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INTERACTIONS OF HAEMOPHILUS SOMNUS WITH BOVINE MACROPHAGES

The objective of this study was to investigate the effect of
H. somnus on phagocytosis, and bactericidal activity of bovine

mononuclear phagocytes (BMP) using in vitro and ex vivo assays.

Using a flow cytometric phagocytosis assay., it was found that
logarithmically growing H. somnus significantly inhibited the
phagocytosis of opsonized S. aureus by bovine alveolar macrophages
(BAM) obtained both from healthy calves and from cattle
experimentally infected with H. somnus. However, neither heat- or
formalin-killed, logarithmically growing H. somnus nor in vitro
passaged H. somnus showed any effect on the phagocytic activity of
these cells. In contrast to BAM, bovine blood monocytes (BBM), had
a significant increase in their phagocytic activity following in
vitro exposure to logarithmically growing H.somnus. The
bactericidal ability of bovine mononuclear phagocytes in
interaction with H. somnus was studied using two in vitro assay
systems measuring nitric oxide (NO) production and
chemiluminescence response. H. somnus rapidly inhibited the
Luminol-dependent chemiluminescence (LDCL) of BBM, and of BAM
costimulated with opsonized Staphylococcus aureus. Inhibition of
the LDCL response of BBM and BAM was abrogated with either
opsonized or killed H. somnus. In contrast to inhibition LDCL of
BMP, both BBM and B2AM infected with H. somnus had stimulated
production of NO. Using a colorimetric bactericidal assay, it was

found that: (1) H. somnus was able to survive within BBM in vitro



and the kinetics of its survival were similar to that seen in BBM
isolated from experimentally infected cattle; (2) treatment of BBM
with varying concentrations of rBoIFN-Y, rBoTNF-a, rBoIL-1f8, rBoGM-
CSF and E. coli LPS had no effect on the survival of H. somnué.
Moreover, using ultrastructural studies, and H  uracil
incorporation into nucleic acids, it was possible to demonstrate
the survival of H. somnus in BMP. In vitro addition of H. somnus
into whole blood cultures prepared from cattle experimentally
infected with H. somnus; TNF production was below detectable level
while IFN-Y and IL-6 reached a detectable level. These results
indicate that the ability of H. somnus to modulate microbicidal
activity of BMP would, in turn, assist the intracellular survival

and immunopathogenesis of bovine haemophilosis.
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ABSTRACT

The objective of this study was to investigate the effect of H. somnus on the
phagocytic function and bactericidal activity of bovine mononuclear phagocytes (BMP)
using in vitro and ex vivo assays.

Using a flow cytometric phagocytosis assay, it was found that logarithmically
growing H. somnus significantly inhibited the phagocytosis of opsonized S. aureus by
bovine alveolar macrophages (BAM) obtained both from healthy calves and from cattle
experimentally infected with H. somnus. However, neither heat- or formalin-killed, log-
phase H. somnus nor in vitro passaged H. somnus showed any effect on the phagocytic
activity of these cells. In contrast to BAM, bovine blood monocytes (BBM) had a
significant increase in their phagocytic activity following in vitro exposure to
logarithmically growing H.somnus. The bactericidal ability of bovine mecnonuclear
phagocytes in interaction with H. somnus was studied using two in vitro assay systems
measuring nitric oxide (NO) production and the chemiluminescence response. H.
somnus rapidly inhibited the Luminol-dependent chemiluminescence (LDCL) of BBM
and BAM costimulated with opsonized S. aureus. Inhibition of the LDCL response of
BBM and BAM was abrogated with either opsonized or killed H. somnus. In contrast
to inhibited LDCL of BMP, both BBM and BAM infected with H. somnus had
stimulated production of NO. Using a colorimetric bactericidal assay, it was found that:
(1) H. somnus was able to survive within BBM in vitro and the kinetics of its survival
were similar to that seen in BBM isolated from experimentally infected cattle; (2)

treatment of BBM with varying concentrations of rBoIFN-y, rBoTNF-q, rBoIL-1B,
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rBoGM-CSF and E. coli LPS had no effect on the survival of H. somnus. Moreover,
using ultrastructural studies, and *H uracil incorporation into nucleic acids, it was
possible to demonstrate the survival of H. somnus in BMP. With in vitro addition of
H. somnus to whole blood cultures prepared from cattle experimentally infected with
H. somnus, TNF production was not detectable during the 24 h incubation period while
IFN-Y and IL-6 were detected. These results indicate that the ability of H. somnus to
modulate microbicidal activity of BMP could, in turn, assist the intracellular survival

and contribute to pathogenesis of bovine haemophilosis.
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1. LITERATURE REVIEW

1.1 Classification and Morphology of Haemophilus somnus

Haemophilus somnus is aGram-negative, catalase-negative, poorly fermentative,
highly pleomorphic, coccobacillus. It ranges in size from 0.3-0.5 Hm by 0.8-4.0 um
and can be found as single cells, doublets, or in long filamentous chains (Kennedy e:
al., 1960; Glossing, 1966; Bailie, 1969:; Humphrey et al., 1982a; Humphrey and
Stephens, 1983). The organism is non-piliated, non-sporeforming, non-capsulated, and
non-motile but does produce a weak haemolysin {Gossling, 1966; Stephens and Little,
1981; Humphrey and Stephens, 1983). Colonies of H. somnus grown under optimal
conditions are convex, circular, entire, moist and glistening, and slight yellow or grey-
yellow colour, reaching a size of 1-2 mm in 2-3 days (Gossling, 1966; Garcia-Delgado
et al., 1977). The intensity of the colour ranges from a light yellow to almost orange
with the deepest colour being seen from fresh isolates (Corboz, 1981; Humphrey,
1982). The yellow colour of the colonies is especially evident when colonies are raised
on a bacteriological loop (Williams et al., 1978). Older colonies may become granular
with a pilliate centre and flattening of the periphery (Kennedy et al., 1960; van
Dreumel er al., 1970). H. somnus is a fastidious organism that requires rich media for
growth in the laboratory (Inzana and Corbeil, 1987). Optimal growth was found on
incubation in an atmosphere of 10% CO,, 37C (Gracia-Delgado et al., 1977). H.
somnus has an absolute growth requirement for uracil, but not for another bases

(Inzana and Corbeil, 1987).



Ultrastructural studies showed that the cell envelope of H. somnus is similar to
the envelope of other Gram-negative bacteria (Stephens and Litle, 1981) and is
therefore likely to contain endotoxic lipopolysaccharide (LPS). Electrophoretic analysis
however, demonstrated that H. somnus endotoxin was a lipooligosaccharide (LLOS), due
to the lack of high-molecular-weight repeating O-side-chain oligosaccharides (Inzana
et al., 1988). Although, the placement of this organism is within the genus
Haemophilus, H. somnus does not require X (haemin) and V (nicotinamide adenine
dinucleotide) factors for its growth (Shigidi, 1970; Biberstein, 1981; Stephens et al.,
1983). The demonstration that H. somnus is able to synthesize porphyrins from amino
levulinic acid firmly established its X factor independence (Biberstein, 1981). This
Haemophilus-like organism remains in the genus since no firm taxonomic position has
been reached as to which group it would fit, as well as (a) its DNA has a G/C content
within 1% of Haemophilus influenzae (Bailie et al., 1973; Walker et al., 1985); and
(b) it has many similarities with other organisms within the family Pasteurellaceae
(Haemophilus, Actinobacillus, and Pasteurella) (Walker, 1985) which include
penicillin-binding proteins (Mendelman and Serfass, 1988), cross reactive antigens
(Kennedy et al., 1960; Miller et al., 1975; Canto et al., 1983; Corbeil et al., 1987), and

similar biochemical properties (Kennedy et al., 1960; Stephens et al. 1983).

1.1.1 Disease manifestations of Haemophilosis
Historically, the major H. somnus problem was considered to be the nervous
system disease variously called thrombotic meningoencephalitis (TME);

thromboembolic meningoencephalitis (TEME); infectious thromboembolic



meningoencephalitis (ITEME); or sleeper syndrome (Griner et al., 1956; Kennedy e¢
al., 1960; Bailie et al., 1966; Bailie er al., 1973; MacDonald er al., 1973; Humphrey,
1982; Blood er al., 1983; Little, 1986; Harris and Janzen, 1989). However, fewer cases
of TME are being encountered or reported each year. Instead, other disease conditions,
such as pneumonia, and myocarditis are becoming more prevalent (Schuh and Harland,
1991; Orr, J.P. 1992). Because there are many different syndromes, they have been
referred to as the "Haemophilus somnus disease complex” or "haemophilosis” (Janzen
et al., 1981; Humphrey and Stephens, 1983; Corbeil et al., 198S; Liule, 1986; Harris
and Janzen, 1989).

Although the reproductive tract is considered to be the ecological niche or
reservoir of H. somnus (Humphrey et al., 1982b; Little, 1986), except for infrequent
reports of infertility (Von Luginbuhl and Kupfer, 1980) and poor semen quality, the
organism does not seem to cause disease in bulls and steers in these sites (Janzen er
al., 1981; Humphrey er al., 1982a: Humphrey er al., 1982b). In female cattle, H.
Somnus can cause vaginitis, endometritis, infertility, and abortion (Patterson et al.,
1984; Stephens er al., 1986). Calves from infected cows have been born weak or
stunted and can die shortly after birth (Waldham ez al., 1974; Cain, 1985; Cain and
Dennis, 1987). H. somnus has also been isolated from the nasal cavites (Brown ez al.,
1970; Crandell er al., 1977; Hall et al., 1977) and trachea (Corstvert ez al., 1973) of
normal cattle.

H. somnus can gain entry to the circulatory system and cause septicaemia
(Humphrey, 1982; Blood et al., 1983; Little, 1986; Harland et al., 1990). H. somnus

is known to localize in the brain, heart, skeletal muscle, joints, larynx, liver, and



kidneys (Kennedy et al., 1960; Weide et al., 1964; Bailie et al., 1966; Panciera ez al.,
1968). Localization can, and usually does, occur simultaneously in one or more sites
(Harris and Janzen, 1989).

The respiratory form of H. somnus infection has gained in importance. In the
upper respiratory tract, H. somnus can cause laryngitis as well as tracheitis (Dillman,
1972). Many clinical descriptions of the disease report that lower respiratory tract
disease often precedes outbreaks of TEM (Weide et al., 1964; Panciera er al., 1968;
Dillman, 1972; ; Saunders er al., 1980; Ames, 1987). In case control studies, H.
somnus has been isolated in pure culture from as many as 28% of the cases of
pneumonic lungs examined microbiologically (Groom, 1985). H. somnus alone is
capable of causing bronchopneumonia (Andrews et al., 1983; 1984; Groom, 1985;
Andrews er al., 1985). H. somnus can cause severe fibrinous pleuritis (Weide et al.,
1964; Panciera er al., 1968; Saunders et al., 1980; Groom, 1985), which may also
rarely be found in conjunction with fibrinous pneumonia.

Cases of chronic arthritis characterized by excessive joint fluid and fibrinous
clots have been reported (Panciera er al., 1968; Humphrey, 1982; Harris and Janzen,
1989; Harland et al., 1990). In addition, there may be congestion, edema, and petechial
haemorrhages of the synovial membranes (Panciera et al., 1968).

Otitis has been reported in some feedlot cattle in which a copious clear yellow
fluid draining from the ears of febrile animals yielded pure cultures of H. somnus
(Nation et al., 1983).

Pure cultures of H. somnus have been obtained from cases of conjunctivitis in

herds with no previous history of either respiratory disease or TME (Lamont and Hunt,



1982; Nation e¢ al., 1983).

Chronic mastitis has been reported to occur spontaneously in both North
America and Europe (Armstrong et al., 1986; Higgins er al., 1987). Chronic and
gangrenous mastitis have been produced experimentally in dairy cows (Hazlett er al.,
1983). Cultures of the organism has usually been restricted to one quatre. Milk
production was almost nonexistant and the secretion varied from blood-tinged and
watery with small fibrin clots (Armstrong et al., 1986) to white, homogenous and
without evidence of blood (Higgins et al., 1987).

H. somnus has been known to survive in various bovine secretions. Isolates
have been cultured from urine (Dewey and Little, 1984), semen and seminal fluids
(Humphrey et al., 1982b), vaginal discharges (Dewey and Liule, 1984; Kwiecien and
Little, 1992), feces (Dewey and Little, 1984), nasal mucous (Crandell ez al., 1977y,
blood (Dewey and Linle, 1984), and cerebral spinal fluid (Dewey and Litle, 1984).
Although growth and prolonged survival of the bacterium have been shown in blood,
nasal mucous and vaginal mucous, prolonged survival in other fluids has only been

shown to occur at -70C (Dewey and Little, 1984; Harris and Janzen, 1989).

1.1.2 Pathogenesis

The reproductive tract is considered the most likely reservoir site of H. somnus
(Humphrey er al,, 1982a,b). Females and males harbour H. somnus within their
reproductive or urinary tracts and can shed the organism in urine or discharges to
contaminate the environment (Janzen et al., 1981; Humphrey et al., 1982a,b). In bulls,

as well as steers, H. somnus is commonly isolated from the prepuce. It can also be



recovered from the bladder, accessory sex glands and ampullae (Humphrey et al.,
1982a; Humpbhrey et al., 1982b; Corbeil ez al., 1986). H. somnus does not survive in
the environment for more than 2 h in urine, but this route of transmission as an aerosol
or aspirate may be important (Dewey and Little, 1984). It is also thought that routes
of infection other than the respiratory tract, such as Batson's veins which course
directly along the spinal column to the brain from the reproductive tract, are possible
(Dommisse, 1975; Miller et al., 1983).

Once H. somnus has localized in tissues, it causes endothelial cells of small
blood vessels to separate and thus expose the underlying basement membrane. This
activates the coagulation mechanism and results in the formation of a thrombus
(Thompson and Little, 1981); hence the name "thrombo" that is sometimes given to
the disease. The name TEME was likely truncated to thrombotic meningoencephalitis
(TME) after noticing that there was no evidence of embolic events in the pathogenesis
of the disease (Stephens er al., 1981). It is now considered that the lesion is an in situ
thrombosis and not a thromboembolism. Interruption of the blood supply results in
destruction of tissues and development of clinical signs (Harris and Janzen, 1989).

In vitro studies have established that bovine neutrophils are unable to kill H.
somnus, and that H. somnus can replicate within bovine monocytes (Lederer ez al.,
1986). Additional studies demonstrated that bovine alveolar macrophages and blood
monocytes ingest but do not kill opsonized H. somnus. These findings suggest that the
bacterium can persist and proliferate within these cells and contribute to the

pathogenesis of haemophilosis (Lederer et al., 1986).



1.1.3 Virulence factors of Haemophilus somnus

Although there is no major cultural, biochemical, electrophoretic or serological
variation among isolates (Gossling, 1966; Gracia-Delgato et al., 1977; Humphrey er
al., 1982a) there appear to be differences in virulence (Humphrey ez al., 1982b; Groom
et al., 1988) and biotypes may exist within the species H. somnus (Humphrey er al.,
1982a; Humphrey et al., 1982b). Strain differences in virulence have been
demonstrated after intravenous, intracisternal or intratracheal inoculation of H. somnus
(Humphrey and Stephens, 1983; Jackson et al., 1987; Groom et al., 1988). Groom et
al., (1988) suggested that isolates from cases of pneumonia were more virulent than
encephalitic strains, which in turn were more virulent than bacteria isolated from the
prepuce of bulls identified as carriers. H. somnus isolated from the prepuce or semen
were generally not pathogenic, even following intratracheal challenge of calves
(Humphrey, 1982; Groom et al., 1988). Kwiecien and Little (1992) found that genital
isolates from slaughtered cows had pathogenic potential. They determined that more
than half of the H. somnus isolates produced lesions after intracerebral-spinal
challenge. Since pathogenic and non-pathogenic strains of 4. somnus can be isolated
from reproductive and respiratory tract of clinically normal animals, it is not clear what
host or microbial factors are responsible for this host-parasite relationship.

Recently, methods have been developed that differentiate between pathogenic
and nonpathogenic bacteria. Yarnall and Corbeil (1989) have identified nonspecific
immunoglobulin binding proteins (Fc receptors) of 41 KDa and 270 KDa that appear
to only be associated with virulent bacteria. These proteins have been used in

serological tests to identify animals that were either carriers or noninfected and those



that had been exposed to pathogenic H. somnus and were now immune (Widders et al.,
1986; Yarnall er al., 1988a,b; Widders et al., 1989ab; Yarnall and Corbeil, 1989).
Susceptibility to killing by complement has also been used to differentiate between
isolates of different virulence: serum resistant isolates were considered to be virulent
while serum sensitive isolates were not (Corbeil et al., 1985).

Bacterial Fc receptors have been found to be secreted in conjunction with outer
membrane blebs. These Fc receptors show a specificity for bovine IgG,, IgA, and IgM
(Yarnall et al., 1988a,b; Yarnall and Corbeil, 1989). Transferrin receptors have also
been identified on the surface of H. somnus (Yu et al., 1992; Ogunnawiro et al., 1990).

The LOS possesses typical endotoxic activity and may contribute to the
vascular endothelial damage and other lesions associated with H. somnus infection
(Corbeil er al., 1986; Gogolewski et al., 1987b; Inzana et al., 1988; Nakajima and
Ueda, 1989; Corbeil, 1990; Fenwick, 1990; Silva and Little, 1990). Intrastrain
instability or phenotypic phase variation of LOS of H. somnus occurs during infection
and in vitro passage. (Inzana et al., 1992).

H. somnus has been shown to possess the ability to attach to different bovine
cells in vitro including epithelial surfaces of the turbinates (Ward et al., 1984), bovine
embryos (Thomson ez al., 1988), sperm (Chelmonska, 1990) and cultured endothelial
cells (Thompson and Little, 1981). Necrosis and sloughing of cells were observed with
various endothelial cultures, indicating that H. somnus may be producing a toxic
product (Thompson and Little, 1981; Gogolewski er al., 1987a).

It has been reported that H. somnus is able to survive in bovine neutrophils and

also that this interaction is associated with the inhibition of many neutrophilic activities



(Pennell and Renshaw, 1977; Czuprynski and Hamilton, 1985; Chiang et al., 1986).
Phagocytosis and the myeloperoxidase-hydrogen peroxide-halide system have been
reported to be inhibited by the in vitro release of purine nucleotides and nucleosides
following exposure of the phagocytes to H. somnus. However, it appears that other
mechanisms also play an important role in altering phagocyte function (Chiang, et al.,
1986; Hubbard, er al., 1986; Sample and Czuprynski, 1991). Actual growth of H.
somnus has been observed within alveolar macrophages and blood monocytes (Lederer
et al., 1987), resulting in visible damage and eventual death of the phagocytes. Some
workers (Thompson and Little, 1981; Gogolewski er al., 1987a; Gogolewski ez al.,
1989) have shown that H. somnus is toxic to alveolar macrophages in vitro and in vivo.
Specific toxins have not been identified. The precise mechanisms allowing for
intracellular survival and growth remain to be elucidated. A. somnus is known to be
a catalase-negative organism yet it was recently reported by Sample and Czuprynski
(1991) that viable H. somnus were able to remove hydrogen peroxide from solution in

an energy-dependent manner.

1.2 Bacterial:Phagocyte Interactions

1.2.1 Phagocytosis

Phagocytosis represents an important effector mechanism for the eradication of
infectious agents. It is performed primarily by specialized cells of two different
lineages, namely polymorphonuclear neutrophilic granulocytes (PMN), and
mononuclear phagocytes (MP). Because of their function, PMN and MP are often

referred to as "professional phagocytes” to distinguish them from most other host cells



which are called "non-professional phagocytes” (Kaufmann and Reddehase 1989).

Two forms of phagocytosis have been identified: conventional phagocytosis and
coiling phagocytosis. In conventional phagocytosis, phagocyte pseudopodia move
circumferentially and more or less symmetrically around the organism and fuse at the
distal side. In coiling phagocytosis, phagocyte pseudopodia coil around the organism
as it is internalized (Horwitz, 1984). Toxoplasma gondii (Jones et al., 1972),
Trypanosoma cruzi (Tanowitz et al., 197S; Nogueira and Cohn, 1976), and
Mycobacterium tuberculosis (Payne et al. 1987) enter phagocytes by conventional
phagocytosis; Legionella pneumophila (Horwitz, 1984) and, apparently, Leishmania
donovani (Chang, 1979) enter by coiling phagocytosis.

Professional phagocytes are among the major effector cells of the anti-infection
defence. Phagocytosis alone cannot eradicate invading microbes; it must be followed
by intracellular killing mechanisms. To fulfil these functions, PMNs and MP have
specific receptors for microorganisms and specialized organelles and molecules for
killing and degrading them. PMNs interact with antibodies and complement alone,
while MP are also controlled by T lymphocytes. A major difference between PMNs
and MP is their lifespan; PMN live for few days and MP often last for many weeks.
Thus, cells of the monocyte lineage represent particularly mobile elements capable of
traversing different compartments of the body, providing a means for the dissemination
of pathogens from the site of invasion to the most appropriate tissue site. It is perhaps
for these reasons that many pathogens have chosen professional phagocytes as their

major targets (Kaufmann, and Reddehase, 1989).
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1.3 Receptor Medlated Phagocytosls

1.3.1 Complement Receptor Mediated Phagocytosis

Complement receptors on mouse macrophages have been shown to mediate
ingestion of Leishmania donovani (Blackwell et al., 1985) and Leishmania major
(Mosser and Edelson, 1985), and complement receptors on human monocytes have
been shown to mediate ingestion of Legionella pneumophila (Payne and Horwitz,
1987), Mycobacterium tuberculosis (Payne et al., 1987), Mycobacterium leprae
(Schlesinger and Horwitz, 1988), and Histoplasma capsulatum (Bullock and Wright,
1987).

Both complement receptor CR1, which recognizes complement component C3b
(Wilson ez al., 1987) and CR3, which recognizes complement component C3bi (Wilson
et al., 1987), have been shown to mediate phagocytosis of intracellular parasites. In the
presence of fresh serum, CR3 has been found to mediate the uptake of Leishmania
donovani (Blackwell e: al., 1985; Wilson, and Pearson, 1988), Leishmania major
(Mosser and Edelson, 1985), Legionella pneumophila (Payne and Horwitz, 1987),
Mycobacterium tuberculosis (Payne et al., 1987), M ycobacterium leprae (Schlesinger
and Horwitz, 1988; Schlensinger, and Horwitz, 1990), Yersinia pseudotuberculosis
(Isberg, and Leong, 1990) and Histoplasma capsulatum (Bullock and Wright, 1987).

