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Using indirect immunofluorescence, alkali-extracted components of Streptococcus mutans were found to bind
in vitro to capillary walls and sarcolemmal sheaths of monkey cardiac muscle and to glomerular and tubular
basement membranes of monkey kidney. Adsorption of S. mutans components to tissue fragments was also
detected by indirect radioimmunoassay and immunoblotting on nitrocellulose paper. Antibodies did not bind to
untreated, control tissues in these experiments, proving that antigens shared by S. mutans and tissue
components were not involved. Rabbit and monkey heart and kidney components bound S. mutans antigens of
24,000, 35,000, and 65,000 Mr. Monkey heart also bound molecules of 90,000 and 120,000 Mr. Rabbits
immunized by intravenous injection of disrupted S. mutans cells developed severe nephritis that was
characterized by the deposition of immunoglobulins, complement component C3, and S. mutans antigens in the
glomeruli. Immunoglobulin G eluted from nephritic kidneys reacted in immunoblots with the 24,000, 35,000,
and 65,000 Mr components of S. mutans extract, indicating that the antigens that bound to tissue in vitro also
bound in vivo and reacted with antibodies in situ. Antibodies to other S. mutans antigens were not detected in
the kidney eluate, although they were present in the serum of the same rabbit.

Streptococcus mutans has been identified as the most
important etiological agent of dental caries (reviewed in
references 9 and 16). Immunizations of rats and monkeys
that result in increased salivary immunoglobulin A (IgA)
specific for S. mutans can inhibit the colonization of teeth by
these bacteria and reduce the incidence of dental caries (5,
13, 17, 28). Therefore, it has been suggested that develop-
ment of an S. mutans vaccine may be of value in controlling
dental caries in humans. Yet, because dental caries is not a
life-threatening disease, S. mutans antigens that exert ad-
verse side effects are unacceptable vaccine components (16).

Surface components of S. mutans have been shown to
bind selectively glycoproteins of human saliva (8, 15, 20, 24)
and cardiac antigens of Todd-Hewitt broth (25). Crude
extracts of a number of S. mutans serotypes contain antigens
that bind in vitro to components of cardiac and skeletal
muscle (26). Recently, it has been shown that rabbits immu-
nized with S. mutans strains KIR and MT703 develop kidney
disease that exhibits many characteristics of streptococcus-
associated nephritides (SAN) in humans (27). This study was
undertaken to identify the components of S. mutans that
bind to heart and kidney tissues in vitro and to kidney tissue
in vivo using an indirect radioimmunoassay and immuno-
blotting (Western blotting).

MATERIALS AND METHODS
Bacteria and cultural conditions. S. mutans strains AHT

(serotype a), BHT (serotype b), 10449 (serotype c), KIR
(serotype dig), MT703 (serotype e), and OMZ175 (serotype
f) were grown on a dialysate of tryptic soy broth supplement-
ed with 0.1% yeast extract (Difco Laboratories, Detroit,
Mich.) and on chemically defined medium (31). All cultures
(1 liter of medium in a 2-liter Erlenmeyer flask) were
incubated at 37°C and mixed at 25 rpm on a gyratory shaker
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(New Brunswick Scientific Co., New Brunswick, N.J.).
Growth was followed turbidimetrically at 600 nm with a
Bausch & Lomb Spectronic 20 spectrophotometer. Cultures
with optical densities of 0.8 to 1.2 (late-logarithmic to early-
stationary phases of growth) were harvested by centrifuga-
tion at 10,000 x g for 15 min at 4°C. The cells were then
washed twice with phosphate-buffered saline (PBS; 0.01 M
NaH2PO4-Na2HPO4, pH 7.2, containing 0.15 M NaCl).

Immunization. Bacteria grown in the complex culture
medium were disrupted by shaking with glass beads in a
Braun cell homogenizer (Bronwill Scientific Inc., Rochester,
N.Y.) at 4°C as described by Bleiweis et al. (2). The vaccine
of disrupted bacteria was heated at 70°C for 30 min, adjusted
to 10 mg of protein per ml in PBS and stored at -20°C. New
Zealand white rabbits were immunized with the sterile
preparations of disrupted streptococci by intravenous injec-
tion three times a week as previously described (27). The
antisera used in this study were obtained 8 to 24 weeks after
the start of the immunization regimen, a period in which
many rabbits developed symptoms of nephritis (27). The
rabbits were test-bled every 4 weeks. Antibody titers to
intact S. mutans were determined by indirect immunofluo-
rescence assay to be between 640 and 2,560.

Extraction of bacteria. Intact cells were extracted sequen-
tially with acetone, chloroform-methanol (2:1), and amnmoni-
um hydroxide at pH 10 as previously described (23). Lyophi-
lized extracts were dissolved at 5 mg (dry weight) per ml of
PBS for tissue-binding experiments.

