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ABSTRACT

Vascular thrombosis and tissue
infarction is a principal lesion in
Haemophilus somnus septicemia
known also as thrombotic menin-
goencephalitis. This study was
undertaken to examine whether
tumor necrosis factor-a (TNF-a)
can influence the adherence of
H. somnus to cultured bovine aortic
endothelial cells (BAEC).

Confluent BAEC were exposed to
0-100 nM of human recombinant
TNF-a for 12-48 h. Suspensions of
different strains of H. somnus
(approximately 1.5-3 x 108) labelled
with [methyl-3H]-thymidine, were
added to BAEC and incubated for
1.5 h. Initial studies with one patho-
genic (P) strain and one non-
pathogenic (NP) strain revealed that
both strains adhered to normal
endothelial cells but minimally to
subendothelial matrix remaining
after removal of BAEC. Adherence
to BAEC was reduced by an excess
of unlabelled H. somnus of the same
strain. Adherence was enhanced for
both strains by exposure of BAEC to
TNF-a in a manner that increased
with TNF-a concentration and with
duration of exposure to TNF-a
prior to addition of bacteria. A sur-
vey of adherence of six live P strains
and six NP strains demonstrated
considerable variation but no differ-
ence in adherence between P and NP
strains to normal or to TNF-a-stim-
ulated BAEC. However, TNF-a con-
sistently increased adhesion of each
strain to BAEC. Both P and
NP strains caused more severe cyto-
toxic changes in TNF-a-treated
BAEC. Tumor necrosis factor-a

also increased adhesion of formalin-
killed bacteria of P and NP strains.
Killed bacteria did not cause cyto-
toxic changes in BAEC.
These studies demonstrate that

various strains of H.somnus adhere
to BAEC in culture and that adher-
ence is enhanced by exposure of
BAEC to TNF-a, but adherence does
not correlate with pathogenicity.
These studies suggest that intrinsic
adhesive properties of H. somnus to
BAEC do not explain clinical
pathogenicity, but provide evidence
that TNF-a might enhance bacterial
adhesion to vascular endothelium if
infection is established.

RESUME

Des thromboses vasculaires et des
infarcti tissulaires representent les
principales lesions retrouve'es lors
de septicemies 'a Haemophilus som-
nus aussi connues sous le nom de
meningo-encephalite thrombo-
embolique. Le but de la presente
etude etait de de'terminer si le fac-
teur de necrose tumorale a (TNF-a)
peut influencer l'adherence
d'H. somnus a des cellules endo-
theliales aortiques d'origine bovine
maintenue en culture.
Un tapis confluent de cellules

endotheliales a ete expose a
0-100 nM de TNF-a recombinant
humain pour une periode de 12 a
48 h. Des suspensions de differentes
souches d'H. somnus (contenant
approximativement 1.5-3 x 108 bac-
teries) marque'es "a la thymidine tri-
tiee ont ete ajoutees aux cellules
endotheliales et le tout incube'
durant 1.5 h. Les travaux prelimi-

naires ont montre qu'une souche
pathogene et une souche non-
pathogene ont adhere' aux cellules
endotheliales normales mais tres peu
a la matrice subendothe'liale.
L'adherence aux cellules endo-
the'liales a ete re'duite par l'addition
d'un exces de cellules d'H. somnus
non-marquees de la meme souche.
L'adherence des deux souches a ete
augmentee suite a une exposition des
cellules endotheliales au TNF-a;
cette augmentation e'tait dependante
de la concentration de TNF-a et de
la periode entre l'exposition des cel-
lules au TNF-a et l'addition des cel-
lules bacteriennes. Six souches
pathogienes et six souches non-
pathogenes ont montre un niveau
d'adherence variable, mais aucune
difference n'a ete notee entre
l'adhetrence des souches pathogenes
et celle des non-pathogenes.
Toutefois, le TNF-a a augmentet
l'adherence aux cellules endo-
the'liales de toutes les souches
testees. Toutes les souches ont
egalement montre des effets cyto-
toxiques plus severes chez les cel-
lules endothe'liales exposees au
TNF-a. Le TNF-a a aussi augmente
l'adherence des cellules bacteri-
ennes formolees. Les cellules bac-
te'riennes mortes n'ont pas cause'
d'effets cytotoxiques aux cellules
endotheliales.
Ces resultats demontrent que dif-

fe'rentes souches d'H. somnus
adherent aux cellules endotheliales
maintenues en culture et que cette
adherence est augmentee par une
exposition des cellules endotheliales
au TNF-a; aucune corre'lation entre
l'adherence et la pathogenicite des
souches n'a ete' observe'e. Les resul-