In the presence of serum, the major ligand on the parasite recognized by CR3
is presumably C3bi; in the absence of serum, the identity of the ligand recognized by
CR3 is unclear. It is also possible that the ligand is still C3bi, derived not from serum
but directly from the mononuclear phagocyte. Human monocytes and alveolar

macrophages generate the components of functional alternative pathway (Hetland and
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Eskeland, 1986; Hetland e al., 1986) and functional classical pathway (Hetland e al.,
1987) of complement activation, and particles incubated with monocyte supernatants
fix C3 (Ezekowitz et al., 1984). It is also possible that the ligand for CR3 is a parasite
component recognized by a lectin-like or adhesion-promoting domain of the CR3
receptor (Ross et al., 1985).

The complement receptor pathway may provide intracellular parasites with safe
passage into mononuclear phagocytes. Binding to CR1 or CR3 causes endocytosis but
does not induce reactive oxygen intermediates ((Detmers and Wright, 1988). Ligation
of CR1 and CR3 receptors by particles coated with C3b or C3bi does not consistently
stimulate the release of oxygen metabolites, such as hydrogen peroxide, or superoxide
or the release of mediators of inflammation such as metabolites of arachidonic acid
(Wright and Silverstein, 1983; Yamamoto and Johnston, 1984; Aderem er al., 1985).
Thus, complement coated particles entering by the complement receptor pathway may
avoid the adverse consequences of the respiratory burst. Consistent with this
hypothesis, Legionella pneumophila (Jacobs et al., 1984), Mycobacterium tuberculosis
(Horowitz, 1988), Mycobacterium leprae (Holzer et al., 1986), and Toxoplasma gondii
(Wilson er al., 1980) have been found to elicit little or no metabolic burst upon
entering mononuclear phagocytes. Particles that are ingested via CR3 do not trigger
superoxide anion production (Yamamoto, and Johnston, 1984). In this regard, the
nature of the parasite surface ligands recognized by the CR3 receptor may be critical.
In contrast to the situation with C3b and C3bi-coated particles, stimulation of CR3
with 3-glucan particles triggers a strong oxidative burst (Ross ez al., 1987; Cain et al.,

1988). Thus, a parasite interacting with the postulated lectin-like domain of the CR3
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receptor, rather than the C3bi binding domain, may trigger an oxidative burst. Because
intracellular predators often enter their prey without inducing reactive oxygen
metabolites, their growth in activated macrophages must ultimately be controlled by
non-oxidative mechanisms (Flesch and Kaufmann, 1988; Kagaya, 1989; Wolf, 1989;
Mor, 1989).

Recent in vivo studies indicate that CR3 on mononuclear phagocytes is involved
in the accumulation of MP at sites of Listeria monocytogenes replication (Rosen et al.,
1989). Thus, CR3 may be used not only in the entry of many intracellular pathogens
into professional phagocytes, but may also play a role in accumulation of MP at sites

of bacterial growth.

1.3.2 Mannose Receptor Mediated Phagocytosis

Tissue macrophages express mannose receptors, while circulating phagocytes
lack them. However, there is a soluble mannose-binding protein in the circulation
which can act as opsonin for mannose rich bacteria (Kuhlman, er al., 1989). Monocyte
derived macrophages express mannose receptors that recognize mannose and fucose
(Stahl, 1990). Mannose receptors have been found to play a role in mediating
phagocytosis of intracellular pathogens (Blackwell et al., 1985; Wilson and Pearson,
1988; Bermudez et al., 1991; Roecklein et al., 1992). The mannosyI-fucosyl receptor
mediates adherence of Leishmania donovani, at least under serum free conditions

(Blackwell er al., 1985; Wilson and Pearson, 1988).
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1.3.3 Fibronectin Receptor Mediated Phagocytosis

Fibronectin is a glycoprotein that binds to cell surfaces. Many bacteria can bind
fibronectin, a property which facilitates bacterial colonization of host tissue.
Professional phagocytes express fibronectin receptors (FnR) and thus fibronectin can
also act as an opsonin. Receptors for fibronectin may play a role directly, or indirectly
by virtue of the capacity of fibronectin to upregulate mononuclear phagocyte
complement and Fc receptors (Bevilacqua ez al., 1981; Pomier et al., 1983; Wright et
al., 1984; Brown and Googwin, 1988). Some intracellular pathogens possess
fibronectin binding activity, which suggests that they use FnR in order to enter
phagocytes. For example, Mycobacterium tuberculosis secrete large quantities of
fibronectin-binding molecules of 30-32KD and 57-60KD (Abou-Zeid er al., 1988).
Fibronectin has also been reported to bind to Leishmania mexicana promastigotes and
amastigotes, Leishmania tropica amastigotes, and Trypanosoma cruzi trypamastigotes,
and to enhance binding of Leishmania to human monocytes and Trypanosoma cruzi
to mouse macrophages and rat fibroblasts (Wirth and Kierszenbaum, 1984; Quaissi er

al., 1984; Wyler et al., 1985).

1.3.4 Fc Receptor Mediated Phagocytosis

Binding of IgG-coated particles induces endocytosis and triggers multiple
biological activities, including the production of reactive oxygen metabolites (Mellman,
1988). CR1 and CR3 provide a much safer way than does FcR for entry into

professional phagocytes.
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1.4 Microbial Killing Mechanisms of Phagocytes
1.4.1 In Vitro Generation of Reactive Oxygen Species by
Phagocytes.

The production of reactive oxygen species via activation of the nicotinamide-
adenine dinucleotide phosphate NADPH oxidase of phagocytes is known as the
respiratory burst (Babior, 1978; Klebanoff, 1980; Berton et al., 1988) (Fig. 1).
Biochemically, the burst is characterized by rapid uptake of oxygen, enhanced
metabolism of glucose, and release of a wide variety of reactive oxygen intermediates
(Badwey and Karnovsky, 1980; Babior, 1978). The consumption of oxygen follows the
activation of a membrane-bound reduced NADPH oxidase (Nathan and Tsunawaki,
1984). Glucose is metabolized principally through the hexose monophospate shunt
(HMP), with minor amounts oxidized via the oxidative phosphorylative pathways
(Romeo ez al., 1973; Montarroso and Myrvik, 1979; Papermaster et al., 1980;). A large
portion of the oxygen is used for energy metabolism, but substantial amounts also are
reduced to superoxide anion (Roos and Van der Stijl-Neijenhuis, 1980; Rossi er al.,
1980). Once generated, the anion spontaneously or catalytically dismutates to hydrogen
peroxide. Superoxide and hydrogen peroxide then interact to generate an array of
reactive derivatives of molecular oxygen, which includes superoxide anion (0,), singlet
oxygen ('0,), hydrogen peroxide (H,0,), and hydroxyl radicals (OH’) (Badwey and
Karnovsky 1980; Klebanoff, 1980). The expression of oxidase activity is the end result
of a rapid activation of a variety of incompletely defined pathways (McPhail and
Snyderman, 1984: Tauber, 1987).

The NADPH oxidase is positioned in the membrane so that reactive oxygen
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species are sequestered around foreign material during the inception of a phagocytic
vacuole. The reactions leading to formation of reactive oxygen species are initiated
upon exposure to phagocytable particles (Klebanoff, 1980), soluble antigen-antibody
complexes (Ward et. al., 1983.), and various membrane perturbants and chemotactic
factors (English er. al., 1981; Sweeney er. al., 1981). Generation of reactive oxygen
species (ROS), including superoxide anion, hydrogen peroxide, singlet oxygen and
hydroxyl radical is an important factor in the antimicrobial armamentarium of
phagocytic cells (Nathan, et al., 1983). Some organisms fail to trigger (Wilson et al.,
1980; Channon er al., 1984; Holzer et al., 1986; Eissenberg and Goldman, 1987)
whereas others inhibit (Jackett er al., 1978; Peasrson er al., 1982; Charnetzky and
Shuford, 1985; Beaman et al., 1985; Buchmueller-Rouiller and Manuel, 1987; Wolf
et al., 1987), the production of reactive oxygen metabolites. Expression of burst
activity may be affected by parasite viability (Wilson et al., 1980; Locksley e al.,
1985), opsonization or uptake by specific macrophage surface receptors (Locksley et
al., 1985; Wolf et al., 1987), and the state of macrophage activation (Wilson ez al.,
1980). The production of oxygen radicals by macrophages also depends on several
endogenous and exogenous factors; the site of the macrophage's residence (Drath and
Karnovsky, 1975), the stage of cell maturation and, the state of macrophage activation

(Fels et al., 1987).
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NADPH + O,
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Fig. 1: Macrophages and neutrophils are Capable of generating
reactive oxygen intermediates or radicals that are involved in
antimicrobial activities. Those identified include Superoxide anion,
hydrogen peroxide, hydroxyl radicals and hypohalides. The Haber-weiss
reaction, which is Proposed to be involved in generation of hydroxyl
radicals, is explained Separately. (Baldwin et al., 1993)

17



1.4.2 Reactive Oxygen Specles Production by Alveolar Macrophages.

Alveolar macrophages release oxygen metabolites, O,’, H,0,, and OH" (Fantone
and Ward, 1982). Among oxygen-derived reactive molecules, hypochlorous acid
(HOCI) generated through the H,0,-myeloperoxidase system and OH" demonstrate the
highest bactericidal activity (Klebannof, 1968). In contrast to HOCI1 and OH/, O, has
a trivial antibacterial activity, whereas H,0, exhibits an intermediate activity; however,
the bactericidal activity of H,0, can be increased in an iron-rich environment (Quie et
al., 1967). Both oxidation and decarboxylation of bacterial membranes appear to be
major mechanisms by which oxygen radicals induce bacterial killing (Klebanoff, 1968;
Strauss et al., 1970). Compared to PMN, alveolar macrophages were reported to
contain little if any myeloperoxidase activity, but they may contain other peroxidases

(Ross and Balm, 1980; Reynolds, 1985).

1.4.3 Reactive Oxygen Species Production by Bovine Alveolar
Macrophages.

Bovine alveolar macrophages have been shown to release superoxide anion and
hydrogen peroxide secondary to challenge exposure with a variety of stimuli (Dyer er
al., 1985; Ohmann and Babiuk, 1984). Lavage procured cells release approximately
20nmol of superoxide/h and S to 6 nmol of hydrogen peroxide/15 min/1,000,000 cells.
These findings indicate that bovine alveolar macrophages have the oxidative pathways
necessary for reactive oxygen intermediate responses.

The dominant metabolic activity displayed by bovine alveolar macrophages is

the flux of glucose through the HMP shunt, regardless of either the state of bovine
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alveolar macrophage stimulation or the period of lavage. Flux through the HMP shunt
is threefold greater than that through the TCA cycle, and accounts for nearly 75% of
the total glucose metabolized by stimulated or non-stimulated cells. Bovine alveolar
macrophages metabolize small amounts of glucose for energy (Dyer et al., 1989).

These observations were roughly comparable with values for other species.

1.4.4 Origin of Lung Macrophages

Macrophages are part of the mononuclear phagocytic system and exist in many
forms in different organs. Good evidence indicates that the bone marrow is the source
of tissue macrophages, including lung macrophages. Studies in both humans and
animals have shown that the majority of alveolar macrophages are derived from
peripheral blood monocytes (Godleski and Brain, 1972; Blusse ez al., 1979; Blusse et
al., 1983). Although some investigators have suggested that alveolar macrophages
cannot replicate within lungs, several studies demonstrate local replication of
pulmonary macrophages (Reynolds et al., 1976; Springmeyer et al., 1982; Tarling and
Coggle, 1982).

Several investigators have separated alveolar macrophages into different
subpopulations (Holian et al., 1983; Shellito and Kaltreider, 1984; Chandler er al.,
1986; Sandron et al., 1986). Membrane receptor expression and cell functions, such
as phagocytosis and mediator release, have been shown to vary among these different
subpopulations (Shellito and Kaltreider, 1984; Chandler er al., 1986; Sandron et al.,

1986; Hance et al., 1985; Chandler and Fulmer, 1987; Sibille et al., 1987).
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1.5 Nitric Oxide Metabolism

1.5.1 Biological Role of Nitric Oxide

The first direct demonstration of the release of nitric oxide (NO) by mammalian
cells was in the vascular endothelium where it plays a role in the control of vascular
tone and platelet aggregation (Palmer et al., 1987). Nitric oxide, a simple and unstable
free radical, has recently been identified as a potent and pleiotropic intracellular
mediator produced by and acting on many cells of the body. It acts as an endothelium-
derived relaxing factor, a neuromediator and as a defence molecule of the immune
system (Moncada et al., 1989; Collier and Vallance, 1989). Both macrophages and
neutrophils produce NO (Hibbs et al., 1988).

The most exciting feature of NO is its inducibility in endothelial cells and
leucocytes following stimulation with TNF and IFN-Y. When incubated with IFN-v in
combination with TNF-q, IL-1 or LPS, murine endothelial cells generate NO (Kilbourn
and Belloni, 1990). TNF, interferons and endotoxin also stimulate NO production by
macrophages, neutrophils, Kupffer cells and hepatocytes (Hibbs et al., 1990). A low
output flux of NO modulates vascular smooth muscle and nerve action via activation
of guanylate cyclase (Palmer et al., 1987).

It is now clear that there are at least two distinct NO synthase isoenzymes; the
constitutive enzyme responsible for basal NO synthesis in both the endothelium and
the nervous system is Ca®* -dependent, whereas the cytokine-inducible enzyme is Ca?*
-independent. This finding suggests that it may be possible to modulate
immunologically-induced NO production without affecting the constitutive, house-

keeping NO functions (Liew and Cox, 1991). Inducible calcium-independent NO
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synthase in macrophages is produced when these cells are activated by the
inflammatory cytokines IFN-y and TNF-o. Activated macrophages have been
demonstrated to metabolize the amino acid L-arginine by the oxidative pathway to
produce NO/NO, and citrulline (Hibbs ez al., 1987a,b; Marletta er al., 1988; Stuehr ez
al., 1989). NO has now been shown to be synthesized from one of the terminal
guanidino-nitrogen atoms of L-arginine (Palmer er al., 1988; Marletta et al., 1988,
Hibbs er al., 1988). Nitric oxide synthase is cytosolic, NADPH-dependant and leads
to the formation of stoichiometric amounts of L-citrulline and NO from L -arginine
(Hibbs et al., 1987a,b; Palmer and Moncada, 1989). Macrophages also produce nitrite
(NO;) and nitrate (NO;’) which are derived from L-arginine, and their production is
blocked by structural analogues such as N° -monomethyl-L-arginine (L-NMMA)
(Hibbs, et al., 1987a.b; Lyengar er al., 1987).

It is now clear that Ca®* -independent NO synthase is inducible in both the lung
and liver of rats treated with endotoxin (Knowles et al., 1990). Since, these organs
remove infectious organisms from the blood, the host-defensive role of these organs

and the involvement of NO in this process may assume considerable importance.

1.5.2 Mechanisms of NO Mediated Killing

A large flux of NO causes inhibition of iron-sulphur enzymes in target cells,
blocking cell reproduction and, in some cases, inducing cell death. Reactive nitrogen
intermediates have potent cytotoxic and antiproliferative effects on tumours, parasites,

and bacteria (Tarr, 1941; Stuehr and Nathan, 1989; Liew and Cox, 1991),
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1.5.3 Regulation of NO Synthesis by Cytokines

Up- and down-regulation of NO synthesis by cytokines, is well documented.
Th-1 type cytokines (IFN-y, IL-2) stimulate macrophages to produce NO whereas, Th-2
cytokines (IL-4, and IL-10) down-regulate NO synthesis (Liew et al., 1991). Other
Cytokines have also been reported to exert inhibitory effects on NO synthesis by IFN-y
activated macrophages. Macrophage deactivating factor and the transforming growth
factor B family block the ability of IFN-y to induce release of reactive nitrogen

intermediates from murine macrophages (Liew et al., 1991; Nacy et al., 1992).

1.5.4 Immunomodulatory Role of NO

The pleiotropic nature of NO function and its production by activated
macrophages raises the possibility that NO also has a role as an immunoregulator
(Kolb, 1992). Marcinkiewicz and Chain (1993) have reported the differential regulation
of cytokine production in spleen cells by NO. It has recently been shown that
suppression of allogenic or mitogenic T-cell proliferation can be mediated use of NO

(Hoffmann ez al., 1990).

1.5.5 NO Mediated Killing of Intracellular Parasites

Nitric oxide produced from L-arginine metabolism has been reported to be
involved in the killing of several intracellular parasites by mouse peritoneal
macrophages (Green et al., 1990; Nathan and Hibbs, 1991). Macrophages activated
with IFN-y plus LPS have a powerful cytostatic effect on the fungal pathogen

Cryptococcus neoformans (Granger et al., 1986), the protozoa Toxoplasma gondii
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(Adams et al., 1990), and Leishmania (Green et al., 1990; Liew et al., 1990). TNF-a
can synergize with IFN-vy in inducing macrophage leishmanicidal activity (Bogdan er

al., 1990).

1.6 Host Pathogen Interaction

1.6.1 Intracellular Survival of Parasites

Once inside a professional phagocyte, pathogens face a multitude of hostile
reactions. These comprise the following major mechanisms: (1) generation of reactive
oxygen metabolites, (2) generation of reactive nitrogen metabolites, (3) acidification
of the endosomal compartment, and (4) phagosome-lysosome fusion with subsequent
attack by lysosomal enzymes and/or microbicidal peptides.

To survive inside professional phagocytes, intracellular pathogens have a variety
of evasion mechanisms. In principle, these include: (1) interference with or resistance
to oxidative killing, (2) inhibition of phagosome-lysosome fusion (Armstrong and Hart,
1971; Horwitz, 1983a,b), (3) interference with or resistance to lysosomal enzymes
(Corrollo ez al., 1979) or microbicidal peptides and, (4), escape into the cytoplasm.
Although the different killing and evasion mechanisms are well known
phenomenologically, their relative contribution to host defence and survival in most
cases remains unclear (Gendelman et al., 1988).

After internalization, intracellular parasites follow one of several general
pathways through the host cell. Legionella pneumophila, Toxoplasma gondii,
Chlamydia psittaci, and Mycobacterium tuberculosis take an intraphagosomal route,

i.e., the parasite resides in membrane bound phagosomes that do not fuse with host cell
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lysosomes (Armstrong and D'Arcy Hart, 1971; Jones and Hirsch, 1972; Fris, 1972;
Todd and Storz, 1975; Wyrick and Brownridge, 1978; Eissenberg et al., 1983;
Horwitz, 1983a,b). Leishmania species, including Leishmania donovani, Leishmania
mexicana, and Leishmania major, as well as Salmonella typhimurium and Yersinia
pestis take an intraphagolysosomal route, i.e., these parasites reside in phagosomes that
fuse with lysosomes (Alexander and Vickerman, 1975; Chang and Dwyer, 1976; Chang
and Dwyer, 1978; Carrol ez al., 1979; Berman et al., 1979; Straley and Harmon, 1984).
Trypanosoma cruzi takes an extraphagosomal route. After phagocytosis, this parasite
exits from the phagosome and multiplies within the cytoplasm of the host cell
(Tanowitz et al., 1975; Noguiera and Cohn, 1976).

Precise identification of the molecules responsible for intracellular survival is
just beginning. Over the years, sulfatides of Mycobacterium tuberculosis, which share
a polyanionic character with substances that inhibit phagosome-lysosome fusion, and
ammonia produced by Mycobacterium tuberculosis have been postulated to play a role
in fusion inhibition by this organism. Many low molecular weight fractions of
Mycobacteria, including sulfolipids (Pabst et al., 1988; Zhang et al, 1988),
lipoarabinomannan (Sibley et al., 1988), and phenolic glycolipid-1 (Chan ez al., 1989)
are capable of modulating mononuclear phagocytic functions. Recently,
lipoarabinomannan has been shown to scavenge cytotoxic oxygen free radicals, inhibit
protein kinase C activity, and block the transcriptional activation of IFN-y-inducible
genes in human macrophage-like cell lines (Chan er al., 1989; Chan et al., 1991).
Phenolic glycolipid-1 of Mycobacterium leprae and lipophosphoglycan of Leishmania

donovani scavenge reactive oxygen metabolites in a cell free system (Neil and
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Klebanoff 1988; Chan et al., 1989). Glycolipid fractions from Mycobacterium avium
serovar 2 (Mycobacterium paratuberculosis 18) inhibit the killing of Candida albicans
by activated bovine peripheral-blood-derived macrophages (Hines er al., 1992).

The saltatory movements of periphagosomal secondary lysosomes become slow
or static in mouse peritoneal macrophages infected with live, but not with killed,
Mycobacterium microti, and that the lysosomes of macrophages infected with live, but
not killed, Mycobacterium microti do not fuse with a normally fusiogenic test particle
(Hart et al., 1987). These researchers have hypothesized that the induction of focal
lysosomal stasis by Mycobacterium microti is the primary event resulting in inhibition
of phagosome-lysosome fusion by this parasite.

The mechanisms by which Mycobacterium avium survives intracellularly are
inadequately defined. The bacterium can inhibit superoxide anion production by
macrophages (Mayer and Falkinham, 1986; Bermudez and Young, 1989) as well as
phagolysosomal fusion following phagocytosis (Black er al., 1990; Crowle er al.,
1991). It has been shown thaf like other mycobacteria, Mycobacterium paratuberculosis
is phagocytized by, and replicates within, macrophages.

Phagosomes of parasites that follow the intraphagosomal route do not become
acidified to the low levels typical of phagolysosomes, at least in the case of Legionella
pneumophila (Horwitz and Maxfield, 1984) and Toxoplasma gondii (Sibley et al.,
1985). The block in acidification appears localized to the phagosome containing
Legionella pneumophila since another phagosome in the same monocyte containing an
inert particle is normally acidified (Horwitz and Maxfield, 1984). The mechanism by

which these pathogens inhibit acidification is unknown.
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Some studies suggest that a phenolic glycolipid (PGL-1) of Mycobacterium
leprae may play an important role in protecting the bacterium from oxygen-dependent
antimicrobial activities of mononuclear phagocytes (Neil and Klebanoff, 1988). This
novel phenolic glycolipid, unique to Mycobacterium leprae, is synthesized by the
bacterium in large amounts within the host cell (Hunter and Brennan, 1981; Hunter et
al., 1982). Purified PGL-1 appears to scavenge oxygen metabolites formed by
macrophages (Neill and Klebanoff, 1988). Moreover, deacylated PGL-1
immunologically bound to the surface of Staphylococcus aureus protected this test
organism from killing by non-activated and activated human monocytes (Neill and
Klebanoff, 1988).