Immunofluorescence. Antigens in S. mutans extracts were
tested for their abilities to bind to 4-,um-thick cryostat-cut
tissue sections of cynomolgus monkey (Macacafascicularis)
heart and kidney (23, 26). Briefly, tissue sections were
incubated with the bacterial extract (5 mg [dry weight]/ml)
for 30 min and washed with PBS for 15 min. Tissue-bound
antigens were detected by indirect immunofluorescence
(IIF) assay with rabbit antiserum elicited by immunization
with the homologous bacterium and fluorescein isothiocya-
nate (FITC)-labeled goat anti-rabbit IgG as previously de-
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scribed (26). Normal rabbit serum obtained before immuni-
zation and anti-S. muitans serum were incubated with both
untreated, native tissue and tissue that was pretreated with
bacterial antigens.
The components present in immune deposits within the

tissues of immunized rabbits were identified by direct immu-
nofluorescence as previously described (27), using FITC-
labeled goat anti-rabbit IgG, IgM, IgA, and C3 (Cappel
Laboratories Inc., West Chester, Pa.). Sections of tissues
obtained from immunized rabbits were also examined by
direct immunofluorescence for the presence of S. muitans
antigens by using chicken anti-S. miitans antibodies that
were conjugated with FITC by the procedures of Nairn (19).
This latter antiserum was elicited in chickens by injection of
disrupted S. mnltans cells mixed with an equal volume of
complete Freund adjuvant (GIBCO Laboratories, Grand
Island, N.Y.). The chickens received 1 mg of protein in each
footpad at 2-week intervals. The animals were exsanguinat-
ed after 8 weeks.

Radioiodination of protein A. Protein A (Pharmacia Fine
Chemicals, Piscataway, N.J.) was radioiodinated by the
chloramine-T procedure of Hunter (12). The specific radio-
activity of the '25I-protein A preparations ranged from
10,000 to 16,000 cpm/ng.

Tissue homogenization. Five grams each of monkey and
rabbit heart and kidney tissues were cut into roughly 2-mm2
sections with razor blades and washed five times with 50 ml
of ice-cold PBS to remove blood components. The fragments
were suspended in 20 ml of PBS containing 2 mM phenyl-
methylsulfonyl fluoride and 0.05% sodium azide and homog-
enized at 4°C. After removing clumps of connective tissue by
filtration through cotton gauze, each suspension was adjust-
ed with PBS to 10 mg of protein per ml and stored at -70°C.

Indirect radioimmunoassay. Homogenized monkey and
rabbit tissue was fixed to enzyme-linked immunosorbent
assay plates (Immulon; Dynatech Laboratories, Alexandria,
Va.) and washed with PBS-1% bovine serum albumin (BSA)
as previously described (27). The tissue components were

incubated with 50 [L1 of bacterial extract for 45 min at room

temperature. Empty and tissue-containing wells were incu-
bated with the PBS-BSA solution as negative controls. All
wells were washed five times with PBS to remove unbound
reactants followed by incubation with 50 pl1 of diluted rabbit
antiserum or normal rabbit serum for 45 min at 22°C. After
five more washings with PBS, the wells were incubated with
15 ng of 125I-protein A for 45 min. After a final series of
washings, the contents of the wells were extracted with 150
p.l of 2% sodium dodecyl sulfate (SDS) solution at 50°C for
10 min, and a 100-[lI portion was removed and counted in a

gamma counter (Beckman Instruments Inc., Berkeley, Cal-
if.). The data were corrected for the '25I-protein A bound to
control wells coated with BSA. Although these values varied
with the preparation of radioiodinated protein A, the one

used in the experiment described here gave 18,685 cpm with
a standard deviation of 1,438 cpm.

Binding of bacterial antigens to tissue. One milligram (dry
weight) of S. miutans extract was dissolved in 200 [L1 of PBS
and mixed with 200 .I1 of homogenized tissue and stirred for
2 h at 4°C. The suspension was centrifuged at 15,000 x g for
30 min. The pellet of tissue particles was suspended in 1 ml
of ice-cold PBS and collected by centrifugation. This wash-
ing procedure was repeated three times to remove unbound
reactants. Before the final centrifugation, the suspension
was transferred to a clean centrifuge tube so that any antigen
adsorbed to the walls of the original vessel would be
eliminated. The final pellet was suspended in 1 ml of SDS-

polyacrylamide gel electrophoresis (PAGE) buffer and
boiled for 15 min. After removing insoluble material by
centrifugation, 40 .I1 of the supernatant fluid was separated
by SDS-PAGE. As a control, tissue was incubated with
saline instead of bacterial extract and then washed and
extracted in the same manner.
SDS-PAGE. Extracted bacterial and tissue components

were separated by SDS-PAGE in the absence of reducing
agents (33). The separating gel contained 7.5% acrylamide
and 6 M urea. The molecular weight markers (Sigma Chemi-
cal Co., St. Louis, Mo.) and the streptococcal and tissue
components were solubilized at 100°C in SDS-PAGE sample
buffer. The molecular weight markers were: bovine serum
albumin, 66,000; ovalbumin, 45,000; trypsinogen, 24,000; 3-
lactoglobulin, 18,400; and lysozyme, 14,300. Proteins were
detected by staining with Coomassie brilliant blue.

