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Abstract Thehuman pathogenic microorganism Strepto-
coccus pyogenes can resist agai nst phagocytic attack of hu-
man granulocytes. Streptococcal M protein and hyaluronic
acid were identified as virulence factors involved in this
protection. So far, no experiments have been reported
which describe the contribution of both components to-
gether in one system. We used the chicken embryo as an
in vivo phagocytosis model to investigate the role of both
components on the virulence of streptococci. For this, iso-
geneic mutants of group A streptococcal strains (GAS)
which lack hyaluronic acid capsule (cap™) or M protein
(M7) expression were used for infection and their virulence
was compared with laboratory strains which had lost their
ability to produce one or both virulence factors after long-
time laboratory passages on blood agar. The experiments
revealed that strains producing both M protein and hyalu-
ronic capsule were highly virulent. Only 1-10 colony-
forming units were enough to cause a 50% lethality of 12-
day-old chicken embryos. Those strains lacking one of
these components showed a significant decrease in viru-
lence. Finally, strains which failed to express either hyal-
uronic acid or M protein showed an additional tenfold de-
creasein virulence. Thisindicatesapartial contribution of
both M proteinand hyaluronic acidtothevirulence of GAS
in the chicken embryo.
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Introduction

Human pathogenic group A streptococci (GAS) are the
etiological agents for a broad spectrum of different infec-
tions including streptococcal pharyngitis, impetigo, soft
tissue infections which may develop into the more serious
forms necrotizing fasciitis, and/or streptococcal toxic
shock [1-3]. These latter diseases are associated with a
high morbidity and mortality. In addition, GAS are often
associated with the postinfecti ous autoi mmune syndromes
of acute rheumatic fever and poststreptococcal glomerulo-
nephritis [4-6].

GAS produce a variety of surface components and ex-
tracellular products contributing to the pathogenicity. The
components protecting the bacteria against phagocytic at-
tack play an important role in the pathogenic process.
Streptococcal M proteins are considered to be the major
surface components responsible for resistance of GAS
against phagocytosis [7] and have been also described to
beinvolved in adhesion [8, 9]. They belong to afamily of
surface proteins with regions of close sequence homolo-
giesand show abroad binding spectrumto different plasma
andtissue proteins[10-16]. The adjacent genesinthechro-
mosomeencoding M-likeproteinsareregulated by thevirR
gene. The whole gene segment is called vir-regulon and
can be divided in three types which differ in the number of
encoding genes for M-like proteins [17]. However, the
guestion of which of the M-like protein(s) expressed by
one strain is/are antiphagocytic and how these proteins
interferein the phagocytic process have not been answered
so far. The affinity of M-like proteins to plasma proteins
seemsto contributeto the protection of streptococci against
phagocytosis. The coating of GA Swith fibrinogen resulted
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in a decreased phagocytosis by granulocytes [18, 19],
whereas cells with an albumin layer were increasingly in-
gested [19]. The abumin coat, however, seemed to prevent
intracellular killing of phagocytized streptococci by the
granulocytes [19].

Recent results have shown that hyaluronic acid (HA)
can also impair phagocytosis of mucoid GAS by human
granulocytes. Using genetically defined acapsular mutants
of Streptococcus pyogenes, an increase of phagocytized
bacteria by granulocytes and a decrease in virulence for
mice were reported [20, 21]. Moreover, HA of GAS has
been shown to play acritical role in pharyngeal coloniza-
tion and infection in mice [22]. One antiphagocytic effect
of HA isits ability to prevent streptococcal attachment to
phagocytic cells[23].

The aim of this study was to investigate how both M
protein and HA, separately and together, influence the vir-
ulence of streptococci. We used the chicken embryo model
as an in vivo system, since we were recently able to dem-
onstrate that strains expressing proteins of the M family,
with affinity for fibrinogen, albumin and/or 1gG, showed
an increased virulence for 12-day-old chicken embryos
[24]. Genetically characterized GAS mutants which lack
expression of HA capsule (cap™) or M protein (M™) were
compared in this study with the appropriate wild-type
strains. Furthermore, selected laboratory strains differing
in expression of M protein or HA were also examined. The
experiments revealed that strains producing both M pro-
tein and HA were extremely virulent, and those strains
lacking M protein or HA showed asignificantly decreased
virulence.

Materials and methods
Streptococcal strains and growth

Streptococcal strains are listed in Table 1. Streptococci were grown
for 18 hat 37C in 20 ml Todd-Hewitt broth. For the chicken embryo
assay 2-ml aliquots of the cultures were separated and the bacteria
were diluted in Todd-Hewitt broth. For bacterial binding assay, cells
from the large volumes were sedimented by centrifugation and
washed twice with saline.

