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Antibodies of the immunoglobulin A (IgA) class react with capsular polysaccharides of Streptococcus pneu-
moniae and support complement-dependent opsonophagocytosis (OPC) of the organism by phagocytes. We
characterized the biologic impact of the molecular forms of human monoclonal capsule-specific IgA (mono-
meric IgA [mIgA], polymeric IgA [pIgA], and secretory IgA [SIgA]) on OPC and susceptibility to cleavage by
IgA1 protease. The efficiency of SIgA in support of OPC of S. preumoniae was comparable to that of pIgA, and
both forms exceeded that of mIgA by a fivefold margin. This structure-function relationship was associated
with three factors. First, the avidities, or functional affinities, of both pIgA and SIgA for pneumococcal capsules
exceeded those of mIgA. Second, both pIgA and SIgA required less complement to achieve similar levels of
bacterial OPC than did mIgA, indicating that secretory component does not hinder the effect of complement.
Third, both pIgA and SIgA mediated agglutination of the organism, whereas mIgA did not. All three forms of
capsule-specific IgA showed comparable susceptibilities to cleavage and functional inhibition by bacterial IgA1
protease, demonstrating that secretory component does not prevent the proteolytic degradation of IgA1 by IgAl
protease. IgA1l cleavage results in formation of identical Fab fragments for each of the molecular forms, thereby
abolishing the contribution of multivalence of pIgA and SIgA. In summary, the polymeric forms of IgA (both

pIgA and SIgA) provide a substantial advantage in binding, agglutination, and OPC of the organism.

Streptococcus pneumoniae infection is an important cause of
both mucosal disease and systemic infection in children and
adults. Each syndrome most often begins with binding to and
colonization of the upper respiratory tract and nasopharynx.
Limitations in mucosal defense can result in the development
of otitis media, sinusitis, and pneumonia, which can be com-
plicated by bacteremia and meningitis. Immunoglobulin A
(IgA) may provide both local defense against mucosal infec-
tion and activity in local tissues to prevent dissemination of the
infection. The ability of capsule-specific IgA in combination
with complement to mediate phagocytosis of S. pneumoniae is
supported by in vitro data (28, 32). Secretory IgA (SIgA) likely
hinders disease transmission through control of mucosal infec-
tion and reduction of bacterial shedding (63). Such interrup-
tion of colonization and transmission may underlie the associ-
ation of pneumococcal conjugate vaccine use among children
with decreased rates of invasive pneumococcal disease in
adults (36, 62, 63). The ability of mucosal IgA to prevent
colonization has been shown by the lack of protection in mice
deficient in the polymeric Ig (plg) receptor (54). The pIgA
receptor binds plgA, transports pIgA across epithelial sur-
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faces, and is cleaved to release the non-membrane-associated
portion of plg receptor (secretory component [SC]) bound to
plgA, forming SIgA in the lumen. However, the functional
differences in the compartment-specific molecular forms of
IgA present in blood and tissue, monomeric IgA (mIgA) and
pIgA, and that present at mucosal surfaces, SIgA, have not
been characterized for S. pneumoniae.

pIgA has been shown to enhance virus- and toxin-neutraliz-
ing capabilities compared with monomeric mIgA (47, 53). The
presence of SC in SIgA has been shown to protect the antibody
against cleavage by selected proteases (12, 37, 45), and the SC
has been proposed to block binding sites required for IgA
phagocytic function (22). We propose that characterizing the
role of SIgA in the clearance of S. pneumoniae will enhance
our understanding of the basic requirements for phagocyte
activation and function at mucosal sites. We present evidence
of phagocytosis of S. pneumoniae by three forms of IgA (mIgA,
plgA, and SIgA), together with comparative avidity studies and
complement requirements for this function. Revealing the
mechanisms by which IgA acts at mucosal surfaces and in
mucosal tissues will clarify its role as a mediator of mucosal
defense and provide a rationale for the development of vac-
cines that elicit robust antibody responses at mucosal sites.

