases were detected in RSV-infected AM and the control cell line, HEp-
2 cells. Protein kinases in RSV-infected HEp-2 cells at 18 hours post-infection were
predominantly downregulated. Trypan blue exclusion test on these cells indicated viability of
over 95%, suggesting that while most of the cells are viable, 18 hours post-infection is not a
suitable time point to detect upregulation of protein kinases induced by RSV infection. Since
activation of protein kinases could occur very fast (seconds to minutes) following receptor-ligand
binding, future studies of protein kinases in RSV infected HEp-2 cells should be carried out at
earlier time points. In \addition, it would be useful to test for the activities of kinases that show
changes in expression. Protein kinases with phosphorylation activities at earlier times may act as
key regulators in signaling cascades. Nonetheless, in this study, the HEp-2 cells indicated that
the KPKS 1.0 is a feasible method for detecting expression of protein kinases in RSV-infected
guinea pig AM.

Both upregulation as well as downregulation of protein kinases were detected in RSV-

infected AM. This suggests that the kinetics of RSV infection in guinea pig AM versus HEp-2

cells is quite different. From the data summarized in Table 9.2, several important pathways and
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cross-talk between these pathways could be indicated. In this discussion, I would like to focus

on 2 major pathways: (1) Mitogen-activated protein kinase (MAPK), and (2) Protein kinase B |

(PKB/AKkY).

(1) The MAPK pathway

The data in this study clearly indicated RSV-induced changes in components of the
MAPK pathway. The amount of MEK increased by 3.5 fold and that of ERK2 increased by
approximately 3.0 fold following RSV infection of AM. These data are interesting in light of the
studies by Chen et al. (290), who demonstrated activation of MEK in RSV-infected A549 cells.
In addition, these data confirmed the upregulation of MEK as demonstrated by Monick ez al.
(295) and emphasized the significance of the MEK-ERK MAPK pathway as proposed by them.
However, in this “blast” screen, the two upstream components in the MEK-ERK pathway — PKC
and Raf, that were activated by RSV infection (295) appear to be downregulated. This
discrepancy could be due to an intended “feedback” mechanism that downregulates the upstream
elements of the pathway. Alternatively, it may be due to a time factor in the design of the
experiment and future studies with early time points might ascertain temporal consequences. In
macrophages, TNFo. plays an important role in initiating activation of the MAPK cascade by
binding to the p55 TNF receptor (CD120) (318). Although a specific RSV response element has
been identified in the IL-8 promoter (279), it is unclear whether MAPK expression is mediated
directly by RSV or if a synergistic role of TNF-induced MAPK activation is implicated.
Furthermore, whether the RSV G protein, which has structural homology to the TNF receptor
(20), plays a role in this pathway remains to be elucidated.

In addition, the data in this study indicated that levels of Rsk, a substrate for ERK
activation also increased. RSV-mediated activation of Rsk has not been reported (as of February

2002), an increase in the level of Rsk expression suggests that the potential involvement of this
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kinase should be considered. Rsk belongs to a family of 90 kDa ribosomal S6 kinases and being

a substrate of ERK, mediates MAPK signal transduction. The role of Rsk has been implicated in
proliferation, differentiation and cell survival (319, 320). More specifically, and interestingly,
Rsk is involved in regulation of gene expression via association and phosphorylation of
numerous transcriptional regulators including NFxB/IxBo (321, 322). Shouten et al
demonstrated that IxBo is a target for Rsk and phosphorylation of Rsk is essential for subsequent
degradation of IxBo (321). The role and the mechanisms of Rsk in regulation of RSV-induced
expression of IL-6 and IL-8 via the MAPK pathway and activation of NFkB require further
investigation.

RSV interaction with host cells has been described as biphasic: viral binding which
induces a transient activation of ERK through PKC{ activation of MEK and viral replication
which causes a more sustained activation of ERK through Raf activation of MEK (280, 295).
Biphasic activation of host cell is not restricted to RSV. A similar phenomenon has been
observed in Coxsackievirus B3 infection of HeLa cells; Luo ez al. (323) demonstrated that the
inhibition of MEK and ERK resulted in suppression of viral protein and replication as well as
reduced cell apoptosis. As the protein lysates were prepared 18 hours post-infection, it is
conceivable that the increased expressions of MEK, ERK and Rsk may be associated with late
activation of AM by RSV. Future studies to inhibit RSV progeny release and determination of
viral gene/protein involved in the facilitation of sustained activation of intracellular signal

transduction will enhance the understanding of RSV-AM interaction and may contribute to

therapies in RSV disease.
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(2) The PKB pathway

In this study, RSV infection of AM induced increased expression of the protein kinases
PKBo and p70 S6K. The activities of both these kinases were not detectable in control cells. So
far neither the roles of PKBa and p70 S6K nor any signaling pathways involving these 2 protein
kinases have been implicated in RSV-cell interaction.