Chemicals and techniques

Human serum albumin (HSA), and peroxidase were purchased from
Sigma Chemical Co. (St. Louis, Mo.). Human 1gG and IgA came
from Serva (Heidelberg, Germany) and human fibrinogen was ob-
tained from A. B. Kabi (Stockholm, Sweden). A number of proteins
were conjugated with peroxidase as previously described [24] using
the periodate oxidation method [25]. The production of HA by the
streptococcal strains was estimated by the turbidimetric method of
DiFerrante [26]. The range of turbidity was qualitatively estimated
in therange from negative (-) to positive (+++) using the cap™ strain
ATCC 12344 as a negative control and the cap® strain ATCC 12363
as a positive control.

Dot binding of plasma proteins to streptococci

This assay was used to measure the expression of M and M-like re-
ceptor proteins on the streptococcal cell surface. Proteins of the M
family can bind to different human plasma proteins like albumin, fi-
brinogen and different subclasses of 1gG [10, 12, 16, 19, 27]. We
measured the binding by immobilizing the whole bacteria onto ni-
trocellulose membranes and then incubating the membraneswith dif-
ferent peroxidase-labeled plasmaproteins as described recently [24].
Briefly, streptococci were washed twice with saline and the bacteri-
al number was adjusted to 10® cells/ml. From each suspension 100 pl,
in serial dilutions, were applied to nitrocellulose membrane using a
dot blot apparatus. Membranes were air dried and blocking was per-
formed with 5% skimmed milk in phosphate-buffered saline-Tween
20. Thebinding was assayed by incubation of stripswith peroxidase-
labeled human proteins as described previously [14].

Chicken embryo assay

Fertile White Leghorn hens eggs were set in ahumidified, self-turn-
ing incubator maintained at 37°C. Dose-lethality curves were estab-
lished by i.v. inoculation (usually through the chorioallantoic vein)
of 12-day-old chicken embryos with increasing numbers of GASin
100 pl Todd-Hewitt broth by the method of Tiefenberg et al. [28].
Colony-forming units (CFU) were determined using a counting
chamber; within long chains in each case three cells were counted
as one CFU. After inoculation appropriate dilutions of the remain-
ing bacteria were spread on blood agar plates to verify the number
of applied bacteria. At least twelve eggs were infected in parallel
with each streptococcal dilution. The LDsy and LDgy were deter-
mined by probit analysis utilizing the course of lethality. Viability
was checked for the subsequent 5 days by daily candling. From eggs
in which the embryos had been died after infection, bacteriawerere-
isolated from the allantoic fluid and plated on blood agar. Such pas-
saged cap mutants were tested to determine whether revertant bac-

Table1 Streptococcal strains.

Strain M140/58 is the strain Strain Relevant features Sourcel/reference
SF130/13 Griffith f th
Public HeaItLI Rleferre?{(?e L%bor- AM140/582 M type 1, (M™), grows in human blood, (cap) WHO Laboratory, Prague
atory London and isfiled in the
WHB(/) Laboratory ;Dralgue lIJnder AT1SF130*P T type1, (M") does not grow in human blood, (cap™) ~ German Streptococcal
the number 40/58. This strain is b _ . . Reference Center, Jena
the parent strain of AT1SF130, NY5 T type 10, does not grow in human blood, (cap™; M7) (S:taten:;,]Serum Institute
which lost its ability to express _ e opennagen
M protein by passages on blood ~ 87-282 M type 18, mucoid (cap™; M) | [20]
agar plates in our laboratory Tx4 M type 18, nonmucoid (Eap | M) [20]
over more than 20 years T24 M type 24, mucoid (cap™; M™) . [21]

T24-4° M type 24, nonmucoid (cap; M™) [21]

T24Q° M type 24, mucoid (cap’; M*) [8]

2 In ascreening of a number of strains these strains did not show hyaluronic acid production (Glnther

and Ozegowski, unpublished)

Spontaneous diminution of M protein expression during laboratory passages
¢ Genetically manipulated “knock-out” mutants
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Fig. 1 Binding of the peroxidase-labeled plasma proteins human
serum albumin (HSA), fibrinogen (FBG), 1gG, and IgA to strepto-
coccal cells blotted onto nitrocellulose membrane. The hyaluronic
acid capsule did not interfere the binding. Most M~ strains lost bind-
ing to the applied plasma proteins, with the exception of the mutant
T24-Q, which seems to express a second, not knocked-out M-like
protein with affinity for 1gG. The cells were applied in three serial
dilutions starting from the left with 108 cells/ml

Table2 Hyaluronic acid production of the investigated strains be-
fore and after infection of fertile eggs

Strain Before After passage

87-282 ++ ++

Tx4 - -

T24 ++ +++

T24-4 - -

T24-Q + ++

AM1 - -
+

AT1
NY5

+

teriahad devel oped, by estimating the production of HA by the meth-
od of DiFerrante [26]. The M~ mutant T24-Q, after reisolation, was
grown under selective conditionswith 500 pg/ml kanamycin and the
bacteria were tested for changes in expression of plasma protein-
binding proteins (see above).

