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A B S T RA C T Ingestion of capsules which contained
killed Streptococcus mlutans by four healthy human
subjects led to the appearance of specific antibodies
in external secretions. Salivary and lacrymal anti-
bodies were detected within 1 wk of ingestion anid
continued to increase throughout a 14-day immuniza-
tion period, with a gradual decline during the 2
ensuing months. A second period of immunization
resulted in a pronounced increase of specific anti-
body levels which occurred earlier than in the pri-
mary immunization period and reached peak levels by
day 10. No change was detected in serum antibody
levels throughout either immunization period. The
antibody activity in all secretions was associated
with the immunoglobulin A class, as determined by
immunochemical analyses. These data indicate that
ingestion of bacterial antigens selectively stimulates
the immune response in secretions.

INTRODUCTION

Secretory IgA (s-IgA)l is the prevalent class of immuno-
globulin on mtucous membranes. Produced locally
by plasma cells that are distributed in the secretory
glands and in the lamina propria of intestinal and
respiratory tissues, s-IgA is selectively transported
into external secretions (1). However, the mechanisms
involved in the stimulation of the immune response in
these secretions remaini obscure. Parenteral immuniza-
tion results in the production of serum antibodies
that are principally associated with the IgG class,
lbut is nevertheless iineffective in stimulating the secre-
torv immune svstem (2-6). Onlv trace amounts of
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'Abbreviations tused itn this paper: CFU, colony-forming
units; H chains, heavy chains; S-IgA, secretory IgA.

immunoglobulins derived from serum reach external
secretions, and their lack of resistance to various
proteolytic enzymes makes them unsuitable to func-
tion in the mucosal environment. Furthermore, evi-
dence is available to suggest that the serum-derived
IgG antibodies may prevent the mucosal absorption
of an antigen used in systemic immunization, al-
though the absorption of unrelated antigens is en-
hanced (7). A secretory immune response, restricted
to the site of application of antigen, has been elicited
by antigens either locally applied to mucous surfaces
(2, 4, 8, 9) or injected into secretory glands (10-15).
The appearance of s-IgA-associated antibodies to lo-
cally administered antigens (2, 4, 9) suggested that the
induction of a secretory immune response is the re-
sult of local penetration of antigens with subsequent
stimulation of immunocompetent cells in secretory
tissues (2, 4, 8, 16). Although effective in stimulat-
ing a secretory immune response, injections of antigens
into secretory glands are of questionable acceptance
because of the anatomical inaccessibility of some
glands, the possible requirement of adjuvants, the im-
pairment of normal function of the gland, and the
concomitant stimulation of IgG-associated anti-
bodies (15).

The demonstration that oral administration of anti-
gens (in man and animals) induces the appearance
of s-IgA antibodies in mammary secretions (6, 17, 18)
and the presence in saliva, milk, and colostrum of
naturally occurring s-IgA-associated antibodies to
bacterial antigens (Escherichia coli [19], Streptococcus
pneunmoniae [17], and Streptococcus mutans [20])
suggest that local stimulation of the gland may not be
required for this induction. We report that ingestion
of a bacterial antigen induced the selective appear-
ance of aintibodies of the IgA class in the external
secretions of human salivary and lacrymal glands,
without a serum antibody response.
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NIETHODS

iSubjects. Four individuials (one female and three
males, 30-35 yr old) voluniteered for this study. Unstimu-
lated samples of parotid saliva were collected with the use
of a plastic intraoral cup designed in this laboratory (21).
This device also allowed for the simultanieouis collectioni
of separate samples of suibmnlcnadibular-sublinigual salivas
without the admiiixture of parotid secretion. This permitted
the coImlpariisoni of the titers of antibodies in secretionis of'
anatomically distinct salivary glands. Whole saliva, which
contaiins secretions of the miajor and minor salivary glands
as well as contributions fromii the crevicular fluid, was col-
lected by having the subject dIrool into a sputunm cup packed
in ice. Lacryymal secretionis were collected after irrita-
tioll of the conijunctiva with a mist of oil expressed from
lemoni rind. Blood specimenis obtained by venipuniicture were
collected iinto heparinized tubes; leukocyte and differential
counits were determined.