PKBo, a multifunctional serine/threonine kinase (324, 325), plays a key role in insulin
metabolism (326, 327), in cell survival mechanisms (328, 329) as well as in various forms of
human cancers (330-333). Activation of the phosphatidyl 3-OH kinase (PI3K) has been utilized
as a survival strategy by various forms of cancer cells; consequently this survival signal pathway
is a major target for the development of inhibitors used in drug interventions (334, 335).

PKB was identified as the cellular homologue of the viral oncogene v-Akt from AKTS, a
retrovirus found in rodent T-cell lymphoma (336). PKB is activated by various growth and
survival factors and is a target of PI3K (337, 338). Following stimulation of growth factor
receptors, PI3K is activated and generates phosphorylated phosphatidyl inositides (PI-3,4-P; and
PI-3,4,5-P3). These phosphoinositides bind with high affinity to the amino-terminal pleckstrin
homology (PH) domain of PKB and recruits PKB to the plasma membrane (339). To fully
activate PKB, subsequent phosphorylation of Thr308 in the activation loop and Ser473 in the
carboxyl terminal hydrophobic site are required. The conformational change, as the result of the
binding between the PH domain of PKB and PI-3,4-P,/P1-3,4,5-P;, unmasks the activation loop
site and allows phosphoinositide-dependent kinase (PDK-1) phosphorylation at Thr308 (340,
341). While phosphorylation at Ser473 is essential for activation of PKB, despite extensive
biochemical analyses, the upstream kinase for this hydrophobic site remains to be identified
(342).

Cellular substrates downstream of PKB have been identified. These include the

metabolic regulators glycogen synthase kinase 3 (GSK3) (326) and 6-phosphofructo 2-kinase
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(PFK-2) (343), the Bcl-2 related apoptosis regulatory protein BAD (344, 345) as well as the

ribosomal protein S6 kinase (p70 S6K) (338). These identified PKB substrates contain the
sequence motif RxRyz(S/T)(hy) where x is any amino acid, y and z are small residues other than
glycine and hy is a hydrophobic residue (346). The consequences of these activated PKB
substrates include control of glycogen metabolism and suppression of apoptosis (347).

As alluded to earlier (see Introduction), apoptosis is a contentious issue in RSV research.
The potential role of PKB in preventing aﬁoptosis may provide insights to regulatory role of
RSV in cellular apoptosis. Activated PKB promotes cell survival through various distinct
pathways. PKB inhibits apoptosis by phosphorylating the pro-apoptotic Bcl-2 family member
BAD. Uncoupling of BAD from the BAD/Bcl-X;, complex inhibits the apoptotic pathway. In
addition, PKB can also suppress apoptosis via several other mechanisms such as phosphorylation
of Caspase-9 (348), CREB (349), GSK-3pB (350), the Forkhead transcription factor FKHRL 1
(351) and IkB kinase (352). Although it has been suggested that RSV-mediated apoptosis is
independent of NFxB (280) and unrelated to Caspase-9 (307), whether PKB can promote cell
survival in RSV-infected cells via any of the other aforementioned mechanisms remains to be
tested. Furthermore, whether a RSV protein can directly activate PKB via PI3K as seen in other
viruses (353, 354) has yet to be determined. Therefore, examining the phosphorylation activity
of PKB, particularly at the residues Thr308 and Ser473, may provide useful information.

