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Group B streptococci (GBS) are the leading cause of pneu-
monia and sepsis in human newborns. Exudative pulmonary
edema and alveolar hemorrhage seen in GBS pneumonia indicate
vascular damage, and we reported that GBS injure lung micro-
vascular endothelial cells (LMvEC) both in vivo and in vitro. The
specific GBS factors causing LMVEC injury are uncertain, but
GBS B-hemolysin activity is associated with lung epithelial cell
injury. We hypothesized that GBS B-hemolysin contributes to
LMVEC injury and exudative pulmonary edema. To test this
hypothesis we used isogenic nonhemolytic and hyperhemolytic
GBS mutants derived by transposon insertional mutagenesis
from three different wild-type strains. Hemolytic titers for each
strain were calculated using live GBS and Tween 80/starch-
stabilized extracts of log-phase GBS. All nonhemolytic mutants
lacked detectable hemolytic activity, whereas hyperhemolytic
mutants produced 4-16 times the hemolytic activity of their
parent strains. LMVEC injury was assayed by light microscopy,
the release of lactate dehydrogenase, trypan blue nuclear stain-
ing, and Evans blue-albumin flux. Compared with the parent
strains, all nonhemolytic mutants caused significantly reduced,
and all hyperhemolytic mutants caused significantly greater,
lactate dehydrogenase release from and trypan blue nuclear

staining of LMVEC. Moreover, a nonhemolytic mutant caused
reduced and a hyperhemolytic mutant caused increased Evans-
blue albumin flux across polar LMVEC monolayers. These find-
ings were corroborated by light microscopic evidence of hemo-
lysin-associated damage to the LMvVEC monolayers. We
conclude that GBS B-hemolysin promotes LMVEC injury and
increases permeability in vitro, and speculate that GBS B-hemo-
lysin contributes to the pathogenesis of alveolar edema and
hemorrhage in early onset GBS pneumonia. (Pediatr Res 45:
626634, 1999)

Abbreviations
GBS, group B streptococcus
HT, hemolytic titer
HH, hyperhemolytic
L.DH, lactate dehydrogenase
LMVEC, lung microvascular endothelial cells
MOI, multiplicity of infection
NH, nonhemolytic
OD, optical density
LTA, lipotechoic acid
LD, median lethal dose

GBS are the most common pathogen in neonatal sepsis and
pneumonia with an incidence of 1.8 to 3.2 cases/1000 live
births (1, 2). Early onset GBS disease is associated with
significant morbidity and mortality, especially in premature
infants (1-3). The primary portal of GBS entry into the neonate
appears to be the lung after aspiration of infected amniotic or
vaginal fluid (4-10). Multilobar pneumonia occurs in the
majority of early onset cases with alveolar infiltrates and
variable degrees of lung damage (7-10). GBS-induced lung
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endothelial cell injury is suggested by bacterial invasion into
the lung capillaries, alveolar/interstitial hemorrhage, protein-
rich pulmonary edema (4, 7-10), and ultrastructural findings of
lung capillary endothelial cell injury in some animal models of
GBS sepsis (11).

We previously reported that GBS can invade and injure
primary LMVEC in tissue culture and in a newborn primate
model of early onset disease (12). The GBS virulence factors
that promote LMVEC invasion and injury are uncertain, and the
precise relationship between GBS invasion and LMVEC injury
is not yet clear. As the extent of LMVEC injury is not propor-
tional to the extent of GBS invasion (12), other virulence
attributes of GBS are likely to play a major role in LMVEC
injury.

Although 98-99% of GBS clinical isolates cause -hemo-
lysis when cultured on sheep blood agar (1, 13), the role of
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B-hemolysin in GBS pathogenesis is only beginning to be
defined. Attempts to isolate and characterize the GBS B-he-
molysin have been thwarted by its instability and requirement
for high molecular weight stabilizers (14-17). Hemolytic ac-
tivity is not secreted into culture media in a stable form, but can
be isolated from log-phase GBS culture supernatants in the
presence of starch, albumin, or certain detergents (14-17).
This stabilized, secreted form of GBS B-hemolysin is thermo-
labile, sensitive to the protease subtilisin, and inactivated by a
variety of phospholipids (14-18).

