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Abstract—Previous studies have shown that the streptococcal hemolysin, streptolysin S, is capable of interacting with hydro-
gen peroxide (H,0,) to injure vascular endothelial cells (Free Radic. Biol. Med. 7:369-376; 1989). To extend these observations,
intact group A streptococci (strain 203S) were examined for ability to injure endothelial cells alone and for ability to injure the
same cells in the presence of sublethal concentrations of H,0, (generated from glucose/glucose oxidase). While neither control
bacteria nor bacteria that had been pretreated with poly-L-histidine to render them cationic were cytotoxic to endothelial cells by
themselves under the conditions of the experiment, endothelial cells were injured by combinations of streptococcal cells and
sublytic amounts of H,0,. Taken together, these data suggest that the sequelae which often occur following primary infection
with group A streptococci may be the result of a combined assault of host inflammatory cells and the invading bacteria on the

vascular lining cells of the host.
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INTRODUCTION

Neutrophils play a critical role in the pathogenesis of
acute inflammatory diseases such as adult respiratory
distress syndrome (ARDS)."? A role for neutrophils
in chronic inflammatory conditions, including some
glomerulonephropathies** and certain forms of arthri-
tis,’ has also been shown. In experimental animals,
prior neutrophil depletion greatly attenuates subse-
quent injury resulting from immune complex deposi-
tion in lung, kidney, or skin.®® In addition, treatment
with catalase affords a high degree of protection in the
lungs and kidney,%”® as do scavengers of oxygen radi-
cals® and iron chelators.® Based on these types of find-
ings, it has been assumed that neutrophil-mediated
tissue injury is largely a result of oxygen radical genera-
tion by activated neutrophils. In vitro studies of vascu-
lar endothelial cell injury by activated neutrophils
also demonstrate a critical role for leukocyte-derived
oxidants, '3
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While neutrophil-derived oxidants are clearly im-
portant for cell and tissue injury during acute inflam-
mation, the inflammatory nidus contains a complex
mixture of substances capable of damaging cells and
tissues. In addition to neutrophil-derived oxidants,
contents of neutrophil granules are also released at
sites of inflammation. Among the granule contents
that are capable of injuring tissues are potent neutral
and acidic proteases, other hydrolytic enzymes such
as phospholipase A2 and phospholipase C, and small
cationic proteins.'*!* Products of other inflammatory
cells including various cytokines'®!” may also contrib-
ute to the developing inflammation. In cases of mi-
crobial infection, products of these cells may contrib-
ute as well.'*?*® Undoubtedly, the inflammatory le-
sion reflects the contributions of many different
effector molecules.

While each of the various soluble inflammatory
mediators may contribute to the pathogenesis of the
inflammatory response by their independent activi-
ties, we have shown in previous studies that many of
these same mediators synergize with neutrophil hy-
drogen peroxide (H,0, ) to injure vascular endothelial
cells.'->* Among bacterial products, we found that
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solubilized streptolysin S from group A streptococci
(though not streptolysin O from the same cells) dra-
matically enhanced endothelial cell killing by
H,0,.22% On the basis of these data, we have specu-
lated that the pathogenesis of some streptococcal se-
quelae may result from streptococci binding to vascu-
lar endothelial cells and provoking the destruction of
the vascular lining by neutrophils as they attempt to
clear the bacteria from vascular lining. To obtain fur-
ther support for this idea, experiments were con-
ducted in which intact streptococcal cells were used in
place of soluble components. We report here that in-
tact group A streptococcal cells containing streptoly-
sis S synergize with H,O, in provoking endothelial
cell injury.

MATERIALS AND METHODS
Endothelial cells

Rat pulmonary artery endothelial cells available
from previous studies in our laboratory?"*® were used.
The cells were originally isolated from the pulmonary
vasculature by perfusion of microcarrier beads into
the vessels and subsequent retrieval of the beads and
endothelial cells by retrograde perfusion. Upon isola-
tion, the cells exhibited the typical cobblestone mor-
phology of endothelial cells. They were positive for
factor VIII by immunofluorescence, bound acety-
lated low-density lipoprotein, and had high levels of
angiotensin-converting enzyme (ACE) (3.2 X 10*-1.9
X 10° molecules/cell) as measured with the synthetic
substrate, 3H-Benzoyl-phe-ala-pro. The cells were
maintained in monolayer culture using minimal es-
sential medium of Eagle with Earle’s salts (MEM) sup-
plemented with 10% fetal bovine serum, 100 units/ml
of penicillin, and 100 ug/ml of streptomycin as cul-
ture medium. They were passaged by trypsinization
as needed. Growth was at 37°C and 5% CO,. Stocks
were kept frozen in liquid N,. All experiments were
conducted on cells passaged less than 34 times since
isolation. Throughout the course of the studies, the
endothelial cells maintained their cobblestone mor-
phology and levels of ACE activity.