Department of Pathology, Ontario Veterinary College, University of Guelph, Guelph, Ontario NIG 2W1.
Reprint requests to Dr. M. A. Hayes.
This project was funded by the Medical Research Council of Canada, Ontario Ministry of Agriculture and Food, Agriculture Canada, and Bio-
Research Laboratories, Senneville, Quebec.
Submitted August 18, 1993.

CanJVetRes 1994; 58: 211-219 211



tats suggerent que les proprietes
d'adherence d'H. somnus n'expli-
quent pas la pathoge'nicite observee
en clinique, mais demontrent que le
TNF-a peut augmenter I'adherence
bacterienne a 1'endothelium vascu-
laire une fois l'infection etablie.
(Traduit par Dr Mario Jacques)

INTRODUCTION

Haemophilus somnus, a gram-
negative bacterial rod causes several
disease syndromes in cattle including
thrombotic meningoencephalitis (TME)
(1-4) following bacteremia/septicemia,
suppurative bronchopneumonia (3,5,6),
suppurative myocarditis (7), arthritis
(3,4), sporadic mastitis (8,9), and sup-
purative lesions in the reproductive
tract of cows (10). The lesions caused
by this organism in spontaneous (5) and
experimentally induced (11,12) pneu-
monia, and the experimental meningitis
induced after intracisternal (I/C) inocu-
lation into the cisterna magna of calves
(13), have been well characterized, but
the primary pathogenic mechanisms are
unclear. Pulmonary lesions found in
calves 24 h after intrabronchial inocula-
tion with a pneumonic strain of H. som-
nus, consisted of vasculitis, widespread
serofibrinous alveolar effusion, and
massive leukocytic infiltration with
degenerate macrophages and neu-
trophils (12). Phagocytosis of H. som-
nus caused degeneration of monocytes
but did not increase the release of
superoxide anions in bovine macro-
phages (14). Opsonized H. somnus were
readily ingested by bovine neutrophils
but were not killed and the potency of
the bactericidal respiratory burst was
reduced (15,16). These influences of
pathogenic strains of H. somnus on
phagocyte function likely contribute to
their successful establishment in the
systemic circulation, but other virulence
factors are probably also involved
(10,17).

Various observations suggest a role
for adherence of H. somnus to endo-
thelial cells (EC) in the pathogenesis
of thrombosis and vasculitis in TME.
The predominant lesion in sponta-
neous (1) and experimental TME
(18,19) is vasculitis and thrombosis.
Haemophilus somnus adhered to
endothelium of segments of bovine
carotid artery, and caused EC to

retract and expose subendothelial
matrix in intercellular spaces (20).
Similar effects occurred with several
strains of live but not dead H. somnus
in cultured bovine aortic endothelial
cells (BAEC) (21). Although H. som-
nus does not contain a polysaccharide
capsule or pili (22-24), it does adhere
to bovine endothelium (20), nasal tur-
binate cells (24), embryos with an
intact zona pellucida (25), and sper-
matozoa (26). These findings suggest
intrinsic adherence mechanisms of
H. somnus to EC and other cells but
the factors governing these responses
are unknown.