There are limited data on the role of GBS B-hemolysin in
lung injury. Recently, we reported that GBS B-hemolysin
injures cultured A549 cells, a lung epithelial cell line (18). This
B-hemolysin—induced injury is inhibited by the major phos-
pholipid in lung surfactant, providing a rationale for increased
incidence of GBS-induced lung injury in premature infants (16,
18). In a neonatal rat model of pneumonia, chemical mutants
devoid of B-hemolysin were less virulent and HH mutants were
more virulent than the parent GBS strain (19, 20). Hemolysin
extracts were shown to cause increased release of B-glucuron-
idase into lavage fluid compared with control mice inoculated
with buffer alone (19). These data suggested a potential role for
B-hemolysin in GBS-induced lung injury.

We hypothesize that GBS B-hemolysin promotes LMVEC
injury and loss of vascular integrity. In this study, we use
transposon-derived, isogenic NH and HH mutants to test the
role of B-hemotysin in GBS-induced injury to primary cultures
of LMVEC. Our data show that the degree of S-hemolysin
expression directly correlates with the extent of LMVEC injury
and the amount of albumin flux across polar LMVEC mono-
layers.

METHODS

Bacterial strains. We used isogenic NH and HH mutants
derived by transposon insertional mutagenesis from three GBS
clinical isolates (Table 1). Prior Southern blot analysis showed
that all mutants contained a single transposon insertion (18),
except NH mutants COH31-C5 and COH31-C12, which pos-
sess two insertions (21). The latter two mutants share a com-
mon insertion that maps to the same genetic locus as the
transposon insertion in NH mutant COH1-20 (20). The labo-
ratory Escherichia coli strain, DH5¢, was used as a noninva-
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sive control for the invasion assays (22). All bacteria were
grown to mid-log phase in Todd-Hewitt broth (THB) to an OD
of 0.4 at 600 nm (equal to ~ 108 cfu/mL), pelleted, washed, and
resuspended in RPMI media for immediate use in tissue culture
assays.

Phenotypic characterization of GBS mutants. All wild-type
and mutant strains were tested for group B antigen expression
by latex agglutination (Streptex, Glaxo-Wellcome, London,
U.K.), logarithmic growth in THB and RPMI + 1% FCS
media by OD assay, production of CAMP factor on blood agar,
and biochemical profile using the API 20 Strep identification
kit (bioMerieux, St. Louis, MO) (18). Hyaluronidase produc-
tion was tested by plating 2 uL of stationary cultures on brain,
heart, infusion (BHI) agar containing 400 upg/mL hyaluronic
acid (Sigma Chemical Co., St. Louis, MO) and measuring the
diameter of the zone of clearing after overnight incubation at
37°C (23).

Lung microvascular endothelial cell culture. Primary piglet
LMVEC (passage <3) were isolated and characterized as pre-
viously described (Cell Systems Corporation, Kirkland, WA)
(12). Frozen aliquots of cells were grown to confluence on
24-well plates in serum-free defined CS-1 media with 50
pg/mL CS-GF-1 (~10° cells/well) (Cell Systems Corporation,
Kirkland, WA). Primary human lung microvascular endothelial
cells (HMVEC-L, catalog #mL-2527) were obtained from
Clonetics Corp. (San Diego, CA). These were grown to con-
fluence in EGM-2 media (Clonetics) on 4-well glass chamber
slides (Nunc, Inc., Naperville, IL) precoated with rat tail
collagen. Twenty-four hours before inoculation with bacteria,
the cell monolayers were washed and fresh RPMI+1% FCS
added to each well (2 mL for 24-well plates, 400 mL for 4-well
chamber slides).

Lung endothelial cell invasion assays. A subset of NH and
HH mutants were tested for LMVEC invasion as previously
described (12). The assay is based on the lack of intracellular
accumulation of gentamicin and penicillin in eukaryotic cells,
such that extracellular bacteria are killed while intracellular
bacteria survive and can be enumerated in cell lysates. Mid-log
phase bacteria were inoculated onto confluent LMVEC mono-
layers at an MOI of 10 bacteria to 1 cell (10° cfu/10° cells), and
then incubated at 37°C in 5% CO, for 2 h (five wells per
experimental condition). The monolayers were washed, and

