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Group A streptococci can be classified according to their tendency to cause either impetigo, pharyngitis, or
both types of infection. Genotypic markers for tissue site preference lie within emm genes, which encode
fibrillar surface proteins that play a key role in virulence. emm gene products (M and M-like proteins) display
an extensive array of binding activities for tissue and plasma proteins of the human host. In a previous study,
a high-affinity binding site for human plasmin(ogen) was mapped to the emm53 gene product. In this report,
a structurally similar plasminogen-binding domain is found to be widely and selectively distributed among
group A streptococci harboring the emm gene marker for the skin as the preferred tissue site for infection. The
findings are highly suggestive of a central role for bacterial modulation of host plasmin(ogen) during localized

infection at the epidermis.

Group A streptococci (GAS) are important human patho-
gens that can cause severe morbidity and mortality, as in cases
of toxic shock syndrome and necrotizing fasciitis and during
autoimmune sequelae such as rheumatic fever. However, the
vast majority of GAS infections result in only mild disease,
specifically pharyngitis and impetigo. The mucosal epithelium
of the throat and the epidermal layer of the skin serve as the
primary tissue reservoirs for the maintenance of this organism.
GAS display a complex array of binding activities for human
tissue and plasma components on their cell surfaces. For some
host products, such as fibronectin and plasmin(ogen), there
exists a multitude of distinct streptococcal structures capable
of mediating these interactions. For example, human plasmin-
ogen can be bound by at least four distinct streptococcal cell
surface proteins that differ in their binding affinities and are
differentially expressed (4, 20, 25, 33). The precise reason for
this redundancy is not well understood. However, GAS-bound
plasminogen can be converted to plasmin—its active form—by
secreted streptokinase (12, 27). Cell-bound plasmin functions
as a broad-spectrum proteinase and therefore may act to mod-
ulate the bacterium’s microenvironment and movement
through host tissue. Precisely how each of the distinct plasmin-
(ogen) binding activities function during streptococcal infec-
tion remains unclear.

Many host tissue and plasma proteins are specifically recog-
nized by GAS through structurally discrete binding domains
which comprise a major part of surface fibrils that are collec-
tively known as M and M-like proteins. Included among the
M-protein-bound host proteins are regulators of the comple-
ment cascade, major components of both the coagulation sys-
tem and the fibrinolytic pathway, and immunoglobulins (re-
viewed in references 9 and 18). The different binding domain
combinations give rise to mosaic-like arrays that impart a
unique spectrum of biological activities to the streptococcal
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cell. The product of the emm gene of M serotype 53 strepto-
cocci binds both human plasminogen and plasmin with high
affinity (designated PAM, for plasminogen-binding group A
streptococcal M protein) (4). The plasmin(ogen) binding site
of PAM has been localized to a 13-amino-acid repeated do-
main (11) (Fig. 1A).

The M protein fibrils display extensive antigenic heteroge-
neity and provide the basis for a serological typing scheme, for
which >80 serotypes have been defined. While decades of
epidemiological studies have shown that some M serotypes
have a strong tendency to be associated with only certain strep-
tococcal diseases, more recent work has identified emm-related
genetic markers for the so-called throat and skin types (8). In
this report, by taking an epidemiological approach, we dem-
onstrate a selective distribution of the PAM phenotype and
genotype among a subpopulation of GAS strains that have a
strong tendency to cause impetigo rather than pharyngitis.

MATERIALS AND METHODS

Bacterial strains. Of the 83 GAS strains used in this study, all but three (AP52,
AP53, and Manfredo) represent a broad selection from among those previously
described (6, 7). Bacteria were isolated from infected humans between the years
1941 and 1989 at several locations throughout the world: 29 strains from New
York; 16 from Trinidad; 7 from Alabama; 6 from the Czech Republic; 3 each
from Illinois, Minnesota, Ohio, and Egypt; 1 each from Missouri, North Caro-
lina, Nebraska, Utah, Chile, the former Yugoslavia, Japan, Kuwait, and United
Kingdom; and 4 from unknown places. Serotyping was performed by the labo-
ratory providing the strain. The emm sequence type is established based on 160
bp encoding for part of the leader peptide and NH,-terminal end of the mature
M protein (Fig. 1B) (2, 3, 16a).