Stimulation of vascular endothe-
lium by various proinflammatory
cytokines such as interleukin- 1 (IL-1)
and tumor necrosis factor-a (TNF-ao)
or by bacterial endotoxin which acts
through IL-1 and TNF-a, can induce
expression of various leukocyte adhe-
sion receptors involved in adherence
and transendothelial migration of leu-
kocytes (27-30). Activated endothe-
lium has increased procoagulant
activity (27,31) and also serves as an
adhesive surface for blood borne
microorganisms; Candida albicans
expresses a protein functionally anal-
ogous to CD llb/CD 18 integrin, an
adhesin for attachment of neutrophils
to endothelial cells (32). Intercellular
adhesion molecule-I (ICAM-1), a
receptor for the adherence of leuko-
cytes (30), which is expressed on the
surface of activated endothelium, is
also a receptor for adhesion of Plas-
modium falciparum (33), and human
rhinovirus (34). Cytokine-mediated
expression of endothelial surface
molecules involved in adhesion of
bacteria such as H. somnus has not
been demonstrated.
The purpose of the present work

was to compare adhesion of represen-
tative pathogenic and nonpathogenic
isolates of H. somnus (13) to bovine
endothelium. Isolates of H. somnus
have been characterized as pathogenic
(P) or nonpathogenic (NP), depending
on the condition from which they
were isolated and their ability to
cause meningoencephalitis experi-
mentally in calves (10). Several fac-
tors of virulence have been proposed
(10,17) but their definitive role in the
contribution to the distinction between
pathogenic and nonpathogenic strains
has not been characterized. We com-

pared these P and NP strains with
respect to their adherence to cultured
bovine endothelial cells stimulated by
human recombinant TNF-a (hrTNF-a),
to determine if bacterial adherence
might be inducible by this macrophage-
derived cytokine which is implicated as
a cause of endothelial activation in var-
ious endotoxemic diseases (27), and to
determine if pathogenicity correlates
with enhanced adhesiveness to BAEC.

MATERIALS AND METHODS

BACTERIAL SUSPENSION

Two genital strains of H. somnus
were selected in the first stage of this
work, a pathogenic (P) strain, 88159,
which causes meningitis in calves in
an intracisternal (I/C) assay, and a
nonpathogenic (NP) strain, 88541,
which does not (13). Subsequently,
six additional P strains and six NP
strains were used in assays of adher-
ence to cultured BAEC. These strains
were stored in aliquoted frozen egg
yolk of five to seven day old embry-
onating chicks at -70°C. Portions of
the egg yolk were plated on a solid
medium with 7% bovine blood
enriched with brain heart infusion
yeast extract (BHI-agar) (13),
cultured for 16-20 h, at 37°C and
5% CO2 in a humid atmosphere. A
number of colonies were scraped from
each agar plate and suspended
separately in plastic sterile tubes
17 X 100 mm (Fisher Scientific Ltd.,
Whitby, Ontario) containing 2 mL of
a defined medium designed for grow-
ing H. somnus (35) supplemented
with 40 pCi (148 MBq) of [methyl-
3H]-thymidine with specific activity
of 70-85 Ci/mM (ICN Biomedicals
Inc., Irvine, California). The log
phase of the bacterial growth occurred
within the period of 4.5 h in culture.
The bacterial suspension at 4.5 h was
then centrifuged at 10,000 X g for 5
min, the supernatant removed and the
pellet resuspended, and washed three
times in warm HBSS, and adjusted to
A625 nm = 0.3. This was equivalent to
6.1 ± 2.2 x 108 CFU/mL for strain
88159 (P) and 3.6 ± 0.7 x 108/mL for
strain 88541 (NP) subsequently deter-
mined by plate counts. The rate of
incorporation of [methyl-3H]-thymi-
dine (3H-TdR) by bacteria was deter-
mined for each suspension sampled in
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triplicate by liquid scintillation count-
ing. The average specific activity of
incorporated 3H-TdR of bacterial sus-
pensions was 4.24 (± 1.4) x 105 dpm/
absorption unit, it varied between
strains and between experiments for
each of the assayed strains. Suspen-
sions of each strain were added for
endothelial adherence studies (see
below).