Immunoblotting. Proteins were transferred electrophoreti-
cally from SDS-polyacrylamide gels to nitrocellulose paper
(Bio-Rad Laboratories, Richmond, Calif.) and reacted with
rabbit antiserum and 125I-protein A according to the proce-
dure of Burnette (3) but with the buffer systems of Smith and
Summers (22). XAR-5 X-ray film (Eastman Kodak, Roches-
ter, N.Y.) was exposed to the antigen-antibody-125I-protein
A complex for 0.5 to 4 h at -70°C with enhancement by a
Dupont Cronex intensifying screen. Molecular weight mark-
ers were transferred to nitrocellulose and detected directly
with amido black stain. In all blotting experiments, duplicate
antigen blots were incubated with normal rabbit serum,
obtained before immunization, to evaluate the specificity of
antibody binding to antigen bands.

Antibody elution. For the elution of immunoglobulins
deposited in kidney tissue, a kidney (20 g [wet weight]) of a
rabbit immunized with S. initans MT703 for 22 weeks was
homogenized as described above and centrifuged at 15,000 x

g for 30 min. This kidney was selected because it contained
immune deposits of IgG in the glomeruli as determined by
direct immunofluorescence assay. The pellet was suspended
in 80 ml of 20 mM citrate buffer (pH 3.2) and stirred for 4 h at
room temperature (34). After centrifugation at 87,000 x g for
1 h, the supernatant fluid was collected, adjusted to pH 7.0,
and concentrated to 10 ml by ultrafiltration (UM 10 mem-
brane; Amicon Corp. Danvers, Mass.) at 4°C. Similar ex-
tracts were prepared from kidneys of healthy, nonimmu-
nized rabbits and compared with that from the diseased
kidney in all serological assays. This technique was not
useful for eluting tissue-bound bacterial antigens because
most of the proteins in the S. mnitans extract were insoluble
at pH values below 4.5.
Serum absorption. Dilutions of rabbit anti-S. mnitacns sera

were mixed with preparations of bacterial or tissue antigens
and incubated at 37°C for 1 h and then at 40C for 18 h. The
immune complexes were removed by centrifugation at
105,000 x g for 1 h.

Protein determination. Protein concentrations were deter-
mined by the Hartree modification (10) of the Lowry meth-
od, using bovine serum albumin as a standard.

RESULTS

Binding of bacterial antigens to tissue sections. S. multans
extracts were incubated with cryostat-cut sections of mon-

key heart and kidney which were stained subsequently by
rabbit anti-S. initans serum in the IIF assay. Figure 1 shows
immunofluorescence staining along the sarcolemmal sheath
and in perivascular areas of cardiac muscle. This indicated
the presence of streptococcal antigens on these structures

INFECT. IMMUN.



BINDING OF S. MUTANS ANTIGENS 147

*f;<4| S 8 tf igS -streptococci were grown on either tryptic soy-yeast extract
or chemically defined media. Extracts of both cell popula-
tions contained activity (Fig. 1 and 2).

Identification of tissue-bound streptococcal antigens. S.
mutan MT703 was selected for these experiments because
its tissue-binding antigens reacted strongly with antiserum in

-TIX-'-_h;'ĵ=E;;;4',2 -IIF assays, and administration of disrupted cell vaccines
600XhW$Sitl!l;Ahl-t0linduced severe glomerulonephritis in rabbits (27). Binding of

streptococcal antigens to monkey tissue in vitro was deter-
mined by radioimmunoassay (Fig. 3). The quantity of bound
'25I-protein A was proportional to the concentrations of S.
mutans extract and antiserum used to treat the tissue.
Control experiments showed that the S. mutans antigens
were indeed bound to tissue components and not to the

'JI5S;::rwldS:tW:>i:> t} :::: BSA-coated plastic. Incubation of S. mutans extract in BSA-
coated wells, followed by incubation with antiserum and
i251-protein A, produced radioactivity within the background
range; that is, the amount of radioactivity obtained in BSA-
coated wells treated with I-protein A. Assays with an

B , <> t;-& 69s-i YLk ,extract of Lactobacillus casei and a homologous antiserum
':i,*,^''wd'Xts,"iz did not result in increased binding of radioactivity, indicating
_rM;:.,--S>X!g.:;3:; ! .,! that this bacterium did not possess tissue-binding proteins.