Experimental listeriosis of mice has been instrumental in analyzing the host
response to intracellular bacteria (Kaufmann, 1988). Recently, the molecule,
listeriolysin responsible for intracellular survival of Listeria monocytogenes has been
identified (Mengaud e: al., 1988). Deletion mutants of Listeria monocytogenes lacking
listeriolysin lost their virulence for mice and could no longer replicate in macrophage
cell lines (Gaillard er al., 1986; Portnoy et al.,, 1988). This molecule promotes
transition from the endosomal into the cytoplasmic compartment and is not involved
in entry into host cells (Gaillard et al., 1987; Kuhn et al., 1988). A 60KD protein of
Listeria monocytogenes, which seems to be responsible for entry, has been identified
(Kuhn and Goebel, 1989). Shigella flexneri may escape phagosomes by a similar

process (Sansonetti et al., 1986; Clerc et al., 1987).
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1.7 Activation of Macrophages by Cytokines

1.7.1 Macrophage Activation by Interferon-y (IFN-y)

IFN-vY has been shown to enhance macrophage antimicrobial (Murray and Cohn,
1980; Nathan et al., 1980) and oxidative (Klebanoff, 1982; Ito and Krim, 1985)
activities. [IFN-y has been shown to activate human monocytes in such a way that they
kill or inhibit the multiplication of Legionella pneumophila (Bhardwai et al., 1986;
Nash ez al., 1988), Toxoplasma gondii (Nathan, et al., 1983; Nathan and Tsunawaki,
1984; Murray et al., 1985; Wilson and Westfall, 1985), Chlamydia psittaci (Rothermel
et al., 1983), Leishmania donovani (Murray et al., 1983; Nacy et al., 1983; Hoover et
al., 1985), Leishmania major (Passwell et al., 1986), and Trypanosoma cruzi (Reed et
al., 1987).

Macrophages exposed to recombinant IFN-y (rIFN-y) develop the ability to
secrete reactive oxygen intermediates, as well as to kill nonspecifically obligate or
facultative intracellular microorganisms (Murray et al., 1985; Flesch and Kaufmann,
1987). Similar observations have been reported for the activation of cultured human
monocytes (Nathan ez al., 1983). Van Dissel ez al., (1987) concluded that, as a single
activating stimulus, rIFN-y is not capable of actvating the antibacterial effector
function of peritoneal macrophages against facultative intracellular pathogens, such as
Listeria monocytogenes and Salmonella typhimurium. Treatment of human monocytes
with IFN-y decreased phagocytosis and had no effect on the intracellular replication
of Mycobacterium avium, suggesting that IFN-y does not have macrophage activating
activity for Mycobacterium avium-infected human monocytes (Tsuyuguchi ez al.,

1990). Using agents that modulates phagosome lysosome fusion, Flesch and Kaufmann
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(1987) have suggested that phagosome lysosome fusion is involved in the growth
inhibition of Mycobacterium bovis by rIFN-y activated macrophages. Growth inhibition
of Mycobacterium bovis by IFN-y activated macrophages is an oxygen-independent
process (Flesch and Kaufmann, 1988).

The mechanisms by which IFN-y activated phagocytes exert an antimicrobial
effect on intracellular parasites are not completely understood. Some mechanisms,
however, have been proposed: (1) IFN-y induced degradation of tryptophan has been
proposed as the mechanism by which activated fibroblasts and epithelial cells inhibit
the replication of Toxoplasma gondii and Chlamydia psittaci, whose growth is
dependent upon the availability of this amino acid (Pfefferkorn et al., 1986; Byrne, ez
al., 1986), (2) IFN-y induced limitation of iron availability has been proposed as the
mechanism by which human monocytes inhibit the multiplication of Legionella
pneumophila (Byrd and Horwitz, 1987). In support of this hypothesis, it has been
demonstrated that Legionella pneumophila intracellular multiplication is iron-dependent
and that the capacity of IFN-y activated monocytes to inhibit Legionella pneumophila
intracellular multiplication is completely neutralized by the addition of iron (Byrd and

Horwitz, 1987).

1.7.2 Macrophage Activation by Tumor Necrosis Factor-o (TNF-a)

It has been demonstrated that TNF can stimulate bacteriostatic and bactericidal
activities in macrophages (Bermudez et al., 1992). TNF appears to participate in the
immune response against Mycobacterium avium (Bermudez and Young, 1988;

Bermudez et al., 1989), Mycobacterium tuberculosis (Kaufmann, 1989; Rook et al.,
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1989), Chlamydia trachomatis (Williams et al., 1990), Listeria monocytogenes
(Nakane, et al. 1988; Desiderio et al.1989), Candida albicans (Djeu, et al., 1986),
Legionella pneumophila (Blanchard et al., 1988). It has been proposed that IFN-y
produced by T cells activates macrophages to secrete TNF which, in turn, sensitizes
the same or other macrophages to secrete ROS that rapidly destroy parasites through
a process of lipid peroxidation (Clark et al., 1986). Treatment with TNF-o or GM-CSF
led to restriction of mycobacterial growth in macrophages (Denis, 1991). A virulent
strain of Mycobacterium (Erdman) differs from an attenuated strain of Mycobacterium
(H37Ra) in that lipoarabinomannan it contains mannose oligosaccharide "caps" on the
arabinose saccharides at the terminal portions of the molecule. This difference can

influence TNF secretion from murine macrophages (Chatterjee ez al., 1992a,b).

1.7.3 Macrophage Activation by Other Cytokines

Interleukin-3 (IL-3), granulocyte-macrophage colony stimulating factor (GM-
CSF), and macrophage colony stimulating factor (M-CSF) activate human
monocyte/macrophage antimicrobial activity against several intracellular pathogens,
including Trypanosoma cruzi (Reed et al., 1987) Leishmania donovani (Weiser et al.,
1987) Leishmania amazonensis (Ho ez al., 1992; Ho et al., 1990), and Mycobacterium
avium complex (Bermudez et al., 1989; Bermudez and Young, 1989; Bermudez and
Young, 1990).

The potent antimicrobial nature of migration inhibitory factor (MIF) has been
demonstrated by the inhibition of growth of a panel of isolates of Mycobacterium

avium in cultures of bone-marrow-derived murine macrophages and human monocytes.
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These cells, when cultured in MIF, exhibit various signs of activation, including cell
division, morphological changes such as evidence of substantial phagolysosomal
fusion, and enhanced secretion of TNF (Orme et al., 1992). In this latter regard, it is
intriguing to recollect that the first observed action of MIF was control of monocyte
migration (Bloom and Bennet, 1966; David, 1966), presumably a critical factor in the
recruitment of monocytes into sites of mycobacterial infection and subsequent

granuloma formation.

1.8 Regulatory Role of Macrophages

Macrophages have been shown to promote or modulate lymphocyte activity.
Macrophages support T-cell mediated immune responses by antigen processing and
presentation and by secretion of soluble mediators (Rosenthal and Shevach 1973:
Unanue and Allen, 1987); macrophages also may suppress lymphocyte proliferation by
releasing hydrogen peroxide, prostaglandins, NO and other suppressive mediators
(Kung et al., 1977; Allison, 1978; Metzger, 1980; Isobe and Nakashima, 1992).
Prostaglandins have long been known to be key effector molecules in mediating
inflammatory reactions, and have more recently been shown to regulate the production
of several T-cell-derived cytokines selectively (Betz and Fox, 1991; Marcinkiewicz ez
al., 1992). Suppression of allogenic or mitogenic T-cell proliferation can be mediated

by NO (Hoffmann et al., 1990).

1.8.1 Genetic Control of Resistance and Susceptibility to Infection

It has been demonstrated that Ity, Bcg, and Lsh, (all assumed to be the same
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gene or a closely linked complex) influence the net rate of multiplication of Salmonella
typhimurium, Mycobacterium bovis, strain BCG, Leishmania donovani, and
Mycobacterium lepraemurium within macrophages of the mononuclear phagocytic
system (Plant and Glynn, 1976; Bradley ez al., 1979; Hormaeche, 1980; O'Brien et al.,
1980; Skamene et al., 1982; Brown et al., 1982).

Studies with transposon mutants of Salmonella typhimurium revealed that
numerous genes must be involved in resistance to macrophage killing and, hence,
underline the complexity of the factors related to intracellular survival (Fields ez al.,
1986; Buchmeier and Heffron, 1989). This strategy has recently led to the
identification of a gene which encodes resistance to defensins and possibly to other
antimicrobial mechanisms of professional phagocytes (Fields, 1989).

There is evidence for genetic control of resistance and susceptibility to
infections with Mycobacterium lepraemurium in inbred mice, with the Ity (Lsh, Bcg)
gene controlling resistance to infections via the intravenous route (Brown et al., 1982),
and many genetic variables controlling resistance and susceptibility to cutaneous
inoculation (Closs and Haugen, 1975). It now appears that the Ity (Lsh, Bcg) gene is
expressed at the level of the mature macrophage, although the precise mechanism
responsible for preventing bacterial growth in Izy” (Lsk’, Bcg") cells is still unclear
(Denis et al., 1990).

Numerous substances are known to modify macrophage function. Immune
modulators can induce phagocytic recruitment and activity, enhance phagocytosis, and
increase the phagocytes' capacity to destroy pathogen (McCollough and Martinoid,

1987). Tuftsin is a naturally occurring biologic tetrapeptide known to activate many
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recognize macrophage and granulocyte functions: phagocytosis and pinocytosis,
motility, chemotaxis, and bactericidal and tumoricidal activities (Najjar et al., 1983).
Addition of tuftsin enhanced the ability of the permissive macrophages to control the
intracellular replication of B. abortus and resulted in the functional conversion of the

permissive macrophages into restrictive macrophages (Price er al., 1993).
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2. OBJECTIVES

Haemophilus somnus is a Gram-negative, small, fastidious, bacterium that has
been recognized as a facultative intracellular pathogen of cattle (Corstvet et al., 1973;
Crandell et al., 1977; Humphrey et al., 1982; Humphrey and Stephens, 1983; Lederer
et al., 1987; Harris and Janzen, 1989; Corbeil, 1990). It causes a vide variety of
clinical syndromes in cattle collectively known as haemophilosis. H. somnus is able
to interact with a number of cells types in the host, including phagocytes. In vitro
studies have established that bovine PMN are unable to kill 4. somnus, and that H.
somnus can replicate within bovine monocytes (Lederer et al., 1987). Additional
studies demonstrate that bovine alveolar macrophages and blood monocytes ingest but
do not kill opsonized H. somnus (Lederer et al., 1986). These findings suggest that the
bacterium can persist and proliferate within these cells and contribute to the
pathogenesis of haemophilosis.

The objective of this study was to investigate the interaction between bovine
mononuclear phagocytes and H. somnus. The first specific objective was to investigate
the effect of H. somnus on phagocytic function of bovine mononuclear phagocytes
(BMP). The second specific objective was to characterize the intracellular survival
kinetics of H. somnus in freshly isolated and various recombinant bovine cytokine
treated BMP. The third specific objective was to investigate the bactericidal ability of
BMP following interaction with H. somnus. The fourth specific objective was to

investigate the endogenous TNF, IFN-v, and IL-6 response to H. somnus infection.
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3. BACTERIUM-HOST CELL INTERACTIONS:
FLUORESCENT LABELLING OF HAEMOPHILUS SOMNUS
AND ANALYSIS OF BACTERIUM-PHAGOCYTE INTERACTION

BY FLOW CYTOMETRY

ABSTRACT

The interactions between bovine mononuclear cells and Haemophilus somnus
are known to be complex. To study this interaction, a flow cytometric assay was
developed to assess the effect of H. somnus on phagocytosis of opsonized S. aqureus
by bovine alveolar macrophages and bovine blood monocytes. Using this in vitro
system, it was found that logarithmically growing H. somnus significantly inhibited the
phagocytosis of opsonized S. aureus by bovine alveolar macrophages obtained both
from healthy calves and from cartle experimentally infected with H. somnus. However,
neither heat- or formalin-killed log-phase H. somnus nor, in vitro passaged H. somnus
showed any effect on the phagocytic activity of these cells. In contrast to bovine
alveolar macrophages, bovine blood monocytes showed a significant increase in their
phagocytic activity following in vitro exposure to logarithmically growing H.somnus.
These results suggest that the ability of H. somnus to modulate bovine mononuclear

phagocytic function may contribute towards the pathogenesis of the disease.
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INTRODUCTION

Phagocytic cells are responsible for ingesting and destroying bacterial
pathogens. Pathogenic bacteria have developed a variety of mechanisms for evading
destruction by host defences (Densen and Mandell, 1980). The ability to survive and
multiply within cells of the mononuclear phagocytic system is a strategy that has been
utilized by a number of important pathogens of humans and domestic animals,
including Mycobacteria (Lurie, 1942), Brucella (Smith and Fitzgeorge, 1964),
Salmonella (Furness, 1958), Yersinia (Cavanaugh and Randall, 1959), and Listeria
(Mackaness, 1964) species. By surviving inside mononuclear phagocytes, these
microbes are protected from the immune system and are able to cause local and
systemic infections.

Haemophilus somnus is a bovine pathogen that causes si gnificant economic loss
in the beef and dairy cattle industries (Kennedy et al., 1960; Corstvet et al., 1973;
Stephens er al., 1981). H. somnus can enter a variety of organs and cause several
disease syndromes including thrombotic meningoencephalitis (Kennedy et al., 1960;
Bailie ez al., 1973; MacDonaled et al., 1973; Humphrey, 1982; Blood er al., 1983;
Little, 19986; Harris and Janzen, 1989), septicemia (Humphrey, 1982; Blood et al.,
1983; Little, 1986; Harland et al., 1990), myocarditis (Humphrey, 1982; Harris and
Janzen, 1989; Harland et al., 1990), arthritis (Humphrey, 1982; Harris and Janzen,
1989; Harland et al., 1990), pneumonia (Crandell er al., 1977; Humphrey, 1982;
Andrews et al., 1985; Corbeil et al., 1986; Liule, 1986; Gogolewski er al., 1987a;
Bryson, et al., 1990), pleuritis (Humphrey, 1982; Blood et al., 1983; Little, 1986;

Harland er al., 1990), abortions (Humphrey, 1982; Corbeil er al., 1986; Corbeil ez al.,
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1987; Harris and Janzen, 1989), and synovitis and conjunctvitis (Humphrey, 1982;
Blood et al., 1983; Harris and Janzen, 1989; Barnum, 1990).

Since it has been reported that H. somnus is able to survive and multiply in
bovine alveolar macrophages and blood monocytes (Lederer et al., 1987) H. somnus
is classified as a facultative intracellular pathogen. Moreover, it has been reported that
bovine neutrophils (PMN) are unable to kill ingested H. somnus (Czuprynski and
Hamilton, 1985).

Flow cytometry provides a potentially powerful tool for analyzing bacterium-
host cell interactions, particularly if fluorophores which do not affect the viability of
the bacteria or macrophages are used (Raybourne and Bunning, 1994). Although
florescent antibodies have been used to identify intracellular, attached, and freely
suspended bacteria, this approach may alter the viability or receptor properties of
bacteria that are labelled before exposure to eucaryotic cells (Donnelly and Baiegant,
1986; Buchmeier and Heffron, 1989). Moreover, fluorescent-antibody binding is
dependent on the availability of epitope(s) and the stability of the antigen-antibody
reaction. Direct labelling of bacteria with fluorescein derivatives can affect protein
moieties on the bacterial surface; leaching of the dye is also a major concern. Nucleic
acid-binding dyes, chromomycin A3, and acridine orange have been used in flow
Cytometric analysis (Van Dilla er al., 1983; Miliotis, 1991), but these dyes are toxic,
making bacterial recovery impossible.

The lipophilic dye PKH2 (Sigma Immuno Chemicals, St. Louis, MO), which
has been used to label mammalian cell membranes and bacteria, is stable, nontoxic,

and does not affect the functional properties of the cells (Horan and Slezak, 1989;
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Horan et al., 1990; Raybourne and Bunning, 1994). In this study, parameters have
been established for labelling both log and stationary phase H. somnus with this
fluorophore and a flow cytometric assay has been used to study the interactions

between bovine mononuclear phagocytes and H. somnus.

MATERIALS AND METHODS

Bacteria

A pathogenic strain of H. somnus (HS25) originally isolated from the
pneumonic lung of a calf was obtained from Alberta Agriculture in Edmonton, Alberta
was maintained in egg yolk, at -70C. Egg yolk stock culture was made by inoculating
the pure cultures into 6-7 day old embryonated chicken eggs and incubating them at
37C until death of embryo occurred 1-3 days later. The egg yolks were then removed
under sterile conditions, aliquoted, and stored at -70C. The isolate HS2S was selected
for this study based on past research at VI.D.O,, including studies of interaction
between PMN and H. somnus (Pfeifer, 1992), and bovine animal model studies
(Harland er al., 1990). Before each experiment, an aliquot of egg yolk stock culture
was thawed and spread onto a 5% sheep blood agar plate (PML Microbiologicals,
Richmond, B.C.) and incubated for 36 h at 37C in an atmosphere containing 5% CO,.
A loopful of colonies was transferred to BHITT [Brain Heart Infusion (Difco, Detroit,
MI) supplemented with 1 pg/ml of 1% thiamine monophosphate (Sigma, St. Louis,
MO), and 10 pg/ml of 10% Trizma base (Sigma, St. Louis, MO)], and incubated
aerobically for 10 h at 37C on a shaker. As the final step, this broth culture was

diluted to 1:4 with BHITT and incubated for 2 h until the optical density (OD) (660
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nm) reached 0.4. One ml of this broth was found to contain approximately 1X10°
logarithmically growing H. somnus. Stationary phase H. somnus cultures were
aerobically grown for 24 h at 37C in 10 ml of BHITT on a shaker. One ml of this
broth contained approximately 1X10” stationary phase H. somnus. The actual number
of bacteria per ml was determined by plating 10-fold serial dilutions of the suspension
in duplicate and counting colonies. This number was used to calculate the ratio of
phagocytes to bacteria in all experiments. H. somnus was recovered and washed twice
with cold (4C) Hanks balanced salt solution (HBSS) by centrifugation before being
used. Both logarithmically growing and stationary phase H. somnus were killed by
treating with 0.1% formalin for 18 h at 37C or by heating at 65C for 30 min. Killed
H. somnus were resuspended in calcium and magnesium-free phosphate buffered saline
(PBSAG) and stored at -20C. In vitro passaged H. somnus were prepared by passaging
egg yolk stock cultures for 12-15 passages on sheep blood agar plates before producing
logarithmically growing H. somnus.

The culture of Staphylococcus aureus used was originally isolated from a case
of bovine mastitis and was subsequently frozen at -70C in skim milk as a pure stock
culture. A sample of stock culture was thawed and spread on a 5% sheep blood agar
plate and incubated for 24 h at 37C in an atmosphere containing 5% CO,. After
incubation, a colony of S. aqureus was selected, and incubated in 100 m! of Luria-
Bertani (LB) broth (Difco, Detroit, MI) that was grown aerobically for 18 h at 37C on
a shaker. One ml of this seed culture was mixed with 100 ml of LB-Broth and
incubated for 6 h at 37C on a shaker. Approximately 1X10° CFU of S. aureus were

in 1 ml of this broth.
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Source and Isolation of Bovine Mononuclear Phagocytes

Bovine alveolar macrophages (BAM) and bovine blood monocytes (BBM) were
obtained from clinically normal, 2-3 month old dairy and 6-12 month old beef calves.
These animals were maintained at V.I.D.O. research facilities at the University of
Saskatchewan. Heparinized (Organon Teknika, Toronto, Canada) blood was centrifuged
for 5 min at 37C and 1000 g to separate the buffy coat from the platelet rich plasma.
The buffy coat was removed and diluted with HBSS and layered on Ficoll-Paque
(Pharmacia LKB, Biotechnology, Uppsala, Sweden) to obtain a mononuclear cell-rich
population. The cells from the interface were removed and washed twice with HBSS.
Isolated peripheral blood mononuclear cells (PBMC) were suspended in macrophage
SFM-medium (serum free medium) with glutamine (Gibco BRL, Life Technologies
Inc. Grand Island, NY) supplemented with 10% fetal bovine serum (heat inactivated)
(Gibco BRL, Life Technologies Inc. Grand Island, NY). Mononuclear cell viability was
determined by trypan blue exclusion, and averaged 95%. PBMC suspensions contained
between 4-10% monocytes as determined by microscopic examination of stained

smears (Diff-Quick Fixative, Baxter Healthcare Corporation, IL).

Isolation of Bovine Alveolar Macrophages

Lung lavages were performed using an endotracheal tube on anesthetized
calves. Three hundred ml of warm (37C) HBSS solution were used for each lavage.
Lavage fluid was filtered with a nylon strainer after recovery and centrifuged at 4C for
20 min at 800 g. Cell pellets were suspended in HBSS and layered on to Ficoll-Paque

to obtain mononuclear cells. Mononuclear cells were removed in the interphase,
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washed twice with HBSS and suspended in macrophage medium. Alveolar macrophage
viability, determined by trypan blue exclusion, averaged 95%. Lung cell suspensions
contained between 65%-85% macrophages as determined by microscopic examination

of stained smears (Diff-Quick Fixative, Baxter Healthcare Corporation, IL).

The H. somnus Bovine Experimental Model

A field isolate of H. somnus (HS25) was injected intravenously into 6-8 month
old beef calves (Harland er al., 1990; Schuh et al., 1991). A challenge dose contained
approximately 5X10’ colony forming units (CFU). Clinical signs occurring after
challenge included fever, depression, and polyarthritis. The challenge was fatal to 60%-
70% of the calves and the necropsy findings included meningitis, encephalitis (Gomis
et al., 1993), myocarditis, pericarditis, pneumonia, pleuritis and polyarthritis. This
bovine H. somnus model closely reproduced the clinical and pathological features of
the disease as seen in Western Canada.

For the FC assay, blood samples were taken from these experimentally infected
animals on day 1, 6, 7, 9, and 12 post-infection and as well as calves of the same age
and breed housed in similar conditions. Lung lavages were performed after euthanasia

of moribund animals to obtain BAM.