ENDOTHELIAL CULTURE

Endothelial cells were isolated
from the aorta of an adult steer by col-
lagenase digestion in a method
described previously (36) and main-
tained in Medium 199 with Hanks'
salts supplemented with aminoacids,
vitamins, penicillin 100 IU/mL, strep-
tomycin 100 mg/mL, 10% heat inacti-
vated (56°C for 60 min) fetal bovine
serum, 10% heat inactivated (56°C,
1 h) calf serum (Gibco BRL, Bur-
lington, Ontario), and 20 mM N-2-
hydroxyethylpiperazine-N'-2-ethane
sulfonic acid (HEPES, Gibco BRL)
with pH 7.4 (37). Bovine aortic
endothelial cells were identified by
their cobblestone appearance in con-
fluent culture, expression of von
Willebrand factor in an indirect fluo-
rescent antibody assay (38), and inter-
nalization of fluorescein-labelled
acetylated low density lipoprotein
(39). Endothelial cells passaged 5 to
15 times were harvested with trypsin-
EDTA and seeded into 24-well tissue
culture plates (Corning, New York),
4 X 105 cells per well and grown to
confluency within two days. The
medium was then removed and mono-
layers washed three times with warm
Hanks' balanced salt solution (HBSS,
Gibco BRL) with 20 mM HEPES.
Cells were cultured in a medium (0.5
mL) as above but devoid of antibi-
otics and calf serum. Human recombi-
nant TNF-a (a gift of Genentech Inc.,
San Francisco, California), was added
(0-100 nM) to confluent monolayers
and incubated for 12, 24 and 48 h.
Each concentration of TNF-a and
medium with no TNF-a were added to
wells in quadruplicate for each of two
bacterial strains examined.

ASSAY OF BACTERIAL ADHERENCE

At the end of the various periods of
incubation, the medium was removed
from monolayers and 0.5 mL of a sus-
pension of 3H-labelled H. somnus,

TABLE I. Specific activity of strains of H. somnus labelled with 3H-thymidine in standardized
suspensions (A62 = 0.3) of 0.5 mL used for the endothelial adherence assay

Counts per minute
Strain
number
88159
88541
70986
88546
87121531
8711337
8712155
43826
88318
885104
26-16
88514
8851018
S-20

average
162438
108279
145108
91533
124037
86730
137182
187751
150961
92742
99749
223054
71398
116683

adjusted to A625 nm = 0.3 was added
and incubated for 1.5 h at 3°C, 5%
CO2 and 85% relative humidity. Then,
the supernatant was removed and the
monolayers were washed three times
with 0.5 mL of warm HBSS, to
remove unattached bacteria. The
plates were then agitated with 1 mL of
IN NaOH on a rotating shaker for
approximately 15 h. The solubilized
content of the wells was diluted with
1 mL of distilled water and then
0.5 mL sampled for scintillation
counting. The samples of the bacterial
suspensions and of the solubilized
monolayers were added to EcoLite(+)
scintillation cocktail (ICN Bio-
medicals Inc.) and the amount of
radioactivity determined in a
Beckman® LS-3133 scintillation
counter (Beckman Instruments Inc.,
Irvine, California). The amount of
radioactivity in the endothelial solubi-
lizate in each of four wells was deter-
mined and expressed as a percentage
of total radioactivity added in the ini-
tial bacterial suspension to calculate
percentage of attachment according to
the following formula: % adherence =
(cpm well solubilizate X 4a x
0.75b/cpm added x 10c) X 100; where
a indicates 0.5 mL sampled from 2 mL
of the solubilizate, b is a coefficient
indicating quenching of radioactivity
counted in the sample of 0.5 mL as
compared with the sample of 50 ,uL,
and c indicates volume of 50 ,uL sam-
pled from the volume of 0.5 mL of
bacterial suspension added to each
well. The experiments for each of four
concentrations of TNF-ax and each of
three incubation times were repeated

stand. dev.
34634
25641
26484
26391
8294
20317
18697
70342
53335
4858
11463
35187
17976
8864

Number
experiments

31
31
3
3
3
3
3
3
3
3
3
3
3
3

twice. The mean percent attachment
values from each of three experiments
were then expressed as the mean with
standard deviation (SD) in the figures
presented.

MORPHOLOGICAL EVALUATION

Endothelial monolayers with or
without preexposure to TNF-a, were
cultured with strains 88541 and 88159
for 1.5 h, washed with HBSS, fixed
with 1 mL of 10% buffered formalde-
hyde and photographed using a Nikon
Diaphot inverted microscope with
FE2 Nikon camera (Nikon Kogaku
K.K., Tokyo, Japan).