MATERIALS AND METHODS

hMAD production. As previously described (61), B cells were purified (>95%
CD19%) by negative selection (StemCell Technologies, Vancouver, Canada)
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from adult human subjects 1 week after intramuscular immunization with 23-
valent capsular pneumococcal polysaccharide (PPS) vaccine (PNU-IMMUNE; a
generous gift from Lederle-Praxis Biologicals, Pearl River, NY) and fused with
the K6H6/B5 heteromyeloma fusion partner (1:2) (8, 9). Written informed con-
sent of human subjects was obtained per Institutional Review Board protocols of
the University of Minnesota and the Minneapolis VA Medical Center. Fused
cells were grown in medium containing hypoxanthine, aminopterin, and thymi-
dine (Sigma Chemical Co., St. Louis, MO) at 1 X 10° to 3 X 10° cells per 200-p.l
well. Cells from wells with supernatants reactive with only one of three pooled
capture antigens of 3 or 4 serotypes each (11 total) of PPS (ATCC, Manassas,
VA) and not cell wall polysaccharide (CPS; Statens Serum Institut, Copenhagen,
Denmark) as determined by enzyme-linked immunosorbent assay (ELISA) were
plated at 0.6 cells/well on 1 X 10° washed and irradiated (2,500 rads) feeder
peripheral blood mononuclear cells and rescreened at 2 to 3 weeks for each of
the 4 serotypes in each well. Those reactive with only one serotype were replated
at 0.6 cells/well. According to Poisson distribution calculations, this double-
cloning approach should yield a 99% probability that the selected cell progeny
are clonal (35, 55). Clones 2A01 (IgA2), 2A02 (IgAl), 6BAO1 (IgAl), and 8A01
(IgAl) were grown in RPMI 1640 with 4 mM rL-glutamine (Invitrogen Corp.,
Carlsbad, CA) and 15% fetal bovine serum (HyClone Laboratories, Logan, UT)
and supernatants harvested for antibody purification. Purified PPS-specific
monoclonal antibody was obtained by passing culture supernatant through an
anti-human IgA affinity column prepared with goat anti-human IgA (Southern
Biotechnology Associates, Inc., Birmingham, AL) coupled to CNBr-activated
Sepharose 4B (Amersham Biosciences, Piscataway, NJ), which bound MADb. The
human capsule-specific monoclonal antibody (hMAb) was then eluted from the
column using 50 mM glycine (Invitrogen Corp.), pH 2.7, and the elution fraction
neutralized as it is collected. The quantity, specificity, and IgA subclass of the
purified antibody were determined by ELISA (see below). The heterogeneity of
molecular forms produced was characterized by 6% nondenaturing polyacryl-
amide gel electrophoresis (PAGE).

PPS type-specific IgA ELISA. MaxiSorp plates (Nunc, Inc., Naperville, IL)
were coated overnight at 4°C with 100 pl of 5 wg/ml PPS in phosphate-buffered
saline. Standards, controls, and samples were incubated overnight with CPS (4
wg/ml) and pneumococcal type 22F PPS (2 pg/ml) (11) to absorb interfering
nonspecific antibodies and then applied for 2 h to PPS-coated (see below) and
washed plates. Affinity-purified goat anti-human IgA horseradish peroxidase
(HRPO) conjugate (Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA) followed by ABTS [2,2'-azinobis(3-ethylbenzthiazolinesulfonic acid)] sub-
strate (Sigma Chemical Co.) was used to detect bound antibody. Absorbance was
read at 405 nm.