Measurement of the PAM genotype. Chromosomal DNA purified from each of
the streptococcal strains was used as a template in a PCR-based mapping strat-
egy; emm chromosomal patterns A through E (Fig. 1B) were established by using
emm subfamily (SF)-specific primers (6-8). To ascertain the presence or absence
of the PAM genotype, PAM-specific oligonucleotide primers corresponding to
the portion of the emm53 gene that encodes the binding site for human plas-
minogen (Fig. 1A) (11) were paired with emm SF-specific primers. The PAM
primers are PAM-F (forward) (5'-GAGTTG[A/G]JAACGACTTAAAA[A/G]C
GAGAGACATG-3') and its complement, PAM-R (reverse); they are degener-
ate in two positions in order to account for differences between the al and a2
repeat regions. For emm pattern A and B strains, PAM-F was paired with
SF-specific primer SF1-R (5'-GTGCTTGACCTTTACCTGGAACAGCTT-3").
For emm pattern C strains, PAM-F was paired with SF-specific primers SF1-R
and SF3-R (5'-GCTGTTTGAGCAGCTCTACC-3). In emm pattern D and E
strains, PAM-F was paired with SF3-R, whereas PAM-R was paired with SF-
specific primer SF4-A (5'-CTCCTAGGTTCAGCTAAGCGTGAGTTG-3")
and/or SF4-L (5'-GAAATCCAAACAAGCACTACCTACTG-3"). For emm
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FIG. 1. Structural organization of emm genes. (A) Location of the high-
affinity plasminogen-binding site and corresponding nucleotide coding sequence
within the Emm53 (PAM or MS53) protein. Schematic organization of the
Emm53 protein: S, signal sequence; C, conserved (C repeat region) repeats; W,
cell wall (peptidoglycan)-spanning domain; M, membrane anchor. The a repeats
(al and a2) are 13 amino acids in length, and each a repeat binds plasminogen
with high affinity. The nucleotide sequence of the a2 repeat is given. An oligo-
nucleotide (PAM-F) corresponding to the underlined sequence or its compli-
mentary sequence (PAM-R) was paired with a SF-specific primer for PCR-based
genotype mapping. (B) Arrangement of emm SF genes and position of SF-
specific oligonucleotide hybridization sites. The emm and emm-like genes are
represented by four emm gene SF forms that are based on nucleotide sequence
differences in the 3’-end portion encoding for the peptidoglycan-spanning do-
main (8). Most GAS strains have one of the five emm patterns (designated A
through E), which are defined by the number of emm genes, their SF content,
and their relative arrangement on the chromosome. For strains with multiple
emm or emm-like genes, each gene differs at its 5’ end, and genes are usually
separated from one another by 0.2 to 0.3 kb. The centrally positioned gene is
used for emm sequence typing (3). Alternative nomenclature for emm and
emm-like genes is indicated (bottom). Arrows depict the hybridization sites for
oligonucleotide primers. The emm53 gene, depicted in panel A, represents the
central emm gene (SF1) of an emm pattern D strain.

pattern D strains, PAM-F was also paired with SF1-R. All primer pairs were used
at annealing temperatures of 55°C. Isolates giving PCRs that consistently pro-
vided moderate-to-high yields of a DNA fragment of the expected approximate
size with one or more PAM-SF primer pair(s) were scored as positive for the
PAM genotype.

Binding of radiolabeled plasminogen to streptococci. Human plasminogen was
purified from human plasma by affinity chromatography using lysine-Sepharose
4B (Pharmacia). Bound material was eluted with 0.1 M glycine (pH 2.0), and
fractions containing at least 95% pure plasminogen were identified by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 2A, in-
set). Using a monoclonal antibody (MAD) specific for the NH,-terminal peptide
found only in the unprocessed Glu form of the zymogen (MAb n3641; American
Diagnostica Inc.), Western blot analysis revealed that the purified preparation
was largely the Glu form of plasminogen, and little or no plasmin was present
(Fig. 24, inset). Purified plasminogen was radiolabeled with '*°I (Amersham) by
using the chloramine-T method to a specific activity of 100,000 cpm/ng. For the
whole-bacterial-cell adsorption assay, streptococci were cultured for 16 h on
blood agar plates or in Todd-Hewitt broth (Difco) at 37°C with 5% CO,. Bac-
teria adjusted to the appropriate concentration were incubated with '*I-labeled
plasminogen in a total volume of 250 wl of phosphate-buffered saline (PBS)
containing 0.02% NaNj; and 0.1% Tween 20. Following incubation for 1 h at
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20°C, an additional 2 ml of buffer was added, and the bacteria were centrifuged
at 4,000 X g for 10 min. The supernatant was discarded, and radioactivity
associated with the pellet was measured in a y counter; measurements were
performed in triplicate. Binding of =25% of '**I-labeled plasminogen is indic-
ative of an “M53-like” plasminogen-binding activity (positive PAM phenotype).