ATTACHMENT OF H. SOMNUS TO
SUBENDOTHELAL MATRIX

Confluent EC after two days of cul-
ture in the absence of TNF-ct were
nonenzymatically removed from the
substrate with Dulbecco's PBS free of
Ca2+ and Mg2+ (Gibco BRL) containing
2 mM EDTA. Adhesion of both iso-
lates of H. somnus to residual sub-
endothelial matrix was then assayed, as
above, to estimate the requirement for
intact endothelial cells for attachment.

COMPETITION FOR ADHERENCE BY
UNLABELLED H. SOMNUS

Adherence of H. somnus strains to
BAEC untreated or treated with
10 nM TNF-ot for 48 h was evaluated
in the presence or absence of 20 X 101
CFU of unlabelled H. somnus in 0.5
mL of HBSS combined with 0.5 mL
of the standard inoculum of radiola-
belled bacteria to determine if adher-
ence of radiolabelled organisms was
saturable.

213



Fig. 1. Bovine aortic endothelial cells inoculated with an adjusted suspension, A625 nm= 0.3, of
live (A, B, C) and killed with formalin (D, E, F) pathogenic strain 88159 of H. somnus for
1.5 h. BAEC exposed to 0 (A, D), 10 (B, E), and 100 nM (C, F) of human recombinant tumor
necrosis factor-a for 48 h. Bar 142 mm.

ATTACHMENT OF FORMALINIZED
H. SOMNUS TO BAEC

Haemophilus somnus bacterial sus-
pensions of strains 88541 and 88159
were killed with buffered formalde-
hyde (0.5%, pH 7.4) by incubation on
the rotating shaker (180 rpm for 1 h).

The suspensions were then cen-
trifuged, washed, optical density
adjusted as described before, and
promptly used in the adherence assay.
Bacterial killing was confirmed by
absence of colony growth after plat-
ing 50 ,uL of the adjusted suspension

on the BHI-agar for two days. The
sampling for the scintillation counting
and calculation of the proportion of
adherence were performed on tripli-
cate experiments as described above.
Representative assayed monolayers
were fixed in 10% formaldehyde and
photographed.

ADHERENCE OF VARIOUS STRAINS OF
H. SOMNUS TO BAEC

Twelve additional strains of
H. somnus including six pathogenic
and six nonpathogenic isolates, deter-
mined previously by I/C inoculation
in calves (13,21,40), were cultured,
radiolabelled, adjusted to A625 = 0.3 in
suspension, and assayed for attach-
ment to BAEC treated with 0 or
10 nM TNF-ot for 48 h as described
above. These strains included: 43826
(P) isolated from the brain of a case of
TME (19), 70986 (P) isolated from
H. somnus pneumonia (41), 26-16
(NP) isolated from a normal prepuce
(42), S-20 (NP) isolated from semen
(42), and eight strains isolated from
the reproductive tract of cows;
namely 8711337 (P), 8712155 (P),
87121531 (NP), 88318 (P), 88546
(NP), 885514 (NP), 885104 (P), and
8851018 (NP) (13). The experiments
for each strain were performed in trip-
licate. Measurements and calculations
of the radioactivity added and recov-
ered, and percentage of adherence
were performed as described above
(Table I).

STATISTICAL ANALYSIS

Mean percent of bacterial adher-
ence values were compared by analy-
sis of variance using SuperAnova®
software (Abacus Concepts, Inc.,
Berkeley, California).

RESULTS

ADHERENCE OF TWO LIVE STRAINS OF
H. SOMNUS TO BAEC

Treatment of BAEC with 1 nM con-
centration of TNF-ot or higher for
24 h or 48 h caused the cells to
acquire a fusiform appearance and
long, slender, frequently overlapping
processes (43), which was more pro-
minent at 48 h of incubation. When
incubated with 100 nM TNF-ao for
48 h, the cells had small blebs and
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Influence of TNF-alpha on Adherence
of H. somnus

20
0 strain 88541 (NP)

e15 strain 88159 (P)