Specificity or cross-reactivity of IgA monoclonal antibodies determined by
ELISA. Cloned monoclonal antibodies were retested individually against 11 PPSs
(types 1, 2, 3, 4, 6B, 8, 9V, 12F, 14, 19A, and 19F), CPS, and six other antigens
(thyroglobulin [Calbiochem-Novabiochem Corp., San Diego, CA], human dou-
ble-stranded DNA and lipopolysaccharide from Escherichia coli serotype
0127:B8 [Sigma Chemical Co.], tetanus toxoid [a gift from W. Latham, Massa-
chusetts Department of Health, Boston], cholera toxin from Vibrio cholerae
Inaba 569B [List Biological, Campbell, CA], and Haemophilus influenzae type B
capsule polyribosyl ribitol phosphate [Connaught Labs, Swiftwater, PA] linked to
tyramine hydrochloride [Sigma]) as ELISA captures to exclude polyreactive and
cross-reactive antibodies. The hMAbs were applied after coating and washing,
and binding was detected using affinity-purified goat anti-human IgA HRPO
conjugate followed by ABTS substrate.

IgA subclass ELISA. MaxiSorp plates were coated with unlabeled goat anti-
human IgA (Jackson ImmunoResearch) diluted in 50 mM carbonate buffer (pH
9.6) and incubated overnight at 4°C. Standards of purified human myeloma IgA1
(Calbiochem-Novabiochem) or purified human myeloma IgA2 (Calbiochem-
Novabiochem) and samples were applied for 2 h and detected using mouse
anti-human IgA1-biotin or mouse anti-human IgA2-biotin (both Southern Bio-
technology Associates) followed by streptavidin-HRPO (Zymed Laboratories
Inc., South San Francisco, CA) and TMB substrate (BD Biosciences, San
Diego, CA).

Fractionation of IgA molecular forms. Inmunopurified IgA was fractionated
according to molecular size using a Sephacryl S300 HR gel filtration column
(Amersham Biosciences) (28, 30) calibrated with pIgA and mIgA. Fractions
corresponding to each form were pooled, and the pooled fractions were concen-
trated and analyzed using 6% nondenaturing PAGE to determine fraction
purity (see Fig. 2A). Standards included serum IgA and SIgA (MP Biomedicals,
Aurora, IL).

Binding of secretory component. pIgA and recombinant human SC (44) were
combined at a weight ratio of 5:1, respectively, and incubated for 1 h at room
temperature as described previously (12). Stable association of recombinant
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human SC and pIgA was confirmed by ELISA. Samples were applied to Maxi-
Sorp plates (Nunc Inc.) coated with PPS as described above and incubated for
2 h. Rabbit anti-human SC (Dako Corp., Carpenteria, CA) followed by goat
anti-rabbit biotin (Dako Corp.) and streptavidin-HRPO (Zymed) was used with
ABTS substrate to detect bound antibody associated with SC.

OPC-CFU assay. We compared the abilities of three molecular forms of IgA
to mediate opsonophagocytosis (OPC) of type 2 S. pneumoniae isolates (IgAl
protease-producing P210 and IgAl protease-deficient P354 strains) (60) by
freshly isolated neutrophils (19, 27, 28, 48). Log-phase S. pneumoniae isolates
(2 % 10° CFU/well) were opsonized with antibody for 30 min followed by the
addition of 1 X 10° human neutrophils (effector/target ratio, 500:1) purified from
heparinized blood and complement source (baby rabbit complement; Cedarlane
Laboratories Limited, Hornby, Ontario, Canada) and incubated for an addi-
tional hour. To determine the percentages of bacterial reduction in the presence
of test antibodies, the numbers of CFU remaining in each assay well were
determined and divided by the number of CFU from control wells containing
complement and neutrophils but lacking antibody. The opsonophagocytic index
was established as the amount of antibody required to effect a 50% reduction in
CFU compared with the results obtained with the control well (complement but
no antibody). To test for the effects of complement on OPC, wells with or
without hMAb IgAs were tested without complement, with 1%, 3%, or 10%
complement, or with 10% heat-inactivated (HI) complement. We determined
whether reductions in CFU were mediated by antibody-dependent agglutination
and/or by OPC of the organism with the combination of antibody, complement,
and phagocytes.