Prepa ration of antigen. The canididate immiiuniogeni was
selected through screeniing of saliva and serumii samples by
microtitrationi (20) for agglutinin antibodies to over 40
different strainis of the indigenous oral bacteriumil, Streptococ-
cus mutatns. S. inutains OMZ-176 (sterotype d), to which
none of the four subjects demiionistrated significant serum
or salivary antibody activity, was selected for this study.

To prepare a large amount of bacterial antigeni for im-
munization, 10 liters of dialyzed medium (22) was inlocU-
late(d with a log phase cultuire of S. mutanls OMZ-176 and
incubated at 37°C for 16 h. During the last 4 h of culture,
the acidl formed was neutralized by sterile 1 N NaOH.
Cells were harvested by cenitrifugation at 10,000 g for
30 mill, washe(d three times with phosphate-buffered saline
(pH 7.0), and resuspendedl in 0.5% formalin-saline at a con-
centrationi of 5 x 109 colony-formiiing units (CFU)/ml. After
3 days, sterility was tested by culturing in sodium thio-
glvcolate broth and on blood agar. The cells were extensivelv
washed with sterile distilled water and then lyophilized.

Gelatini capsules (no. 000, Parke, Davis & Co., Detroit,
Nlich.) were filled with 100 mg of desiccated cells (repre-
senting approximately 1 x 10" eqjuivalent CFU). To avoid the
contact of extraneous antigeni with the oral mucosa, the
capsules were repeatedly rinsed with tap water and swal-
lowed with a liberal amounlt of water; the oral cavity was then
thoroughly rinsed. Capsules were taken daily at specified
times. In the initial immunizationi series, capsules were taken
for 14 conisecutive days; in the second series, for 7 consecu-
tive days. Saliva, tears, and plasma samples were collected
at specific intervals.

Immllunoglobulin and antibody measurement. Serum
immunoglobulin levels were measured by single radial
immunodiffusion using commercially obtained immuno-
plates and stand(lards (Behring Diagnostics, American Hoechst
Corp., Somerville, N. J.). IgG and IgM in external secretions
were measured with the use of single radial immuno-
diffusion plates specifically prepared with commercial
antisera (Behring Diagnostics) for determining low lev-
els of these immunoglobulins. Dilutions of commercial
preparations of IgG and IgM were used as standards.
Polymeric s-IgA purified from a pool of human colostrum
by ammnonium sulfate precipitation, Sephadex G-200 and
Sepharose-6B gel filtration (Pharmacia Fine Chemicals,
Inc., Piscataway, N. J.), and DEAE-cellulose chromatography
(23) was used as the standard for single radial immuno-
diffusion measurements of s-IgA. The concentration of poly-
meric IgA was standardized spectrophotometrically using
an extinctioni coefficient of E""m 280 nm = 13.8. Since the col-
lectioni of saliva and tears was not quantitative, s-IgA

levels in these secretionis were relate(d to the conicenltra-
tion of total proteini (24) (in microgramiis of IgA per nmilli-
gramii of total proteini) rather than to flow rates.

To dletermine the distribution of the antibody activitv
in saliva andl tears, selected samples (first precipitated
with amimniuoiilm stulfate, then re(lissolved and dialyzed
againist 1% amimiiloniiumii bicarbonate buffer pH 7.0) were
applied to a columnlll of Sephadex G-200 (K9/70 cmll) e(ltqili-
hrated in the samiie huffer. Protein concenitrationis, immintiio-
globulin levels, andcl antibody activity vere determiniedl on
pooledl fractions.