The protein kinase p70 S6K deserves some attention in this study. In vivo, p70 S6K
phosphorylates ribosomal protein S6 which plays a major role in the translation of mRNA
transcripts encoding ribosomal proteins and protein synthesis elongation factors (355). p70 S6K
is shown to be phosphorylated by PDK in a manner similar to PDK phosphorylation of PKB
(356). Burgering et al. have demonstrated that p70 S6K is a target for PKB; however, other

protein kinase(s) upstream of p70 S6K and downstream of PKB may be involved (338). More

interestingly, p70 S6K has been found in complexes with protein phosphatase 2A (PP2A) (357).
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Recent studies have indicated that the RSV P protein may play an important role in the persistent

activation of NFxB via its association with PP2A (280). Taken together, these data suggest that
the role of the RSV P protein may have a more extensive role in virus-cell interaction than

previously thought.

Summary

This “blast” screen has identified numerous protein kinases and potential signaling
pathways that may be pertinent to the intracellular signal transduction activities during RSV
infection of guinea pig AM. For the purpose of this thesis, the discussion focused on 2 major
and distinct pathways (MAPK and PKB) and 3 protein kinases (Rsk, PKB and p70 S6K) whose
potential involvements in RSV-mediated signal transduction are novel. The significance of the
MEK-ERK MAPK pathway in RSV-infected cells was reiterated and a potential role for Rsk in
this pathway and the regulation of NFkB activation is implicated. It is conceivable that the
PKB-p70 S6K pathway may provide further insights to the role of RSV in cellular apoptosis.
Through the analysis of expressions of protein kinases, this discussion has highlighted the roles
of a limited number of protein kinases; that of many other potential candidates (for instance
PDK, FAK, CK2 etc.) have not been reviewed. It should be emphasized here that this study
utilized the KPKS-1.0 which measured the relative abundance of protein kinases present in a
sample. Although some of the protein kinases in SDS-PAGE gels indicated mobility shifts
(changes in mobility due to phosphorylation are often correlated with changes in activity states),
KPKS-1.0 does not measure kinase activity. Future experiments designed to examine the
phosphorylation activities of these candidate protein kinases could improve our understanding of
RSV-AM interaction.  The availability of the completely sequenced RSV genome,
comprehensive databases of signaling information, peptide libraries, protein-RNA, protein-DNA

and protein-protein interaction systems, suggest a bright future for RSV research.
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CHAPTER 10

CONCLUDING REMARKS

RSV infections represent a major source of morbidity in young children. Despite 46

years of research since its discovery, the numerous issues of controversies concerning the

mechanisms of RSV-induced disease remain uncertain. Moreover, recent trends of the

increasing incidence of RSV bronchiolitis are alarming. This thesis examines the interaction of

RSV and guinea pig AM in vitro, where the conditions can be well controlled. The results

confirm that RSV causes a productive infection in AM. On the basis of these experiments,

several major findings were obtained and are summarized below.

1.

Preferential RSV replication depends on the stage of cell maturation and age and sex of
the host animal in our guinea pig model. These results reflect a similar phenomenon
observed in humans, demonstrate the relevance of the guinea pig model and provide new
insights at a cellular level. Further EM studies are needed to provide quantitative
information on the abundance of lysosomes in AM subpopulations from animals of
different age and sex groups. Additional studies examining the mechanisms by which
RSV might evade host immunity will yield relevant information on persistence of RSV

infection in guinea pig lung and probable persistence in humans.

The interaction of PM10 and RSV in guinea pig AM resulted in suppression of RSV
replication, and RSV-induced cytokine production. The mechanisms involved in the
uptake of PM10 resulting in the aforementioned AM response to RSV are unclear.
Future studies to determine the potential antiviral role of NO, for example, may provide

insights to the mechanisms involved in the interaction between PM10 and RSV. In

addition, in vivo studies of sequential exposure of these agents will be valuable in
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determining the significance of reduction of viral replication and RSV-induced cytokine

expression in the complexity of the host organism and their effects on virus clearance
mechanisms and lung pathology. Cell signaling studies may also provide valuable

information on the activation of AM by RSV-PM10 interaction.

3. The MEK-ERK MAPK and PKB pathways, as indicated by expression of the
corresponding protein kinase members play crucial roles in the response of AM to RSV
infection. Future studies on activation of protein kinases in these pathways (in particular
Rsk, PKB and p70 S6K) are needed to ascertain their significance in RSV-mediated
signaling in AM and elucidate the mechanisms involved in RSV-induced cytokine

production and the controversies of apoptosis in RSV-infected cells.