Results
Expression of proteins of the M family

Members of the M protein family are known to bind to dif-
ferent plasma proteins. In our experiments we investigated
the binding of peroxidase-labeled HSA, fibrinogen, 1gG
and IgA directly at the cell surface of streptococci by the
bacterial dot binding assay (Fig. 1). This assay confirmed
recent results [20] that the capsulated strains 87-282 and
T24 and the noncapsulated isogenic mutants Tx4 and
T24-4 maintained expression of M protein and M-like pro-
teins to the same degree. As illustrated in Fig. 1, these
strains showed the same binding pattern independently of
whether they produced HA or not. On the other hand, the
lack of M24 protein in the M~ mutant T24-Q abolished the
binding to fibrinogen, albumin and IgA seen in the wild-
type strain T24. However, the 1gG binding of the M™ mu-
tant T24-Q waspreserved. The | gG-binding protein seemed
to be more accessible at the cell surface of the M™ mutant

00 s
( X N

than at the cells of wild-type strain T24. Perhaps the loss
of M protein increases access to other surface proteins.

We also included type 1 strains AM1 and AT1 in our
experiments. Both these strains lack the ability to produce
HA in vitro. The parent strain AM 1, which has been pre-
viously shown to express M1 protein and protein H at the
cell surface[10, 27] showed a high expression of M1 pro-
tein, indicated by affinity to fibrinogen (Fig. 1 and [14]).
Protein H does not bind to fibrinogen [10, 27]. The blood
agar passaged strain AT1 failed to bind any of the plasma
proteins, indicating that neither M1 protein nor protein H
is expressed, although the DNA of strain AT1 hybridized
with a probe (Schmidt and Gubbe, unpublished) encoding
for the consensus sequences of the three C class | repeats
of M1 protein [10].

Thestrain NY5 (cap™; M™) did not express plasma pro-
tein-binding proteins at the cell surface (Fig. 1), but did
produce HA acid (Table 2).

Virulence in chicken embryo
| sogenic mutants

Table 3 shows the results of the chicken embryo virulence
test. The wild-type strains T24 and 87-282 producing both
HA capsule and plasma protein-binding proteins of the M
family were highly virulent for chicken embryos. Only 1
CFU of strain T24 and 12 CFU of strain 87-282 were
enough to cause a 50% death rate. The appropriate cap™
isogenic mutants T24-4 and T x4, however, were 100 times
lessvirulent, asindicated by their LDgyand LDg,. The M~
isogenic mutant T24-Q, which still produce HA (cap®),
also showed a significant decreased virulence.

Laboratory strains

Thelaboratory strain AM 1, which lacks the ability to pro-
duce HA, exhibited a decreased virulence similar to the
cap” mutants T24-4 and Tx4. The M~ variant AT1, also
cap, was 10 times less virulent than strain AM1. Strain
NY 5, which wasfound to produce HA but not M or M-like
proteins at the cell surface, also showed decreased viru-
lence. However, using thisstrain, wedid not obtainaL Do
with up to 10° CFU.

Thus, the stepwi se decrease of virulence, found withthe
mutant strains after inactivation of HA production or of M
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Table3 Virulencein chicken embryos of group A streptococcal (GAS) strainswith hyaluronic acid capsule (cap*), without capsule (cap),
expressing M protein (M*) or not (M™). (CFU Colony-forming unit, n.t. not tested)

CFU Strains
87-282 Tx4 T24 T24-4 T24-Q AM1 AT1 NY5
cap’; M* cap’; M* cap’; M* cap’; M* cap’, M~ cap”; M* cap’; M~ cap*; M~
1x 10° n.t. n.t. n.t. n.t. 23/23 13/13 10/10 11/12
1x 10* n.t. n.t. n.t. n.t. 20/20 10/14 14/20 9/13
1x 10° 16/16 21/32 n.t. 25/41 18/24 5/12 3/11 12/24
1x 102 22/26 11/27 17/17 15/39 16/24 4/15 311 10/24
1x 10t 10/28 3/12 18/18 122 4/12 4/14 112 9/24
1x 10° 3/12 n.t. 12/18 n.t. 12 n.t. n.t. 4/12
Control TH? 2/15 2/15 1/15 0/8 114 2/18 2/18 2/12
LD, (CFU) 1.2 x 10* 2.1 x10? <1 x10° 4 x 107 7 x 10t 3.5 x 10? 1.5x% 10° 3.5 x 107
LDg, (CFU) 2.1x10? 4x10* 1.8 x 10* 1.2 x 10* 2x10° 2.8 x 10° 8.9 x 10 1.5x 10°