0

U

9I*

aI

I
I

0 0.1 1 10 100

concentration of TNF-alpha (nM)
Fig. 2. Adherence of two live strains of H. somnus 88159 (P) and 88541 (NP) to BAEC after
1.5 h of incubation. BAEC had been exposed to 0, 0.1, 1, 10, and 100 nM of hrTNF-a for 12
(A), 24 (B), and 48 h (C). P strain adhered more than NP strain when the adherence in all
tested concentrations of TNF was compared (p < 0.0001) as analyzed by two factor ANOVA.

were moderately retracted revealing
intercellular spaces. After the incuba-
tion with either strain of H. somnus,
88159 (P) or 88541 (NP), for 1.5 h the
endothelial monolayers, in the
absence of TNF-a, had vacuolated
cytoplasm and occasional, scattered
blebs. By comparison, the monolayers
pretreated with TNF-ao had more pro-
nounced degrees of cellular blebbing
and retraction of the cell borders with
formation of intercellular spaces, and
scattered karyorrhexic cells after
incubation with live H. somnus for
1.5 h. These changes increased in
severity with the concentration of
TNF-a (Fig. 1 A, B, C) and the dura-

tion of exposure to TNF-a before the
addition of bacteria.
Viewed under the light microscope,

single or chains of bacterial rods were
observed attached randomly to the
surface of endothelial cells and some
bacteria were present in the intercel-
lular spaces (Fig. IC, IF). Bacterial
organisms of strain 88159 (P) were
more numerous than of strain 88541
(NP).
The quantitative results of adher-

ence of live 3H-labelled H. somnus of
both strains to BAEC are presented in
Fig. 2. Adherence to control monolay-
ers (no TNF-a) by strain 88159 (P)
was greater than for strain 88541 (NP)

0

L.

0

m
co

0-

4

2

J 88541 (NP)
Ei 88159(P)

.rL-
BAECs BAEC matrix

Fig. 3. Adherence, after 1.5 h of incubation
of two strains, 88159 (P) and 88541 (NP) of
H. somnus to BAEC (TNF untreated) and
subendothelial matrix prepared by removing
untreated confluent BAEC with PBS without
Ca2+ and Mg2' supplemented with 2 mM
EDTA. Adherence of P and NP strains to
BAEC was higher than to BAEC matrix
(p < 0.0001) as analyzed by two factor
ANOVA.

(Fig. 2). These values are expressed
as a percentage of organisms inocu-
lated and are corrected for the num-
bers of CFU added to the cultures.
This difference in rates of adhesion to
control monolayers was evident at all
durations of culture of BAEC with
TNF-a (12-48 h) (Fig. 2). Concentra-
tions of TNF-a above 1 nM increased
adhesion of both strains, the percent-
ages of which were greater after 24 or
48 h of exposure of BAEC to TNF-ot
(Fig. 2). Adherence to monolayers
treated with 100 nM TNF-a likely has
been reduced (Fig. 2) due to retraction
of EC and a concommitant reduction
in available endothelial surface
(Fig. IC, IF).

Confluent BAEC, not treated with
TNF-ot, were nonenzymatically
removed from the substrate to evalu-
ate adhesion of H. somnus to suben-
dothelial matrix. In these experi-
ments, rates of adhesion were much
lower and similar for both strains
(Fig. 3), suggesting that the higher
rates of adhesion in the presence of
BAEC is due to adhesion to BAEC
rather than to exposed subendothelial
matrix. Adherence rates to suben-
dothelial matrix were 0.85 ± 0.02%
for 88159 (P) and 0.91 ± 0.03% for
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O Labeled H. somnus
0 Labeled H. somnus + 20x excess unlabeled H. somnus Influence of TNF-alpha on Adherence of

Formalinized H. somnus

10
S
0

S
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1S

z z
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U.

z c_
o ~~~00L c

Fig. 4. Adherence of two strains, 88159 (P)
and 88541 (NP) of H. somnus after 1.5 h
incubation to BAEC which had been exposed
to 0 and 10 nM hrTNF-a for 48 h. Adherence
of 3H-TdR-labelled standard bacterial inocu-
lum, A62,nm= 0.3 (108 CFU) is compared with
the same inoculum supplemented with
20 X 10' CFU of unlabelled bacteria.
Addition of excess unlabelled H. somnus
decreased the adherence of labelled bacteria,
and treatment with TNF-a increased bacte-
rial adherence (p < 0.0001) as analyzed by
two factor ANOVA.