0.1 N t ;e5Rabbit anti-S. mutans MT703 sera, collected 8 weeks after
the first immunization, had antibody titers of 320 to 1,280 on

1%~~~~~~~~~~~~~~~~~~~~~4

FIG. 1. IIF staining of S. mutans MT703 antigens bound to
monkey cardiac muscle. (A) Tissue section treated with a 1:40
dilution of rabbit anti-S. mutans MT703 serum. Striations and
intercalated disks are stained weakly. (B) Tissue section treated
with alkali-extracted S. mutans antigens (5 mg/ml) followed by the
antiserum. The sarcolemmal sheaths and perivascular regions are
stained in addition to striations and intercalated disks. The antiser-
um used in this experiment and the one shown in Fig. 2 was obtained
8 weeks after the first immunization. Bacteria were grown in iryptic B ;Y
soy-yeast extract broth.

since the antiserum did not react with tissue sections that
were not pretreated with the extract (Fig. 1A). Binding of S.
mutans antigens to kidney sections is shown in Fig. 2.
Immunofluorescence can be seen on both tubular and
glomerular basement membranes of S. mutans-treated tissue
but not on untreated tissue. Serum obtained from this rabbit -AP_j
before immunization with S. mutans did not react with either
tissue nor with tissue treated with bacterial extract. Extracts P_F
prepared from S. mutans strains AHT, BHT, 10449, MT703,
KIR, and OMZ175 produced similar staining patterns in IIF
assays with homologous antisera on monkey heart and ,'of
kidney tissues. It has been previously reported (26) that M_
antigens extracted from Lactobacillus casei, Staphylococ-
cus aureus, Streptococcus salivarius and Streptococcus FIG. 2. IIF staining of S. mutans MT703 antigens bound to
sanguis did not bind to basement membranes of these monkey kidney. Tissue sections A and B were treated as described
tissues. To evaluate the effect of nutritional conditions on in the legend to Fig. 1. Bacteria were grown in chemically defined
the production of basement membrane-binding factors, medium.
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FIG. 3. Indirect radioimmunoassay showing antibody reactions
with S. mutans antigens bound to immobilized components of
monkey (A) cardiac muscle and (B) kidney. The anti- S. mutans
MT703 serum was collected 8 weeks after the first immunization.
Symbols: 0, tissue treated with 100 ,ug of bacterial antigens; V,
tissue treated with 50 ,ug of bacterial antigens; 0, tissue treated with
25 p.g of bacterial antigens; x untreated tissue. Bacteria were grown
in tryptic soy-yeast extract broth.

tissue pretreated with S. mutans extract and only 10 to 40 on
untreated, normal tissue. Interestingly, antisera obtained 12
weeks or more after the first immunization showed increased
titers, ranging from 160 to 1,280, of antibodies reactive with
normal tissues. The binding of these antibodies to tissue
often obscured the antibody reactions with tissue-bound S.
mutans bacterial antigens in this assay system. Therefore, an
antiserum with a titer of 10,240 to bacterial antigens and of
40 or less to animal tissue was selected for all subsequent
serological assays for the detection of tissue-bound bacterial
antigens (Fig. 3 included). It should be noted that this
antiserum did not react with plastic wells coated with
components of tryptic soy-yeast extract broth. Absorption
of the antiserum with S. mutans MT703 grown in chemically
defined medium reduced the antibacterial titer from 10,240
to 20, proving that the antibodies were not elicited to
constituents of the complex medium that may have been in
the vaccine preparation.
To identify the streptococcal components bound in vitro

to fragments of monkey kidney and heart, antigen-treated
tissues were extracted with 2% SDS, and the solubilized
components were resolved by PAGE and immunoblotting.
The resulting patterns were compared with those obtained
separately with crude extracts of S. mutans and with ex-
tracts of untreated tissue. Of the 25 S. mutans MT703
components stained by Coomassie blue in polyacrylamide

gels, 11 reacted with antiserum to S. mutans after transfer to
nitrocellulose paper (Fig. 4); none of the bands bound
antibodies from a similarly diluted serum obtained from the
rabbit before immunization. Extracts of monkey and rabbit
heart and kidney tissue that had been pretreated with S.
mutans extract showed two common antigenic bands (65,000
and 35,000 Mr). Monkey heart contained additional bacterial
bands with apparent molecular weights of 90,000 and
120,000. The rabbit and monkey kidneys also bound smaller
amounts of a bacterial antigen(s) of ca. 24,000 Mr. The
antiserum to S. mutans did not react with SDS extracts of
saline-treated control tissues under these conditions, prov-
ing that the antibodies were binding to bacterial antigens and
not to tissue components.