PKH2 Labelling of H. somnus
Five ml of logarithmically growing or stationary phase H. somnus culture were
centrifuged, washed once in PBS, and resuspended in 0.5 ml of labelling buffer

(Sigma, St. Louis, MO). From this suspension, 50 pul was taken and mixed with 0.5 ml

40



of labelling buffer in a polypropylene tube (Becton Dickinson, NJ). PKH2 dye (7.5 pl)
was mixed with 0.5 ml of labelling buffer in another polypropylene tube. The contents
of two tubes were mixed and incubated at room temperature for 10 min in the dark;
the reaction was then stopped by adding 10 ml of phosphate buffered saline containing
0.5% bovine serum albumin (PBS-BSA). The labelled bacteria were washed twice with
10 ml of PBS-BSA and resuspended in PBS-BSA. The actual number of bacteria per
ml was determined by plating 10-fold serial dilutions of the suspension in duplicate.
This number was used to calculate the ratio of phagocytes to bacteria in all
experiments. Further, the effect of labelling with PKH2 on the viability of H. somnus
was determined by counting CFU of labelled and unlabelled bacteria by plating 10-fold
serial dilutions of the suspension in duplicate. The fluorescent intensity of log and
stationary phase H. somnus was measured by flow cytometer before the beginning of

each infection experiment to ensure that the labelling procedure was adequate.

PI- Labelling and Opsonization of S. aureus

Propidium iodide (PI) (Sigma, St. Louis, MO) labelling of S. aureus was carried
out according to the method of Pfeifer er al., (1992). Briefly, heat killed S. aureus
were mixed with 0.5% PI solution and incubated at room temperature for 30 min in
the dark, and then washed four times with normal saline. This PI-labelled S. aureus
solution was adjusted to OD (620 nm) of 2.5 in PBSAG (phosphate buffered saline
with glucose and gelatin), and then aliquoted and stored at -70C.

Anti-Staphylococcus aureus bovine convalescent sera came from animals that

had recovered from S. aureus mastitis. S. aureus was opsonized using anti-S. aureus
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bovine convalescent serum. Fifty pl of stock S. aureus and 50 pl of serum were mixed
and incubated for 30 min at 37C in a shaking water bath. The bacteria and sera were
separated by centrifugation, the serum removed and the bacteria resuspended in 1 ml

of PBSAg.

Flow Cytometric (FC) Phagocytosis Assay

This assay was conducted in 96 well microtitre plates (Corning Glass Works,
NY). To each microtitre well, 70 pul of opsonized S. aureus (red fluorescence), 20 pl
of PKH2-labelled unopsonized H. somnus (green fluorescence) and 100 K1 of isolated
PBMC or BAM were added and mixed by pipetting. PBSAG was used for the controls.
Plates were then incubated for 1 h at 37C with gentle mixing. After incubation, 20 ul
of 300 mM ethylenediamine-tetraacetic acid (EDTA) (J.T. Baker Chemical Co.
Phillipsburg, NJ) were added to each well and plates were centrifuged at 400 g for 4
min. The supernatant was discarded and cell pellets were washed twice with 200 pl
of PBSAG. After washing, 200 pl of lysostaphin (Sigma, St. Louis, MO) (44 U/ml)
were added to each well, and incubated for 30 min at 37C in an atmosphere containing
5% CO, to destroy any non-phagocytized S. aureus remaining on cell surfaces. At the
end of 30 min, the plates were centrifuged as in the above step to remove the
supernatant, and then cell pellets were washed twice with PBSAG. As the final step,
plates were placed on ice for 1 min before resuspending the cells in PBSAg containing
2% formalin. Samples were filtered using a nylon filter before reading them by the
flow cytometer. Cell populations for the FC assay were selected by gating the desired

population based on their size (forward angle light scatter) and granularity (90° light
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scatter) (Haynes, 1988; Shapiro, 1988; Sucic et al., 1989). Bitmaps were drawn to
select monocytes or alveolar macrophages (Fig. 1) and 5000 monocytes or alveolar
macrophages were routinely examined for each sample. In addition to the size and
granularity of mononuclear cells as the selection criteria, a monocyte/granulocyte
specific marker (DHS9 monoclonal antibody conjugated with fluorescein
isothiocyanate) was used to determine more accurately the gating (data not shown).
Fluorescent microscopic examination of BBM and BAM demonstrated phagocytosis
of S. aureus and H. somnus (Fig. 2). Light with a wavelength of 488 nm was used to
excite the fluorescent molecules. Red fluorescence from PI was collected through a
585/42 nm band absorbance filter. Green fluorescence from PKH2 was collected
through a 530/30 nm band absorbance filter in combination with a 560 nm dichroic
mirror. Phagocytosis of PI-labelled S. aureus and PKH2-labelled H. somnus was
analyzed further using the Lysis IT (Becton Dickinson, Canada, Inc. Mississauga, ON)
and Reproman ver. 1.6 computer programs (Reproman, True Facts Software Inc.,
Seattle, WA). A quadrant structure was used to distinguish positive from negative cells
(Fig.3). Quadrant 1 represented BBM or BAM that had actively phagocytized PI-
labelled S. aqureus; quadrant 2 represented BBM or BAM that had actively
phagocytized both S. aureus and H. somnus; quadrant 3 represented non-active or ‘non-
responder' BBM or BAM; quadrant 4 represented BBM or BAL that had phagocytized
PKH2-labelled H. somnus but not Pl-labelled S. aureus. All samples were analyzed
using fluorescence compensation to omit the overlap of fluorescence seen between PI
and PKH2 emissions (Shapiro, 1988; Hasui er al., 1989).

Flow cytomertric studies were done using the Becton Dickinson FACScan flow
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cytometer. (Becton Dickinson, Canada, Inc. Mississauga, ON) with a 15 MW argon
laser light source. Diagnostic checks on the FC machine were performed daily using
CaliBrite flowcytometer beads (Becton Dickinson, Canada, Inc. Mississauga, ON).
Propidium iodide fluorescence was determined using a Spectro Fluorometer Model 430
(GK. Turner & Associates).

To examine the effect of soluble products of H. somnus in contrast to contact
with H. somnus, a 0.4 um membrane containing transwell plates (Costar, Cambridge,

MA.) was used to separate H. somnus from phagocytes (Pfeifer, 1992).

Recombinant Bovine Cytokines

Recombinant bovine IL-1 (rBoIL-1PB) (American Cyanamid Co., Princeton, ND
was produced in an E. coli expression system. The stock solution of 6.8 mg of rBolL-
1B8/ml had a specific activity of 7.7X10° IU/mg protein as determined by a murine
thymocyte proliferation assay. There was 125 EU of endotoxin/mg of protein as
determined by the limulus amoebocyte lysate assay (Whittacker Corp., Walkersville,
MD). The recombinant bovine granulocyte-macrophage colony stimulating factor
(rBoGM-CSF) (American Cyanamid Co., Princeton, NJ) was produced in an E. coli
expression system. Recombinant BoGM-CSF had a concentration of 2.7 mg/ml with
an endotoxin content of 30.2 EU/mg of protein, and specific activity of 11.8X10° U/mg
(50% proliferation of neonatal bovine bone marrow). Recombinant bovine IFN-y
(rBoIFN-y) (Ciba-Geigy, Basel, Switzerland) had a protein concentration of 0.54
mg/ml, > 95% purity, and specific activity was 3.0X10° U/mg protein. The endotoxin

content was 1.0 ng/mg protein. Recombinant bovine TNF-o (rBoTNF-a) (Genentech

44



Inc., San Francisco, CA) was produced in an E. coli expression system. Recombinant
BoTNF-a had a protein concentration of 0.4 mg/ml, and specific activity was 1X10@
U/mg protein as determined by cytotoxicity of L929 cells. For the FC assay, 100 ng/ml
of recombinant bovine cytokines and § ug/ml of E. coli LPS (serotype 0111:B4)
(Sigma Chemical Co. St. Louis, MO) were used to activate BBM and BAM. Both
BBM and BAM were incubated for 2 h including 1 h during the phagocytosis assay

with these recombinant cytokines and E. coli LPS.

Statistical Analysis

Analysis of variance (ANOVA) was executed using Minitab (Minitab for
Windows, ver 9.2, Minitab Inc., 3081, Enterprise Drive, State College, PA.) in a
Randomized Complete Block Design, to test the significance of the treatments.
Statistical significance was assumed at P<0.05. Mean comparisons were carried out
using least significant difference (Lsd) test whenever the F test for treatment was

significant at the 5% level.

RESULTS

FC Analysis of Phagocytosis of Opsonized S. aureus by BAM and BBM

Bovine mononuclear cells were gated according to cell size and granularity in
order to differentiate alveolar macrophages or monocytes from lymphocytes (Fig. 1).
A quadrant system was used for analysis of red fluorescence for actively phagocytizing
cells versus 'non-responders’. Quadrant 1 represented cells that were actively

phagocytizing S. aureus. Quadrant 3 represented cells that were not active and
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remained fluorescently negative (Fig. 3 (A) & (B)).

The presence of live, logarithmically growing H. somnus decreased
phagocytosis of opsonized S. aureus by BAM (21 £ 1.58 %) compared to their normal
phagocytosis (52.4 + 3.36 %) (P<0.0001) when the phagocyte to bacteria ratio was
1:100 (Fig. 4 & 5). Phagocytosis by BAM was not decreased when either heat or
formalin killed log phase H. somnus or in vitro passaged H. somnus were used (data
not shown). The inhibitory effect was not seen when H. somnus and BAM were
partitioned by a 0.4 pm pore size membrane. Stationary phase H. somnus increased the
phagocytosis of opsonized S. aureus compared to normal levels (71.2 + 15.42 %, 52.4
*+ 3.36 %, respectively; P<0.031) (Fig. 6).

In contrast to BAM, phagocytosis of S. aureus by BBM was increased both by
logarithmically growing and stationary phase H. somnus. There was no decrease in
phagocytosis of S. aureus by BBM even with a high rato of bacteria to phagocytes
(Fig. 7 & 8).

Since in vitro addition of H. somnus modulated the function of bovine
mononuclear phagocytic cells from healthy calves, the effect of H. somnus in animals
with the clinical disease was studies. For this study, BAM and BBM were obtained
from experimentally infected cattle. Since this study was conducted to compare in vitro
with ex vivo, observations no in virro addidon of H. somnus was made. The
observations were similar with regard to BBM of both experimentally infected animals
and clinically normal animals (Table 1). However, there was no decrease in
phagocytosis of opsonized S. qureus by BAM of experimentally infected animals as

compared to in vitro studies with logarithmically growing H. somnus (data not shown).
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Effect of H. somnus on Phagocytes

Fluorescent intensity was closely related between logarithmically growing and
stationary phase H. somnus (Fig. 9). Because of the observation of an inhibitory effect
on phagocytosis by BAM caused by log-phase H. somnus, the FC assay was modified
by using PKH2-labelled H. somnus to determine the actual uptake of H. somnus. The
PKH2 labelling did not have any effect on viability of either logarithmically growing
or stationary phase H. somnus.

Figure 10, panel B, demonstrates the effect of logarithmically growing H.
somnus on BAM. H. somnus was able to enter BAM while selectively inhibiting §.
aureus uptake. As shown in Fig. 10 panel C, stationary phase H. somnus entered BAM
without any effect on S. aureus uptake. Similarly, both logarithmically growing and
stationary phase H. somnus were able to enter BBM without any inhibitory effect on
S. aureus uptake (data not shown). In fact, S. aureus uptake by BBM was slightly
increased, as illustrated in Figure 4. Opsonisation of H. somnus with hyperimmune

serum did not enhance phagocytosis.

Effect of Cytokine Activated BBM and BAM

The kinetics of phagocytosis of rBo-IFN-y, rBo-TNF-a, rBo-GM-CSF, rBo-IL-
1B, and E. coli LPS treated BAM and BBM were similar to those with untreated cells.
There was no noticeable difference in the uptake of opsonized S. aureus by BBM or

BAM between cytokine treated and cytokine untreated cells.
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DISCUSSION

A FC assay using fluorescent labelled bacteria was developed to detect
phagocyte-bacterium interactions, which are important in the development of immunity
and the ability of a pathogen to survive in the host (Fields ez al., 1986; Berche et al.,
1987, Brunt er al., 1990; Bancroft et al., 1991). In this FC assay, PI-labelled
opsonized S. aureus was used as an indicator of phagocytosis. The labelling of live H.
somnus with PKH2 was stable and nontoxic. The viability of labelled and unlabelled
H. somnus was indistinguishable. The methodology used in this FC assay was a
refinement of previously described reports (Hasui ez al., 1989; Pfeifer et al., 1992). For
the FC assay described here, isolated monocytes or alveolar macrophages were used
instead of whole blood or unpurified cells because H. somnus can survive in bovine
PMN, in addition to their survival and multiplication in bovine mononuclear
phagocytes (Czuprynski and Hamilton, 1985; Lederer et al., 1987). Using isolated
mononuclear cells instead of unpurified cells, it was possible to overcome possible
competition between PMN and mononuclear phagocytes for H. somnus. Advantages
of this FC assay system included simultaneous measurement of four cellular parameters
(cell size, cell granularity, and phagocytosis of Pl-labelled S. qureus and PKH2-
labelled H. somnus) and the ability to process a large number of cells in a short period
of time while examining each of the cells individually. The timing of the assay tended
to be restrictive, as the samples had to be read on the flow cytometer within 6 h of
being processed. If left for more than 24 h (at 4C, in the dark) the non-responder cells
became more highly fluorescent (red fluorescent). The time restriction for reading of

PKH2-labelled H. somnus by flow Cytometer was not determined.
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These experiments demonstrated that H. somnus was able to modulate the
phagocytic function of BBM and BAM. Log-phase H. somnus caused the inhibition
of §. aureus uptake by BAM. Moreover, by using the PKH2-labelled H. somnus, it was
possible to rule out non-specific inhibition of phagocytic functions of BAM. Further,
a moderate stimulation of S. aureus uptake by BAM was seen as a result of interaction
with stationary phase H. somnus. The inhibition of S. aureus uptake by BAM was not
due to competition by H. somnus for S. aureus receptors on the BAM since formalin-
or heat-killed, in vitro passaged, and stationary phase H. somnus did not cause any
decrease in phagocytosis as seen with log-phase H. somnus, and exposure to the other
forms of H. somnus actually tended to stimulate S. qureus uptake. There are two
possibilities to explain the inhibitory effect on S. aureus uptake by BAM: first, there
may be a secreted product of log-phase H. somnus that mediated this action; or second,
phagocytized bacteria may mediate an inhibitory effect on BAM. Using a membrane
to separate H. somnus from BAM, it was possible to rule out a secretory product-
mediated inhibition. Therefore, it appeared that a component of live, logarithmically
growing H. somnus was required when they were inside BAM for the suppression of
S. aureus uptake. This observation is particularly relevant when one considers that
bovine mononuclear phagocytes are the cell type within which H. somnus is able to
multiply (Lederer et al., 1987). Moreover, the ability of unopsonized H. somnus to
enter bovine mononuclear phagocytes, and their ability to multiply within phagocytes
would, in turn, protect them from other host defences, such as neutralizing antibodies
and other opsonins, as well as from previously activated phagocytes. Furthermore, the

ability of H. somnus to survive and multiply within bovine mononuclear phagocytes,
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could in turn, assist the bacterium to invade tissues and help to transport it across cell
barriers and, thus, disseminate the disease.

Recombinant bovine cytokine or E. coli LPS treatment did not modulate the
phagocytic function of BBM or BAM; this might be associated with insufficient
duration of incubation of mononuclear phagocytes with these cytokines.

Phagocytic function of BBM from both experimentally infected animals and
healthy animals demonstrated similar results with H. somnus. The selective inhibitory
effect on S. aureus uptake by BAM was not obvious in ex vivo experiments unless log-
phase H. somnus were added in vitro to the assay (data not shown). Factors that might
contribute to the differences observed between ex vivo and in vitro results may include:
differences in the length of time that BAM were exposed to H. somnus, the ratio of
bacteria to BAM within the animal; the potential unavailability of infected BAM to the
assay due to the procedure of lung lavage; different cytokine mediated effects. The
ability of H. somnus to interfere with phagocytic function of BBM and BAM may
contribute to its ability to survive and multiply within bovine mononuclear phagocytes.
The results of these in vitro and ex vivo experiments indicated the ability of H. somnus
to modulate the phagocytic functions of BBM and BAM. This cellular modulation

might be important in the pathogenesis of haemophilosis.
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Fig. 1: Bitmaps or gating of cell populations within peripheral blood
mononuclear cells for the FC assay. The X axis represents the cell size (forward angle
light scatter), and the Y axis represents the cell granularity (90° light scatter). Cells in
the area 1 are mononuclear phagocytes. The cells out side area 1 are mainly
lymphocytes.
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Fig. 2: Photomicrographs of alveolar macrophages containing fluorescent
labelled bacteria. (A) PI-labelled S. aureus (red fluorescence) in alveolar macrophages.
(B) PKH2-labelled H. somnus (green fluorescence) and Pl-labelled S. qureus (yellow
fluorescence) in alveolar macrophages. (The red fluorescence changed to yellow
fluorescence when colour filters were adjusted for green fluorescence in the fluorescent
microscope.)
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Fig. 3: Quadrant analysis of histograms of bovine alveolar macrophages (BAM)
using Pl-labelled S. aqureus (red fluorescence) and PKH2-labelled H. somnus (green
fluorescence). Quadrant 1 contains only PI-labelled S. aureus. Quadrant 2 contains both
Pl-labelled S. aureus and PKH2-labelled H. somnus. Quadrant 3 contains non-active
or 'non-responder’ cells. Quadrant 4 contains only PKH2-labelled H. somnus. The X
axis represents the red fluorescence, and the Y axis represents green fluorescence (A)
Control sample containing BAM without addition of labelled bacteria. BAM remain
in quadrant 3 as 'non-responders’. (B) BAM containing Pl-labelled S. aureus; actively
phagocytizing BAM in quadrant 1 and 'non responder’ BAM in quadrant 3. (C) BAM
containing PKH2-labelled H. somnus; actively phagocytizing BAM in quadrant 4 and
‘non-responder’ BAM in quadrant 3. (D) BAM containing both PI-labelled S. aureus
and PKH2-labelled H. somnus; BAM containing only H. somnus remain in quadrant
4 while BAM containing both S. aureus and H. somnus remain in quadrant 2.
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Fig. 4: The effect of logarithmically growing and stationary phase H. somnus
on bovine alveolar macrophages (BAM) as shown by FC assay using PI-labelled S.
aureus to monitor phagocytic function. (A) A BAM sample, with quadrant 1 containing
50% of actively phagocytizing alveolar macrophages. (B) A BAM sample treated with
log-phase H. somnus, with quadrant 1 containing 13% of actively phagocytizing
alveolar macrophages. (C) A BAM sample treated with stationary-phase H. somnus,
with quadrant 1 containing 56% of actively phagocytizing alveolar macrophages.
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Fig. §: Effect of logarithmically growing H. somnus on phagocytosis of §.
aureus by bovine alveolar macrophages (BAM). Control bar represents phagocytosis
of S. aureus alone (52.4 + 3.36 %). There was a significant decrease in phagocytic
function of BAM by log-phase H. somnus (21 £ 1.58 %), when the phagocyte to
bacteria ratio was 1:100 (P<0.0001).
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Fig. 6: Effect of stationary phase H. somnus on phagocytosis of S. aureus by
bovine alveolar macrophages (BAM). There was a increase of phagocytic function of

BAM, when the ratio of phagocyte to bacteria ratio was 1:100 (524 £3.36 %) (71.2
+ 1542 %) (P<0.031).
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Fig. 7: Effect of logarithmically growing H. somnus on phagocytosis of S.
aureus by bovine blood monocytes (BBM). There was a gradual increase in phagocytic
function of BBM with increased number of log-phase H. somnus.
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Fig. 8: Effect of stationary-phase H. somnus on phagocytosis of S. aureus by
bovine blood monocytes (BBM). There was a gradual increase in phagocytic function
of BBM with increased number of stationary phase H. somnus.
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Fig 9: Linear green fluorescence histograms of logarithmically growing H. somnus
and stationary-phase H. somnus immediately after labelling with PKH2.
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Fig. 10: Effect of log-phase and stationary phase H. somnus on bovine alveolar
macrophages (BAM). Analysis of FC assay data with dual colour fluorescence. (A)
Phagocytosis of PI labelled §. aureus by BAM: quadrant 1 (52%) and 3 @47%)
represent Pl-labelled S. aureus in the control sample. (B) Effect of log-phase H.
somnus on phagocytosis of PI labelled S. aureus: quadrant 2 (12% of both S. qureus
and H. somnus) and 4 (85% of H. somnus) represented selective inhibition of S. aureus
uptake by BAM. (C) Effect of stationary-phase H. somnus on phagocytosis of PI
labelled S. qureus: quadrant 2 (50% of both S. aureus and H. somnus) and 4 (46% of
H. somnus) represented phagocytic function of BAM with stationary phase H. somnus.
Histogram (A), Y axis represented red fluorescence. Histograms (B) and (©); Y axis
represented red fluorescence and X axis represented green fluorescence.
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(marked with *). The higher % of Phagocytic function of BBM in some experimentally
infected animals could be associated with intracellular 4. somnus; this possibility is
discussed in chapter 4. [con=control animals, Inf=Infected animals, Inf3 died on day
8 post-infection with A. somnus]
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4. INTRACELLULAR SURVIVAL OF HAEMOPHILUS
SOMNUS IN BOVINE BLOOD MONOCYTES AND ALVEOLAR

MACROPHAGES

ABSTRACT

The mechanisms used by Haemophilus somnus 10 survive and multiply within
bovine mononuclear phagocytes are not fully understood. In order to study the
interaction between bovine mononuclear phagocytes and H. somnus, a colorimetric
assay using 3-(4,5-dimethyl[hiazo1-2-yl)-2,5-diphenylten'azolium bromide (MTT) was
developed to assess the survival of H. somnus within cultured bovine blood monocytes
(BBM). Using this system, it was found that: (1) H somnus was able to survive within
BBM in vitro and the kinetics of its survival were similar to that seen in BBM isolated
from experimentally infected cattle; (2) reatment of BBM with rBolFN-v, rBoTNF-q,
rBolL-1B, or rBoGM-CSF had no significant effect on the survival of H. somnus.
Moreover, using ultrastructural studies, and *H uracil incorporation into nucleic acids
(CH uracil assay), it was possible to demonstrate the survival of H. somnus in freshly
isolated bovine mononuclear phagocytes. These results indicate that the ability of H.
somnus 10 survive and multiply in both freshly isolated and cytokine treated cultured

BBM could be important in pathogenesis of bovine haemophilosis.
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INTRODUCTION

Haemophilus somnus is a Gram-negative, pleomorphic bacterium responsible
for a variety of disease manifestations in cattle. H. somnus can enter a variety of
organs and cause diseases including thrombotic meningoencephalitis (Kennedy et al.,
1960; Bailie et al., 1973; MacDonaled et al., 1973; Humphrey, 1982; Blood er al.,
1983; Liule, 19986; Harris and Janzen, 1989), septicemia (Humphrey, 1982; Blood er
al., 1983; Little, 1986; Harland er al., 1990), myocarditis (Humphrey, 1982; Harris and
Janzen, 1989; Harland et al., 1990), arthritis (Humphrey, 1982; Harris and Janzen,
1989; Harland er al., 1990), pneumonia (Crandell et al., 1977; Humphrey, 1982;
Andrews er al., 1985; Little, 1986; Corbeil e al., 1986; Gogolewski et al., 1987a;
Bryson, er al., 1990), pleuritis (Humphrey, 1982; Blood et al., 1983; Little, 1986;
Harland et al., 1990), abortions (Humphrey, 1982; Corbeil e al., 1986; Corbeil ez al.,
1987; Harris and Janzen, 1989), and synovitis and conjunctivitis (Humphrey, 1982;
Blood et al., 1983; Harris and Janzen, 1989; Barnum, 1990). Due to the association of
H. somnus with a variety of disease conditions in cattle, this disease syndrome is
collectively known as H. somnus complex. Further, H. somnus has been shown to
inhabit the reproductive and upper respiratory tract of healthy cattle (Corstvet et al.,
1973; Humphrey et al., 1982b; Little, 1986).