Streptococcal cells

Group A streptococci (strain 203S) were obtained
from the American Type Culture Collection (Rock-
ville, MD). Streptococci were cultivated in brain-
heart infusion broth to the end of the logarithmic
phase of growth. The bacterial cells were washed sev-
eral times with isotonic saline and resuspended to a
density of 10 OD units/ml at 550 nm. Twofold dilu-
tions of the streptococcal suspenston in a final volume

of 0.5 ml were performed. To each dilution tube was
added 1 mg/ml of glucose, 1 mg/ml of MgSO, - TH,0,
and 1 mg/ml of cysteine free base. Under these condi-
tions, the cell-bound hemolysin is activated and is ca-
pable of lysing red blood cells in the absence of a cell-
free phase. Previous studies have characterized red
cell lysis by the cell-bound hemolysin and demon-
strated that the cell-bound hemolysin is indistinguish-
able from streptolysin S.26:2’

To facilitate the adherence of the streptococci pos-
sessing the cell-bound hemolysin to the endothelial
cells and the delivery of the hemolysin to membrane
targets, we have cationized the streptococcal suspen-
sion. To 1 ml of saline suspension of streptococci (10
OD units at 550 nm), 25 ug/ml of poly-L-histidine
(mol wt 23,000) was added for 5 min at 37°C. The
bacterial suspension was then washed once with 10 ml
of saline and resuspended to the original volume with
saline. Such cationized streptococci did not lose their
cell-bound hemolytic activity. Following addition of
the cationized streptococci or untreated control strep-
tococci to the endothelial cell monolayers, the plates
were centrifuged for 2 min at 400 rpm. Microscopic
examination showed that almost all the cationized
streptococci avidly adhered to the surface of the endo-
thelial cells and could not be removed by washing.

Streptolysin S

Soluble streptolysin S was prepared from group A
streptococci as previously described.’®?” Hemolytic
activity of each preparation was verified using red
blood cell lysis as an indicator.

H,0,

H,0, was generated from a mixture of glucose and
glucose oxidase (GO). To generate H,0,, 0.5-2 units/
ml of GO were used. This amount of GO was able to
generate 500-1000 nmol of H,O, in 15 min in Hank’s
balanced salt solution (HBSS) (37°C, pH 7.3). The
method of Thurman et al.® employing ferrous ammo-
nium sulfate and sodium thiocyanate was employed
to quantitate H,0O, production. Both HBSS and
MEM contain 1 mg/ml of glucose, and glucose con-
centration is limiting. When H,0, concentrations
were measured after 30 and 60 min, no net increase in
H,0, was seen over that seen at the 15-min timepoint.

Cytotoxicity assay

Cytotoxicity was assessed using a *'Cr-release assay
as described previously.'*?"%3-2 Briefly, endothelial
cells were harvested by trypsinization, resuspended at
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1.0 X 10° cells/ml in MEM supplemented with 10%
fetal bovine serum and 1 xCi/ml of Na*'CrO,, and
seeded into the wells of 24-well plates (1 ml/well). The
cells were incubated at 37°C and 5% CO, until the
cells formed a confluent monolayer (usually 1 day).
When the cells reached confluency, the wells were
washed three times to remove unbound radioactivity.
One milliliter of serum-free MEM containing 200 ug/
ml bovine serum albumin was then added per well,
and the cells were treated with GO alone or in combi-
nation with intact streptococci or with soluble strep-
tococcal products. The cultures were further incu-
bated for 2 h (unless otherwise stated) at 37°C and 5%
CO,. At the end of the incubation period, the cells
were observed under phase-contrast microscopy for
morphological changes characteristic of injury. The
amount of radioactivity released into the culture me-
dium was simultaneously determined. For this, 0.8
ml of culture fluid was removed from the wells and
centrifuged at 2000 rpm to remove unattached cells.
The radioactivity released into the supernatant fluid
was quantified using a gamma counter. In all experi-
ments, the amount of radioactivity released in re-
sponse to treatment was compared to the amount re-
leased in cultures incubated with buffer alone (sponta-
neous release) and in cultures treated with 2% Triton
X-100 (total release). The data, which are reported as
percent killed, refer to the percentage of total 3'Cr re-
leased from each group, including the total group, as
compared to the amount released from Triton X-100-
treated cells.