Binding of streptococcal antigens in vivo. Rabbits injected
intravenously with disrupted S. mutans vaccines were re-
ported previously to develop extensive histopathological
changes in the kidneys (27). Microscopic examination of
direct immunofluorescence-stained kidney sections obtained
from rabbits during periods of proteinuria revealed immune
deposits of C3, IgG, IgM, or IgA in the glomeruli. The IgG-
specific strains showed smooth ribbon-like patterns along
the GBM and granular deposits in the mesangium and on
some sections of the GBM (Fig. 5). Seven of 10 rabbits also
contained streptococcal antigens in some glomeruli (Fig. 6);
the intensity of the direct immunofluorescence with FITC-
chicken antibodies to S. mutans was greatest on kidneys
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FIG. 4. SDS-PAGE and autoradiograms of immunoblots of free
and tissue-bound S. mutans MT703 antigens. Lane A, 200 p.g of
extracted S. mutans components stained with Coomassie blue; lane
B, 75 jig of bacterial protein immunoblotted with a 1:100 dilution of
the rabbit anti-S. mutans MT703 serum used in the experiment
shown in Fig. 3 (30-min development); lane C, same as lane B but
with a 2-h development; lane D, 300 ,ug of monkey heart proteins
immunoblotted against the antiserum (2-h development); lane E, 300
jig of protein extracted from complexes of monkey cardiac muscle-
S. mutans components immunoblotted against the antiserum (1-h
development); lane F, 300 jig of protein extracted from complexes
of rabbit cardiac muscle-S. mutans components immunoblotted
against the antiserum (1-h development); lane G, 300 jig of monkey
kidney proteins immunoblotted with the antiserum (2-h develop-
ment); lane H, 300 p.g of protein extracted from complexes of
monkey kidney-S. mutans components immunoblotted with antiser-
um (1-h development); lane I, 300 ,ug of protein extracted from
complexes of rabbit kidney-S. mutans components immunoblotted
with antiserum (1-h development). In all instances, bacteria were
grown in tryptic soy-yeast extract broth.
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FIG. 5. Direct immunofluorescence staining of kidney from a
rabbit immunized with S. mutans MT703. The FITC-goat antibodies
to rabbit IgG show a granular pattern on GBM and in the mesan-
gium. The kidney was obtained 16 weeks after the first injection of
vaccine.

obtained during early disease, 8 to 12 weeks after the first
injection of vaccine. The intensity and diffuse distribution of
the IIF stain made identification of the sites of antigen
deposition within the glomerulus difficult to determine (Fig.
6). To identify the accumulated bacterial components, ne-
phritic kidneys were extracted with SDS and analyzed by
immunoblotting with rabbit anti-S. mutans MT703 serum;
however, bacterial antigens were obscured by a variety of
protein A-binding substances, presumably IgG and its degra-
dation products, that were smeared throughout the poly-
acrylamide gel. Alternatively, the IgG contained in the
immune complexes within the kidney tissue was dissociated
and extracted by citrate buffer (pH 3.2). The eluted rabbit
antibodies were reacted with nitrocellulose blots of SDS-
PAGE-separated S. mutans antigens (Fig. 7). Four bands,
with apparent molecular weights of 65,000, 50,000, 35,000,
and 24,000, were detected. Most of these corresponded to
the bacterial antigens that bound to kidney and heart tissue
in vitro (Fig. 4). Comparison of this immunoblot with that of
S. mutans extract and serum obtained from the animal at
sacrifice showed that a number of major serum antibodies
were absent in the kidney extract. This indicates that the
eluted antibodies were bound to kidney tissue via tissue-
bound S. mutans antigens and were not free serum antibod-
ies.

DISCUSSION
The immunofluorescence staining of tissues treated with

extracted components of S. mutans shows that this oral
bacterium contains antigens that can bind directly to capil-
lary walls and sarcolemmal sheaths of cardiac muscle and to
basement membranes of kidney. Absorption of extracts of S.
mutans MT703 with homogenized monkey and rabbit heart
and kidney removed a number of bacterial antigens that were
subsequently recovered and identified by immunoblotting
techniques. Rabbit and monkey heart and kidney bound S.
mutans antigens of 35,000 and 65,000 Mr. Rabbit and mon-
key kidneys also bound an antigen of approximately 24,000
Mr and monkey heart bound antigens with 90,000 and

120,000 Mr. Moreover, the presence of streptococcal antigen
deposits in nephritic kidneys of rabbits immunized with
disrupted S. mutans MT703 indicates that these bacterial
components may bind in vivo and may be involved in the
pathogenesis of kidney disease. However, attempts to ex-
tract the S. mutans antigens from the diseased kidneys with
citrate buffer (pH 3.2) or 1% SDS and to determine whether
they correspond to the antigens that were absorbed by the
kidney in vitro were unsuccessful. The detection of these
bacterial components was severely hindered by the large
quantities of IgG and partially degraded IgG fragments
present in the kidney extract; their intense reactions with
radioiodinated protein A obscured any bacterial band that
may have been present in the immunoblot. As an alternative
means to show the pathogenic potential of these bacterial
components, antibodies were eluted from diseased kidneys
and tested for reactivity with S. mutans antigens. The eluted
antibodies reacted with S. mutans antigens with apparent
molecular weights of 65,000, 50,000, 35,000, and 24,000.
Three of these corresponded to S. mutans antigens that
bound to rabbit kidney in vitro, indicating that the compo-
nents that bind in vitro also bind in vivo and may react in situ
with immunoglobulins.
The S. mutans-induced nephritis reported by us (27) has