Analysis of plasminogen binding to rEmm proteins. The cloning and expres-
sion of recombinant Emm52 (rEmm52) from strain AP52 and rMS5 from strain
Manfredo has been previously described (11, 17). Western blot overlay with
125]-]abeled plasminogen was used to detect binding activity by rEmm proteins.
In addition, rTEmm proteins were tested for plasminogen binding in a microtiter
assay. Recombinant proteins were immobilized in microtiter plates (4°C for 16 h)
over a range of concentrations, and wells were blocked with PBS containing 2%
bovine serum albumin for 4 h at 20°C, washed with PBS containing 0.05% Tween
20, and incubated with 0.5 ng of '*I-labeled plasminogen. Following incubation
(20°C for 2 h), plates were extensively washed, and bound radioactivity was
measured in a y counter.

Statistics. Statistical significance was calculated by x> analysis with Yates’
correction for sample size (Epi Info version 6.04b; Centers for Disease Control
and Prevention, Atlanta, Ga.).

RESULTS

Distribution of the PAM genotype among GAS. The map-
ping of a plasminogen-binding motif to within the surface-
exposed portion of M or M-like proteins (11) suggested that its
distribution among members of the GAS species may be re-
stricted. To ascertain whether PAM is tightly linked to genetic
markers for principal tissue reservoir (i.e., emm patterns),
PAM-specific oligonucleotides were designed for PCR-based
mapping of the emm chromosomal region of 83 emm pattern-
defined GAS strains (Fig. 1A and 1B). The GAS isolates under
study represent all five of the emm patterns (A through E) and
>40 distinct M serotypes or emm sequence types (Table 1).
The wide range of M and emm types, combined with large
spatial and temporal distances separating their isolation from
human hosts, indicates that the GAS selected for this study are
a biologically diverse sample set.

Previous studies demonstrate that the majority of emm pat-
tern A, B, and C (A-C) strains are oropharynx associated,
whereas most pattern D strains are isolated from impetigo
lesions; pattern E strains are readily found at both tissue sites
(6, 8). Thus, emm patterns A—C and D can be regarded as
genetic markers for the throat and skin, respectively, as the
principal tissue reservoir in the human host. Of the 35 emm
pattern A—C strains examined, representing 15 distinct M- or
emm-sequence types, only four displayed the PAM genotype
(11.4%; Fig. 3). Among the 20 emm pattern E isolates, repre-
senting 13 distinct M- or emm-sequence types, all tested neg-
ative for PCR-based detection of the PAM genotype.

In sharp contrast to patterns A—C and E organisms, 24 of the
28 emm pattern D isolates tested positive with the PAM-spe-
cific oligonucleotides (85.7%; Fig. 3). Based on the generation
of DNA products from multiple PCR amplifications, the PAM-
specific priming site mapped to the central emm gene at a
position that is upstream from the SF1 site (Fig. 1B). The
difference between pattern D strains and either pattern A-C or
E isolates, in terms of the PAM genotype, is highly significant
(P < 0.001, df = 1). Of the 17 unique emm sequence types
represented among the 28 pattern D strains, the positive PAM
genotype was found among 13 emm types (76.5%), whereas the
negative PAM genotype was limited to four emm types
(23.5%) (Table 2). For emm types where multiple isolates were
tested (emm33, emm52, emm53, emmpotterdl, emmpt2110, and
emmstD633), all were homogeneous in their display of the
PAM genotype. The results indicate that the PAM genotype is
largely restricted to emm pattern D strains.