Avidity measurement. Avidity was measured by two ELISA-based methods: (i)
dissociation of antibody binding to the solid-phase antigen in the presence of the
mild denaturing agent ammonium thiocyanate (Sigma Chemical Co.) (20, 46)
and (ii) soluble antigen competitive inhibition (29, 31). For the former method,
PPS-specific hMAb was diluted to give an optical density of 1.0 at 405 nm on a
PPS-coated plate. After incubation for 2 h, plates were washed and increasing
concentrations (0, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, and 4.0 M) of ammonium
thiocyanate were applied for 30 min and washed. Affinity-purified goat anti-
human IgA HRPO conjugate followed by ABTS substrate was used to detect any
remaining bound antibody. Absorbance was read at 405 nm. The “avidity index”
(ATI) was determined as the molar concentration of the ammonium thiocyanate
required to inhibit 50% of antibody binding to solid-phase capsular polysaccha-
rides at submaximal concentration (initial optical density of 0.8 to 1.1 at 405 nm;
i.e., ~20 ng/ml). For the competitive inhibition assay, we incubated increasing
concentrations (0.0001 to 10 wg/ml) of soluble PPS antigen overnight at 4°C with
IgA also at submaximal concentration and compared the binding of the same
concentration of IgA without soluble antigen incubation to solid-phase PPS.
Disassociation constants (Kj) were calculated by the method of Friguet et al.
(15). The absorbance value for antibody without soluble antigen (A,), the ab-
sorbance value for antibody at the concentration of soluble antigen which inhib-
ited 50% of IgA binding (A), and the molar concentration of soluble antigen at
that 50% inhibition point (a,) were used to determine the antigen-antibody
equilibria using the equation K, = a,{[A,/(A, — A)] — 1}.

Binding and opsonophagocytosis (OPC-flow) assay. The ability of IgA to
mediate binding and uptake of S. pneumoniae strain P210 by freshly isolated
neutrophils was tested by flow cytometry (39, 49). Briefly, heat-killed fluorescein
isothiocyanate (FITC)-labeled bacteria (2.5 X 10° CFU) were combined with
IgA molecular forms and indicated amounts of complement followed by the
addition of 2.5 X 10° human neutrophils purified from blood. The suspension
was analyzed for bacterial fluorescence associated with neutrophils at 530 nm by
use of a FACSVantage SE cytometer (BD Biosciences). The FITC mean fluo-
rescent intensity reflects the magnitude of binding and uptake of the bacteria by
neutrophils for each condition.

Bacterial agglutination. Washed log-phase bacteria (strain P210) (1 X 10°
CFU) were incubated with 1 ug PPS type 2-specific mIgA, pIgA, or SIgA for 30
min at room temperature. The ability of the molecular forms of IgA to induce
bacterial agglutination was then measured by both the increase in forward scatter
measurement by flow cytometry (FACSVantage SE), which reflects particle size,
and the formation of clumps as visualized by standard microscopy at X 1,000 total
magnification. Human MAb binding to bacteria was confirmed by staining bac-
terial suspensions with goat F(ab’)2 anti-human IgA-phycoerythrin (Southern
Biotechnology Associates) and analyzed for fluorescence at 575 nm.

Protease digestion. To investigate the functional effect of IgA1 protease di-
gestion of hMAbs, PPS-specific pIgA and SIgA (2.5 ng) were incubated for 18 h
at 37°C with purified His-tagged H. influenzae type 1 IgA1 protease (0.75 pg)
(provided by A. Plaut). The protease was then removed using nickel-nitrilotri-
acetic acid agarose binding (QIAGEN, Valencia, CA), and the antibody was
tested in the OPC-CFU assay as described above. Examination of the functional
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FIG. 1. Monoclonal antibody specificities. (A) MAb 2A01 and 2A02 cross-reactivity examined using 18 coating antigens. C-PS, cell wall
polysaccharide; TG, thyroglobulin; hDNA, human double-stranded DNA; CT, whole cholera toxin; TT, tetanus toxoid; LPS, lipopolysaccharide;
PRP, polyribosyl ribitol phosphate. (B) Competitive inhibition ELISA using MAb 2A01 and PPS type 2 or PPS type 6B as an adsorbing antigen.