88541 (NP) (n = 2) (Fig. 3). Adher-
ence of both strains to BAEC appeared
to be saturable. Addition of 109 CFU
of unlabelled organisms to control
monolayers (no TNF-a), resulted in
lower percentages of adhesion of radi-
olabelled H. somnus, namely 2.3 ±
0.4% for 88159 (P) and 0.8 ± 0.2% for
88541 (NP) (n = 2). Adherence of
radiolabelled H. somnus to BAEC cul-
tured with TNF-ao (10 nM, 48 h) was
also reduced by addition of 20 X
108 CFU of unlabelled H. somnus for
each strain (Fig. 4).

ADHERENCE OF FORMALINIZED
H. SOMNUS TO BAEC

Formalin-killed organisms of the
strain 88159 (P) adhered in higher
numbers than of the strain 88541
(NP). Adherence of killed organisms
(88159) (P) to BAEC treated with
TNF-a for 48 h increased in a concen-
tration dependent manner (Fig. 5),
which was essentially similar to
adherence of live organisms (see
Fig. 2). A similar but less pronounced
increase in adherence of the formalin-
killed strain 88541 (NP) was observed
in monolayers treated with up to
100 nM TNF-ao for 48 h (Fig. 5).

U

I-

q.O

O Strain 88541 (NM
* Strain 88159 (P)

2

15 J

20 0 0.1 1 10 100

I

5

10-

0 0.1 1 10 100

Concentration of TNF-alpha (nM)
I'ig. 5. Adherence of two strains 88159 (P) and 88541 (NP) of formalin-killed H. somnus to
BAEC after 1.5 h of incubation. BAEC had been exposed to 0, 0.1, 1, 10, and 100 nM hrTNF-a
for 12, 24, and 48 h. P strain adhered more than NP strain when adherence in all tested con-
centrations of TNF-a was compared (p < 0.0001) as analyzed by two factor ANOVA.

ADHERENCE OF VARIOUS STRAINS OF
H. SOMNUS TO BAEC

All strains adhered more to enido-
thelial monolayers treated with 10 nM
TNF-ot for 48 h than to BAEC not
exposed to TNF-ot (Fig. 6). All strains
caused marked cytotoxic morphologi-
cal changes in BAEC exposed to
TNF-a and negligible or mild changes
in TNF-ox-untreated BAEC similar to
already described changes caused by
strains 88541 (NP) and 88159 (P).
However, there was no indication that
the pathogenic strains were more
adherent to control or TNF-ot-exposed
BAEC than were the nonpathogenic
strains.

DISCUSSION

We have demonstrated in this work
that H. somnus, a common bovine
pathogen, adheres to BAEC in vitro

and this adherence is enhanced by
pretreatment of endothelium with
hrTNF-ot. These studies do not
explain the molecular basis for this
adherence, nor do they indicate that
the intrinsic adherence properties of
H. somnus organisms demonstrated in
this model is a basis for virulence of
the pathogenic isolates studied.
However, the results are consistent
with the hypothesis that TNF-ax medi-
ates increased adherence of all strains
of H. somnus to BAEC. The adher-
ence of H. somnus to BAEC increased
as the concentration and time of expo-
sure of these cells to TNF-ot
increased. Adherence of H. somnus to
dishes with exposed subendothelial
matrix prepared by nonenzymatic
removal of BAEC was substantially
lower than observed in the presence
of BAEC, suggesting that the adhe-
sion observed is to EC rather than to
intercellular. spaces. When a 20X
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excess of unlabelled organisms were
added with the standard inoculum of
radiolabelled bacteria, adherence
of the radiolabelled H. somnus
decreased, consistent with competi-
tion by unlabelled organisms for sat-
urable binding sites of H. somnus on
BAEC. Two strains killed with forma-
lin adhered to BAEC in a fashion
essentially similar to that observed in
adherence of live strains. The
adhesins involved in attachment to
cultured BAEC in these experiments
are not known. The results suggest
however, that the adhesive properties
are present in formalin-killed H. somn-
nus, because TNF-a-dependent and
time-dependent adhesion of killed
bacteria resembled that observed for
live organisms.