Binding activity for plasminogen among GAS. To establish
the association between the PAM genotype and the plasmino-
gen-binding phenotype, GAS were analyzed for their capacity
to bind human plasminogen. A detailed analysis of plasmino-
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FIG. 2. Binding of Glu plasminogen to select strains and recombinant Emm proteins. (A) Inset, top: Human plasma (0.5 ml) was mixed with approximately 10

CFUs of GAS (lane 1, strain AP53; lane 2, strain AP52), cells were washed, and bound proteins were eluted with 0.1 M glycine-HCI (pH 2.0). Blots of eluate were
incubated with MADb directed to Glu plasminogen. Purified human plasminogen was analyzed by SDS-PAGE and Western blotting. The gel was stained with Coomassie
brilliant blue (lane 3), and the blot was incubated with a MAb directed to the NH,-terminal peptide specific for Glu plasminogen (lane 4). Purified, '*I-labeled human
plasminogen was analyzed by autoradiography (lane 5). Purified '**I-labeled human plasminogen (0.25 ng) was mixed with approximately 10'” CFUs of strain AP53
in 0.5 ml of PBS containing 2% bovine serum albumin. Following incubation, cells were washed extensively, and bound material was eluted with glycine and subjected
to autoradiography (lane 6). (A) Inset, middle: A schematic representation of plasminogen. The five kringle domains and the activation cleavage sites for tissue-type
plasminogen activator and urokinase in the serine protease domain (open arrow) are indicated. Also depicted is the cleavage site for plasmin, resulting in a
77-amino-acid residue NH,-terminal peptide and conversion of plasminogen from the Glu to the Lys form (closed arrow). (A) Bottom: Bacteria-bound '**I-labeled
plasminogen was measured by an adsorption assay, except that 0.1 ng per 0.25 ml of >*I-labeled plasminogen was incubated with GAS present over a wide range of
concentrations, expressed as CFU/ml. Shown are strain 1RP144 (M5, emm pattern A-C; A) and emm pattern D strains D617 (m) and AP53 (@) (Table 2). (B) Inset,
top: Recombinant emm gene products (rM5, derived from M5 Manfredo, emm pattern A-C, lanes 1 and 3; rEmm52, derived from AP52, lanes 2 and 4) were separated
by SDS-PAGE and stained with Coomassie blue (lanes 1 and 2); a replica of the gel was blotted and incubated with '**I-labeled human plasminogen (lanes 3 and 4).
(B) Bottom: Purified rM5 (A) and rEmm52 () proteins were immobilized in microtiter plate wells and incubated with '**I-labeled plasminogen. The amount of
radio-iodinated material bound to various concentrations of recombinant proteins was measured in a -y counter.

gen binding by a few select strains is summarized in Fig. 2.
Using a human plasminogen source of either purified '*°I-
labeled plasminogen or unfractionated plasma, two emm pat-
tern D strains (AP52 and AP53) were found to bind specifically
to the unprocessed Glu form of the zymogen (Fig. 2A, inset).
At concentrations of bacteria up to 2 X 10° CFU/ml, >50% of
radiolabeled plasminogen was bound by two emm pattern D
strains (D617 and AP53), whereas <10% of total plasminogen
was bound by the emm pattern A—C strain (1RP144) (panel A).
To demonstrate that the emm gene product represents the
GAS component responsible for the observed binding of plas-
minogen, recombinant M proteins derived from two GAS
strains were analyzed in direct binding experiments. As ex-
pected, the rEmmS52 protein derived from strain AP52 bound
Glu plasminogen efficiently, whereas the rM5 protein from

TABLE 1. Epidemiologic features of group A streptococcal strains
under study

No. (%) isolated from:

No. of No. of unique
enm strains M or emm Unk
pattern represented types Nasopharynx Impetigo nSiItlé)WH
A, B,or C 35 15 32(91) 2(6) 1(3)
D 28 17 5(18) 19 (68) 4(14)
E 20 13 10 (50) 10 (50) 0(0)

emm pattern A-C strain Manfredo showed little, if any, affinity
for the zymogen (Fig. 2B).

Using the whole-bacterial-cell adsorption assay, binding of
human plasminogen was measured for all 83 GAS strains un-

Positive
PAM
Genotype § S e ¢ 4
Negative
PAM Q
Genotype %
® O
S% ‘fO 1l5 2‘0 2,5 2'50

% bound 1125 human plasminogen

Isolates of emm pattern: O A-C @D O—EI

FIG. 3. Binding of human plasminogen by intact GAS. Each symbol repre-
sents a different GAS isolate (n = 83) that is defined according to its emm
pattern. Intact GAS were measured for the percentage of '>I-labeled human
plasminogen bound in an adsorption assay. Approximately 2.0 X 10° CFUs were
incubated with '*I-labeled plasminogen (~10,000 cpm, corresponding to ~1 ng
of plasminogen) in a total reaction volume of 0.25 ml. The values for the
percentage of plasminogen bound are rounded to the nearest 5% interval. Also,
shown is the PAM genotype for each isolate, as determined by PCR amplification
of GAS-derived DNA using PAM-specific oligonucleotide primers.
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TABLE 2. Properties associated with plasminogen-binding activity among emm pattern D strains

INFECT. IMMUN.