(C) OPC-CFU using MAb 2A01 against two serotypes of S. pneumoniae.

effect of pneumococcal IgA1 protease on IgA was accomplished by extending the
incubation of encapsulated type 2 S. pneumoniae (wild-type strain P210 or IgA1l
protease-deficient P354) and antibody (pIgA or SIgA) in the OPC-CFU assay to
2 h. This allowed time for the bacterial surface-bound enzyme to act on IgA
before phagocytes and complement were added. To examine the effect of pro-
teases on IgA heavy chain structure, pIgA or SIgA (0.15 pmol) was incubated
with purified His-tagged H. influenzae type 1 I1gAl protease (0.03,0.15, 0.3, or 1.5
pmol), cell-associated pneumococcal IgA1l protease (IgAl protease-producing
unencapsulated R6x and IgAl protease-deficient unencapsulated P262) (1.5 X
10° CFU), human neutrophil elastase (Sigma Chemical Co.) (0.15, 1.5, or 15
pmol), or human neutrophil cathepsin G (Calbiochem, La Jolla, CA) (0.15, 1.5,
or 15 pmol) at 37°C for indicated times and separated by denaturing 12% PAGE.
The amount of remaining heavy chain was examined by use of silver stain or
Western blot probed with mouse anti-human IgAl (Southern Biotechnology
Associates) and mouse anti-human kappa chain (Southern Biotechnology Associ-
ates). A low-molecular-weight protein standard (Bio-Rad Laboratories, Hercules,
CA) was included for each denaturing gel. The activity of human neutrophil elastase
and human neutrophil cathepsin G was confirmed by their ability to hydrolyze the
synthetic chromogenic substrates N-methoxysuccinyl-alanyl-alanyl-prolyl-valine p-
nitroanilide and N-succinyl-alanyl-alanyl-prolyl-phenylalanine p-nitroanilide (Sigma
Chemical), respectively, measured at 405 nm (data not shown).

RESULTS

Monoclonal antibodies are serotype specific. The four hMAbs
generated from healthy vaccinated adults were tested exten-
sively to determine their monospecificities for individual pneu-
mococcal capsular polysaccharides. Antibodies purified from
supernatants were tested by ELISA for reactivity with 18 an-
tigens (11 PPS, 1 CPS, and 6 other antigens), several of which
are recognized by polyreactive antibodies (6, 29). Each of the
hMAbs described herein reacted with only one solid-phase
antigen (the results for 2A01 and 2A02 are shown in Fig. 1A).
Monoreactivity was further confirmed in representative data
by competitive inhibition showing that only the homologous

antigen (PPS2) to the antibody (hMAb 2A01) inhibited bind-
ing to the PPS2 solid antigen, whereas a heterologous antigen
(PPS6B) did not (Fig. 1B). Similarly, in the functional op-
sonophagocytosis assay (OPA-CFU), only antibody to an or-
ganism of the homologous serotype (hMAb 2A01 with a type
2 organism) induced a substantial reduction in CFU in the
presence of complement and phagocytes whereas a heterolo-
gous hMAD to type 8 did not (Fig. 1C). Thus, as confirmed by
three methods, the hMAbs are specific for only one serotype of
S. pneumoniae.

pIgA and SIgA support opsonophagocytosis of S. pneu-
moniae more efficiently than mIgA. Type 2-specific hMADb
2A01 produced a mixture of molecular forms of hMAb IgA
(Fig. 2A). Wild-type S. pneumoniae (type 2; strain P210) was
incubated with increasing amounts of purified mIgA, plgA,
and SIgA hMAD 2A01 followed by addition of complement
(10%) and phagocytes for 1 h, after which the numbers of CFU
were determined. Although all forms of h(MAD possessed iden-
tical antigen-binding regions, fivefold less pIgA and SIgA (5 to
6 ng/ml) were required to produce a 50% reduction of S.
pneumoniae CFU compared with mIgA results (30 ng/ml) (Fig.
2B). A comparable pattern of results was found with a type
8-specific hMAD (Fig. 2C) and with polyclonal IgA purified
from human serum (data not shown). Results obtained with
SIgA were similar to those seen with pIgA, suggesting that the
presence of the SC does not interfere with the functional
activity of the antibody.