many histopathological and immunopathological similarities
with streptococcus-associated nephritides in humans. In
both diseases there is diffuse involvement of glomeruli
marked by endotheliomesangial proliferation, infiltration by
polymorphonuclear cells, and deposition of electron-dense
"humps" on the basement membrane (18, 27). These depos-
its contain predominantly complement component C3 and
IgG; streptococcal antigens are also deposited early in the
disease process (27). Although SAN is well documented, the
precise mechanism of tissue injury is unknown. Three mech-
anisms have been proposed to explain the pathogenesis of
SAN: (i) direct tissue toxicity of the bound streptococcal
components;. (ii) immune reactions with antigens in situ,
including tissue-bound streptococcal antigens, cross-react-
ing renal antigens, and altered renal antigens; and (iii)
deposition of circulating immune complexes.
The best characterized heart- and kidney-binding compo-

nent of streptococci is lipoteichoic acid (LTA) (4, 14, 21, 29,

FIG. 6. Direct immunofluorescence staining of S. mutans anti-
gens in a kidney of an immunized rabbit. The FITC-chicken
antibodies to S. mutans were deposited on the GBM and throughout
the mesangium. This kidney was obtained 16 weeks after the first
injection of vaccine.
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FIG. 7. SDS-PAGE and autoradiograms of immunoblots of S.
mutans MT703 antigens with rabbit anti-S. mutans serum and
immunoglobulins eluted from a nephritic kidney of a rabbit immu-
nized with S. mutans MT703 for 22 weeks. Lane A, 75 jig of
bacterial proteins immunoblotted with a 1:100 dilution of antiserum
obtained from the rabbit just before death (30-min development);
lane B, 75 p.g of bacterial protein immunoblotted with an citric acid
extract of a control, normal rabbit kidney (1-h development); lane C,
same as lane B except that a citric acid extract of a nephritic kidney
was used as a source of antibodies (1-h development).

32). However, the S. mutans extracts used in the studies
reported here did not contain biologically active LTA as

indicated by passive hemagglutination assays using an anti-
serum to L. casei LTA. Moreover, the S. mutans compo-

nents bound to kidney or heart tissue fragments did not react
with this antiserum, indicating that the polyglycerol phos-
phate moiety of LTA was absent (23, 26). The tissue-binding
factors of S. mutans do not exhibit the same tissue-binding
properties as LTA. The tissue-binding factors bind only to
basement membrane-containing structures of mammalian
tissue, whereas LTA binds predominantly to cytoplasmic
membranes (unpublished data). Serum albumin and nonionic
detergents inhibit LTA binding but not binding of tissue-
binding factors to animal tissues (23, 26). The tissue-binding
activity of LTA but not that of tissue-binding factor is
destroyed by incubation at room temperature in KOH (pH
10) for 16 h (23).

Sera of rabbits immunized with S. mutans have been
reported to contain antibodies that bind to normal heart and
kidney tissue components in vitro (6, 11, 27, 30). Some of
these antibodies appear to cross-react with S. mutans anti-
gens as evidenced by the ability of streptococcal compo-
nents to remove the tissue-reactive antibodies from serum in
absorption experiments. Yet, it is not known to what extent

or when these cross-reactive antibodies bind to tissue com-
ponents in vivo. The deposition of IgG and IgM observed in
nephritic rabbit kidneys often appears in a linear pattern
along the glomerular basement membrane. This could reflect
direct antibody binding to kidney components or to S.
mutans antigens previously deposited on this structure (see
Fig. 2). Most frequently, IgG is accumulated in nephritic
kidneys in a granular pattern on the GBM (Fig. 5), which
may reflect the deposition of circulating immune complexes
or in situ immune complex formation (27). Direct immuno-
fluorescence staining of S. mutans antigens in nephritic
glomeruli showed both granular and linear patterns, which
substantiates results published by Andres et al. (1) and Fillit
et al. (7) showing streptococcal antigens in diseased glomer-
uli of human kidney. The antibodies specific for S. mutans
antigens appear to contribute more to the formation of
immune complexes in the rabbit kidney than the cross-
reactive antibodies, because antibodies eluted from nephritic
kidney bound readily to S. mutans components in immuno-
blots (Fig. 7) but only weakly to extracted components of
rabbit kidneys (unpublished data). The manner and sequence
in which the reactants accumulate in tissues may be best
resolved by organ perfusions with preparations of S. mutans
antigens followed by antiserum or with mixtures of serum
and antigens.
Because of the tissue-binding properties of the 65,000 and