Previous studies have demonstrated a close corre-
lation between *'Cr release and lethal injury in rat
pulmonary artery endothelial cells.?*?* To confirm
lethal injury, nonlabeled endothelial cells were
treated in parallel with 3!Cr-labeled cells in certain
experiments. Following exposure to GO and strepto-
coccal cells, the endothelial cells were harvested and
replated in complete culture medium (MEM supple-
mented with 10% fetal bovine serum). Four hours
later, the number of cells that had reattached and
spread was determined. Cells unable to reattach and
spread were counted as nonviable.?4?*

RESULTS

Endothelial cell injury produced by combinations of
GO and soluble streptolysin S

We have previously shown that increasing
amounts of reagent H,0, or GO are capable of induc-
ing irreversible injury to cultured rat pulmonary ar-
tery endothelial cells.” It was shown in the same study
that soluble streptolysin S by itself does not kill the
same cells at concentrations as high as 250 hemolytic

Table 1. Interaction of Streptolysin S and GO
in Endothelial Cell Killing

Treatment Group Percent Killed
None S+1
GO (0.2 units/mL) 61
Streptolysin S (50 hemolytic units/mL) 9+2
GO + Streptolysin S 555

+ catalase (1800 units) 10+£3

+ trypan blue (50 ug/mL) 7+5

Values shown are means + differences between individ-
ual values and means based on duplicate samples in a single
experiment. The experiment was conducted three times
with similar results.

units per milliliter but is capable of synergizing with
low concentrations of H,0, to cause lethal injury. To
confirm that the group A streptococci used in the pres-
ent study express a similar toxin, purified streptolysin
S from bacterial strain 203S was incubated in increas-
ing amounts with rat pulmonary artery endothelial
cells in the presence and absence of glucose oxidase.
Consistent with past results,?> combinations of GO
and streptolysis S which were non-toxic by themselves
synergized to produce a significant degree of lethal
injury (Table 1). It can also be seen in Table 1 that
incubation of the GO-streptolysin S mixture with ei-
ther catalase or trypan blue (a potent inhibitor of
streptolysin S hemolytic activity?®) completely
blocked cell injury.

Interaction between group A streptococci and H,0, in
endothelial cell injury

In the next series of experiments, group A strepto-
cocci were harvested, washed in saline, and divided
into two groups. One group of cells was further treated
with poly-L-histidine to impart a positive charge on
the cell surface as described in the Materials and
Methods section. The other group was left as control.
Following this, increasing amounts of the control
streptococci and the poly-L-histidine-treated strepto-
cocci were added to endothelial cell monolayers. The
plates containing the endothelial cells and bacteria
were then centrifuged at 400 rpm for 2 min to facili-
tate the interaction between the two cell types. Glu-
cose oxidase (0.2 U/ml) was added and the cells incu-
bated for an additional 2 h, after which injury was
measured. As shown in Fig. 1, neither untreated strep-
tococci nor poly-L-histidine-treated cells were directly
injurious to the target endothelial cells over the 2-h
time period. However, both the untreated bacteria
and the bacteria expressing the cationic charge on
their surface were capable of synergizing with low
concentrations of GO to cause injury. It can also be
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Fig. 1. Interaction of intact group A streptococci and GO to injure vascular endothelial cells. Increasing amounts of streptococ-
cal cells along with a constant amount of GO (0.2 units/ml) were incubated for 2 h with monolayers of rat pulmonary artery
endothelial cells. At the end of the incubation period, injury was measured as *'Cr release, as described in the Materials and
Methods section. Values shown represent averages based on duplicate samples in a single experiment. The experiment was
repeated five times with similar results (poly-L-histidine-treated streptococci without GO, @-@; control streptococci + GO, A-A;
poly-L-histidine-treated streptococci + GO, B-8; GO alone, O; poly-L-histidine-treated streptococci (0.4 OD units) + GO + 50
ug of trypan blue A; poly-L-histidine-treated streptococci (0.4 OD units) + GO + 1800 units/ml catalase, O).

seen from the same figure that the poly-L-histidine-
treated cells produced a greater amount of injury (and
at alower bacterial concentration) than untreated bac-
teria. Further, it can be seen that just as catalase and
trypan blue inhibited injury mediated by combina-
tions of soluble streptolysin S and GO, the same two
agents completely inhibited the synergistic injury re-
sulting from combinations of intact group A strepto-
cocci and H,0, (Fig. 1). As an additional control, 50
mM 3-amino-1,4 triazol (aminotriazol) was incu-
bated with 1800 U of catalase for 2 h at room tempera-
ture. Following this, the treated catalase no longer in-
terfered with H,O, production from GO as indicated
by the Thurman reaction. The aminotriazol-treated
catalase also failed to interfere with the synergistic kill-
ing of endothelial cells by H,O, and group A strepto-
coccal cells (less than 5% inhibition; data not shown).