Avidity of PPS-specific hMADb IgA forms varies with valence.
The increased functional efficiency observed with pIgA and
SIgA versus mIgA may be related to differences in the avidity
of antigen binding. Although binding curves with respect to the
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FIG. 2. (A) Affinity-purified MAb 2A01 supernatant (inset; lane A)
was fractionated by gel filtration to yield mIgA (inset; lane B) and
plgA (inset; lane C). AU, absorbance units. (B) Enhanced opsonoph-
agocytosis with MAb 2A01 (IgA2) pIgA and SIgA compared to that
seen with mIgA as measured by OPC-CFU (n = 3; error bars = 1 =
standard error of the mean; key indicates the opsonophagocytic index
for each molecular form). (C) MAb 8A01 showed results similar to
those obtained with MAb 2A01.

solid-phase antigen were comparable by ELISA with the re-
sults seen with three molecular forms of the hMAbs (Fig. 3A),
both the ammonium thiocyanate avidity measurement (Fig.
3B) and soluble antigen competitive inhibition (Fig. 3C)
showed consistently that pIgA and SIgA (valence of at least
four antigen binding sites) possess increased avidity (higher Al
and smaller K,,) compared with mIgA (two antigen binding
sites). Moreover, the Al and K, of the pIgA and SIgA forms
were very similar, indicating that the presence of the SC does
not diminish antibody avidity.

IgA-mediated uptake and opsonophagocytosis (OPA-CFU)
are complement dose dependent for all IgA forms. To further
examine the impact of molecular form on IgA function, we
determined the contribution of complement in induction of
OPA-CFU of S. pneumoniae type 2 (strain P210) in the pres-
ence of the mIgA, pIgA, and SIgA forms of hMAb 2A01 at a
single antibody concentration (30 ng/ml). All three forms dem-
onstrated a progressive increase in the percentage of reduction
of CFU with polymorphonuclear leukocytes as complement
concentrations rose (Fig. 4A). Reductions in CFU with 10%
complement significantly exceeded those in the presence of 0%
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and 1% complement for mIgA (P < 0.02 and 0.036, respec-
tively), as did reductions in CFU for both pIgA and SIgA at
10% complement compared to the results seen with mIgA at
0%, 1%, and 3% complement (P < 0.005 for all).

To demonstrate the role which complement plays in OPA-
CFU, the numbers of CFU were compared in wells containing
no antibody or containing mIgA (30 ng/ml), pIgA (30 ng/ml),
or SIgA (30 ng/ml), each tested with or without 10% comple-
ment (Fig. 4B). CFU numbers were consistently lower in the
presence of antibody and complement compared with the re-
sults seen with all forms of antibody alone or complement
alone. However, in the absence of antibody, the presence of
complement did modestly reduce the numbers of CFU
(~35%). These effects obtained with complement alone may
have been due to the presence of complement itself or to that
of small amounts of residual antibody in the commercial prep-
aration. Although each commercial lot of complement is
screened and chosen for adequate potency and low toxicity
before use (26), we have typically found some similar effects
with the complement source alone for every serotype of S.
pneumoniae used (E. N. Janoff and C. Fasching, unpublished
data). For this reason, in the OPA-CFU assay testing the
effects of human antibody, the percentages of CFU reductions
were calculated using control wells that contained the same
amount of complement without antibody. In addition to com-
plement control wells, wells without either complement or
antibody (for confirmation of adequate pneumococcal growth)
and wells which contained both a dilution of human serum
from a vaccinated subject and complement (for confirmation
of adequate neutrophil performance) were included in each
experiment.