In conclusion, the studies in this thesis demonstrated that the AM response to RSV
infection is dependent on intrinsic properties of the cell (i.e. maturation stage), host factors (i.e.,
age and sex) and environmental factors (for example, air pollution). The findings in this thesis,
which form a basis for further studies on mechanisms of susceptibility to RSV infection, have
provided new insights on RSV-AM interaction and the potential effects of these interactions on

the pathogenesis of RSV disease in young children.
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APPENDIX

Raw data fof Chapter 6 — Effect of age of host animal on in vitro RSV infection.

RSV immunostaining on cytospin preparations.
Proportion of RSV-immunopositive AM from adult and juvenile guinea pigs.

Adult Juvenile
Mature | Intermediate | Immature | Mature | Intermediate | Immature
1.3 1.7 1.3 13.0 21.0 20.0
2.6 4.0 1.0 11.0 13.0 17.0
0.7 0.3 1.3 10.0 20.0 24.0
0.7 1.3 0.3 9.0 17.0 23.0
1.7 2.0 2.0 10.0 16.0 19.0
0.7 1.7 1.0 - - -
Plaque Assay.
Number of syncytia per million AM from adult and juvenile guinea pigs.
Adult Juvenile
Mature | Intermediate | Immature | Mature | Intermediate | Immature
80 88 80 220 1710 2500
6 71 68 300 930 5330
20 112 32 160 950 5330
35 0 27 290 110 3110
67 71 17 290 1170 6500
42 67 67 - - -
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Raw data for Chapter 7 — Effect of sex of host animal on in vitro RSV infection.

RSV immunostaining on cytospin preparations.
Proportion of RSV-immunopositive AM from male and female guinea pigs.

Male Female
Mature | Immature | Mature | Immature
10.0 23.3 12.0 25.0
9.7 23.0 13.7 253
9.0 21.0 13.0 23.0
11.0 19.7 15.0 27.0

Plaque Assay.

Number of syncytia per million AM from male and female guinea pigs.

IL-6 production by RSV-in

IL-8 production by RSV-in

TNFo production by RSV-infected AM subpopulations from male and female guinea pigs.

.Male Female
Mature | Immature | Mature | Immature
330 6500 420 7100
400 5700 350 6700
410 8300 380 7000
500 6500 330 8600
fected AM subpopulations from male and female guinea pigs.

Male Female
Mature | Immature | Mature | Immature
158.5 124.6 179.0 155.9
395.9 349.0 318.0 300.3
458.9 508.1 407.4 395.3
500.3 416.7 491.0 473.1
fected AM subpopulations from male and female guinea pigs.
Male Female
Mature | Immature | Mature | Immature
682 952 207 507
617 737 582 767
892 1137 957 1457
727 657 762 722
Male Female
Mature | Immature | Mature | Immature
3.2 23.1 3.8 2.2
5.9 4.3 6.6 6.3
40.7 6.5 11.8 18.6
14.2 18.7 12.6 14.3




Raw data for Chapter 8 - PM10-RSV interaction in guinea pig alveolar macrophages.

Side scatter measurements by flow cytometry.

Proportion of RSV-immunopositive AM.

Plaque Assay.

IL-8 production by gu

PM10+RSV | RSV+PM10 | PM10 | RSV | NEG
88.0 88.8 88.4 | 76.7 1 70.2
88.8 94.9 919 | 86.7 | 86.8
86.0 87.8 86.9 | 619 | 644
83.0 90.5 842 | 734 | 82.6
RSV immunopositivity as measured by flow cytometry.
PM10+RSV | RSV+PMI10 | PM10 | RSV | NEG
3.9 12.02 1.89 | 5.08 [ 0.18
4.95 11.6 1.59 {1641 | 0.0
3.69 13.7 197 | 7.6 | 015
5.45 12.9 248 | 129 [ 0.0
Number of syncytia per million AM from male and female guinea pigs.
PM10+RSV | RSV+PMI10 | PM10 | RSV | NEG
363 575 0 4375 0O
150 725 0 1488 | 0O
400 1038 0 4750 0O
650 1700 0 35251 O
IL-6 production by guinea pig AM subjected to different treatments.
PM10+RSV | RSV+PM10 | PM10 | RSV | NEG
67.0 10.5 9.1 |3359] 30
78.0 10.5 0.5 |337.7] 5.2
62.8 9.8 03 [3559}1 99
69.5 14.5 0.7 2823] 70
inea pig AM subjected to different treatments.
PM10+RSV | RSV+PM10 | PM10 | RSV | NEG
214.2 187.9 32.8 | 534.6 | 288.6
185.4 209.2 66.2 |344.6 | 199.8
217.3 187.3 41.2 | 470.9 ] 334.6
282.3 292.3 41.2 1530.9]201.7
TNF production by guinea pig AM subjected to different treatments.
PM10+RSV | RSV+PM10 | PM10 | RSV | NEG
232.0 264.0 249.0 | 317.8 | 119.3
308.9 351.3 333.1 [247.9[2354
282.2 372.9 251.7 | 422.6 | 150.0
346.3 197.2 281.0 | 298.4 | 105.8