Bacterial aggluti nations were performedl hy microtitratiolns
(20) in V-plates (Cooke Laboratory Prodcucts Div., Alexanl(lria,
Va.). 50 ,ul of formaliniized S. mutacns OMZ-176 (2 x 108
CFU/ml) was added to serial, twofold dilutions of the samiiple
in barbital buffer (pH 7.4). The plates were incubated for
2 h at 37°C andl allowed to stancd for 18 h at 4°C. Titers
were determinied by reading agglutination patterns. WNheni
related to the absolute levels of IgA in selected samples of
secretions, agglutinin titers displayed similar dynamics to un-
adjusted samiples. In an effort to determinie the immunto-
globulini class responisible for antibody activity, attemipts
were made to enhanice or inhibit the agglutinin titers
wvith anitisera specific for heavy (H) chainis of immuntiiio-
globulinls (IgA, IgM, and IgG). The agglutinated and sedi-
menited bacteria were washed three times with buffer in
the mierotiter plates. 50 Al of an optimal concentration of
H-chain-specific antisera (Behring Diagnostics) was added
and the plates were incubated for 2 h at 37°C. After 18 h
at 4°C, agglutinationi patterns were readl. Enhancemenit of'
titers with H-chain-specific antisera suggested the class
of Ig responsible for antibody activity. The inhibitioin of' the
antibody activity was performed in aI manner similar to
that of titer enhancement, except that anti-H-chain or anti-
secretory component (25) sera were added to the selecte(d
samples of saliva and tears and allowed to incubate for 3 h
at 37°C before the antigen was added.

To f'urther confirnm the Ig class responsible for agglutinin
activity, a suspension of S. tImutan1s OMZ-176 was heat-
fixed on microscope slides and thoroughly washed with
chilled 0.15 M carbonate-bicarbonate buffer, pH 8.5.
The smears were incubated for 45 min at ambient tempera-
ture with selected samples of saliva, tears, or serum and
washedl extensively with carbonate-bicarbonate buffer.
The slides were incuibated for an additional 45 mmil with
appropriate dilutions of fluorescein isothiocyanate-labeled
antisera specific for H chains of human IgM, IgG, andl
IgA, produced either in this laboratory (26) or obtained
from a commercial source. Then the slides were washed with
buffer, mounted in glycerol, and examined with a fluorescence
microseope equipped with a vertical illuminator according
to Ploem (Orthoplan, Leitz, Wetzlar, W. Germany). The
light source was a mercury lamp (Osram HBO 100 W)
e(juipped with a filter system for narrow-band excitationi.

Selected samples of plasma or sertum were tested for C-
reactive protein, rheumatoid factor, and anti-streptolysin 0
by the Department of Clinical Pathology at the University
of Alabama in Birmingham. Since it has been suggested that
S. mutans may share antigenic determinants with the human
heart, selected serum and saliva samples were assayed for
the presence of heart-reactive antibodies by the indirect
immunofluorescence techniques of Zabriskie and Freimer
(27). Fresh sections of human heart obtained at autopsy
were imbedded in OCTcompound (Ames Co., Div. of Miles
Lab., Inc., Elkhart, Ind.), frozen in liquid nitrogen, and
stored at -80°C until sectioning. Desiccated 4-,um sec-
tions were incubated with saliva or serum for 1 h at
ambient temperature, washed in phosphate-buffered saline

732 Mestecky, McGhee, Arnold, Michalek, Prince, and Babb



(0.01 NI, pH 7.2), anid stained with fluorescein isothiocyanate-
labeled, rabbit antihuman irnmunoglobulin (Behring Diag-
nosties). All sectionis were examined with a Leitz Orthoplani
fluoreseeniee n)icrroscope equipped with a vertical illunmina-
tion and filter system appropriate for narrow-b)and excitation.