To determine whether active factors other than complement
were present in the commercial complement, we compared the
numbers of CFU in wells containing no antibody or containing
mlIgA (30 ng/ml), pIgA (30 ng/ml), or SIgA (30 ng/ml) in the
presence or absence of 10% HI baby rabbit complement and
no other complement source (Fig. 4C). The determinations of
CFU per well for each set of antibody conditions showed
equivalent results in wells without complement and in wells
containing 10% HI complement, indicating that the commer-
cial complement preparation does not contain pneumococcal
inhibitors. The absence of reduction of CFU in tests containing
antibody and HI complement (Fig. 4C) compared with CFU
levels in these tests performed with 10% complement (Fig. 4B)
also supports the idea of a requirement of complement for
opsonophagocytosis of pneumococci by neutrophils. That CFU
reductions in wells when both complement and antibody were
present were greater than the combined reductions observed
with either complement or antibody alone further confirms the
requirement for both factors to effectively mediate this pro-
cess. Additionally, we have previously reported both bacterial
internalization and evidence of bacterial lysis in phagolyso-
somes as determined by electron microscopy (28), further sup-
porting the evidence indicating that bacterial phagocytosis and,
most likely, killing are dependent on both antibody and com-
plement.

Comparison of molecular forms of hMAb 2A01 IgA re-
vealed that SIgA and pIgA reduced S. pneumoniae CFU equiv-
alently and that both reduced CFU to a greater extent than
mlIgA at each complement concentration (Fig. 4A). Greater
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FIG. 3. Solid-phase ELISA was used to examine affinity and avidity for the three molecular forms of IgA. Antibody binding curves for mIgA,
plgA, and SIgA of one IgA2 (MADb 2A01) and two IgAls (MAb 6BA0O1 and MADb 8A01). (A) ELISA binding curves show similar antigen affinities.
(B) More ammonium thiocyanate is needed to disrupt pIgA and SIgA antigen binding than is required for disruption of mIgA binding for each
of the three monoclonal antibodies (keys indicate the molar amounts of ammonium thiocyanate which result in a 50% reduction of antigen binding
for each molecular form). (C) Lower amounts of soluble antigen are able to competitively bind 50% of pIgA and SIgA compared to the amounts
of soluble antigen required for mIgA for each of the three monoclonal antibodies (keys indicate the calculated disassociation constant expressed

in molar concentration for each molecular form).

reductions in CFU of S. pneumoniae at 10% complement were
apparent with pIgA (87%) and SIgA (76%) compared with the
results seen with mIgA (25%) (P < 0.00002 and P < 0.0001,
respectively). In contrast, results with pIgA and SIgA were
comparable (Fig. 4A). We also noted that, in the absence of
complement, a significant reduction in CFU was also seen with
pIgA (27%) and SIgA (38%) compared with mIgA results
(0%) (P < 0.028) (Fig. 4A) and that lower numbers of CFU
per well were seen with pIgA and SIgA than were seen with
mlIgA or without antibody (Fig. 4B).

To investigate these findings, we performed an alternate
assay which measured neutrophil binding and phagocytosis of
FITC-labeled heat-killed type 2 S. pneumoniae by flow cytom-