DISCUSSION

Inflammatory lesions contain large numbers of ef-
fector cells and mediators, and it is very difficult to
identify the contribution of any single inflammatory
mediator to the overall generation of the lesion. It is
clear that both reactive oxygen metabolites®® and pro-
teolytic enzymes>*'#!% derived from inflammatory
cells play important roles. It was at one time (naively)
thought that oxygen radicals were responsible for cell
killing while proteolytic enzymes were the direct

cause of the structural tissue breakdown seen in a
number of inflammatory processes. It is now under-
stood, however, that even with these two groups of
inflammatory mediators, the situation is complex.
Both reactive oxygen metabolites and proteolytic en-
zymes can lethally injure cells by their independent
actions.!®-133031 Fyrther, they can interact together to
produce lethal injury to cells that would not otherwise
be killed.2?*32 In a similar manner, proteolytic en-
zymes and reactive oxygen metabolites can interact to
enhance damage to structural tissue components.’
While interactions between proteolytic enzymes
and oxygen radicals have been studied most thor-
oughly, recent work from our own laboratory has
shown that a number of other factors can also interact
with reactive oxygen metabolites to injure cells.??-2
Among these are solubilized components of group A
streptococcal bacteria, including the hemolysin,
streptolysin S. Streptolysin S acts at the level of the
target endothelial cell to produce lethal injury to cells
in the presence of a concentration of H,0O, that would
otherwise not produce lethal injury. The ability of
group A streptococcal products to interact with H,O,
to induce endothelial cell injury has led us to specu-
late that poststreptococcal sequelae, including rheu-
matic heart disease and glomerulonephritis, may be
the result of exaggerated inflammatory injury to the
host. Perhaps streptococcal cells growing on the
valves of the heart or lodged in the glomeruli of the
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kidney are attacked by circulating neutrophils. In the
presence of high concentrations of bacterial products,
leukocytes may not only destroy the bacterial cells but
concomitantly damage the vascular lining cells at the
colonized site. ,

The data from the present study lend further sup-
port for this idea. Here we have shown that live group
A streptococcal organisms are not directly cytotoxic
to endothelial cells in culture under the conditions
utilized. However, when sedimented directly onto a
monolayer of endothelial cells, the intact bacterial
cells are capable of the same interactions with neutro-
phil products (H,O, alone or in combination with
elastase) as solubilized streptococcal products. Dem-
onstration that intact cells are capable of eliciting the
same responses as solubilized bacterial products is im-
portant, we believe, since it is difficult to visualize
how solubilized bacterial products released into the
circulation could be concentrated enough at a particu-
lar site to provoke injury.

At present we do not know what factors associated
with the intact microbial cells are responsible for in-
teracting with H,0, to produce endothelial cell in-
jury. It is tempting to speculate that the same agent
that works in solubilized form (i.e., streptolysin S) is
also responsible for the effects observed with intact
cells. However, this is yet to be proven. The only evi-
dence at present suggesting the possible involvement
of streptolysin S is the finding that trypan blue, a po-
tent streptolysin S inhibitor,?° prevented endothelial
cell injury induced by GO in combination with either
soluble streptolysin S or intact streptococcal cells. Fur-
ther evidence that the cell-bound hemolysin might be
the cytotoxic factor associated with streptococci came
from our earlier observations that a streptococcal mu-
tant (C-203U), which elaborates streptolysin 0 but not
the cell-bound hemolysin or the soluble streptolysin
S, failed either to hemolyze red blood cells or kill tu-
mor cells by contact.?” Further studies will need to be
done to confirm that cell-bound streptolysin S is re-
sponsible for the endothelial cell injury seen in this
model. Regardless of the outcome, the finding that
intact group A streptococci can synergize with prod-
ucts of inflammatory cells to produce injury to vascu-
lar lining cells provides insight into a possible mecha-
nism for the sequelae which often follow primary in-
fection with this agent.
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