Tissue site

Isolation

PCR product

% of bound '*I-labeled

Strain emm . i Place” - .
type of isolation date (PAM primers) plasminogen
13RS60 33 NP 1941 New York + =50
A910 33 NP 1966 ND + =50
A982 33 Imp 1968 New York + =50
3732-S 33 Imp 1969 Alabama + =50
6010-S 33 Imp 1971 Alabama + =50
D735 33 Imp 1973 New York + =50
29487 33 Imp 1987 Czech Republic + =50
AP52°¢ 52 Imp 1967 Minnesota + =50
D617 52 Imp 1972 Trinidad + =50
AP53¢ 53 Imp 1967 Minnesota + =50
ALAB49 53 Imp 1986 Alabama + =50
29689 pt2110 Imp 1988 Czech Republic + =50
ALABSS pt2110 Imp 1986 Alabama + 25
D964 pt2631 Imp 1976 Trinidad + =50
D821 pt5757 Imp 1975 Trinidad + =50
29486 st2370 Imp 1987 Czech Republic + =50
D432 stD432 ND 1971 Egypt + =50
D631 stD631 Imp 1972 Trinidad + =50
D633 stD633 Imp 1972 Trinidad + =50
D680 stD633 NP 1972 Trinidad + =50
D641 StNS5 Imp 1972 Trinidad + =50
D466 potter41 ND 1971 Egypt + 25
D502 potter41 Imp 1971 Trinidad + 10
D998 70 ND 1976 Japan + 20
10RS101 32 NP 1942 New York - 15
1RS79 42 NP 1941 New York - 10
A457 36 ND 1961 Former Yugoslavia - =5
D626 st88/31 Imp 1972 Trinidad - =5

“ For several isolates, previous reports (5, 8) indicated M serological types that are discordant with the emm sequence types presented here.

® Imp, impetigo; NP, nasopharyngeal site; ND, not determined.

¢ AP52 and AP53 are also designated CV686 and CV265, respectively (31). AP53 is the strain from which Emm53 (PAM) was originally derived (4).

der study, at a single near-saturating concentration of bacteria
(approximately 8 X 10° CFU/ml). Of the emm pattern D
strains, 22 of 28 (78.6%) displayed high levels of plasminogen
binding (ranging from 25 to >50% of total '*I-labeled plas-
minogen bound; Fig. 3). In contrast, the vast majority (83.6%)
of emm patterns A-C and E strains bound =5% of '*I-labeled
plasminogen; binding of >20% plasminogen was not observed
for any of the patterns A-C and E strains tested.
Correlations of PAM phenotype, PAM genotype, and tissue
site of isolation. All 22 isolates binding =25% of human plas-
minogen in the whole-bacterial-cell adsorption assay also dis-
played the PAM genotype that is detected by PCR using PAM-
specific oligonucleotide primers. Of the 22 strains that scored
positive for plasminogen binding (i.e., those that had a positive
PAM phenotype), 100% were emm pattern D (Fig. 3). Thus,
the PAM phenotype positively correlates with the PAM geno-
type and furthermore, it is restricted to emm pattern D strains.
Of the 83 GAS isolates studied, 22 were positive for both the
PAM phenotype and genotype, however, an additional six
strains were positive for the PAM genotype only. Thus, six
isolates hybridized with PAM oligonucleotides yet failed to
exhibit strong plasminogen-binding activity. Of the four pat-
tern A—C isolates that were positive for the PAM genotype but
negative for the PAM phenotype (strains 87-214 [emml],
1RP144 [emm5], 1GL217 [emm17], and 87-373 [emm18]), all
were represented by emm types found among other strains that
were clearly negative for the PAM genotype. Thus, it is possi-
ble that under the annealing conditions employed, the PAM-
specific primers can hybridize to non-PAM-specific sequences
whose distribution does not correlate well with emm type. For
the two pattern D strains that were negative for the PAM

phenotype (Table 2) but positive for the PAM genotype
(strains D998 [emm70] and D502 [emmpotter41]), one dis-
played an emm type shared with a second isolate that is posi-
tive for the PAM phenotype (strain D466 [emmpotterd1]).
Since M and emm types are tightly linked to the 3’ end SF-
specific regions that define emm pattern (Fig. 1B) (6), it seems
likely that for strain D502, the PAM-specific oligonucleotides
detected an emm gene whose product is not expressed at high
levels or, alternatively, harbors a point mutation(s) that leads
to a decrease in binding capacity.