35,000 Mr S. mutans components, it is tempting to propose
that in situ immune complex formation is most important in
initiating glomerular injury. However, a prominent role for
circulating immune complexes in this disease cannot be
excluded. Immune complexes have been detected in the
serum of some rabbits, although they appeared only several
hours after intravenous injections of the S. mutans prepara-
tion (27). These immune complexes may ultimately localize
in vessels and glomeruli, causing vasculitis and glomerulone-
phritis. The attachment of immune complexes to tissue may
be mediated by the tissue-binding components of S. mutans
or by a physical entrapment mechanism. The pathogenetic
potential of circulating immune complexes is exemplified by
acute serum sickness in rabbits, an experimental animal
model that has some resemblance to SAN of humans (18).
However, some aspects of acute serum sickness differ from
those of SAN. The prominent polymorphonuclear leukocyte
infiltration of the glomerulus in SAN is generally absent in
acute serum sickness.
The nature of the immunopathology, serology and micro-

biology of S. mutans-induced nephritis in rabbits indicates
that this is an appropriate and reproducible animal model for
studying streptococcus-associated kidney diseases. At-
tempts to develop a reproducible animal model with group A
streptococci have, up to now, been unsuccessful (18). With
respect to prospective dental caries vaccines, we recom-
mend that S. mutans antigens be purified to homogeneity
and tested for tissue-binding activities as well as immunolog-
ical cross-reactivities with heart and kidney components
before use in humans. The desired vaccine antigen should
not exert any deleterious effects on the host but must
stimulate production of salivary immunoglobulins that will
bind to the surface of S. mutans cells and inhibit the
formation of dental caries.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grant R01
DE05696 from the National Institute of Dental Research and by a
Research Development Fund Award from the State University of
New York Research Foundation.

INFECT. IMMUN.



BINDING OF S. MUTANS ANTIGENS 151

The authors thank Raymond Dittmer, Ingrid Glurich, and Lynn
Pelonero for excellent technical help.

LITERATURE CITED
1. Andres, G. A., L. Accinni, K. C. Hsu, J. B. Zabriskie, and B. C.

Seegal. 1966. Electron microscopic studies of human glomerulo-
nephritis with ferritin-conjugated antibody. J. Exp. Med.
123:399-436.

2. Bleiweis, A. S., W. W. Karakowa, and R. M. Krause. 1964.
Improved technique for the preparation of streptococcal cell
walls. J. Bacteriol. 88:1198-1200.

3. Burnette, W. N. 1981. "Western blotting:" electrophoretic
transfer of proteins from sodium dodecyl sulpnate-polyacryl-
amide gels to unmodified nitrocellulose and radiographic detec-
tion with antibody and radioiodinated protein A. Anal. Bio-
chem. 112:195-203.

4. DeVuono, J., and C. Panos. 1978. Effect of L-form Streptococ-
cus pyogenes and of lipoteichoic acid on human cells in tissue
culture. Infect. Immun. 22:255-265.

5. Evans, R. T., F. G. Emmmings, and R. J. Genco. 1975. Preven-
tion of Streptococcus mutans infection of tooth surfaces by
salivary antibody in irus monkeys (Macacafascicularis). Infect.
Immun. 12:293-302.

6. Ferretti, J. J., C. Shea, and M. W. Humphrey. 1980. Cross-
reactivity of Streptococcus mutans antigens and human heart
tissue. Infect. Immun. 30:69-73.

7. Fillit, H., S. Read, R. Sherman, H. Reid, J. B. Zabriskie, and I.
van de Rijn. 1980. Immunologic studies in progressive glomeru-
lonephritis, p. 597-606. In S. E. Read and J. B. Zabriskie (ed.),
Streptococcal diseases and the immune response. Academic
Press, Inc., New York.

8. Gibbons, R. J., and J. V. Qureshi. 1978. Selective binding of
blood group-reactive salivary mucins by Streptococcus mutans
and other oral organisms. Infect. Immun. 22:665-671.

9. Gibbons, R. J., and J. van Houte. 1975. Dental caries. Annu.
Rev. Med. 26:121-136.

10. Hartree, E. F. 1972. Determination of protein: a modification of
the Lowry method that gives a linear photometric response.
Anal. Biochem. 48:422-427.

11. Hughes, M., S. A. MacHardy, A. J. Sheppard, and N. C. Woods.
1980. Evidence for an immunological relationship between
Streptococcus mutans and human cardiac tissue. Infect. Im-
mun. 27:576-588.

12. Hunter, W. M. 1978. Radioimmunoassay, p. 14.1-14.40. In
D. M. Weir (ed.), Handbook of experimental immunology.
Blackwell Scientific Publications, London.