Pathogenic bacteria have developed a variety of mechanisms for evading
destruction by host defence mechanisms (Densen and Mandell, 1980). The ability to
survive and multiply within cells of the mononuclear phagocyte system is a strategy
that has been used by a number of important pathogens of humans and domestic

animal, including Mycobacteria (Lurie, 1942), Brucella (Smith and Fitzgeorge, 1964),
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Salmonella (Furness, 1958), Yersinia (Cavanaugh and Randall, 1959), and Listeria
(Mackaness, 1964) species. By surviving inside phagocytes, these microbes are
protected from the immune system and able to cause local and systemic infections. It
has been reported that H. somnus was able to survive and multiply in bovine alveolar
macrophages and blood monocytes (Lederer ez al., 1987), but the interaction between
H. somnus and bovine mononuclear cells was poorly understood.

The survival or multiplication of H. somnus in mononuclear phagocytes in vitro
provides a model in which the microbicidal or inhibitory capacity of infected cells or
cytokine treated cells may be studied further. The objective of this study was to further
characterize the nature of interaction between A. somnus and bovine mononuclear

phagocytes.

MATERIALS AND METHODS

Bacteria

A pathogenic strain of H. somnus (HS25) originally isolated from the
pneumonic lung of a calf was obtained from Alberta Agriculture in Edmonton, Alberta
was maintained in egg yolk, at -70C. Egg yolk stock culture was made by inoculating
the pure cultures into 6-7 day old embryonated chicken eggs and incubating them at
37C until death of embryo occurred 1-3 days later. The egg yolks were then removed
under sterile conditions, aliquoted, and stored at -70C. The isolate HS25 was selected
for this study based on past research at VID.O,, including studies of interaction
between PMN and H. somnus (Pfeifer, 1992), and bovine animal model studies

(Harland er al., 1990). Before each experiment, an aliquot of egg yolk stock culture
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was thawed and spread onto a 5% sheep blood agar plate (PML Microbiologicals,
Richmond, B.C.) and incubated for 36 h at 37C in an atmosphere containing 5% CO,.
A loopful of colonies was transferred to BHITT [Brain Heart Infusion (Difco, Detroit,
MI) supplemented with 1 Hg/ml of 1% thiamine monophosphate (Sigma, St. Louis,
MO), and 10 pg/ml of 10% Trizma base (Sigma, St. Louis, MO)], and incubated
aerobically for 10 h at 37C on a shaker. As the final step, this broth culture was
diluted to 1:4 with BHITT and incubated for 2 h until the optical density (OD) (660
nm) reached 0.4. One ml of this broth was found to contain approximately 1X10°
logarithmically growing H. somnus. Stationary phase H. somnus cultures were
aerobically grown for 24 h at 37C in 10 ml of BHITT on a shaker. One ml of this
broth contained approximately 1X10° stationary phase H. somnus. The actual number
of bacteria per ml was determined by plating 10-fold serial dilutions of the suspension
in duplicate and counting colonies. This number was used to calculate the ratio of
phagocytes to bacteria in all experiments. H. somnus was recovered and washed twice
with cold (4C) Hanks balanced salt solution (HBSS) by centrifugation before being
used.

The culture of Staphylococcus aureus used was originally isolated from a case
of bovine mastitis and was subsequently frozen at -70C in skim milk as a pure stock
Culture. A sample of stock culture was thawed and spread on a 5% sheep blood agar
plate and incubated for 24 h at 37C in an atmosphere containing 5% CO,. After
incubation, a colony of S. qureus was selected, and incubated in 100 ml of Luria-
Bertani (LB) broth (Difco, Detroit, MI) that was grown aerobically for 18 h at 37C on

a shaker. One ml of this seed culture was mixed with 100 ml of LB-Broth and
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incubated for 6 h at 37C on a shaker. Approximately 1X10° CFU of S. aureus were

in 1 ml of this broth.

Source and Isolation of Bovine Mononuclear Phagocytes

Bovine alveolar macrophages (BAM) and bovine blood monocytes (BBM) were
obtained from clinically normal, 2-3 month old dairy and 6-12 month old beef calves.
These animals were maintained at V.I.D.O. research facilities at the University of
Saskatchewan. Heparinized (Organon Teknika, Toronto, Canada) blood was centrifuged
for S min at 37C and 1000 g 10 separate the buffy coat from the platelet rich plasma.
The buffy coat was removed and diluted with HBSS and layered on Ficoll-Paque
(Pharmacia LKB, Biotechnology, Uppsala, Sweden) gradient to obtain mononuclear
cell-rich population. The cells from the interface were removed and washed twice with
HBSS. Isolated peripheral blood mononuclear cells (PBMC) were suspended in
macrophage SFM-medium (serum free medium) with glutamine and without antibiotics
(Gibco BRL, Life Technologies Inc. Grand Island, NY) supplemented with 10% fetal
bovine serum (heat inactivated) (Gibco BRL, Life Technologies Inc. Grand Island,
NY). Mononuclear cell viability was determined by trypan blue exclusion, and
averaged 95% or better. PBMC suspensions contained between 4-10% monocytes as
determined by microscopic examination of stained smears (Diff-Quick Fixative, Baxter

Healthcare Corporation, IL).

Isolation of Bovine Alveolar Macrophages

Lung lavages were performed using a endotracheal tube on anesthetized calves.
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Three hundred ml of warm (37C) HBSS solution were used for each lavage. Lavage
fluid was filtered with a nylon strainer after recovery and centrifuged at 4C for 20 min
and 800 g. Cell pellets were suspended in HBSS and layered on Ficoll-Paque gradient
to obtain mononuclear cells. Mononuclear cells were removed in the interphase and
washed twice with HBSS and suspended in macrophage medium. Alveolar macrophage
viability, determined by trypan blue exclusion, averaged 95%. Lung cell suspensions
contained between 65%-85% macrophages as determined by microscopic examination

of stained smears (Diff-Quick Fixative, Baxter Healthcare Corporation, IL).

The H. somnus Bovine Experimental Model

A field isolate of H. somnus (HS2S5) was injected intravenously into 6-8 month
old beef calves (Harland et al., 1990; Schuh et al., 1991). A challenge dose contained
approximately 5X10’ colony forming units (CFU). Clinical signs occurring after
challenge included fever, depression, and polyarthritis. The challenge was fatal to 60%-
70% of the calves and the necropsy findings included meningitis, encephalitis (Gomis
et al., 1993), myocarditis, pericarditis, pneumonia, pleuritis and polyarthritis. This
bovine H. somnus model closely reproduced the clinical and pathological features of
the disease as seen in Western Canada.

Blood samples were taken from these experimentally infected animals daily for

the colorimetric bactericidal assay and *H uracil assay.

Recombinant Bovine Cytokines

Recombinant bovine IL-1 (rBoIL-1B) (American Cyanamid Co., Princeton, NJ)
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was produced in an E. coli expression system. The stock solution of 6.8 mg of rBoIL-
1B/ml had a specific activity of 7.7X10° IU/mg protein as determined by a murine
thymocyte proliferation assay. There was 125 EU of endotoxin/mg of protein as
determined by the limulus amoebocyte lysate assay (Whittacker Corp., Walkersville,
MD). The rBo granulocyte-macrophage colony stimulating factor (rBoGM-CSF)
(American Cyanamid Co., Princeton, NJ) was produced in an E. coli expression
sy stem. Recombinant BoGM-CSF had a concentration of 2.7 mg/ml with an endotoxin
content of 30.2 EU/mg of protein, and specific activity of 11.8X10¢ U/mg (50%
proliferation of neonatal bovine bone marrow). Recombinant bovine IFN-Y (rBoIFN-y)
(Ciba-Geigy, Basel, Switzerland) had a protein concentration of 0.54 mg/ml, > 95%
purity, and the specific activity was 3.0X10® U/mg protein. The endotoxin content was
1.0 ng/mg protein. Recombinant bovine TNF-q (rBoTNF-a) (Genentech Inc., San
Francisco, CA) was produced in an E. coli expression system. Recombinant BoTNF-a
had a protein concentration of 0.4 mg/ml, and specific activity was 1X10® U/mg
protein as determined by Cytotoxicity of L929 cells. For the colorimetric bactericidal
assay, 100 ng/ml of individual cytokine and 5 pg/ml of E. coli LPS (serotype 0111:B4)
(Sigma Chemical Co. St. Louis, MO) were added to the macrophage medium to

activate bovine mononuclear phagocytes.

Colorimetric Bactericidal Assay
The colorimetric bactericidal assay using MTT was a modification of a
technique used by Stevens er al., (1991). This assay was conducted in round bottom,

96 well microtitre plates (Nunclon, Roskilde, Denmark). To each microtitre well,
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1X10° PBMC or BAM (in 50 K1 of macrophage medium), and H. somnus (in 20 ul of
HBSS) were added and incubated for 2 h at 37C in an atmosphere containing 5% CO,
to allow macrophages to phagocytize H. somnus and adhere to the bottom of the
microtitre wells. Three different ratios of phagocyte to bacteria were established (1:1,
1:10, and 1:100). Previous analyses established that BBM or BAM can phagocytize
unopsonized H. somnus. After 2 h incubation, microtitre wells were washed twice with
HBSS to remove non-adherent cells and extracellular bacteria, and 100 pl of
macrophage medium containing 1 pg/ml Gentamycin (Gibco BRL, Life Technologies
Inc. Grand Island, NY) was added. Isolated PBMC or BAM without H. somnus were
used as controls. All samples were prepared in quadruplicate. The plates were
incubated at 37C in an atmosphere containing 5% CO, for 0, 6, 18, 24, 30, 42, 48 h
before reading the samples by the colorimetric assay. At the end of each time point,
50 pl of 2% saponin was added to the plates to lyse eukaryotic cells and S0 ul of 2
mg/ml of MTT (Sigma Chemical Co. St. Louis, MO) was added and incubated for 30
min at 37C in an atmosphere containing 5% CO, to allow viable H. somnus to reduce
MTT to purple formazan. Then-MTT containing plates were centrifuged for 10 min at
2000 g to pellet formazan-laden H. somnus. The supernatant was removed by suction
using a 25; 5/8 inch hypodermic needle. As the final step, all wells received 150 Kl
of isopropanol (BDH Inc. Toronto, ON) were mixed vigorously by pipetting and plates
were allowed to sit for 10 min at room temperature. Formazan produced by bacteria
was quantified by measuring OD with wavelength of 595 nm (reference 655 nm). The
OD readings were obtained using an automated 96-channel microtitre plate reader (Bio-

Rad Laboratories, model 3550, Richmond, CA). At time 0 h and 48 h, samples from
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microtitre plates were cultured on 5% sheep blood agar plates in duplicate to determine
the identity of bacterial colonies. A standard curve of bacterial viability was prepared
from H. somnus suspensions. S. aureus was used to determine the bactericidal ability
of BBM or BAM in this colorimetric assay. Bacteriological studies were conducted at
Western College of Veterinary Medicine, University of Saskatchewan. A score from
0 to 4+ was assigned on the presence of H. somnus colonies on S% sheep blood agar
plates in none, 25%, 50%, 75%, and 100% of the area on blood agar plate. In order
to study the bactericidal ability of BBM, opsonized S. aureus was used in this assay.
Anti-S. aureus bovine convalescent sera came from animals that had recovered from

S. aureus mastitis.

*H Uracil Assay

The assay procedure used to study this interaction was a modification of the
assay used by Pfefferkorn and Pfefferkom (1981). This assay was conducted in round
bottom, 96 well microtitre plates (Nunclon, Roskilde, Denmark). Each well contained
3X10° PBMC or 1X10°* BAM in 100 pl of macrophage SFM-medium (serum free
medium) with glutamine (Gibco BRL, Life Technologies Inc. Grand Island, NY). The
microtitre plates were incubated for 2 h at 37C in an atmosphere containing 5% CO,
to allow monocytes or alveolar macrophages to adhere to the bottom of the wells. Then
the microtitre plates were washed 4 times with HBSS to remove non-adherent cells.
As the next step, H. somnus was added to the microtitre wells and centrifuged for S
min at 300 g and incubated for 3 h at 37C in an atmosphere containing 5% CO, to

allow H. somnus to infect BBM or BAM. Three different ratios of BBM or BAM 1o
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H. somnus were established (1:1, 1:0.1 and 1:0.01). Three control samples contained
H. somnus alone according to the above ratios. One control sample contained
macrophages alone and another control was a medium control. All samples were
prepared in triplicate. After incubating macrophages with H. somnus for 3 h, plates
were washed 4 times with macrophage medium to remove extracellular bacteria and
then all wells pulsed with 1 KCi (in 200 pl of macrophage medium) of *H uracil
(Amersham, Canada Ltd. Oakville, ON) and incubated for 12 h at 37C in an
atmosphere containing 5% CO,. To measure *H uracil incorporation into nucleic acids,
macrophages were harvested (using distilled water containing 0.02% sodium azide
[Sigma Chemicals Co. St. Louis, MO)) onto filtermats (SkatronAS Sterling, VA) by
using a 12 well semiautomatic cell harvester (SkatronAS, Norway). These filtermats
were then air dried and inserted into 5 ml scintilladon vials (Skatron, Norway) and 1
ml of liquid scintillation cocktail (Beckman Instrument Inc. Fullerton, CA) was added.
Radioactivity was measured by a beta counter (Beckman LS 1701, Liquid Scintillation

System, Fullerton, CA).

Ultrastructural Studies

PBMC or BAM were incubated with . somnus at 37C in an atmosphere
containing 5% CO, for 2 h at a ratio of 1:10 (phagocytes : bacteria), in 0.5 ml of
macrophage medium in 14 m! 17X100 mm polypropylene tubes (Becton Dickinson,
NI) on a nutator (Clay Adams, Becton Dickinson Co, NJ). A fter centrifugation, the cell
pellets were washed four times with HBSS to remove extracellular bacteria. As the

next step, 10 ml of macrophage medium supplemented with 1 pg/ml Gentamycin
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(Gibco BRL, Life Technologies Inc. Grand Island, NY) was added to the tubes, which
were then incubated at 37C in an atmosphere containing 5% CO, for 0, 6, 18 and 24
h on a nutator. At the end of each time point, tubes were centrifuged for 10 min at 300
g; the supernatant was discarded and the cell pellet was resuspended in glutaraldehyde
(Sigma, St. Louis, MO). Transmission electron microscopic studies of the cell pellets
were conducted at Western College of Veterinary Medicine, University of
Saskatchewan. Samples from polypropylene tubes at each time point were cultured on
5% sheep blood agar plates in duplicate to determine the purity of H. somnus colonies.
Alveolar macrophages were incubated with macrophage medium supplemented with
10% antibiotic-antimycotic solution (Sigma Chemical Co. St. Louis, MO) (10,000 units
of penicillin, 10 mg streptomycin and 25 Hg amphotericin B per ml in 0.9% sodium
chloride) for 2 h at 37C in an atmosphere containing 5% CO, to eliminate
contamninants before beginning of the infection studies with H. somnus for

ultrastructural studies.

Statistical Analysis

Analysis of variance (ANOVA) was executed using Minitab (Minitab for
Windows, ver, 9.2, Minitab Inc,, 3081, Enterprise Drive, State College, PA) in a
Randomized Complete Block Design, to test the significance of the treatments.
Statistical significance was assumed at P<0.0S5. Mean comparisons were carried out

using Lsd (least significant difference) test whenever the F test for treatment was

significant at the 5% level.
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RESULTS

Standard Curve for Colorimetric Bacterial Assay

Conversion of MTT to formazan by H. somnus was highly correlated (r=0.993)
with the number of viable bacteria (Fig. 1). Addition of SO ul of 2% saponin to the
colorimetric assay had no effect on viability of H. somnus (data not shown). Control
samples containing BBM or BAM alone had no production of formazan after cells
were lysed with 2% saponin. The bactericidal activity of BBM or BAM was measured
by using opsonized S. aureus in this assay (Fig. 2). BBM or BAM were able to kill
100% of ingested S. aureus within 24 h (data not shown see Fig. 2). Optical density
values below 0.02 had no correlation with CFU of H. somnus (data not shown), a

limitation of this assay procedure.

Survival of H. somnus in BBM and BAM

Survival of H. somnus in BBM (Fig. 3) and BAM (Fig. 4) was demonstrated
in the colorimetric bactericidal assay. Figure 5 shows the survival 4. somnus both in
in vitro infected BBM and BBM obtained from experimentally infected cattle. The
colorimetric assay procedure was identical in both in vitro and ex vivo assay, except
that there was no in vitro addition of H. somnus to the latter procedure. Also, no
gentamycin was added to the ex vivo assay, since no extracellular A. somnus were
demonstrated by either microscopic or ultrastructural examination of cell pellets. The
concentration of gentamycin in the assay medium (1 ng/ml), based on previous studies
indicating that gentamycin does not readily cross the bovine monocyte cell membrane

(Dees ez al., 1985; Lederer, et al., 1987), was able to inhibit extracellular growth of
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H. somnus in this colorimetric assay (data not shown). The number of CFU of H.
somnus was between 5-20 in ex vivo experiments at time O h, compared to over 1X10%
CFU at 24 h in the in vitro colorimetric assay. This observation confirmed the ability
of H. somnus to grow in BBM as compared to H. somnus survival in in vitro assay
sy stem. Gentamycin was not added to the macrophage medium to control extracellular
bacteria in this ex vivo assay, the kinetics of extracellular bacterial growth were distinct

from intracellular growth (data not shown).

Effect of Cytokine Treatment on BBM

The kinetics of H. somnus survival in cytokine treated BBM are demonstrated
in Fig. 6. Treatment of BBM with rBolIL-1( (0.085 + 0.037), rBoIFN-y (0.10 + 037),
rBoGM-CSF (0.062 £ 0.065), rBoTNF-a (0.101 + 0.015), and E. coli LPS (0.060 =
0.017) caused a significant difference in OD values at 18 h (P<0.006) (control=0.149
* 0.028) where the highest intracellular bacterial growth occurred (Fig. 6). No
significant difference of OD values occurred at 24 h (P<0.085) but, again, a significant
difference occurred at 48 h for rBoINF-y (0.048 % 0.009), rBoGM-CSF (0.042 +
0.014), and E. coli LPS (0.059 + 0.021) (P<0.005) (control=0.089 + 0.039) weated
BBM (Fig. 6). However, none of these treatments were able to completely eliminate
the intracellular H. somnus from BBM. H. somnus was able to survive in cytokine and
E.coli LPS treated BBM at all time points as measured by CFU of H. somnus on blood
agar plates. Recombinant bovine cytokines and E. coli LPS had no direct effect on
viability of either H. somnus or BBM alone during the entire length of colorimetric

assay procedure (data not shown). Moreover, H. somnus had no effect on viability of
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BBM due to it's survival in BBM over the assay period (data not shown).

Ultrastructural Demonstration of H. somnus in BBM and BAM

Survival of H. somnus in both BBM and BAM was demonstrated at 2, 6, 18
and 24 h (Fig. 7, 8 and 9) after infection with H. somnus. At 2 h, most of the bacteria
were surrounded by pseudopodia of phagocytes. Bacteria were tightly bound by
membranes when they were inside both BBM and BAM. The intracellular bacterial
load was increased at 7 and 24 h of infection (Fig. 8 and 9). H. somnus was able to
survive and multiply in both BBM and BAM even after 24 h of infection as measured

by CFU of H. somnus on blood agar plates (data not shown).

*H Uracil Incorporation into Nucleic Acids H Uracil Assay)

This assay detects the *H uracil uptake by H. somnus since uracil ié an essential
requirement for growth of H. somnus. *H uracil incorporation into nucleic acids of H.
somnus containing phagocytes was detectable in this assay system (Fig. 10, and 11).
In general, BAM containing H. somnus had higher counts per minutes (CPM) at a ratio
of 1:1 alveolar macrophages to H. somnus (15761 + 5326) (P<0.015) than BBM
containing H. somnus at the ratio of 1:0.1 (1304 - 1295) (P<0.021). Figure 12A shows
*H uracil uptake by BBM, that were recovered from cattle experimentally infected with
H. somnus. In this ex vivo assay system, animals at day 9 post-infection had
significantly higher CPM (9810 + 7241) (P< 0.009) (back ground CPM was < 200)
than at other times. Furthermore, in this ex vivo assay system, H. somnus originated

from BBM as opposed 1o in vitro addition of H. somnus. The kinetics of H. somnus
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isolation from buffy coat were demonstrated in Fig. 12B. The bacteremia of
experimentally infected cattle with H. somnus follows a multiphasic pattern with
unpredictable intervals between phases (Harland, R. personal communication). This
multiphasic pattern with unpredictable intervals between phases corresponds with the

*H uracil uptake by BBM (compare day 9 in Fig. 12A and 12B).

DISCUSSION

Since uracil is an essential nutrient for H. somnus, (Inzana and Corbeil, 1987)
*H uracil uptake by H. somnus was used as a tool to study the intracellular activity of
this bacterium after ingestion by BBM. The results of this assay revealed that
measurement of *H uracil uptake provides a means whereby growth inhibition or
survival of H. somnus could be studied in BBM. The *H uracil assay demonstrated the
incorporation of *H uracil into BBM or BAM that had ingested H. somnus. In this
assay system, uracil could either be incorporated into the nucleic acids of BBM or into
H. somnus. Since there were no eucaryotic cellular function inhibition studies, it is not
possible to rule out these two possibilities.