The actual tissue site of isolation is known for 78 of the 83
GAS under study: 31 were isolated from impetigo lesions,
whereas 47 were obtained from the nasopharyngeal mucosa
and gave rise to either pharyngitis, clinically inapparent infec-
tions, or asymptomatic carriage. Of the 2 pattern A—C and 10
pattern E isolates derived from impetigo lesions, representing
a total of nine distinct emm types, none displayed the PAM
phenotype or genotype. In contrast, of the 18 pattern D impe-
tigo isolates, representing 12 emm types, 16 scored positive for
both the PAM phenotype and genotype, 1 had the PAM ge-
notype only, and 1 was negative for both (Table 2). Of the five
nasopharynx-derived pattern D organisms, three were positive
for PAM (13RS60 [emm33], D680 [emmstD633], and A910
[emm33]), and two were negative for PAM (10RS101 [emm32]
and 1RS79 [emm42]). Of the pattern D throat isolates, at least
three (13RS60, D680, and 10RS101) were not known to be
associated with clinical disease in their human hosts and most
probably gave rise to an asymptomatic carrier state.

Of the 21 isolates associated with cases of acute rheumatic
fever, four strains displayed the PAM genotype but bound
=10% of human plasminogen in the whole-bacterial-cell ad-
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sorption assay (all four are emm pattern A-C strains). Thus,
rheumatic fever-associated strains tend to be deficient in
PAM-mediated plasminogen binding activity. Of the seven
GAS isolated from individuals with acute glomerulonephritis,
three displayed both the PAM phenotype and genotype (all
emm pattern D strains), whereas the remainder lacked both
the PAM phenotype and genotype (emm pattern A—C and E
strains).

Taken together, the data show a strong association between
the PAM phenotype, PAM genotype and emm pattern D
strains. All PAM-positive organisms segregate as a group with
bacteria having a strong tendency to cause impetigo lesions.
Furthermore, emm pattern E isolates and the occasional pat-
tern A-C isolate that are obtained from impetigo lesions, are
consistent in their lack of both the PAM phenotype and geno-
type, suggesting that alternative pathogenic mechanism(s) are
used by these GAS subpopulations.

DISCUSSION

A recurring theme in the study of GAS is the existence of
multiple gene products which bind various human tissue and
plasma components. To better understand the biological role
of bacterial-host binding activities during natural infection, one
can test a hypothesis by comparing organisms that are geno-
typically and phenotypically well defined, using in vitro models
consisting of human-derived components or alternatively, in
vivo models that rely on animals. However, often the binding
affinities are significantly higher for human components than
for other mammalian forms, casting uncertainty on the true
relevance of animal models for a disease that is uniquely hu-
man. For example, the molecule studied here (PAM) does not
bind well to plasminogen of closely related species, such as the
rhesus monkey, a nonhuman primate (10). An epidemiological
approach provides a third general strategy and works by sort-
ing a population of microorganisms according to their geno-
type, phenotype, and biological interactions with its natural
host. Together, the three approaches can merge to form a
more complete composite of the mechanisms underlying dis-
ease pathogenesis.

In the present investigation, we use a combined approach to
further analyze the role of the GAS interaction with plasmin-
ogen, a zymogen found in high concentrations in plasma and
tissue fluids. Cleavage of plasminogen can set off any one of
several cascades of events that are part of important biological
processes, such as dissolution of fibrin, wound healing, inflam-
matory cell migration, tumor cell metastasis, and the inhibition
of angiogenesis (16, 28). Multiple pieces of evidence suggest
that for some of these events, activation of plasminogen at the
mammalian cell surface is required (14, 22, 24, 32). Therefore,
the biological consequences of bacterial cell surface-bound
plasmin activity are potentially quite numerous. GAS express
surface proteins that allow for the capture of human plasmin-
(ogen) by at least four different mechanisms (4, 20, 25, 33).
Furthermore, GAS produce at least two secreted proteins—
streptokinase and cysteine protease—which can interact with
plasmin(ogen) in a specific manner (26, 34). This report fo-
cuses on one of the plasminogen binding mechanisms exhib-
ited by GAS, the high-affinity interaction that is mediated
through PAM.