13. Lehner, T., S. J. Challacombe, and J. Caldwell. 1975. Immuno-
logical and bacteriological basis for vaccination against dental
caries in rhesus monkeys. Nature (London) 254:517-520.

14. Leon, O., and C. Panos. 1983. Cytotoxicity and inhibition of
normal collagen synthesis in mouse fibroblasts by lipoteichoic
acid from Streptococcus pyogenes type 12. Infect. Immun.
40:785-794.

15. Levine, M. J., M. C. Herzberg, M. S. Devine, S. A. Ellison,
M. W. Stinson, H. C. Li, and T. van Dyke. 1978. Specificity of
salivary-bacterial interactions: role of terminal sialic acid resi-
dues in the interaction of salivary glycoproteins with Strepto-
coccus sanguis and Streptococcus mutans. Infect. Immun.
19:107-115.

16. McGhee, R. J., and S. M. Michalek. 1981. Immunobiology of
dental caries: microbial aspects and local immunity. Annu. Rev.
Microbiol. 35:595-638.

17. McGhee, J. R., S. M. Michalek, J. Webb, J. M. Navia, A. F. R.
Rahman, and D. Legler. 1975. Effective immunity to dental
caries: protection of gnotobiotic rats by local immunization with
Streptococcus mutans. J. Immunol. 114:300-305.

18. Michael, A., and Y. Kim. 1980. Pathogenesis of acute poststrep-
tococcal glomerulonephritis, p. 53-78. In S. E. Read and J. B.
Zabriskie (ed.), Streptococcal diseases and the immune re-
sponse. Academic Press, Inc., New York.

19. Nairn, R. C. 1976. Fluorescent protein tracing. Churchill Liv-
ingstone, Edinburgh.

20. Orstavik, D., F. W. Kraus, and L. C. Henshaw. 1974. In vitro
attachment of streptococci to the tooth surface. Infect. Immun.
9:794-800.

21. Simpson, W. A., J. B. Dale, and E. H. Beachey. 1982. Cytotoxic-
ity of the glycolipid region of streptococcal lipoteichoic acid for
cultures of human heart cells. J. Lab. Clin. Med. 99:118-126.

22. Smith, G. E., and M. D. Summers. 1981. Application of a novel
radioimmunoassay to identify baculovirus structural proteins
that share interspecies antigenic determinants. J. Virol. 39:125-
137.

23. Stinson, M. W., and E. J. Bergey. 1982. Isolation of a heart- and
kidney-binding protein from group A streptococci. Infect. Im-
mun. 35:335-342.

24. Stinson, M. W., D. C. Jinks, and J. M. Merrick. 1981. Adher-
ence of Streptococcus mutans and Streptococcus sanguis to
salivary components bound to glass. Infect. Immun. 32:583-
591.

25. Stinson, M. W., and C. H. Jones. 1983. Binding of Todd-Hewitt
broth antigens by Streptococcus mutans. Infect. Immun.
40:1140-1145.

26. Stinson, M. W., R. J. Nisengard, and E. J. Bergey. 1980. Binding
of streptococcal antigens to muscle tissue in vitro. Infect.
Immun. 27:604-613.

27. Stinson, M. W., R. J. Nisengard, M. E. Neiders, and B. Albini.
1983. Serology and tissue lesions in rabbits immunized with
Streptococcus mutans. J. Immunol. 131:3021-3027.

28. Taubman, M. A., and D. J. Smith. 1974. Effects of local
immunization with Streptococcus mutans on induction of sali-
vary immunoglobulin A antibody and experimental dental caries
in rats. Infect. Immun. 9:1070-1091.

29. Tomlinson, K., 0. Leon, and C. Panos. 1983. Morphological
changes and pathology of mouse glomeruli infected with a
streptococcal L-form or exposed to lipoteichoic acid. Infect.
Immun. 42:1144-1151.

30. van de Rijn, I., A. S. Bleiweis, and J. B. Zabriskie. 1976.
Antigens in Streptococcus mutans cross-reactive with human
heart tissue. J. Dent. Res. 55(special issue C):59-64.

31. van de Rijn, I., and R. Kessler. 1980. Growth characteristics of
group A streptococci in a new chemically defined medium.
Infect. Immun. 27:444-448.

32. Waltersdorff, R. L., B. A. Fiedel, and R. W. Jackson. 1977.
Induction of nephrocalcinosis in rabbit kidneys after long-term
exposure to a streptococcal teichoic acid. Infect. Immun.
17:665-667.

33. Weber, K., and M. Osborn. 1969. The reliability of molecular
weight determination by dodecyl sulfate-polyacrylamide gel
electrophoresis. J. Biol. Chem. 224:4406-4412.

34. Woodroffe, A. J., and C. B. Wilson. 1977. An evaluation of
elution techniques in the study of immune complex glomerulo-
nephritis. J. Immunol. 118:1788-1792.

VOL. 46, 1984