The location, survival and growth of H. somnus in BBM was studied by using
the MTT colorimetric assay and ultrastructural studies. This assay is based on the
principle that live bacteria convert MTT intracellularly to purple formazan in direct
proportion to the number of viable cells. Bacterial survival, growth or killing by
mononuclear phagocytes is then measured by colorimetric determination of formazan
production by live bacteria. This colorimetric bactericidal assay is more rapid, more

sensitive, and less expensive than traditional bactericidal assays that use colony
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counting of bacteria on nutrient agar plates (Stevens et al., 1991). Using this assay
System, it was found that H. somnus was able to survive both in BBM and BAM.
Moreover, it was possible to demonstrate the growth of H. somnus in BBM isolated
from cattle experimentally infected with H. somnus. The intracellular growth of H.
somnus in BBM was confirmed by using CFU of H. somnus rather than using OD
values of MTT assay. One limitation of this assay was the inability to extrapolate CFU
of H. somnus when OD values were below 0.02.

Following infection, the number of intracellular bacteria initially decreased (Fig.
6). In the first 6 h, about 40% of H. somnus were killed, presumably because of killing
mechanisms of BBM. Activation of BBM might occur nonspecifically as a result of
the presence of traces of LPS, adherence of BBM to the plastic, or as a result of
presence of the H. somnus. [H. somnus is a Gram-negative organism whose cell wall
contains LOS (lipooligosaccharide)]. The decline in the number of bacteria may also,
in part, represent an inability of some H. somnus to adapt to intracellular growth,
Following this initial decrease, however, the surviving H. somnus begin to replicate in
BBM and the number of intracellular H. somnus increased until 24-48 h post-infection
(Fig. 6). Optical density values did not increase beyond 0.3 at the peak growth,
probably as a result of overburden of macrophages with H. somnus, which may
subsequently cause the death of the BBM. These in vitro and ex vivo observations
confirmed the ability of H. somnus to survive and multiply in macrophages.

Macrophage activation and induction of antimicrobial mechanisms by cytokines
is complex, partially as a result of multiple pathways used for microbial killing. IFN-y

is capable of up regulating three major pathways described for microbial killing, i.e.,
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the production of reactive oxygen intermediates (Nathan er al., 1983), the production
of nitrogen intermediates (Stuehr and Marietta, 1987), and the induction of indolamine
2,3-dioxygenase to catabolize tryptophan (Carlin et al., 1989). IFN-v has been shown
to induce antimicrobial activities against a variety of intracellular parasites, including
Mycobacterium bovis (Flesch and Kaufmann, 1988), Mycobacterium tuberculosis
(Rook et al., 1986; Flesch and Kaufmann, 1988), Leiskmania major (Douvas et al.,
1985; Passwell et al., 1986; Green et al., 1990), and Listeria monocytogenes (Portoy
et al., 1989). The ability of other cytokines to activate macrophage antimicrobial
activities is more variable. TNF-a-treated macrophages inhibit the survival or growth
of Mycobacterium lepraemurium (Denis, 1991), and Mycobacterium avium (Bermudez
and Young, 1988; Denis, 1991). GM-CSF increases the production of H,0O, (Ding er
al., 1988) by macrophages and activates these cells to inhibit the growth of
Trypanosoma cruzi (Reed et al., 1987) and to kill Leishmania donovani (Weiser et al.,
1987). IL-1 plays a role in macrophage activation (Philip and Epstein 1986; Chen e
al., 1987) and, when administered to mice, prevents chronic infection by Brucella
abortus (Zhan et al., 1991). Treatment of BBM with recombinant bovine cytokines and
E.coli LPS caused a significant effect on BBM to reduce their bacterial load at 18 h,
where the highest bacterial growth occurred in the control (Fig. 6). No significant
difference of OD values occurred at 24 h, but again significant differences occurred
at 48 h for rBoINF-y, rBoGM-CSF, and E. coli LPS treated BBM (Fig. 6). None of
these treatments were able to completely eliminate intracellular H. somnus in BBM.
Pre-treatment of BBM with cytokines was not performed in this study. Furthermore,

it is not known whether H. somnus has an ability to deactivate macrophages, even
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though the BBM had been treated with recombinant bovine cytokines and E. coli LPS.

Ultrastructural studies conducted on BBM or BAM pellets infected with .
somnus demonstrated intracellular H. somnus. The bacteria tended to occur in discrete
vacuoles, with membranes tightly opposed to the bacterial surface. Further, viability
of H. somnus was not affected by the interaction with either BBM or BAM for 24 h.
BBM or BAM cell pellets were not incubated for more than 24 h because of
overcrowding effects of eucaryotic cells in polypropylene tubes. Microtitre plates
containing BBM or BAM monolayers infected with A. somnus were not used for
ultrastructural studies due to the inability to recover eucaryotic cells from the plastic

surface.
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Fig. 1: The relationship between colony forming units (CFU) values of live 4.
somnus and optical density (OD) reading of MTT colorimetric assay. Live H. somnus
was serially diluted in macrophage medium to obtain OD values. The correlation

coefficient (r) of CFU values of live H. somnus and OD values of MTT colorimetric
assay was 0.993.
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Fig. 2: Bactericidal capacity of bovine blood monocytes BBM with the
interaction of H. somnus as measured by colorimetric bactericidal assay. Note 100%
destruction of S. aureus by BBM in control samples within 24 h of infection, H.
somnus numbers were initially depressed, but the bacteria survived and then multiplied.
Each time point value shown is the mean and standard deviation. (n=5)
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Fig.3: Intracellular survival of H. somnus in bovine blood monocytes (BBM)
as demonstrated by colorimetric bactericidal assay. Phagocytes to bacteria ratio was
1:10 at the beginning of the assay. Each time point value shown is the mean and
standard deviation. The right Y axis indicated the CFU of H. somnus corresponding
to the OD values of left Y axis. (n=5)
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Fig. 4: Intracellular survival of H. somnus in bovine alveolar macrophages
(BAM) as demonstrated by colorimetric bactericidal assay. Phagocytes to bacteria ratio
was 1:10 at the beginning of the assay. Each time point value shown is the mean and
standard deviation. The right Y axis indicated the CFU of H. somnus corresponding
to the OD values of left Y axis. (n=5)
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Fig. §: MTT assay demonstration of intracellular survival of 4. somnus in in
vitro (n=5) and ex vivo (n=4) experiments. In in vitro assay live H. somnus were added
to bovine blood monocytes (BBM), while ex vivo assay was conducted using isolated
BBM from cattle experimentally infected with H. somnus without further addition of
H. somnus. (In ex vivo assay H. somnus originated from isolated BBM.) Phagocytes
to bacteria ratio was 1:10 at the beginning of the in vitro assay. Each time point value
shown is the mean and standard deviation. The right Y axis indicated the CFU of 4.
somnus corresponding to the OD values of left Y axis.
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Fig. 6: Intracellular survival kinetics of H. somnus in bovine blood monocytes
(BBM) weated with different recombinant bovine cytokines and E. ¢oli LPS. Live H.
somnus and 100 ng/ml recombinant cytokines (IFN-Y, TNF-a, IL-1B or GM-CSF) or
E. coli LPS (5ug/ml) added to BBM at the beginning of the colorimetric assay. The
right Y axis indicated the CFU of H. somnus corresponding to the OD values of left
Y axis. (n=5) Each time point value shown is the mean and standard deviation.
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Fig. 7: Ultrastructural demonstration of H. somnus in bovine blood monocytes
(BBM). H. somnus added to BBM in polypropylene tubes and incubated for 2 h; then
cell pellets were washed two times to remove extracellular bacteria and added the
macrophage medium containing gentamycin to control the extracellular bacteria. (A,
and B micrographs indicating 2 h after infection with #. somnus) (A) Some of the
bacteria are surrounded by pseudopodia. (B) Some of the bacteria have been
internalized by BBM. Note that bacteria are in individual vacuoles with tightly bound
membranes. (C, and D micrographs indicating 7 h after infection with H. somnus) [C:
and D:] Multiple bacteria are present in vacuoles of BBM. [Bar = 0.05um]
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Fig. 8: Ultrastructural demonstration of H. somnus in bovine blood monocytes
(BBM). H. somnus added to BBM in polypropylene tubes and incubated for 2 h; then
cell pellets were washed two times to remove extracellular bacteria and added the
macrophage medium containing gentamycin to control the extracellular bacteria. (A,
B, C, and D micrographs indicati g 24 h after infection with H. somnus) Undigested
bacteria in vacuoles of BBM. (C) A higher number of bacteria in a necrotic BBM.
Note a dividing bacterium. (D) A higher magnification of C. [Bar = 0.05um]}
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Fig. 9: Ultrastructural demonstration of H. somnus in BAM. H. somnus added
to BAM in polypropylene tubes and incubated for 2 h;: then cell pellets were washed
two times to remove extracellular bacteria and added the macrophage medium
containing gentamycin to control the extracellular bacteria. (A, and B: micrographs
indicating 2 h after infection with H. somnus) (A) Some bacteria are internalised and
some are surrounded by pseudopodia of alveolar macrophages. (B) A higher
magnification of a membrane bound bacteria as seen in BBM. (C) 8 h after infection
with H. somnus. Membrane bound undigested bacterium in a vacuole. [Bar(A) = 1um,
Bar(B) & (c) = 0.05um]
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Fig. 10: *H uracil incorporation by bovine blood monocytes (BBM) infected with
H. somnus. *H uracil was added to BBM infected with A. somnus and incubated for
12 h. Control samples contain either BBM or H. somnus alone. Back ground counts
per minutes (CPM) was < 200. [B = bovine blood monocyte, s = H. somnus] The
ratios refer to the number of bacteria per phagocyte. Each value shown is the mean and
standard deviation. [B alone = BBM control; sl, s0.1, & s0.01 = A. somnus only
controls contain bacteria according to test samples]
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FIG. 11: *H uracil incorporation by bovine alveolar macrophages (BAM) infected
with H. somnus. *H uracil was added to BAM infected with H. somnus and incubated
for 12 h. Control samples contain either BAM or H. somnus alone. Back ground counts
per minutes (CPM) was < 200. [A = bovine alveolar macrophages, s = H. somnus]
The ratios refer to the number of bacteria per phagocyte. Each value shown is the
mean and standard deviation. [A alone = BAM control; s1, s0.1, & s0.01 = H. somnus
only controls contain bacteria according to test samples]
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Fig. 12: *H uracil incorporation by bovine blood monocytes (BBM) infected with
H. somnus. *H uracil was added to isolated BBM from cattle experimentally infected
with H. somnus. No in vitro addition of H. somnus was made in these experiments.
Back ground counts per minutes (CPM) was < 200. (12A) *H uracil incorporation by
bovine blood monocytes (BBM) recovered from cattle experimentally infected with 4.
somnus. (12B) H. somnus isolation from BBM of same animals on same day of
infection. Note the relationship between multiphasic pattern of bacteremia with high
CPM (compare day 9 of 12A and 12B).
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S. EFFECT OF HAEMOPHILUS SOMNUS ON NITRIC
OXIDE PRODUCTION AND CHEMILUMINESCENCE
RESPONSE OF BOVINE BLOOD MONOCYTES AND

ALVEOLAR MACROPHAGES

ABSTRACT

Haemophilus somnus is able to survive and multiply in bovine blood monocytes
(BBM) and alveolar macrophages (BAM) but the mechanisms used by H. somnus to
evade killing mechanisms of bovine mononuclear phagocytes are not completely
understood. To study the bactericidal ability of bovine mononuclear phagocytes
following interaction with H. somnus, in vitro assay systems were developed to detect
the luminol-dependent chemiluminescence response (LDCL) and nitric oxide (NO)
production of BBM and BAM. Live logarithmically growing or stationary phase H.
somnus rapidly inhibited the LDCL of BBM and BAM costimulated with opsonized
Staphylococcus aureus. Inhibition of the LDCL response of BBM and BAM was not
mediated by live H. somnus opsonized with hyperimmune serum or killed 4. somnus.
Recombinant BoIL-1f and E. coli LPS were better than rBoGM-CSF at inducing BBM
and BAM to produce NO. BBM treated with rBoIL-1B and E. coli LPS produced less
NO than did BAM treated with rBoIL-1B and E. coli LPS. H. somnus stimulated both
BBM and BAM to produce NO. The ability of H. somnus to inhibit LDCL of both
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BBM and BAM may be an important mechanism that contributes to the survival of the

organism following ingestion by bovine mononuclear phagocytes.

INTRODUCTION

Haemophilus somnus is a Gram-negative, catalase-negative pathogen that causes
a variety of clinical manifestations in cattle, collectively known as the H. somnus
complex (Harris and Janzen, 1989). Furthermore, H. somnus has been shown to inhabit
the reproductive and upper respiratory tract of healthy cattle (Corstvet e: al., 1973;
Humphrey et al., 1982b; Little, 1986). It has been reported that H. somnus is able to
survive and multiply in bovine alveolar macrophages (BAM) and blood monocytes
(BBM) (Lederer er al., 1987). Since pathogenic and non-pathogenic strains of H.
somnus can be isolated from the reproductive and respiratory tracts of clinically normal
animals, it is not clear what host or microbial factors are responsible for this host-
parasite relationship.

After exposure to a phagocytic stimulus, a very early manifestation of
phagocytic cells is the generation of chemiluminescence (Allen and Loose, 1976).
Bioluminescence in phagocytic systems is a nonspecific measurement of the respiratory
burst, and may be due, at least in part, to the interaction of superoxide anion (O,) with
the phagocytic stimuli (Babior, 1978). The chemical luminol (5-amino-2,3-dihydro-1,4-
phthalazinedione) has been used with in vitro phagocytic cell systems to enhance the
sensitivity of monitoring oxygen-dependent hexose monophosphate shunt (HMPS)
activity (Allen and Loose, 1976). Luminol interacts with the oxygen radicals produced

during oxygen-dependent HMPS activity, resulting in the formation of an excited
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aminophthalate anion. Upon relaxation to ground state, the aminophthalate anion
produces light (Wilson et al., 1978). The luminol dependent chemiluminescence
(LDCL) assay is useful for evaluating phagocytic cell function (Allan, 1977; Wilson
et al., 1978; Stevens et al., 1978; Easmon e al., 1980).

Recently, the cytotoxic capacity of nitric oxide, produced by nitrogen oxidation
of L-arginine, has been demonstrated for parasites (Adams er al., 1990; James and
Hibbs, 1990; Liew et al., 1990; Green et al., 1991; Mauel, er al., 1991; Vincendeau
and Daulouede, 1991; Li and Chadee, 1992). Macrophage cytotoxic activity correlates
with the production of L-arginine-derived nitrite (NO;), which is a stable degradation
product of the freely diffusible, short-lived, and highly toxic effector molecule nitric
oxide (Hibbs et al., 1987; Hibbs et al., 1987a; Stuehr and Nathan, 1989; Granger, et
al., 1990). The toxicity of nitric oxide (NO) is a result of the inhibition of selected
iron-dependent enzy matic pathways involved in cellular respiration, energy production,
and DNA synthesis of target cells (Hibbs et al., 1987a; Drapier and Hibbs, 1988;
Ignarro, 1991; Stuehr and Nathan, 1989).

The mechanisms involved with H. somnus survival in bovine mononuclear
phagocytes are not fully understood. The objective of this study was to further
Characterize the microbial killing mechanisms of bovine mononuclear phagocytes

following interaction with H. somnus.

MATERIALS AND METHODS
Bacteria

A pathogenic strain of H. somnus (HS25) originally isolated from the
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pneumonic lung of a calf was obtained from Alberta Agriculture in Edmonton, Alberta
was maintained in egg yolk, at -70C. Egg yolk stock culture was made by inoculating
the pure cultures into 6-7 day old embryonated chicken eggs and incubating them at
37C untl death of embryo occurred 1-3 days later. The egg yolks were then removed
under sterile conditions, aliquoted, and stored at -70C. The isolate HS25 was selected
for this study based on past research at V.I.D.O., including studies of interaction
between polymorphonuclear leucocyte (PMN) and H. somnus (Pfeifer, 1992), and
bovine animal model studies (Harland et al., 1990). Before each experiment, a sample
aliquot of egg yolk stock culture was thawed and spread onto a 5% sheep blood agar
plate (PML Microbiologicals, Richmond, B.C.) and incubated for 36 h at 37C in an
atmosphere containing 5% CO,. A loopful of colonies was transferred to BHITT media
(Brain Heart Infusion (Difco, Detroit, MI) supplemented with 1 pg/ml of 1% thiamine
monophosphate (Sigma, St. Louis, MO), and 10 pg/ml of 10% Trizma base (Sigma,
St. Louis, MO)], and incubated aerobically for 10 h at 37C on a shaker. As the final
step, this broth culture was diluted to 1:4 with BHITT and incubated for 2 h until the
optical density (OD) (660 nm) reached 0.4. One ml of this broth was found to contain
approximately 1X10° logarithmically growing H. somnus. Stationary phase H. somnus
cultures were aerobically grown for 24 h at 37C in 10 ml of BHITT on a shaker. One
ml of this broth contained approximately 1X10° stationary phase H. somnus. The actual
number of bacteria per ml was determined by plating 10-fold serial dilutions of the
suspension in duplicate and counting colonies. This number was used to calculate the
ratio of phagocytes to bacteria in all experiments. H. somnus was recovered and

washed twice with cold (4C) Hanks balanced salt solution (HBSS) by centrifugation
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before being used. Both logarithmically growing and stationary phase H. somnus were
killed by heating at 65C for 30 min.

The culture of Staphylococcus aureus used was originally isolated from a case
of bovine mastitis and was subsequently frozen at -70C in skim milk as a pure stock
culture. A sample of stock culture was thawed and spread on a 5% sheep blood agar
plate and incubated for 24 h at 37C in an atmosphere containing 5% CO,. After
incubation, a colony of S. aureus was selected, and incubated in 100 ml of Luria-
Bertani (LB) -broth (Difco, Detroit, MI) that was grown aerobically for 18 h at 37C
on a shaker. One ml of this seed culture was mixed with 100 ml of LB-Broth and
incubated for 6 h at 37C on a shaker. Approximately 1X10° CFU of S. qureus were

in 1 ml of this broth.

Source of Bovine Mononuclear Phagocytes

Bovine blood monocytes were obtained from clinically normal, 6-12 month old
beef calves. These animals were maintained at V.I.D.O. research facilities at the
University of Saskatchewan. Bovine alveolar macrophages were obtained from abattoir
specimens. Lung lavages were collected into 2 litre flasks with HBSS containing 1%
antibiotic-antimycotic solution (Sigma Chemical Co. St. Louis, MO) (10,000 units of
penicillin, 10 mg streptomycin and 25 ug amphotericin B per ml in 0.9% sodium
chloride) at the abattoir and flasks were kept on ice while being transported to the

laboratory.
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Isolation of Bovine Blood Monocytes

Heparinized (Organon Teknika, Toronto, Canada) blood was centrifuged for §
min at 37C and 1000 g to separate the buffy coat from the platelet rich plasma. The
buffy coat was removed and diluted with HBSS and layered on Ficoll-Paque
(Pharmacia LKB, Biotechnology, Uppsala, Sweden) gradient to obtain mononuclear
cell-rich population. The cells from the interface were removed and washed twice with
HBSS. To detect NO production of macrophages infected with H. somnus, isolated
peripheral blood mononuclear cells (PBMC) were suspended in macrophage SFM-
medium (serum free medium) with glutamine and without phenol red (Gibco BRL, Life
Technologies Inc. Grand Island, NY) and supplemented with 5% fetal bovine serum
(heat inactivated) (Gibco BRL, Life Technologies Inc. Grand Island, NY), 10 nM
Hepes (Gibco BRL, Life Technologies Inc. Grand Island, NY), and 2 g/l NaHCO,. For
the chemiluminescence assay, PBMC were suspended in HBSS supplemented with
10% fetal bovine serum and 2 mM L-glutamine. Mononuclear cell viability was
determined by trypan blue exclusion, and averaged 95%. PBMC suspensions contained
between 4-10% monocytes as determined by microscopic examination of stained

smears (Diff-Quick Fixative, Baxter Healthcare Corporation, IL).

Isolation of Bovine Alveolar Macrophages

Lavage fluid was filtered with a nylon strainer and centrifuged at 4C for 20
min and 800 g. Cell pellets were suspended in HBSS and layered on Ficoll-Paque
gradient to obtain mononuclear cells. Mononuclear cells were removed in the

interphase and washed twice with HBSS. For the NO assay to detect NO production
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of macrophages infected with H. somnus, were su spended in macrophage SFM-medium
with glutamine and without antibiotics, phenol red and supplemented with 5% fetal
bovine serum, 10 nM hepes, and 2 g/1 NaHCO,. For the chemiluminescence assay,
alveolar macrophages were suspended in HBSS supplemented with 10% fetal bovine
serum and 2 mM L-glutamine. Alveolar macrophage viability, determined by trypan
blue exclusion, averaged 95%. Lung cell suspensions contained between 65%-85%
macrophages, as determined by microscopic examination of stained smears (Diff-Quick

Fixative, Baxter Healthcare Corporation, IL).