Table 1. Characteristics of isogenic GBS strains and hemolysin extracts

No. of Hemolytic Hemolytic
transposon titer live titer
Strain Serotype/mutation insertions Ref. bacteria extract
COH-1 Type U1 clinical isolate 0 (26) 1 1
COH1-20 Tn916AE mutant 1 (18, 26) 0 0
COH-IN-40 Tn916AE mutant 1 (18, 26) 32 16-32
COH 31 /s Type 1T clinical isolate 0 27) 2-4 4
COH31-C5 Tn916 mutant 2% (18,21) 0 0
COH31-C12 Tn916 mutant 2% (18,21) 0 0
COH31-C35 Tn916 mutant 1 (18,21) 16 32
A909 Type Ia clinical isolate 0 (28) 4 4
A909-NH2 Tn917 mutant 1 (18, 28) 0 0
A9%09-HH4 Tn917 mutant 1 (18, 28) 16 32

For all assays of HT using live GBS or extracts, the inoculum and duration of incubation was standardized such that the weakly hemolytic wild-type strain
COH-1, had an HT = 1. * Denotes that these mutants share one common transposon insertion.
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then incubated an additional 2 h in media with 5 pg/mL of
penicillin and 100 pg/mlL gentamicin. The percent invasion
was calculated as previously described (12).

GBS hemolysin extracts. Hemolysin extracts of GBS were
prepared as described by Marchlewicz and Duncan (14). GBS
were grown to log-phase (ODgq, = 0.4, ~108 cfu/mL) in THB,
and ~10'° cfu of live GBS were centrifuged at 3000 X g at
room temperature for 10 min, washed two times in PBS +
0.1% glucose, and then resuspended in 1 mL of PBS + 0.1%
wt/vol glucose + 1% wt/vol starch and 3% vol/vol Tween 80
(hemolysin extract buffer) (14). The mixture was incubated at
37°C for 30 min, and the supernatant was removed after repeat
centrifugation and stored on ice until assay of hemolytic
activity within 1 h after preparation. The hemolysin extracts
used in assays of LMVEC injury were obtained by the same
method, except in the absence of Tween 80, which itself was
shown to cause LDH release from endothelial cells.

Assay of B-hemolysin activity produced by live GBS strains
and hemolysin extracts. B-hemolysin activity from all GBS
strains was determined using a microtiter plate dilution assay
that measures Hb release by absorbance at 420 nm (18). Data
are presented as HT equal to the inverse of the greatest dilution
causing 50% Hb release from sheep red blood cells. The assay
was standardized to the least hemolytic parent strain, COH-1,
which was assigned an HT = 1. The measurement of HT from
fresh hemolysin extracts was performed in a similar fashion
except dilutions were performed in hemolysin extract buffer.
All GBS strains and extracts were tested in duplicate, and the
experiment was performed three times.

Light microscopy of LMvEC exposed to GBS. Mid-log
phase GBS were inoculated onto confluent LMVEC (HM-
VEC-L) monolayers on glass chamber slides at 10° or 10’
cfu/10° cells (MOI = 10 or 100). The cultures were incubated
at 37°C in 5% CO, for 4 h, at which time the supernatant was
removed by gentle aspiration. The monolayers were fixed by
addition of 3% glutaraldehyde in 0.1 M sodium cacodylate
buffer, stained by a standard hematoxylin-eosin technique, and
photodocumentation performed at 100X magnification using a
Nikon UFX-IIA system. Assays were performed in quadrupli-
cate, along with E. coli DH5« and no bacteria controls.

Lactate dehydrogenase assay of LMvEC injury. LMvEC
cell injury was assessed by the release of LDH activity into the
culture media as previously described (12, 24). Mid-log phase
GBS were inoculated onto confluent LMVEC monolayers at
10° cfw/10° cells (MOI = 10), four wells per experimental
condition). The cultures were incubated at 37°C with 5% CO,
for 16 h, and a 125-uL sample of supernatant was harvested
from each well at 4 and 16 h for measurement of LDH (Sigma
Chemical Co., diagnostic kit No. 500). All supernatants were
stored at 4°C until LDH assay within 24 h. The LDH release
for each condition was expressed as a ratio of released LDH
(supernatant of experimental wells) to total available LDH
(supernatants + cell lysates of sister wells) X 100. All GBS
strains or extracts were tested in triplicate, and the experiments
were performed three to five times with each strain.

For assays of LMVEC injury using fresh hemolysin extracts,
a cytolytic titer was determined. Serial 2-fold dilutions of
extracts (without Tween 80) were added to LMvEC and incu-
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bated for 4 h. The data are presented as cytolytic titer, which
equals the greatest dilution producing 50% release of LDH
compared with extract buffer control. The assay was standard-
ized to the least hemolytic strain, COH-1, which was assigned
a cytolytic titer = 1.