Recent evidence strongly suggests that surface-associated
binding and activation of plasminogen enhances the invasion
and dissemination of at least two bacterial pathogens, Yersinia
pestis and Borrelia burgdorferi (13, 29). Invasion of normally
sterile tissue by GAS is associated with high rates of morbidity
and mortality; however, from an ecological standpoint, GAS
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invasive disease is a rare event. In contrast to the vector-borne
pathogens Y. pestis and B. burgdorferi, which are transmitted to
their mammalian hosts through insect bites, GAS are trans-
mitted primarily by respiratory droplets or close contact. GAS
colonize the mucosal epithelium of the upper respiratory tract
or epidermis of the skin and, most often, cause only mild
superficial infection. The strong epidemiological association
demonstrated in this report narrows the focus for the most
likely biological role of the PAM form of plasminogen-binding
activity by GAS. Since emm pattern D strains display a strong
tendency to cause impetigo and are much less often observed
in association with pharyngitis (8), it seems most likely that
PAM exerts its biological function within the epidermal tissue
space.

The epidemiological associations uncovered in this study
lead us to favor the hypothesis that PAM-directed plasmin
(ogen) binding by GAS exerts its strongest biological effect
during localized infection rather than during invasive disease.
Population-based surveillance for invasive GAS disease during
a 6-month time frame in Connecticut demonstrates that <2%
of the isolates display emm pattern D (15). This finding is in
further support of the idea that the key role of PAM is not
linked to invasion of deep tissue. The concentration of plas-
minogen in tissue is highest in the circulation and interstitial
fluids (1 X 10%to 2 X 10~° M). However, the high affinity of
PAM for human plasminogen (affinity constant, 8 X 10~%
M) (4) suggests that PAM has undergone adaptive evolution
in order to function ideally under conditions whereby the con-
centration of plasminogen is low.

During the development of an impetigo vesicle, GAS are
largely confined to the surface of the outermost layer of gran-
ular keratinocytes, located just below the cornified layer (stra-
tum corneum) of the epidermis (1). As a continuing stream of
neutrophils migrate from the dermal vessels through the dif-
ferentiated keratinocyte layers of the epidermis and into the
subcorneal space where adherent GAS persist, a mild spongi-
osis (intraepidermal intercellular edema) often develops and
extracellular tissue fluid gradually accumulates within the epi-
dermis. The vesicle itself contains coagulated serum and neu-
trophils in addition to bacteria. As the infection progresses and
the vesicle ruptures, the stratum corneum is no longer present
and the remaining epidermal layer is covered by a crust com-
posed of fibrin and cellular debris. An expanding inflammatory
response can eventually lead to a deeper erosion of the epi-
dermal layer or penetration of the dermis as observed in ec-
thyma (19, 23, 30).

In a normal response to damage at the dermal-epidermal
junctional region, basal layer keratinocytes located at the mar-
gins of the “wound” will migrate laterally along a provisional
matrix of fibrin and initiate the process of reepithelialization
(21, 28). The migration of keratinocytes during wound healing,
and possibly inflammatory cells responding to a chemotactic
signal, is directed by pericellular proteolysis mediated by plas-
min (16, 21). Conceivably, PAM acts to sequester plasmin
(ogen) and thereby competes with the human cell receptors for
its binding and, in doing so, circumvents the normal healing
processes. Alternatively, plasminogen captured by PAM and
subsequently activated by streptokinase might act directly on
the fibrin network of either the overlying crust and/or dermal-
epidermal junction, thereby allowing the bacteria to prolong
their presence in superficial wounds. Finally, bacterial-surface-
generated plasmin might function as a broad spectrum pro-
tease and modulate the bacterium’s microenvironment in an
undefined manner that ultimately favors its reproduction and
transmission to a new host. However, the failure of PAM to
exhibit high-affinity binding for plasminogen of nonhuman or-
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igin may preclude the possibility of discerning among these
possibilities by traditional in vivo models for infection.
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