RESULTS

Measuirem)ient of the im munie respontse. After the 1st
wk of immiluinization, significant agglutinin titers were
ol)served in external secretions (Fig. 1 a-d). These
titers conitintued to rise throughout the immunization
period anid reached their highest levels 10-25 days
fromii the initial ingestion of antigen. During the
enistuinig 50 days, the antibody titers slowly declined
but did not decrease to preimmunization levels. 66
dlavs after the termination of the primary immuniza-
tion, a second (7-day) period of antigen ingestion was
begun. This secondary challenge resulted in an earlier,
more pronounced increase in the levels of specific
aintil)odlies. Parallel dynamics of antibody appearance
and titers were observed in parotid, submandibular-
sublingual, and whole salivas, as well as tears, after
both primary and secondary stimulations. Augmenta-
tion of agglutination with H-chain-specific antisera
(Table I) revealed that agglutinin titers of parotid
saliva andl tears could be specifically enhanced when
the washed and redispersed agglutinates were incu-
bated with antisera specific for the a-chain; no effect
was evident with antisera to ,- and y-chains. The
agglutinin activity in selected samples of saliva and
tears could be abolished or substantially reduced by the
addition of anti-a-chain-specific antiserum to these
samples before titration by agglutination. Likewise,
agglutinin activity could be inhibited by pretreat-
ment of samples with anti-secretory component serum.
Examination of bacterial smears that had been incu-
bated with samples of secretions and then washed
and reacted with fluorescein isothiocyanate-labeled
antisera to H-chains corroborated the IgA nature of
the induced antibodies. Also, when selected samples
of secretions were fractionated on Sephadex G-200,
the antibody activity was detected in a fraction that

corresponided to the elution position of humiian s-IgA
(Fig. 2). The s-IgA clharacter of the antibodies was coni-
firmed by anti-H-chain enhancement and anti-secretory
comlpolnent inhibition of agglutiniationi aindl by in-
direct i mmiuniofluoreseence o01 bacterial snmears. WN'ith
the exceptioni of an apparently negligible increase
in seruml agglutiniins in subject 1 (Table I), nO chainges
in serum titers were observed during either immuniza-
tion period. Serum agglutininis to this strain of S.
rmutitan.s that were evident before, during, and after the
oral imimiilunlizatioin (Table I) belonged primarily to the
IgM and IgG classes as ascertained by the enhance-
menit of the agglutiniation with ,.t- and y-chaiin anti-
sera, but inot a-chaini anitisera. The induced anti-
bodies were specific for the immuniizing strain be-
cautse there was 1)o compparable increase in agglutinin
titers to other noni-cross-reacting serotypes of S.
inutans (Table II). A slight increase in agglutinini
titers was observed with S. muttans 6715 (serotype g),
which mav be explained by the presence of common
antigenis between serotypes d and g (28).

No alterations in body temperature, in the leuko-
cvte couints and differentials, or in serum immunio-
globulin levels were observed after ingestion of
large doses of S. muutanis OMZ-176 (2.1 g). Likewise,
C-reactive protein, anti-streptolvsin 0, and rheumiatoid
factor titers were uninfluenced by ingestion of this
bacterial antigen. An apparent rise was noted in
salivary IgA levels and agglutinin titers (0.82 correla-
tion). Humani heart-reactive antibodies could not be
detected by indirect immunofluorescence in saliva
and serum samples collected before, during, and
after immunization.

DISCUSSION

The results of this study indicate that ingestion of
bacterial antigen by humans resulted in the selective
induction of a humoral imnmune response that appeared
simultaneously in secretions of salivary and lacrymal
glands. The dynamics of antibody production ob-
served after the second series of antigen ingestion

TABLE I
Anti-S. mnutatns OMZ-176 Agglutinin Titers of Selected Samples of Parotid Saliva, Tears, and Serum

after Augmentation with H-Chain-Specific Antisera (Aniti-a, Anti-y, and Anti-,a)

Stubject 1 Subject 2 Stubject 3 Subject 4

Period Parotid Tears Serum Parotid Tears Serum Paroticl Tears Serumii Parotid Tears Sertum