@ Todd-Hewitt (TH) broth was injected

protein expression, was al so confirmed with the laboratory
isolates. Although, with the laboratory strains we did not
screen for deficiencies other than that for M protein and
HA, the experiments with these strains fully supported the
results obtai ned with the i sogenic mutantsthat both M pro-
tein and HA contribute to the virulence of GAS.

Sability of HA and M protein production

All strains were tested before and after infection of the
chicken embryos for production of HA and M protein.
None of the mutant or variant strains changed their ability
to produce M protein after two passagesin the developing
embryo. The strains isolated from the allantoic fluid after
infection showed the same binding pattern to plasma
proteins as seen before injection (Fig. 1). The M™ mutant
T24-Q maintained its ability to grow in the presence of
kanamycin. The same was true for the production of HA.
None of the cap™ mutants or the cap™ laboratory strainsre-
vertedto HA production after multiplicationintheinfected
chicken embryo (Table 2). All of the cap” strains still pro-
duced HA.

Discussion

The current studies show that both M protein and the HA
capsule of GA S areimportant anti phagocytic surface com-
ponentsthat supplement each other to make astrain highly
virulent. Thelossof expression of one of these components
led to a significant stepwise decrease in the virulence of
thetested GAS strainsin chicken embryos. Until now only
the separate contribution of the HA capsule [20, 21] or M
protein [7] to phagocytosis of GAS has been investigated.
A decreased virulencein mice described recently with HA-
negative mutants [20, 21] could also be confirmed in the
chicken embryo. Earlier studiesreveal ed that the antiphag-
ocytic activity of the HA capsule could be demonstrated

more clearly using animal phagocytes rather than human
granulocytes [20, 23, 29].

The antiphagocytic role of M protein(s) hasbeen inves-
tigated extensively and the results have been recently re-
viewed [30]. Human granulocytes were found to be best
suited for investigation of the protective contribution of M
protein [7]. Anima models only functioned with a few
strains of GAS.

Recently, we showed that an i.v. infection of chicken
embryos of about 12 days old with GAS could be used to
investigate of phagocytosis of GAS and to study their vir-
ulencein vivo [24]. In the 12-day-old chicken embryo the
phagocytic system is fully developed [29, 30]; however,
lymphocytes as effector cells of immune response are not
detected until shortly before hatching [30]. We, therefore,
used this model to investigate the contribution of both HA
and M protein to the antiphagocytic activity of GAS.

The results showed a graduated virulence between the
tested strains. Only afew CFU were required to cause le-
thality of the chicken embryos if the cap™ M™ wild-types
strains 87-282 and T24 were used for infection. The lack
of expression of HA and/or M protein significantly de-
creased the virulence of the strains, demonstrated using the
isogenic mutants cap” M* T x4 and T24-4 as well as the
cap” M~ mutant T24-Q. Infections with the laboratory
strainscap” M* AM1, cap” M~ AT1, and cap” M~ NY5 led
to the same results seen with the isogenic insertion mu-
tants, e.g., strain AM1 (cap~ M) showed the same viru-
lence as the cap™ M* mutants Tx4 and T24-4. The two
strains AT1 and NY 5, which did not express plasma-bind-
ing M-like proteins at the cell surface, showed the weak-
est virulence. The chicken embryo model proved to be a
suitablein vivo test system for investigating the influence
of different streptococcal components on the virulence of
these bacteria.

In the chicken embryo model such strains lacking ei-
ther M protein or HA or both of these components did not
lose their virulence completely, suggesting that additional
factors can influence their virulence for chicken embryos.
One such factor could be the production of streptolysins O



and S, which can destroy the nearly unprotected blood cells
in the developing chicken embryo. This is the subject of
an investigation now underway.

Bacteriacan often use more than one mechanism to sur-
vive in the macroorganism. This study demonstrates that
the protection of GAS against phagocytic attack is multi-
functional, mediated in part by two biochemically differ-
ent components, M protein(s) and the carbohydrate HA.
The expression and action of these surface componentsin
concert afford increased resi stance to phagocytosisand en-
hance the virulence of the microorganism.
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