Trypan blue assay for LMvEC death. Confluent monolayers
of LMVEC in 96-well microtiter plates (2 X 10* cells/well)
were inoculated with 2 X 10° c¢fu of GBS (MOI = 10) in a final
volume of 200 uL of fresh RPMI + 1% FCS. Cultures were
incubated for 4 and 16 h at 37°C in 5%CO,. Media was then
removed by gentle aspiration, and 200 uL of 0.04% trypan
blue in RPMI + 1% FCS was added to each well and incubated
for 5 min at 37°C in 5%CO,. The supernatant was removed,
the monolayers gently washed two times with PBS, and the
cells then fixed with 3% glutaraldehyde. The number of trypan
blue-stained nuclei in three high-powered fields was counted.
All strains were tested in triplicate, and the experiment was
repeated twice.

Albumin flux across polar LMvEC monolayers. We used
the method of Patterson et al. (25) to measure transendothelial
albumin flux across polar monolayers of LMvVEC. LMVEC
were grown to confluence for 3 d on filter inserts (0.45-um
pore size, 24-well plate size; Costar, Acton, MA). On the day
of experimentation, the filter inserts were transferred to 24-well
plates with the abluminal wells (bottom) containing albumin-
free CS-1 basal medium without phenol red. The luminal wells
(top) were gently washed and fresh CS-1 basal medium + 4%
BSA was added. Luminal wells were inoculated with saline,
COH 31 r/s, COH31-C5, or COH31-C35 at an MOI = 10, and
then incubated for 4 h. After 4 h of incubation, Evans blue
albumin was added to the luminal wells at a final concentration
of 67 mg/mL in 4% BSA. The filter units were then moved to
new wells containing fresh albumin-free media in the ablumi-
nal chambers at 10 and 60 min after adding Evans blue
albumin. Filters with no cells served as a control for maximal
albumin flux (10 £ 2 pg/min between O and 10 min after
addition of Evans blue albumin). Experimental filters that had
albumin flux >5 ug/min between 0 and 10 min after adding
Evans blue albumin were excluded from further data collection
(a flux 10-fold greater than our intact filters). This was a rare
event (~5% of filters) and was caused by nonconfluent mono-
layers, or monolayers that were physically damaged during the
experimental manipulations. Aliquots of media from the ablu-
minal chamber were assayed for OD 620 nm to determine the
concentration of Evans blue albumin that transited the mono-
layer (25). Albumin flux was calculated as the total micro-
grams of albumin that transited the monolayer, determined by
albumin concentration X volume in bottom well, divided by
the minutes of incubation. Each condition was tested in tripli-
cate, and the experiment was performed three times.

Statistics. All data are expressed as mean * SEM. Anal-
ysis of variance was used to compare intergroup mean
values of the data, followed by Student-Neuman-Keuls cor-
rection for multiple comparisons (SPSS-PC+, v6.0, SPSS,
Inc, Chicago, IL). To compare intragroup mean values over
time, paired ¢ tests were performed. A p value <0.05 was
considered significant.
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RESULTS

Phenotypic comparison of wild-type strains and transpo-
son mutants. Three wild-type strains of GBS from the two
most common capsular serotypes associated with neonatal
infections (III and Ia) were used in our studies (Table 1). The
transposon mutants were assayed for other phenotypic traits to
test for potential pleiotropic effects that may influence lung
endothelial cell injury. We have previously shown that 1) all
wild-type strains and hemolysin mutants expressed the group B
antigen as measured by latex agglutination, 2) all mutant
strains had identical enzymatic and sugar fermentation patterns
on the API 20 strep identification system as their respective
parent strain, 3) logarithmic growth in THB and RPMI + 1%
FCS was comparable for all parent and mutant strains, and 4)
all HH mutants exhibited reduced CAMP factor activity com-
pared with their parent strains (2+ versus 4+), whereas all NH
mutants expressed similar CAMP factor activity compared
with their parent strain (18). In addition, hyaluronidase expres-
sion was measured for the COH-1 and COH 31 /s parent and
mutant strains; all strains showed a similar 10- to 11-mm zone
of hyaluronic acid degradation. Therefore, except for reduced
CAMP factor expression by HH strains, the mutants do not
differ in biochemical properties from their respective parent
strains.

We previously proposed that GBS invasion into endothelial
cells may promote injury (12, 22). We therefore tested the
COH-1 and COH 31 /s mutants in 3-hemolysin expression for
potential pleiotropic effects on invasive properties. The subset
of transposon mutants in B-hemolysin expression that was
tested had similar levels of invasion compared with their
respective parent strains (Table 2). Therefore, differences in the
ability of such mutants to induce injury is not related to the
their invasive potential.