Recombinant Bovine Cytokines

Recombinant bovine IL-1 (rBoIL-1 B) (American Cyanamid Co., Princeton, NJ)
was produced in an E. coli expression system. The stock solution of 6.8 mg of rBolL-
1B/ml had a specific activity of 7.7X10° IU/mg protein as determined by a murine
thymocyte proliferation assay. There was 125 EU of endotoxin/mg of protein as
determined by the limulus amoebocyte assay (Whittacker Corp., Walkersville, MD).
The recombinant bovine granulocyte-macrophage colony stimulating factor (rBoGM-
CSF) (American Cyanamid Co., Princeton, NJ) was produced in an E. coli expression
system. Recombinant BoGM-CSF had a protein concentration of 2.7 mg/ml with an
endotoxin content of 30.2 EU/mg of protein, and specific activity of 11.8X10° U/mg
(50% proliferation of neonatal bovine bone marrow). For the NO assay, 0.375 Hg/ml
rBoGM-CSF, 0.5 pg/ml rBoIL-1B and 0.5 pg/ml E. coli LPS (serotype 0111:B4)

(Sigma Chemical Co. St. Louis, MO) were used to activate BBM and BAM.
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Chemiluminescence Assay

This assay was conducted in 3.5 ml 55X12 mm tubes (Sarstedt, Germany).
Each tube contained 4X10° BBM or BAM, 700 pl of HBSS containing opsonized S.
aureus, 200 pl of HBSS containing H. somnus and 15 1 of 5-amino-2,3-dihydro-1,4-
phthalazinedion (luminol) (Sigma Chemical Co. St. Louis, MO). Both log-phase and
stationary phase H. somnus were used in separate tubes. Three different ratios of
phagocytes to H. somnus (1:1, 1:10, and 1:100) were used. Opsonized H. somnus (with
5% hyperimmunized serum for 30 min at 37C in a shaking water bath) and killed H.
somnus were added into separate tubes. HBSS was substituted for H. somnus in the
controls. Control samples contained bovine phagocytes with H. somnus without S.
aureus. Chemiluminescence readings were measured on the Picolite Model 6500
luminometer (United Technologies Packard, Downers Grove, IL) every 3 min for 10
sec each over a period of 90 min. Constant stirring and a temperature of 37C were
maintained throughout the entire assay. Duplicates were performed for each sample.
The LDCL represented the total amount of light emitted over 90 min from exited
oxygen species during bovine mononuclear phagocyte (BMP) respiratory burst. Bovine
anti-S. aureus convalescent serum came from animals that had recovered from S§.
aureus mastitis. H. somnus hyperimmunized sera were prepared from cattle inoculated

with HS2S several times.

(results of BMP with H. somnus)

% Activity Remaining = X 100

(results of BMP without . somnus)
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Nitrite (NO,) Determination

Nitric oxide is highly unstable in solution and therefore cannot be readily
assayed. However, NO is converted to the stable nitrite ion in aqueous solution, and
NO production is routinely monitored by measuring supernatant nitrite concentration
(Nicholas and Nason, 1957). Nitrite concentrations were measured using the Greiss
reagent (Ding et al., 1988). Briefly, 100 ul aliquot of culture supernatant was mixed
with an equal volume of Greiss reagent (1% sulphanilamide, 0.1% naphtylethylene
diamine dihydrochloride in 2.5% H,PO,) (Sigma Chemical Co. St. Louis, MOQ) and
incubated at room temperature for 10 min. The absorbance at 550 nm was measured
in an automated 96-channe!l microtitre plate reader (Bio-Rad Laboratories, model
3550, Richmond, CA). Nitrite concentration was calculated from a NaNO, standard
curve (Fig. 1). The NO production assay was conducted in 96 well, flat bottom
microtitre plates (Costar, Cambridge, MA). All microtitre wells contained 1X10° (in
50 ul) BAM or BBM, and H. somnus (in 10 pl) and were incubated for 2 h at 37C in
atmosphere containing 5% CO,. Three different ratios of phagocytes to H. somnus (1:1,
1:10, and 1:100) were used. At the end of a 2 h incubation period, plates were washed
twice with macrophage medium and 200 pl of macrophage medium containing 1 pg/ml
Gentamycin was added to control the extracelluar H. somnus (Gibco BRL, Life
Technologies Inc. Grand Island, NY). The Supernatant was collected at 12, 24, 48, 72,
and 96 h. BAM were incubated with 10% antibiotic-antimycotic solution (Sigma
Chemical Co. St. Louis, MO) for 2 h at 4C to eliminate contaminants before beginning
of NO assay. BAM or BBM were treated with recombinant bovine cytokines or E. coli

LPS to detect the effect of reatments on NO production. At time 0 and 96 h, samples
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from microtitre plates were cultured on 5% sheep blood agar plates in duplicate to
confirm the survival of H. somnus in BBM and BAM and also to confirm the purity

of H. somnus cultures.

Statistical Analysis

Analysis of variance (ANOVA) was executed using Minitab (Minitab for
Windows, ver. 9.2, State College, PA.) in a Randomized Complete Block Design, to
test the significance of the treatments. Statistical significance was assumed at P<0.05.
Treatment effect over time was considered as an additional factor in the design.
Therefore, overall analyses were considered in a Split-plot design by considering time
of observation as subplot. Mean comparisons were carried out using Lsd (least
significant difference) test whenever the F test for treatment was significant at 5%

level.

RESULTS

Chemiluminescent Response of BBM and BAM infected with H. somnus

The LDCL response of BBM was significantly reduced compared to the
control, by either live logarithmically growing (30.5 + 7.78%, P<0.0001) (Fig. 6) or
stationary phase H. somnus (54.5 + 2.12%, P<0.0001) (Fig. 7) when the phagocyte to
H. somnus ratio was 1:100. The inhibitory effect seen with live H. somnus was
completely absent when killed or opsonized (with hyperimmune serum) H. somnus was
used. The LDCL response of BBM tended to increase when H. somnus was either

killed or opsonized, reaching a peak level of 150-200% when BBM interacted with
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opsonized H. somnus (Fig. 6 & 7). The LDCL response of BAM was significantly
reduced by either live, logarithmically growing (14.25 + 3.30%, P<0.001) (Fig. 8) or
stationary phase H. somnus (49 + 7.87%, P<0.006) (Fig. 9) when the phagocyte to H.
somnus ratio was 1:100, as with BBM, the inhibitory effectof H. somnus on BAM was
abrogated either by killing or opsonizing H. somnus. The control samples containing
BBM or BAM with H. somnus had poor chemiluminescence response (data not

shown).

NO Production by Cytokine Treated BBM and BAM

Recombinant BoIL-18 and E. coli LPS were better inducers of BBM and BAM
to produce NO than rBo-GM-CSF (compare Figs. 2 and 3). Nitric oxide production by
BBM treated with IL-1B or E. coli LPS at 48 h and 72 h (P<0.001) was significantly
higher compared to controls at each time point (Fig. 2) whereas, NO production by
BAM treated with IL-B or E. coli LPS was significantly higher at 24 h, 48 h, and 72
h (P<0.0001) (Fig. 3). Bovine alveolar macrophages treated with IL-1B or E. coli LPS
produced significantly larger amounts of NO than BBM at 24 h, 48 h and 72 h

(P<0.0001) (compare Figs. 2 and 3).

NO Production by BBM or BAM Infected with H. somnus

Nitric oxide production by BBM infected with H. somnus (at the ratio of 1:10
phagocytes to bacteria) was significantly higher at 12 h (P<0.001) whereas, NO
production by BAM infected with H. somnus was significantly higher at 12 h

(P<0.021), 24 h (P<0.005), and 48 h (P<0.006) compared to controls at each time point

125



(compare Figs. 4 and S) (Nitric oxide values below detection limits of the assay are
indicated as negative values). Bovine alveolar macrophages infected with H. somnus
produced relatively greater amounts of NO than did BBM infected with H. somnus
between 24 - 96 h period but this difference was not significant (P<0.315) (compare
Figs. 4 and 5). BBM or BAM infected with opsonized (with 5% hyperimmune serum)
H. somnus produced the same amount of NO as with unopsonized live bacteria (data

not shown).

DISCUSSION

The exact sequences of events during phagocytosis, particularly with respect to
the clinical interpretation of chemiluminescence assays, remains unclear. However,
several authors have attempted to correlate chemiluminescence response with
phagocytic and bactericidal activity (Johnston et al., 1975; Grebner et al., 1977; Welch,
1980; Meuwissen et al., 1982). Generally, it is thought that luminol is dioxygenated
to yield aminophthalate anions and subsequent electronically excited carbonyl
chromophors which, upon relaxation to ground state, produce light (Allen, 1979). The
process is subject to complex interactions between activating particles and cellular
receptors. The LDCL assay was used to describe oxidative burst of bovine
mononuclear phagocytes following interaction with H. somnus.

Although H. somnus is a catalase negative organism, Sample and Czuprynski
(1991) demonstrated that H. somnus is capable of removing H,0, from an aqueous
solution in an energy dependent manner that is strictly cell associated. Hydrogen

peroxide removal requires viable H. somnus. Reduction of LDCL activity of BBM and
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BAM infected with H. somnus could be partly explained by H,O, removal by viable
H. somnus. Moreover, abrogation of reduced LDCL activity of BBM or BAM with
heat killed H. somnus correlates with the observation of Sample and Czuprynski (1991)
that viable H. somnus were required to remove H,0,. It is also clear that H. somnus
was not a poor stimulus for bovine mononuclear phagocytes but that the organism
interfered with the oxidative burst, since heat killed or opsonized H. somnus increased
the LDCL activity of BBM or BAM. It is possible that inhibition of LDCL activity,
in conjunction with suppression of mononuclear phagocytic functions, may be
important virulence attributes which allow H. somnus to survive the oxidative burst of
bovine mononuclear phagocytes.

Infection of BBM or BAM with H. somnus stimulated the production of NO.
H. somnus was able to survive intracellularly in either BBM or BAM for 96 h while
phagocytes were actively producing NO (data not shown); NO is not effective

bactericidal mechanism for H. somnus.
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Fig. 1: Nitric oxide standard curve. Relationship between optical density and
NO, concentration. Serial dilutions of sodium nitrite dissolved in MEM (minimum
essential medium) containing 10% fetal bovine serum were used for this standard

curve.
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Fig. 2: Production of nitric oxide by bovine blood monocytes (BBM) treated
with various recombinant bovine Cytokines. BBM treated with various recombinant
cytokines or E. coli LPS and incubated up to 72 h; culture supernatants were tested for
NO," concentration. (n=3) Each value shown is mean and standard deviation.
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Fig. 3: Production of nitric oxide by bovine alveolar macrophages (BAM)
treated with various recombinant bovine cytokines. BAM treated with various
recombinant cytokines or E. coli LPS and incubated up to 72 h; culture supernatants
were tested for NO, concentration. (n=3) Each value shown is mean and standard
deviation.
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Fig. 4: Production of nitric oxide by bovine blood monocytes (BBM) infected
with H. somnus. BBM infected with H. somnus and incubated up to 96 h; culwre
supernatants were tested for NO,” concentration. (n=3) Each value shown is mean and
standard deviation. (L-som = live H. somnus, K-som = killed H. somnus) (1:1, 1:10,
& 1:100 = ratio of phagocytes to H. somnus)
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Fig. §: Production of nitric oxide by bovine alveolar macrophages (BAM)
infected with H. somnus. BAM infected with H. somnus and incubated up to 96 h;
culture supernatants were tested for NO, concentration. (n=3) Each value shown is
mean and standard deviation. (L-som = live H. somnus, K-som = killed H. somnus)
(1:1, 1:10, & 1:100 = ratio of phagocytes to H. somnus)
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Fig. 6: Luminol-dependent chemiluminescence (LDCL) response of bovine
blood monocytes (BBM) with the interaction of logarithmically growing H. somnus.
Live log phase H. somnus rapidly inhibited the LDCL response of BBM costimulated
with opsonized S. qureus. Inhibition of the LDCL response of BBM was not mediated
by live logarithmically growing H. somnus opsonized with hyperimmune serum or
killed H. somnus. [log = logarithmically growing phase of H. somnus] (n=4) Each
value shown is mean and standard deviation. (live, opsonized, & killed = live,
opsonized or killed logarithmically growing phase of H. somnus; 1:10, 1:100, & 1:1000
= ratio of phagocytes to H. somnus)
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Fig. 7: Luminol-dependent chemiluminescence (LDCL) response of bovine
blood monocytes (BBM) with the interaction of stationary phase H. somnus. Live
stationary phase H. somnus rapidly inhibited the LDCL response of BBM costimulated
with opsonized S. aureus. Inhibition of the LDCL response of BBM was not mediated
by live stationary H. somnus opsonized with hyperimmune serum or killed H. somnus.
Each value shown is mean and standard deviation. [st = stationary phase H. somnus]
(n=4) (live, opsonized, & killed = live, opsonized or killed stationary phase of H.
somnus; 1:10, 1:100, & 1:1000 = ratio of phagocytes to H. somnus)
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Fig. 8: Luminol-dependent chemiluminescence (LDCL) response of bovine
alveolar macrophages (BAM) with the interaction of logarithmically growing H.
somnus. Live log phase H. somnus rapidly inhibited the LDCL response of BAM
costimulated with opsonized S. aureus. Inhibition of the LDCL response of BAM was
not mediated by live logarithmically growing H. somnus opsonized with hyperimmune
serum or killed H. somnus. [log = logarithmically growing phase of H. somnus] (n=4)
Each value shown is mean and standard deviation. (n=4) (live, opsonized, & killed =
live, opsonized or killed logarithmically growing phase of H. somnus, 1:0.1, 1:1, 1:10,
& 1:100 = ratio of phagocytes to H. somnus)
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Fig. 9: Luminol-dependent chemiluminescence (LDCL) response of bovine
alveolar macrophages (BAM) with the interaction of stationary phase H. somnus. Live
stationary phase H. somnus rapidly inhibited the LDCL response of BAM costimulated
with opsonized S. aureus. Inhibition of the LDCL response of BAM was not mediated
by live stationary phase H. somnus opsonized with hyperimmune serum or killed 4.
somnus. [log = logarithmically growing phase of H. somnus] (n=4) Each value shown
is mean and standard deviation. (live, opsonized, & killed = live, opsonized or killed
stationary phase of H. somnus; 1:0.1, 1:1, 1:10, & 1:100 = ratio of phagocytes to H.
somnus)
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6. PRODUCTION OF BOVINE TUMOR NECROSIS FACTOR,
INTERFERON-Y, AND INTERLEUKIN-6 FOLLOWING THE
INTERACTION OF BOVINE LEUCOCYTES WITH

HAEMOPHILUS SOMNUS

ABSTRACT

The pathogenesis of Haemophilus somnus infection in cattle is not fully
understood. To determine the bovine blood cytokine response with the interaction of
H. somnus, a whole blood culture assay system was developed. Blood samples from
healthy calves were incubated with or without H. somnus for varying times up to 24
h. No detectable tumor necrosis factor (TNF) was found regardless of whether or not
live H. somnus was present. When blood cultures were stimulated live H. somnus,
interferon-y (IFN-y) and interleukin-6 (IL-6) became detectable at 8 h and were
maintained at that level up for 24 h whereas, when simulated with heat killed H.
somnus, IFN-y or IL-6 were only detectable at 24 h. No detectable level of TNF, IFN-y
or IL-6 was found in serum of cattle experimentally infected with H. somnus between
0 and 7 days post-infection. Following in vitro addition of H. somnus into whole blood
cultures prepared from cattle experimentally infected with H. somnus; TNF production
was not detectable during the 24 h incubation period while IFN-y was detected. The

ex vivo IFN-Yresponse to H. somnus in whole blood cultures was temporally inhibited
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in calves at day 2 post-infection, the time when most deaths resulted from infection,
and recovered from day 3 on, with the maximal response seen on day 7 post-infection.
The course of IL-6 production followed a slightly different pattern from that of IFN-y,
in that the IL-6 response was inhibited in calves on days 1 and 2 post-infection, was
maximal on day 3, and then waned but maintained at a substantial level throughout the
experiment. Intracellular survival and multiplication of H. somnus in bovine phagocytes

could be responsible for these cytokine profiles.

INTRODUCTION

Tumor necrosis factor-oc (TNF-ot) is a well defined cytokine produced by
mononuclear phagocytes and is responsible for the induction of both inflammatory and
immune responses (Burchett ez al., 1988). TNF-« is a 17 kilodalton cytokine released
primarily from monocytes and macrophages in response to a wide variety of
inflammatory stimuli. At low concentrations, TNF-a contributes to homeostasis and
host defence mechanisms, whereas at high concentrations it mediates various
pathological conditions (Tracey er al., 1989; Beutler 1990). TNF-a has been shown to
mediate a wide variety of biological activities that play an important role in both the
severity of and recovery from many bacterial, parasitic, and viral infections (Le and
Vilcek, 1987; Rosenblum and Donato, 1989). These activities include induction of
fl147ever, direct activation of neutrophils, T cells, and macrophages; direct tumor cell
cytotoxicity, cachexia, induction of other mediators (e.g., interleukin 1 [IL-1], and
interleukin-6 [IL-6] and TNF itself) (Le and Vilcek, 1987; Rosenblum and Donato,

1989). Infusion of TNF-a induces cardiovascular shock, haemorrhagic necrosis in
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tissues, and metabolic derangements similar to both experimental endotoxemia and
clinical septic shock (Tracey et al., 1986; Tracey e al., 1987) whereas prior treatment
with antibodies against TNF-a protects animals against the lethal effects of
endotoxemia (Beutler ez al., 1985: Tracey et al., 1986; Mathison ez al., 1988; Johnson
et al., 1989). Little is known about TNF-a production, or its biological activities, in
ruminant species (Adams and Czuprynski, 1990).

Interferon-y (IFN-Y) is a product of activated T lymphocytes and natural killer
cells with immunomodulatory and antiviral properties (Sen and Lengyel, 1992). This
cytokine is a potent inducer of activation and differentiation of mononuclear
phagocytes (Espinoza-Delgado er al., 1992; Varesio er al., 1993), manifested by an
increase in class IT antigens (Kelley er al., 1984; Linman et al., 1989), toxic oxygen
derivatives and nitric oxide production (Ding er al., 1988; Cox et al., 1992; Melillo et
al., 1993), regulation of cytokine production (Philip and Epstein, 1986; Arai et al.,
1990; Sen and Lengyel, 1992; Cox et al., 1992; Melillo et al., 1993), and tumoricidal
activity (Cox et al., 1992; Varesio et al., 1993). IFN-y has been shown in animal
models to modulate macrophage tumoricidal and microbicidal activity against both
intracellular and extracellular parasites (Pace et al., 1983; Schreiber, 1984; Gazzinelli
et al., 1992; Oswald et al., 1992), and B and T cell responses to antigens (Nakamura
et al., 1984; Frasca et al., 1985).

Interleukin-6 is produced by T cells, fibroblasts, macrophages, and peripheral
blood mononuclear cells (Van Snick ez al., 1987; Suda et al., 1988; Wong et al., 1988:
Shabo ez al., 1988; Everson et al., 1989; Qin, 1989; Snyers et al., 1989; Van Snick,

1990). It has been reported that IL-6 is another important monocyte derived product
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mediating the host defence against infectious agents (Gauldie er al., 1987; May er al.,
1988; Tosato er al., 1988). IL-6 enhances immune function by amplifying T-cell
proliferation and cytotoxic T-cell differentiation and promoting B-cell proliferation and
differentiation (Muraguchi ez al., 1988; Tosato and Pike, 1988; Kishimoto et al., 1989).
IL-6 is also a principal stimulus for the induction of acute-phase proteins from
hepatocytes in both in vitro and in vivo studies (Gauldie et al., 1987; May et al., 1988;
Castell et al., 1988; Ramadori et al., 1988; Andus et al., 1988; Geiger et al., 1988;
Marinkovic et al., 1989). IL-6 has been implicated in the pathophysiology of injury
and infection (Castell et al., 1989; Hedges, 1991). IL-6 can be found in circulating
blood of patients with acute endotoxemia, acute infections, meningococcal sepsis and
burns (Waage er al., 1989; Schluter ez al., 1991). Administration of IL-6 induces some
of the characteristic physiological derangements associated with injury including fever
and counterbalances the effect of sepsis by the induction of acute phase responses
(Perlmutter, et al., 1986; Castell ez al., 1989).

It has been recently suggested that ex vivo whole-blood culture systems for
evaluating cytokine production closely resemble in vivo conditions (Kato er al., 1990;
Yachie et al., 1990; Yachie ez al., 1992) compared to use of isolated mononuclear
cells, which are usually stimulated by various nonspecific simulators (Dike and Farmer,
1988; Yachie et al., 1990). Cultures using whole blood appear to provide an ideal
system to estimate the cellular response to stimulating agents in vitro (Yachie et al.,
1992). The objective of this study was to detect the endogenous TNF, IFN-v, and IL-6

response to A. somnus infection.

149



MATERIALS AND METHODS

Bacteria

A pathogenic strain of H. somnus (HS25) originally isolated from the
pneumonic lung of a calf was obtained from Alberta Agriculture in Edmonton, Alberta
was maintained in egg yolk at -70C. Egg yolk stock culture was made by inoculating
the pure cultures into 6-7 day old embryonated chicken eggs and incubating them at
37C until death of embryo occurred 1-3 days later. The egg yolks were then removed
under sterile conditions, aliquoted, and stored at -70C. The isolate HS25 was selected
for this study based on past research at V.I.D.O., including studies of interaction
between polymorphonuclear leucocyte (PMN) and H. somnus (Pfeifer, 1992), and
bovine animal model studies (Harland et al., 1990). Before each experiment, an aliquot
of egg yolk stock culture was thawed and spread onto a 5% sheep blood agar plate
(PML Microbiologicals, Richmond, B.C.) and incubated for 36 h at 37C in an
atmosphere containing 5% CO,. A loopful of colonies was transferred to media BHITT
[Brain Heart Infusion (Difco, Detroit, MI) supplemented with 1 pg/ml of 1% thiamine
monophosphate (Sigma, St. Louis, MO), and 10 Hg/ml of 10% Trizma base (Sigma,
St. Louis, MO)], and incubated aerobically for 10 h at 37C on a shaker. As the final
step, this broth culture was diluted to 1:4 with BHITT and incubated for 2 h until the
optical density (OD) (660 nm) reached 0.4. One ml of this broth was found to contain
approximately 1X10° logarithmically growing H. somnus. The actual number of
bacteria per ml was determined by plating 10-fold serial dilutions of the suspension in
duplicate and counting colonies. This number was used to calculate the ratio of blood

leucocytes to bacteria in all experiments. H. somnus was recovered and washed twice
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with cold (4C) Hanks balanced salt solution (HBSS) by centrifugation before being

used. Logarithmically growing H. somnus was killed by heating at 65C for 30 min.

Source of Bovine Blood

Heparinized (Organon Teknica, Toronto, Canada) bovine blood was collected
into 60 ml plastic syringes (Becton Dickinson, Rutherford, NJ) from clinically normal,
6-12 month-old beef calves. These animals were maintained at V.I.D.O. research

facilities at the University of Saskatchewan.

The H. somnus Bovine Experimental Model

A field isolate of H. somnus (HS25) was injected intravenously into 6-8 month-
old beef calves. (Harland er al., 1990; Schuh er al., 1991). The challenge dose
contained approximately 5X10’ colony forming units (CFU). Clinical signs occurring
after challenge included fever, depression, and polyarthritis. All the animals were
necropsied within a 14 day period. The challenge was fatal to 60%-70% of the calves
and the necropsy findings included meningitis, encephalitis (Gomis et al., 1993),
myocarditis, pericarditis, pneumonia, pleuritis and polyarthritis. This bovine H. somnus
model closely reproduced the clinical and pathological features of the disease as seen
in Western Canada.