In BAEC, live strains of H. somnus
caused toxic morphological changes,
the severity of which increased with
increased concentration and duration
of TNF-ot exposure (Fig. I). Such
morphological changes were not
induced by eight P and eight NP iso-
lates in the absence of TNF-ot, nor in
TNF-a-exposed BAEC incubated
with formalin killed H. somnus.
Mechanisms by which TNF augments
cellular toxicity of live H. somnus are
unknown.

Since TNF-a enhanced the adher-
ence of H. somnus to BAEC, it is pos-
sible that monocyte-derived TNF-a
might be involved in procoagulant
activation of endothelium and micro-
vascular injury during H. somnus bac-
teremia. However, this interpretation
is subject to some possible limitations
in the model used. In our studies,
hrTNF-a was used rather than bovine
TNF-ao. Definitive evidence for a role
of leukocyte-derived TNF-ot in the
pathogenesis of microvascular injury
in H. somnus septicemia will require
demonstration that pathogenic strains
induce bovine monocytes to generate
larger and cytotoxic concentrations of
TNF-a. Other endothelium activating
cytokines (27-29,31) might also play
an important role in the process of
H. somnus cytotoxicity in vivo. Also,
the present observations relate to bac-
terial adherence to endothelium of
large vessels, however, other micro-
vascular endothelial cells need to be
evaluated to more clearly define the
role of endothelial adherence of
H. somnus in TME in vivo.

Adherence of 12 strains of
H. somnus to BAEC
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Fig. 6. Adherence of 12 various isolates of H.
treated with 0 and 10 nM hrTNF-a for 48 h.

There is some evidence that
H. somnus does adhere to other cells.
This organism is not encapsulated and
does not have pili or fimbriae
(22-24), but it can adhere to zona
pellucida-intact bovine embryos (25),
bovine spermatozoae (26), and the
endothelium of bovine aortic explants
(20). Surface receptors for the Fc
fragment of immunoglobulins (Ig)
have been suggested to be important
in the interaction of H. somnus with
bovine cells (17,44,45). Haemophilus
somnus in immune complexes involv-
ing specific anti-H. somnus IgG and
fragment Cl of complement are
implicated in adhesion to bovine sper-
matozoa (46). In our model, adhesion
of H. somnus was measured in the
presence of 10% fetal bovine serum
which might contain Ig or other pro-
teins involved in H. somnus adhesion.
A capsule-deficient isolate of

Haemophilus influenzae type b
adhered more to human umbilical

somnus after 1.5 h of incubation to BAEC

vein endothelial cells (HUVEC) than
a capsulated isolate in one study (47).
The adherence of Staphylococcus
aureus, to cultured human (48), and
bovine (49) endothelium, was found
to be facilitated by multiple bacterial
proteins (50) and a component spe-
cific for S. aureus binding to HUVEC
has been recently identified (51). The
attachment of S. aureus to HUVEC
was enhanced in the presence of fib-
rinogen (52) and to BAEC in the pres-
ence of fibronectin (53). Although the
adherence of S. aureus did not
increase after stimulation of HUVEC
by lipopolysaccharide (LPS) or inter-
leukin-1 (IL-1) in one study (54), both
these mediators of inflammation
increased this adherence in another,
differently designed study (55).
Recombinant human tumor necrosis
factor-ot increased adherence of
S. aureus to HUVEC but the presence
of plasma was a prerequisite for this
increase to occur (56). Among
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gram-negative bacterial pathogens
capable of causing septicemia, a
strain of Salmonella minnesota has
been found to adhere to bovine pul-
monary endothelial cells (BPEC) and
Clq component of complement
increased this adherence (57).
The evidence of adherence of

H. somnus to BAEC and enhancement
of this adherence by TNF-a may sug-
gest the direction of future research
on pathogenicity of this organism
towards investigation of specific
interactions of H. somnus with vascu-
lar endothelium involving bacterial
and cellular receptors. The role of
cytokines in this putative interaction
should also be addressed.
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