Hemolytic activity of wild-type and mutant strains. The HT
of live GBS and Tween/starch-stabilized extracts from all
wild-type and mutant strains are shown in Table 1. The HT of
wild-type strains COH 31 1/s and A909 organisms were 4 times
greater than COH-1. NH mutants showed no detectable hemo-
lytic activity. HH mutants produced 4-32 times the hemolytic
activity of their respective parent strain. For all GBS strains,
the HT of Tween/starch-stabilized extracts was comparable
with that exhibited by the intact organism (Table 1).

Light microscopic evidence of GBS PB-hemolysin—
associated injury to LMvEC. Figure 1 shows representative
light micrographs (100X) of LMVEC (HMVEC-L) monolayers
stained with hematoxylin-eosin after a 4-h exposure to wild-
type GBS strains COH1 and A909 and the corresponding
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isogenic HH and NH transposon mutants. The no bacteria
control (Fig. 1A) demonstrates normal morphology of the
LMvVEC monolayer, composed of confluent polygonal cells
with optically transparent cytoplasm. A negligible effect on
monolayer integrity is seen after exposure to the control strain
E. coli DHS5«a (Fig. 1B) at MOI = 10 bacteria/cell. At the same
MOI = 10 bacteria/cell, small areas of monolayer damage
(cytoplasmic retraction, alteration of nuclear structure) are
noted with the weakly hemolytic wild-type strain GBS COH1
(Fig. 10), and to a slightly greater extent with the moderately
hemolytic wild-type GBS strain A909 (Fig. 1D). The HH
transposon mutants derived from these strains, IN40 (Fig. 1E)
and A909-HH4 (Fig. 1F), produced complete dissolution of the
cytoplasmic contents and loss of nuclear structure throughout
the entirety of the LMVEC monolayers at MOI = 10 bacteria/
cell. In contrast, the NH mutants COH1-20 (Fig. 1G) and
A909-NH?2 (Fig. 1H), when introduced at an increased MOI =
100 bacteria/cell, produced only mild changes comparable with
the parent strains at the lower MOI. Complete destruction of
LMvEC monolayers was observed when the wild-type GBS
strains COH1 and A909 or their HH derivatives were intro-
duced at the higher MOI = 100 bacteria/cell (data not shown).
From these light microscopic studies, we concluded that expo-
sure to GBS produced morphologic evidence of injury to
LMvVEC monolayers, and that the degree of this injury was
correlated with B-hemolysin production by the organism.

Hemolysin expression correlates with live GBS-induced LDH
release from LMvEC. We measured the release of the eukaryotic
cytoplasmic enzyme LDH as a biochemical marker of LMVEC
injury. Supernatants from LMvEC monolayers infected with par-
ent and isogenic mutant GBS strains for 4 or 16 h were assayed
for percent release of total intracellular LDH activity (Fig. 2). All
three parent GBS strains caused a significant amount of LDH
release at 4 h, and a significantly greater increase in LDH release
at 16 h compared with 4 h of infection. The NH mutants of
COH-1, A909, and COH 31 r/s did not cause increased LDH
release above media alone at 4 or 16 h. All HH mutants caused
significantly greater LDH release at 4 h compared with their
respective parent strain. All parent and HH GBS strains caused
time-dependent LMVEC injury. We conclude that the hemolytic
activity of the live GBS strains is directly correlated with bio-
chemical evidence of LMVEC cytotoxicity.

Hemolysin extracts cause LDH release from LMvEC. We
determined a cytolytic titer against LMVEC for the hemolysin
extracts (without Tween 80) from the COH 31 r/s- and A909-
derived strains (Fig. 3). All data are normalized to a cytolytic
titer = 1 for COH-1. The extracts from NH mutants caused no

Table 2. Intracellular invasion of LMVEC by isogenic hemolysin mutants

Strain. COH 31 /s COH31-C5 COH31-C12 COH31-C35 DH5a
(HT) 4) ©) 0 (16)
% Invasion (4 h) 22+04 20+05 2.1+04 1.6 =04 0.02 + 0.01
Strain COH-1 COH1-20 COH1-IN-40 DH5a
(HT) (1 (V] (32)
% Invasion (4 h) 1.0+02 1.2+03 09 +03 0.02 = 0.02