Raw data for Chapter 9 — Summary of AM data from KPKS-1.0

157

Species GuineaPig| GuineaPig| GuineaPig|Species GuineaPig| GuineaPig| GuineaPig
Tissue Lung Lung Lung|Tissue Lung Lung Lung
Cell line AM AM AM|Cell line AM AM AM
KPKS1 gels 368,369 372,373] 376,377|KPKS1 gels | 368,369 372,373| 376,377
Kinexus ID 330 332 332}Kinexus 1D 330 332 332

Untreated RSV RSV Untreated RSV RSV
|[Exposure 160 sec| 160 sec] 300 sec|Exposure | 160 sec| 300 sec
RafB 0 0 0p52 S6K 7029 500 500
Erk3 0 0 0]Rsk1 5365 0 0
p45 0 0 0|Rsk2 0 3780 5918
p43 1559 500 6170]Cot 7192 4941 7203
PKB-alpha 0 1007 1646{Pim 1 0 0 0
Erk1-A2 2180 2513 4278)CK2-alpha 5344 11603 19759
Erk2-A2 2515 7704 12950{CK2-alpha’ 6140 0 0
Erk2-A3 3357 4422 7750]CK2-alpha’’ 0 0 0
PDK1 0 0 0|Erk1-B1 3279 1702 2856
Cdkl 0 0 0|Erk2-B1 3284 4987 8766
Cdk2 6244 0 0]Yes 0 0 0
Cdk4 0 3988 4191}IKK-alpha 0 0 0
CdkS 4042 0 3580|DAPK 0 0 0
Cdké6 1263 1467 2181}Lck 0 0 .0
Cdk7 6082 2874 4822|BMX 1495 2157 3743
Cdk9 0 0 0]Ksrl1 0 0 0
p38-alpha 15004 11289 18506}Csk 0 0 0
PKC-mu 0 0 0]Lyn 6815 6831 11611
PKC-alpha 3779 2808 4558|Fyn-L 5431 500 500
PKC-beta 11726 4041 6285|Fyn-U 6610 8608 15820
PKC-gamma 0 0 0|Syk 3894 500 6026
PKC-epsilon 0 0 0]Pyk2 0 0 0
PKC-delta 0 0 0]|Btk 0 0 0
PKC-lambda 0 0 0{CK1-delta 0 0 0
PKC-theta 0 0 0]CKlI-epsilon 0 0 0
PKC-zeta 3096 2736 3947|ZAP70 0 0 0
Erk6 0 0 0|]GCK 0 0 0
SAPK p46 0 1344 0]CaMK4 0 0 0
SAPK p54 0 ~ 0 0]CaMKK 0 0 0
Mos 0 0 0]CaMK1 0 0 0
Mekl 1264 4473 7037|Mnk2 0 0 0
Mek2 0 0 0INek2 0 0 0
Mek4 0 0 0]Rafl 16108 7197 11971
Mek6 5922 0 0|PKG 0 0 0
Mek7 6 0 0|PKA 1044 1831 2902
PAK-alpha 7599 3781 5698]FAK 500 4567 500
ROK-alpha 0 0 0]JGRK2 6219 2998 4833
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RKR 0 0 OjHpk 5181 0 0
GSK3-alpha 4662 4212 6135|ZIPK 37748 11193 21213
GSK3-beta 0 0 OJJAK1 17068 500 500
p90 S6K 9428 5614 8468|JAK2 0 0 0
p70 S6K U 0 0 0]Src 0 1210 0
p70 S6K L 0 3686 5427 Mstl 0 0 0