Preimmilunization 1(2,1,1)* <1(1,<1,<1) 1(1,2,2) <1(1,< 1,<1) <1(1,<1,<1) 2(2,4,2) 1(2,1,1) 1(1,<1,< 1) 2(2,4,3) 1(2,<1,< 1) 1(2,1,1) 2(1,4,4)
Peak primary 5(8,5,5) 5(9,5,5) 2(2,4,4) 4(7,4,4) 6(8,6,6) 1(1,3,2) 3(8,5,5) 6(8,6,6) 2(2,4,4) 6(9,6,6) 7(8,7,7) 2(2.4,4)
Postprimiary 3(5,3,3) 2(6,2,2) 3(3,4,4) 3(5,3,3) 3(6,3,3) 2(2,4,3) 2(4,3,3) 3(5,3,3) 2(2,4,4) 3(5,3,3) 4(6.4,4) 2(3,4,4)
Peak secondarv 10(12,10,10) 9(12,9,9) 2(2,4,5) 7(9,7,7) 11(12,11,11) 2(2,3,3) 8(11,8,8) 9(11,9,9) 3(3,5,4) 9(12,9,9) 10(>12,110,10) 2(2,4,4)
Postsecondarv 5(8,5,5) 4(7,4,4) 1(1,3,2) 3(6,3,3) 6(8,6,6) 2(2,3,3) 5(7,5,5) 5(9,5,5) 2(2.4,4) 5(8,5,5) 8(12,8,8) 3(3,4,5)

*Log2 agglutnllin titer determined by microtitrations with 2 x 10' CFU/ml of fornmalin-killed S. "mutans ONMZ-176. Ntimbers in parentheses represent the log, agglti-
tinin titers after wvashing ancl reacting with H-chain-specific antisera (anti-a, anti-y, and anti-A, respectisely).
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implied that an anamniestic responise could be in-
duced in secretions. The presence of these anti-
bodies raises a question as to the mechanisms in-
volved in their inductioni.

Several possible explanations may be offered for the
appearance of these antibodies in glandular secretions
remote from the apparent site of antigenic stimulationi.
An ingested antigeni could be absorbed from the
gastrointestinal tract, enter the circulation, and after
deposition in secretorx tissties, stimulate immuno-
competent cells. This explanation is unlikely because
circulatinig antigens should also induce a pronounced
serum antibody response; this had not been ob-
served in our experimenits or in investigations per-
formed in other laboratories (6, 17, 19, 29). Direct
introduction of the anitigeni into circulation by i.v.
immunization induced an excellent response in serum
but stimulate(d no s-IgA antibodies in secretions (5, 6,
17). Further, if an imnmlunogeni is carried to secretory
tissues by the circulation,, serum antibodies should
actually prevent the anitigen from reaching the secre-
tory tissues and inhibit a secretory immune response.
Montgomery anid co-workers (6) have recently demon-
strated that high titers of antibodies in serum of
systemically (intravenously) immunized animals did
not prevent the induction of a secretory response
by subsequent oral immunization with the identical
antigen. The (leposition of anitigens (with or without
adjuvanits) into the parenchyma of secretory glands
results in production of antibodies associated with IgA
as well as IgG; the IgG class is usually m11ore prevalent
(15).

A more probable explanationi for the occurreince of
antibodies in glandtular secretions, as a consecluence
of the ingestioni of anitigenis, involves the selective
seedinig of commllitted precursors of IgA-producing
cells friom a cenitral site of anitigeniic stiniulationi to
remote secretory glainds (6, 17-20, 29-32). This
hypothesis is based UpoIn several experimenital ob-
servationis. It has been demonstrated that the micro-
pinocytotic activity of' the epithelial cells covering
gut (or bronchial-)-associated lymphoid tissues allows
an active tranisport of' both soluble anid particulate
antigenis or their fragmiienits to the underlying lymphoid
cells (31, 33). Antigenic stimulationi iniluces the differ-
entiation anid proliferation of bonie marrow-derived (B)
and thymus-derived (T) cells, followed bv an exodus
of these cells through ductus thoracicus into the
general circulationi. The conmmitted cells subsequentlv

E
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the absorbancee profile repreesent the log, aniti-S. niutaiils OMIZ-
176 agglutitiili] titers of the pooled fractioin. Brokeni Iines indi-
ecate the titers of the saiie saimple.s after atignentatioil with
aniti-a ani.tiseral, a.s deteriiiiiied by the micirotitration techniqtie.
Levels of IgA, Ig.\I, aiicl IgG were deterimined by sinigle raclial
iimiiiiiiiodifftisioii anid proteiin conieeiitratioiisi fv the Lowr,%
miethod (24).