Data presented are mean = SEM. % invasion = number of intracellular cfu/number of inoculum cfu X 100. The laboratory E. coli strain, DH5a, was used

as a noninvasive control for the invasion assays (22).
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Figure 1. Light micrographs of LMvEC monolayers incubated with wild-type GBS strains COH-1 and A909, and respective NH and HH mutants (100X).
Monolayers were stained with hematoxylin-eosin after a 4-h exposure to bacteria. A, No bacteria control; B, E. coli DH5« at MOI = 10; C, wild-type GBS COH-1
at MOI = 10; D, wild-type GBS A909 at MOI = 10; £, HH mutant of COH-1, IN40, at MOI = 10; ¥, HH mutant A909-HH4 at MOI = 10; G, NH mutant
COHI1-20 at MOI = 100; and H, NH mutant A909-NH2 at MOI = 100.

significant LDH release from LMvVEC above background levels  extracts from HH mutants caused significantly greater LDH
(cytolytic titer <I1). Hemolysin extracts from parent GBS release compared with the parent strains, with cytolytic titers of
strains caused significant LDH release from LMvEC compared  16-32. As the cytotoxic activity of hemolysin extracts against
with the NH mutants, with cytolytic titers between 4 and 8. The LMVEC directly correlates with the HT for each strain, we
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Il Wild-type GBS isolate ll NH transp mutant HH transposon mutant
Strain | H.T. 4 hours 16 hours
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Figure 2. Relationship between HT of isogenic GBS strains and percent total
LDH release from LMVEC at 4 and 16 h of infection. Data are presented as
mean = SEM. Abbreviations for mutants are shown in Table 1. * p < 0.05
compared with media and the NH mutants, ** p < 0.05 compared with media,
NH mutant, and the parent strain.
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Figure 3. Relationship between LMVEC cytolytic titer of hemolysin extracts
and the HT of GBS strains. The GBS strain and HT are noted along the x axis
vs the cytolytic titer of the hemolysin extracts against LMVEC. The cytolytic
titer equals the inverse of the greatest dilution causing 50% release of LDH
compared with buffer control. * p < 0.05 compared with extract buffer without
Tween 80, and the NH mutants; ** p < 0.05 compared with the extract buffer,
NH mutants, and the parent strain (B = extract buffer).

conclude that the cytotoxic entity is the same extracellular
factor that produces lysis of red blood cells.

Hemolysin expression correlates with trypan blue nuclear
staining of LMvEC. Trypan blue nuclear staining was used as
an assay of GBS-induced LMVEC death at 4 and 16 h. The
parent GBS strain COH 31 1/s caused a significant increase in
LMVEC nuclear staining by trypan blue at 16 h, but not at 4 h
(Fig. 4). No significant increase in trypan blue nuclear staining
was observed at 4 h or 16 h after exposure to the NH mutants
COH31-CS5 and COH31-C12 compared with media alone con-
trols. The HH mutant COH31-C35 caused increased trypan
blue nuclear staining at 4 and 16 h compared with the parent
strain. The parent and HH GBS strains caused a time-
dependent increase in LMVEC death.
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Figure 4. Relationship between HT of isogenic COH 31 1/s strains and trypan
blue nuclear staining at 4 and 16 h of infection. The GBS strain abbreviations
are noted in Table 1, and the HT for each strain are listed beneath the strain
abbreviation at the 16-h time (the HT are the same at the 4-h time). * p < 0.05
compared with media alone and the NH mutant; ** p < 0.05 compared with
media, NH mutants, and the parent strain (M= media).

Hemolysin expression correlates with GBS-induced albu-
min flux across polar LMyEC. Transendothelial flux of Evans
blue—labeled albumin has been used as a sensitive marker of
injury to lung barrier cells (25, 29, 30). We used such an assay
to test the role of hemolysin in GBS-induced permeability
changes to polar LMVEC monolayers. To validate the assay
with our reagents we showed that CS-1 basal media without
phenol red has no significant absorption in the range of max-
imal Evans blue absorption, and thus caused no interference
with our in vitro assays (data not shown). The absorbance of
Evans blue albumin at 630 nm was linear in the range of 0-20
pg/mL (data not shown). Samples for assay of transendothelial
cell albumin flux were diluted to this range.