For TNF, IFN-y, and IL-6 determination, blood samples were taken from 8
experimentally infected animals on each of days -5, -4, 0,1, 2, 3, 4, and 7 post-
infection.

Blood samples collected into vacutainer tubes (Becton Dickinson Vacutainer
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Systems, Rutherford, NJ) from 8 experimentally infected cattle with H. somnus were
centrifuged and the separated serum which was stored at -70C until the time of
Cytokine assays. Additionally, a sample of heparinized blood was obtained from same
experimentally infected cattle with H. somnus was infected by in vitro addition of H.
somnus and plasma samples were separated and stored at -70C until the time of

cytokine assays.

Whole-Blood Culture

The heparinized whole-blood cultures were set up in a volume of 3 ml in
polypropylene tubes (4.5 ml, Becton Dickinson, Rutherford, NJ), as previously
described (Yachie ez al., 1992). The cultures were maintained at 37C in an atmosphere
containing 5% CO, on a nutator (Clay Adams, Becton Dickinson Co, NJ). At the
beginning of the culture, live or killed H. somnus were added directly to the
heparinized whole blood at the ratio of 1:10 (white blood cell:H. somnus). After 0, 8,
and 24 h incubation with live or heat killed H. somnus, plasma was separated from the
cultured blood by centrifugation at 900 g at 4C for 10 min. The plasma was diluted
1:4 with minimum essential medium (MEM) (Gibco BRL, Life Technologies Inc.
Grand Island, NY) supplemented with 1% fetal bovine serum (heat inactivated) (Gibco
BRL, Life Technologies Inc. Grand Island, NY), and stored at -70C until the time of

cytokine assays.

IL-6 Bioassay

The IL-6 content of tested samples was assayed by monitoring the ability of the
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samples to cause proliferation of the IL-6-dependent mouse hybridoma cell line 7TD1
(American Type Culture Collection, Rockville, MD). Briefly, 7TD1 cells were
propagated in MEM supplemented with 2 ng/ml of recombinant human IL-6 rHuIL-6
(Genzyme Diagnostics, Cambridge, MA) in 25 cm? flasks (Coming, New York, NY).
This assay was conducted in flat bottom 96 well microtitre plates (Costar, Cambridge,
MA). Five thousand 7TD1 cells were cultured in microtitre wells in 100 u! of G-MEM
[MEM supplemented with 2 nM L-glutamine (Gibco BRL, Life Technologies Inc.
Grand Island, NY), 50 mM 2-mercaptoethanol (Sigma Chemical Co. St. Louis, MO),
25 mM Hepes (Gibco BRL, Life Technologies Inc. Grand Island, NY ), 1 mM Sodium
pyruate (Gibco BRL, Life Technologies Inc. Grand Istand, NY), 1% non essential
amino acids (Gibco BRL, Life Technologies Inc. Grand Island, NY), and 10% heat
inactivated fetal bovine serum (Gibco BRL, Life Technologies Inc. Grand Island, NY)].
Then 100 pl volumes of test culture Supernatants were added to the wells in duplicate,
and the plates were incubated for 96 h 37C in an atmosphere containing 5% CO,.
Dilutions of rHuIL-6 were included as the standard. After 96 h incubation, microtitre
plates were centrifuged for S min at 900 g, 100 ul of medium was removed, and 25
pl of 3-(4,5-dimethylthiazo1-2-y1)—2,5-diphenyltetrazolium bromide (MTT) (5 mg/ml
in phosphate buffered saline) (Sigma Chemical Co. St. Louis, MO) was added and
plates were incubated for 2 h at 37C in an atmosphere containing 5% CO, to allow
viable 7TD1 cells to reduce MTT to formazan. Then 100 pl of extraction buffer
containing SDS (sodium dodecyl sulphate) (Sigma Chemical Co. St. Louis, MO), and
N,N-dimethylformamide (Sigma Chemical Co. St. Louis, MO) (Hansen ez al., 1989)

were added to the microtitre wells and plates were incubated for 2 h at 37C in an
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atmosphere containing 5% CO, to dissolve the purple formazan precipitate. Formazan
produced by viable 7TD1 cells was quantified by measuring OD with wavelength of
595 nm (reference 655 nm) using an automated microtitre plate reader (Bio-Rad

Laboratories, model 3550, Richmond, CA).

TNF Bioassay

The activity of TNF-a0 in samples was determined by measuring their
cytotoxicity for murine connective tissue origin, fibroblast-like 1.929 (American Type
Culture Collection, Rockville, MD) cells as described previously by Havell (1989).
This assay was conducted in flat bottom 96 well microtitre plates (Costar, Cambridge,
MA). Briefly, 5X10* of 1929 cells in 100 ul of MEM were added to each microtite
well and incubated for 24 h at 37C in an atmosphere containing 5% CO,. Then the
media was removed from all wells and replaced with 100 Hl of MEM containing 10%
fetal bovine serum, and 2 pg/ml Actinomycin D (Sigma Chemical Co. St. Louis, MO).
As the next step, 100 pl of samples or standards were added to microtitre wells in
quadruplicate and incubated for 24 h at 37C in an atmosphere containing 5% CO,.
Recombinant bovine TNF-a (Genentech Inc., San Francisco, CA) was used as a
standard control. After 24 h incubation, 100 Kl of medium was removed and 25 pl of
MTT (5 mg/ml in phosphate buffered saline) was added and the plates were incubated
for 2 h at 37C in an atmosphere containing 5% CO, to allow viable L929 cells to
reduce MTT to formazan. Then 100 pl of extraction buffer containing SDS, and N,N-
dimethylformamide (Hansen ez al., 1989) were added to the microtitre wells and the

plates incubated for 2 h at 37C in an atmosphere containing 5% CO, to dissolve purple
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formazan precipitate. Formazan produced by viable 1.929 cells were quantitated by
measuring OD with wavelength of 595 nm using an automated microtitre plate reader

(Bio-Rad Laboratories, model 3550, Richmond, CA).

TNF Capture ELISA

The methodology used in this assay was previously described by Ellis ef al.
(1993). Briefly one hundred pl of mouse anti-TNF ascitic fluid (1D11-13) diluted
1/1000 in carbonate coating buffer (0.05 M sodium carbonate, pH 9.6) (BDH Inc.
Toronto, ON) were adsorbed to Immunolon-II plates (Dynatech Laboratories, Inc.,
Chantilly, VA) at 4C for 12 h. Then the plates were washed four times with distilled
water. One hundred pl of serial dilutions of serum samples or rBoTNF in FBS (Fetal
bovine serum) (standard) (Genentech Inc., San Francisco, CA) were added to each well
and incubated for 2 h in room temperature. After 2 h incubation, plates were washed
four times with distilled water and 100 pl/well of rabbit anti-TNF IgG diluted 1/1000
added as the detection antibody and plates were incubated 1 h at room temperature.
Plates were then washed four times in distilled water and goat anti-rabbit Alkaline
Phosphate Conjugate (Kirkegaard and Perry Laboratories Inc., Gaithersbury, MD)
diluted 1/5,000 in diluent was added (100 Hl/well) and incubated for 1 h at room
temperature. After four washes in distilled water, PNPP substrate (1 mg PNPP per ml
of 1% Diethanolamine with 0.5 mM MgCl,, pH 9.8) (Sigma Chemical Co. St. Louis,
MO) (100 pl/well) was added and plates were incubated at room temperature for 2 h.
After 2 h prior to stopping the reaction with 30 ul of 0.3M EDTA (Ph 8.0) (Sigma

Chemical Co. St. Louis, MO) and measuring OD at 405 (reference 495 nm) in a
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BioRad 3550 Microplate reader (BioRad, Richmond, CA).

IFN-y Capture ELISA

One hundred pl of mouse anti-rBolFN-y mAb (recombinant bovine IFN-y
monoclonal antibodies) diluted 1/4000 in carbonate coating buffer (0.05 M sodium
carbonate, pH 9.6) (BDH Inc. Toronto, ON) were adsorbed to Immunolon-II plates
(Dynatech Laboratories, Inc., Chantilly, VA) at 4C for 12 h. Then the plates were
washed six times with PBST (Phosphate buffered saline supplemented with 0.05%
Tween-20) (Fisher Scientific Co., Fairlawn, NJ) and samples (1:2 dilutions in PBST)
or standards in fetal bovine serum (heat inactivated) were added. Two hundred ul of
serial dilutions of rBoINF-y (from 2 ng/ml to - 10 ng/ml) (Ciba-Geigy, Basle,
Switzerland) were added to each well as the standard. Fetal bovine serum and empty
wells were used as negative controls and blanks, respectively. Then plates were
incubated at room temperature for 2 h. After 2 h incubation, plates were washed six
times with PBST and 100 pl/well of rabbit anti-IFN-y diluted 1/1000 in PBST-g (PBS
supplemented with 0.5% gelatin) was added as the detection antibody and plates were
incubated 1 h at room temperature. Plates were then washed six times in PBST and
biotinylated goat anti-rabbit IgG (Zymed, San Francisco, CA) diluted 1/10,000 in
PBST-g was added (100 Hl/well) and incubated for 1 h at room temperature. After six
washes in PBST, horseradish peroxidase-conjugated streptavidin-biotin complex
(Amersham, Arlington Height IL) diluted 1/2000 in PBST-g (100 pl/well) was added
and plates were incubated at room temperature for 1 h. Following six washes with

PBST, 100 pl of ABTS substrate (2,2'-Azino-di[ethyl-benzthiazolinsulfonate 6)]
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(Boehringer, Mannheim, Germany) was added and plates were incubated for 30 min
at room temperature prior to stopping the reaction with 50 ul of 10% SDS (Sigma
Chemical Co. St. Louis, MO) and measuring OD at 405 (reference 490 nm) in a

BioRad 3550 Microplate reader (BioRad, Richmond, CA).

RESULTS

Ex vivo production of TNF, IFN-Y, and IL-6 with the interaction of H.

somnus

No TNF was detected regardless of whether or not H. somnus was present.
When blood cultures were stimulated with live A. somnus, IFN-y (Fig. 1) and IL-6
(Fig. 2) became detectable at 8 h and were maintained at that level for up to 24 h.
With the addition of heat killed H. somnus, no IFN-yor IL-6 was detectable until 24

h.

Production of TNF, IFN-v, and IL-6 in Blood from Cattle Experimentally

Infected with H. somnus

Production of TNF, IFN-y or IL-6 was not found in serum of cattle
experimentally infected with H. somnus between 0 and 7 days post-infection. With in
vitro addition of H. somnus into whole blood cultures prepared from cattle
experimentally infected with H. somnus, TNF production was not detectable during the
24 h incubation period, but IFN-y reached a was detectable (Fig. 3). The ex vivo IFN-y
response to H. somnus in whole blood cultures was temporally inhibited in calves at

day 2 post-infection, the time when most of the death resulting (4 out of 8 calves died)
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from infection occurred, and recovered from day 3 with the maximal response seen on
day 7 post-infection. The course of IL-6 production (Fig. 4) followed a slightly
different pattern from that of IFN-y, in that the IL-6 response was inhibited in the
calves on days 1 and 2 post-infection, maximal on day 3 and then waned but

maintained at a substantial level throughout the experiment.

DISCUSSION

The objective of this study was to detect the endogenous TNF, IFN-v, and IL-6
response to H. somnus infection; (1) using serum samples of cattle experimentally
infected with H. somnus (in vivo) and (2) plasma samples following in vitro exposure
to H. somnus (ex vivo). Factors that might contribute to the differences of cytokine
profiles observed between in vivo and ex vivo results may include: presence or absence
of a bacteremic state in experimentally infected animals; differences in the length of
ime that leucocytes were exposed to H. somnus; the ratio of bacteria to leucocytes
within the animal; the potential availability of cytokine inhibitors in the circulation;
differences in magnitude of inflammatory mediators; or localization of these cytokines
in lesions in contrast to elevated levels in circulation.

The bacteremia of experimentally infected cattle with H. somnus follows a
multi-phasic pattern with unpredictable intervals between phases (Harland, R. personal
communication). Due to the unpredictable nature of bacteremia in this bovine animal
model, H. somnus might not have been available to interact with leucocytes to induce
cytokines in the blood. This possibility is supported by the observation that IFN-y and

IL-6 were produced after in vitro addition of H. somnus to the blood obtained from
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cattle experimentally infected with H. somnus. Thus, this rules out the possibility that
a dormant state was induced in leucocytes due to the interaction with A. somnus.
Undetectable TNF induction by H. somnus, both in vivo and ex vivo might be
associated with intracellular survival of H. somnus, since TNF is known to be a
activator of microbial killing mechanisms of macrophages. It is still a possibility that
transient induction of TNF in the early infection of H. somnus might have not been
detected in these experiments. Since both the bioassay and the capture ELISA were
unable to detect TNF in these experiments, it is unlikely that significant levels of TNF
were produced. It has been reported the ability of rBo-IFN-y to clear H. somnus
infection in experimentally infected cattle (Chiang et al., 1990). Production of IFN-y
might have been associated with the clearance of the H. somnus infection; this
possibility is supported by the correlation between temporary inhibition of IFN-y
production in calves at day 2 post-infection where highest mortality occurred.

The importance of these Cytokine profiles in relation to clearance of the
infection is not known. Since all eight of the experimental animals either died or were
euthanized for humane reasons between day 1 and 10 post-infection, it was not
possible to examine the cytokine profiles in recovered animals. Further, no recombinant
bovine cytokines were injected into these animals to evaluate potential recovery or
resistance to infection. However, during in vitro studies using rBoIFN-y or rBoTNF-q
to activate bovine blood monocytes and alveolar macrophages, these cells were not
able to kill intracellular H. somnus (chapter 4). Identification of cytokine profiles in
H. somnus hyperimmune or resistant animals following H. somnus inoculation might

be beneficial in understanding the immunological mechanisms important for disease
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resistance.
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Fig. 1: Production of IFN-y following in vitro addition of live H. somnus (L-
som) and killed H. somnus (K-som) into whole blood cultures from clinically normal
animals. H. somnus was added into whole blood cultures at the beginning of the assay
and plasma samples were collected at 0, 8, and 24 h. later for IFN-vY detection. No

IFN-y was detected in control cultures. Each value shown is mean and standard
deviation. (n=5)
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Fig. 2: Production of IL-6 following in vitro addition of live H. somnus (L-som)
and killed H. somnus (K-som) into whole blood cultures from clinically normal
animals. H. somnus was added into whole blood cultures at the beginning of the assay
and plasma samples were collected at 0, 8, and 24 h. later for IL-6 detection. No IL-6

was detected in control cultures. (n=5) Each value shown is mean and standard
deviation.
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Fig. 3: Production of IL-6 following in vitro addition of H. somnus into whole
blood cultures obtained from cattle experimentally infected with H. somnus. H. somnus
was added into whole blood cultures at the beginning of the assay and plasma samples
were collected at 8, and 24 h. later for IL-6 detection. Note the IL-6 response on day
2 post-infection where 4 out of 8 animals either died or euthanized. [0,8,and 24 h =
detection of IL-6 at 0, 8, and 24 h after in vitro addition of live H. somnus into whole
blood cultures] Each value shown is mean and standard deviation. (n=8)
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Fig. 4: Production of IFN-yfollowing in vitro addition of H. somnus into whole
blood cultures obtained from cattle experimentally infected with H. somnus. H. somnus
was added into whole blood cultures at the beginning of the assay and plasma samples
were collected at 8, and 24 h later for IFN-y detection. Note the IFN-Y response on day
2 post-infection where 4 out of 8 animals either died or euthanized. No IFN-y was
detected in control cultures at any of the sampling period. No IFN-y was detected at
0 h after in vitro addition of H. somnus into whole blood cultures. {0, 8, and 24 h =
detection of IFN-y at 0, 8, and 24 h after in vitro additon of live H. somnus into
whole blood cultures] Each value shown is mean and standard deviation. (n=8)
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7. SUMMARY AND CONCLUSIONS

The objective of this study was to investigate the interaction between BMP and
H. somnus. Broadly, four approaches were undertaken for the investigation of these
interactions. The first was to investigate the effect of H. somnus on phagocytosis by
BMP, both in vitro and ex vivo. The second approach was to investigate the bacterial
killing mechanisms of BMP following interaction with H. somnus. Recombinant bovine
cytokines including rBoIFN-y, rBoTNF-a, rBoGM-CSF, and rBoIL-1 B were used to
stimulate the macrophages in these in vitro studies. Ultrastructural studies and
bactericidal assays were conducted to investigate the intracellular survival kinetics of
H. somnus in BMP. The third approach was directed towards demonstrating
bactericidal ability of BMP following interaction with H. somnus. The fourth approach
was directed towards demonstrating the cytokine profile of BMP following interaction
with H. somnus.

To study the effect of H. somnus on phagocytosis by BMP, a flow cytometric
assay was developed. Using this in vitro system, it was found that logarithmically
growing H. somnus significantly inhibited the phagocytosis of opsonized S. qureus by
BAM obtained both from healthy calves and from catle experimentally infected with
H. somnus. However, neither heat- or formalin-killed, log-phase H. somnus, nor in
vitro passaged H. somnus had any effect on the phagocytic activity of these cells. In
contrast to BAM, BBM had a significant increase in their phagocytic activity following

in vitro exposure to logarithmically growing H.somnus. These results indicate that H.
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somnus has the ability to modulate the phagocytic function of both BBM and BAM.
The ability of H. somnus to modulate BAM/BBM phagocytic function may contribute
towards the pathogenesis of the disease.

The second approach was to study the mechanisms used by H. somnus to
survive and multiply within BMP. To study the interaction between BMP and H.
somnus, a colorimetric assay using MTT was developed to assess the survival of H.
somnus within cultured BBM. Using this system, it was found that: (1) H somnus was
able to survive within BBM in vitro, and the kinetics of its survival were similar to
that seen in BBM isolated from experimentally infected cattle; (2) treatment of BBM
with rBoIFN-v, rBoTNF-c, rBolL-1B, rBoGM-CSF and E. coli LPS had no significant
effect on the survival of H. somnus. Moreover, using ultrastructural studies, and *H
uracil incorporation into nucleic acids, it was also possible to confirm the survival of
H. somnus in BMP. The ability of H. somnus to survive and multiply in both freshly
isolated and cytokine treated BBM could be an explanation for chronic haemophilosis
since BMP could provide a shelter for this intracellular pathogen.

The third approach was to study the bactericidal ability of BMP following
interaction with H. somnus. Two in vitro assay systems were developed to detect NO
production and LDCL of BBM and BAM. H. somnus rapidly inhibited the LDCL of
BBM and BAM costimulated with opsonized Staphylococcus aureus. The kinetics of
the inhibitory effect of H. somnus on BBM and BAM LDCL were similar. Inhibition
of the LDCL response of BBM and BAM was not seen with either opsonized or killed
H. somnus. The ability of H. somnus to inhibit LDCL of both BBM and BAM may be

an important virulence mechanism that could contribute to the survival of the organism
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following ingestion by BMP. To study the kinetics of NO production by BMP, various
bovine recombinant cytokines and E. coli LPS were used. Recombinant BoIL-1pB and
E. coli LPS were better inducers of NO production by BBM and BAM than was
rBoGM-CSF. Both BBM and BAM were stimulated to produce NO after exposure to
H. somnus. Since H. somnus was able to survive intracellularly within BMP while
inducing NO, it is not known what advantage induction of NO production might have
for intracellular survival of H. somnus.

To determine the cytokines produced following the interaction of H. somnus
with leukocytes, a whole blood culture assay system was developed. Blood samples
from healthy calves were incubated with or without the presence of H. somnus for up
to 24 h. No tumor necrosis factor (TNF) was detected regardless of whether or not live
H. somnus was present. When stimulated with live . somnus, [FN-yand interleukin-6
IL-6 became detectable at 8 h and were maintained at a detectable level for up to 24
h whereas, with the simulation of heat killed . somnus no detectable level of [FN-y
or IL-6 was found at 8 h but these cytokines became detectable at 24 h. No detectable
TNF, IFN-y or IL-6 was found in serum of cartle experimentally infected with H.
somnus between 0 and 7 days post-infection. With in virro addidon of H. somnus into
whole blood cultures prepared from cattle experimentally infected with H. somnus,
TNF production was not detectable during the 24 h incubation period. In contrast, IFN-
Y reached a detectable level. In addition, the ex vivo IFN-v response to H. somnus in
whole blood cultures was inhibited in calves killed at day 2 post-infection, a time when
most deaths occurred as a result of the infection, and recovered from day 3 on with the

maximal response occurring on day 7 post-infection. The course of IL-6 production
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followed a slightly different pattern from that of IFN-Y, in that the IL-6 response was
inhibited in calves on days 1 and 2 post-infection, maximal on day 3 and then waned
but maintained at a substantial level throughout the remainder of the experiment. The
temporary inhibition of IFN-y and IL-6 on day 2 post-infection might be associated
with the poor ability of clearing the infection. Intracellular survival and multiplication
of H. somnus in BMP could be responsible for these cytokine profiles.

This study reconfirmed H. somnus as an intracellular pathogen of BMP using
ultrastructural studies, a colorimetric bactericidal assay and a *H uracil assay.
Ultrastructural studies demonstrated the membrane bound H. somnus in the cytoplasm
of both BBM and BAM. The phagosome-lysosome fusion was not studied to further
characterize the intracellular survival mechanism. The ability of unopsonized log and
stationary phase H. somnus to enter BMP might be important in dissemination of the
organism in the body and evasion from humoral immune system. Inhibition of the
LDCL response of both BBM and BAM by either logarithmically growing or
stationary phase H. somnus might be crucial for intracellular survival. Moreover, live
H. somnus alone induce a very low LDCL response compared to killed 4. somnus.
This difference might be associated with scavenging of reactive oxygen metabolites by
H. somnus, although H. somnus is a catalase negative organism. The mechanisms
involved with reduction of LDCL response of BMP were not studied.

This study explains the interaction of H. somnus with BMP to a certain extent.
Since an important control method for this disease syndrome is vaccination, it is
important to recognize the importance of both humoral and cell mediated immunity for

protection. Antibodies which are able to opsonize the pathogen may not be sufficient
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to prevent disease in this case, since it is an intracellular pathogen. The antibodies that
can interact with antigens of H. somnus which are important in intracellular survival
might be important for protection. Further studies are necessary to investigate the

virulence factors of H. somnus which are responsible for this intracellular survival.
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