settle preferentially in the secretory tisstie and differ-
eintiate into IgA-producing plasnma cells. Gut- and
bronchial-associated lymphoid tissue.s and n)eseiteric
lvmlph nodes are iindeed enriched sources of IgA pre-
cuirsor cells that exhibit a strong preferential hominiig
for the intestiical and respiratory tracts as well as f'or
secretory glainds (32, 34-40). A conviiiciiig denionstra-
tion of the f'unctioin of Peyer's patclhes as sites for
antigen stinmlilation of IgA prectirsor cells wvas provided

FIGURE 1 Dynamics of the aggltitninii antib)ody respoinse to S. m71tutan.s ONIZ-176 in glaiidtilar
seeretiolns aiter primairv (10) and secondary (20) oral immiuinization: (a) parotid saliva; (b) subman-
clil)ular-sul)lingual and iminior gland saliva; (C) whole saliva: ((l) teirs. Inidividtial aggltitiniin titers
are represenitedl by the following smbl)ols: 0, subject 1; A, sutbject 2; +, subject 3; anidl x, suibject
4. The curve represenits the mieani log.2 agglutin*in titers for all samiples collected per 3-clay period.
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TABLE II
Anti-S. mutans (Serotype a-se and g) Agglutinitn Titers in Selected Parotid
Saliva Samples after Oral Immunization with S. mutans OMZ-176

S. mutans strain

Stubject Period AHT (a) BHT (b) 10449 (c) OMZ-176 (d)* LM-7 (e) 6715 (g)

I Preimmunization 6 8 7 1 9 9
Peak secondary 7 8 7 10 8 10

2 Preimmunizationi 5 7 7 <1 8 5
Peak secondary 5 6 6 7 7 7

3 Preimnmunization 8 9 9 1 7 5
Peak secondarv 8 8 8 8 6 9

4 Preimmunizationi 6 6 1 7
Peak secondary 5 5 9 7

* Immunization strain.
Log2 agglutinin titer determined by microtitrations with 2 x 108 CFU/ml of formalin-killed

S. mutatns a-e and g (20).

by Robertson and Cebra (41). When a single Peyer's
patch in an isolated rabbit intestinal loop was stimu-
lated with a bacterial antigen, antibodies were pro-
duced in other parts of the intestine. However, the
introduction of the same antigen into an ileal loop,
which lacked Peyer's patches, failed to induce an
immune response in other portions of the gut. The
appearance of s-IgA-associated antibodies in saliva and
milk, but not in serum, as a consequence of natural
(20) or artificial oral immunization (6, 17-19, 29, 30),
indicates that this mechanism of s-IgA induction is
also operational in secretory glands. The inability to
induce s-IgA antibodies in secretions remote from
the site where antigens were applied (2, 4, 8, 9) may
be explained by the lack of involvement of lymphoid
tissues such as Peyer's patches, which have the po-
tential to seed distant secretory tissues with sensitized
precursors of IgA-producing cells.

Although there is no direct evidence concerning
the origin of IgA-precursors in salivary and lacrymal
glands, a recent report indicates that precursors of IgA-
producing plasma cells found in mammary glands
originate from gut-associated lymphoid tissues and
mesenteric lymph nodes (40). The suggestion that
precursors of IgA-producing plasma cells of human
salivary glands may indeed originate at distant sites
is based on studies of patients undergoing extra-
corporeal cesium irradiation of blood. A dramatic de-
crease in salivary IgA levels was displayed, whereas
the serum levels remained unchanged (42).

The parallel appearance of antibodies at anatomi-
cally remote secretory sites suich as salivary and lacry-
mal glands (in the apparent absence of a serum
responise) as a con-sequlenice of the ingestion of bac-
terial anitigen suggests the existence of a common

mechanism for the induction of an immune response
on mucosal surfaces. The reason for the absence of
a pronounced serum response after oral immuniza-
tion is not clear; however, the induction of a selective
systemic hyporesponsiveness could be considered (43).
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