Between 0 and 1 h after addition of Evans blue albumin into
the luminal wells (4-5 h after inoculation), the polar LMVEC
monolayers infected with an NH mutant (COH31-C5) on the
apical side showed no increased albumin flux across to the
basolateral well compared with uninfected control monolayers
(Fig. 5). Transendothelial albumin flux for wells infected with
a parent GBS (COH 31 r/s) strain was significantly higher than
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Figure 5. Relationship between HT of COH 31 /s isogenic strains and Evans
blue albumin flux. The data represent the albumin flux between 4 and 5 h after
inoculation. * p < 0.05 compared with media alone and the NH mutant; ** p <
0.05 compared with media, NH mutant, and the parent strain.
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the flux for the NH mutant (COH31-C5) or the uninfected
control. The HH mutant (COH31-C35) caused greater albumin
flux compared with the parent GBS strain. Additional transen-
dothelial albumin flux studies using A909, A909-NH2, and
A909-HH4 showed a similar pattern (n = 2 experiments in
duplicate; media, 85 + 20 ng/min; A909, 220 * 42 ng/min;
A909-NH2, 98 + 24 ng/min; A909-HH4, 446 + 73 ng/min).
These data suggest that GBS can alter endothelial cell perme-
ability, and that B-hemolysin expression directly correlates
with GBS-induced permeability changes to polar LMVEC
monolayers.

DISCUSSION

The data presented show that GBS B-hemolysin is an im-
portant cytotoxin in GBS-induced LMVEC injury in a tissue
culture model. GBS injury to primary LMVEC cultures was
assessed by four methods: ) release of the cytoplasmic en-
zyme, LDH, as a measure of cell plasma membrane injury, 2)
trypan blue nuclear staining as an assay of endothelial cell
death, and for the first time 3) light microscopy and 4) trans-
endothelial Evans blue albumin flux as a measure of altered
endothelial permeability. Isogenic NH mutants caused attenu-
ated, whereas isogenic HH mutants caused increased, LMvEC
injury, cell death, and transendothelial albumin flux compared
with parent GBS strains representing the two capsular sero-
types (I1I and la) most often associated with neonatal infection.
Hemolytic and LMVEC cytotoxic activities of starch-stabilized
cell-free extracts paralleled those of the intact organism. We
did not identify phenotypic changes in the mutants other than
altered B-hemolysin expression to explain the effects of trans-
poson insertion on LMVEC injury. Our earlier studies have
shown that the expression of GBS B-hemolysin is directly
correlated with lung epithelial cell injury (AS49 cells) in vitro
(18). We have now provided data that GBS B-hemolysin acts
as a pulmonary cytolysin to injure both major cellular barriers
of the alveolus.

GBS also demonstrates intracellular invasion into both the
lung epithelial and endothelial barriers (12, 18). Our prior
reports have shown that cellular invasion by GBS occurs in
only ~1-5% of the cells in tissue culture models (12, 18).
However, we show histologic and biochemical data that GBS
B-hemolysin-producing strains can induce diffuse endothelial
injury on the basis of light microscopy photomicrographs,
trypan blue staining, and the extent of LDH release. Moreover,
the NH GBS mutants invaded the LMVEC monolayers as well
as wild-type strains, but did not produce significant monolayer
injury. These findings raise interesting questions about the
roles of cellular invasion and secreted products in the patho-
genesis of GBS infections. Clearly, our results from this study
show that B-hemolysin has cytotoxic effects beyond that ob-
served by GBS invasion alone, and these cytotoxic properties
appear to contribute more significantly to lung endothelial cell
injury. Wild-type GBS strains do not produce high levels of
B-hemolysin in vitro (Table 1, reference (18), and cause less
severe cytotoxicity to monolayers compared with the HH
isogenic strains (Fig. 1, reference (18). However, the higher
density of GBS present in the lung of infected infants (8)
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compared with our in vitro studies with wild-type GBS may
result in the accumulation of higher B-hemolysin concentra-
tions and more severe cellular injury. In addition, conditions in
the lung may up-regulate wild-type GBS B-hemolysin expres-
sion, resulting in more severe epithelial and endothelial cell
injury compared with our in vitro models.

The use of isogenic mutants varying uniquely in hemolysin
production indicates an important role of GBS hemolysin in the
initiation of LMVEC injury compared with other GBS by-
products. Theoretically, breakdown of hyaluronic acid in the
extracellular matrix could facilitate lung injury by GBS (31),
but the NH mutants were not injurious to the LMvEC mono-
layers despite producing hyaluronate lyase at wild-type levels.
LTA purified from GBS is cytotoxic for a variety of human cell
monolayers in tissue culture (32, 33). However, the potential
contribution of soluble LTA to LMvVEC is uncertain because
little LTA is released from the cytoplasmic membrane under
normal growth conditions (34).

The GBS B-hemolysin has eluded isolation and purification
to date. Some of the impediments to isolation include labile
activity in the absence of high-molecular weight starch or
protein stabilizers, inability to create neutralizing antibodies
toward partially purified hemolysin activity, and the inability to
detect a hemolytic protein band by native gel electrophoresis
after partial purification (14-17, 35). Previous studies have
suggested the hemolytic activity is a small molecular weight
protein on the basis of experiments using molecular sieve
chromatography and protease sensitivity (15, 35).

The histology of GBS pneumonia in human infants shows
evidence of both lung epithelial and lung endothelial injury
with hyaline membranes and hemorrhagic, proteinaceous pul-
monary edema (4, 7-11). GBS B-hemolysin has now been
shown to cause injury to both the lung endothelium and
epithelium in vitro (18), and thereby may contribute to the lung
pathology and systemic spread of GBS after disruption of these
alveolar barriers. Acute B-hemolysin-induced lung endothelial
cell injury may also stimulate eicosanoid and cytokine release
that contributes to GBS-induced lung inflammation and injury
(12, 36). Although in vivo injury to the alveolar barrier is
presumably multifactorial, our in vitro studies in the absence of
inflammatory cells suggest a direct role for GBS hemolysin in
eukaryotic cellular injury. The GBS B-hemolysin—induced in-
crease in lung endothelial cell permeability may in part explain
the proteinaceous pulmonary edema in GBS pneumonia.

Prior studies in erythrocytes and lung epithelial cells suggest
that GBS B-hemolysin is a pore-forming toxin (18, 35). Pore-
forming bacterial cytotoxins contribute to lung injury and
pneumonia in other models, including the Staphylococcus au-
reus a-toxin (37, 38), E. coli hemolysin (39), Streptococcus
pyogenes streptolysin O (40) and pneumolysin (41-43). Strep-
tococcus pneumonia pneumolysin causes both epithelial and
endothelial cell injury in vitro, and is important for virulence in
a murine model of pneumonia (43). The pneumolysin molecule
contains two characterized functional domains—a hemolysin
and a complement-activating region. The hemolytic domain is
important in acute lung injury and the development of protein-
aceous pulmonary edema (43).
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There are limited data on the role of B-hemolysin on viru-
lence in animal models of GBS disease. Intravenous infusion
of partially purified GBS hemolysin extracts into rabbits or rats
caused shock and increased mortality compared with S. preu-
monia streptolysin S (44). However, s.c. or i.v. injection of NH
mutants into neonatal rats or piglets, respectively, showed the
same LDs, and altered pathophysiology as the parent GBS
strain (21, 45). These models of systemic GBS infection bypass
the alveolar barrier, and do not test the role of hemolysin in
lung alveolar injury during the acute events of GBS infection,
i.e. aspiration of infected amniotic fluid. In contrast, intranasal
inoculation of mice with chemical-induced hemolysin mutants
of GBS showed that the degree of hemolysin production was
inversely correlated with LDs, and time to death (19). In
addition, lung lavage levels of B-glucuronidase, a marker of
cellular injury, were increased from mice inoculated intrana-
sally with hemolysin extracts compared with buffer alone. Our
preliminary data in a neonatal rat model shows that after
intrathoracic injection, the nonhemolytic isogenic A909-NH2
mutant has a 1000-fold increased LDs, compared with the
parent strain A909 (5 X 10° cfu versus 5 X 10° cfu) (20).

We conclude that GBS B-hemolysin expression directly
correlates with the extent of lung endothelial cell injury ir
vitro. GBS B-hemolysin—-mediated endothelial cell injury may
contribute to the pathophysiology of neonatal pneumonia and
proteinaceous pulmonary edema. Loss of vascular integrity
may allow access of the organism to the bloodstream where-
upon bacteremic spread and sepsis syndrome can ensue. Pre-
mature neonates deficient in pulmonary surfactant phospholip-
ids, a known inhibitor of GBS hemolytic and cytolytic activity
(18), are at greater risk of early onset GBS pneumonia and
sepsis. Future studies will seek to isolate and clone the GBS
B-hemolysin to more closely study its role in neonatal pneu-
monia and the possibility of therapeutic interventions to block
its cytotoxic properties.
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