etry rather than reduction in CFU. The results of this flow-
based assay verified that pIgA- and SIgA-opsonized S. pneu-
moniae produced increased binding and uptake compared to
mlgA results and that this process was complement dependent
for all three molecular forms (Fig. 4D). However, the alternate
flow cytometry-based assay did not replicate findings that pIgA
and SIgA were different from mIgA with respect to binding
and phagocytosis in the absence of complement (Fig. 4D).
That the two assays employed different endpoints in the pres-
ence of the same substrates (organisms, hMADb IgA, comple-
ment, and neutrophils) suggested that a second mechanism
might have affected the outcome obtained in the absence of
complement.
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FIG. 4. Opsonophagocytic activity, binding, and phagocytosis are dependent on the presence of complement. (A) Opsonophagocytosis
(OPC-CFU) was tested with 30 ng/ml 2A01 mIgA, pIgA, or SIgA at four concentrations of complement (0%, 1%, 3%, and 10%). All three forms
showed a direct relationship between complement concentration and amount of opsonophagocytosis (n = 3). Asterisks designate significant
differences between pIgA or SIgA and mIgA (Student’s ¢ test; P < 0.05). (B) CFU per well after OPC-CFU for a control lacking complement (light
bars) or when 10% complement is present (dark bars) for each molecular form of MAb 2A01 or in the absence of antibody (n = 3; error bars =
1 =+ standard error of the mean; the line across the chart at 2,000 CFU represents the starting bacterial inoculum). Control results show that the
presence of complement alone did result in fewer CFU at the end of the assay, while numbers of CFU seen with a combination of complement
and antibody were lower than those seen with either alone. (C) CFU per well after OPC-CFU, comparing the results obtained in the absence of
complement (light bars) to those obtained with 10% heat-inactivated complement (dark bars) for each molecular form of MAb 2A01 or in the
absence of antibody (n = 1; the line across the chart at 2,000 CFU represents the starting bacterial inoculum). Control findings show that
heat-inactivated complement gave CFU results similar to those seen under conditions without complement, demonstrating a lack of nonspecific
organism inhibitors in the complement preparation. (D) Binding and phagocytosis were tested at 30 ng/ml 2A01 mIgA, pIgA, and SIgA or in the
absence of antibody at four concentrations of complement (0%, 1%, 3%, and 10%) (n = 1). OPC-flow analysis confirmed that for each molecular

form the binding or phagocytosis was complement dependent. PMN, polymorphonuclear leukocyte.

SIgA and pIgA agglutinate bacteria, but mIgA does not. The
ability of the pIgA and SIgA forms, but not the mIgA form, of
2A01 MAD to agglutinate S. pneumoniae may explain, in part,
the decrease in the effective phagocytic function of mlIgA.
Bacterial agglutination was assessed by use of flow cytometry
to measure an increase in forward scatter, which is used to
estimate particle size. S. pneumoniae incubated with pIgA or
SIgA (although not with mIgA) demonstrated a pronounced
increase in particle size as determined by forward scatter mea-
surement compared to the results obtained without antibody
(Fig. 5A). The absence of bacterial agglutination seen with
mlgA was not due to a lack of antibody binding to the bacterial
surface, as phycoerythrin-labeled anti-human IgA detected the
presence of mIgA bound to bacteria (Fig. 5B). Agglutination
of bacteria by pIgA and SIgA but not mIgA was confirmed by
the clumping pattern observed by light microscopy (Fig. 5C).
The effect of the presence of nonspecific antibody and com-
plement on agglutination was also examined. Table 1 shows the
increase in the percentage of forward scatter in the presence of
the serotype-matched antibody-organism pair alone (2A01-se-
rotype 2 bacteria). No agglutination was observed when sero-
type 8 organisms were combined with PPS type 2-specific an-
tibody. The addition of complement or HI complement had no
effect under conditions in which no agglutination was seen;
therefore, the complement source itself did not support agglu-
tination of either serotype of S. pneumoniae.

SIgA is not protected from IgAl protease digestion. IgAl
protease specifically cleaves the hinge region of IgAl, the pre-
dominant IgA subclass found in the upper and lower respira-
tory tracts (40). We characterized the effect of the presence of
bacterial IgAl protease on 2A02 pIgA and SIgA forms to
determine the potential role of SC in providing proteolytic
protection to this particular hMAb. Recombinant IgAl pro-
tease from H. influenzae type 1 was incubated with either pIgA
or SIgA for increasing intervals of time (Fig. 6A) or with
increasing amounts of protease (Fig. 6B). The two molecular
forms demonstrated equivalent decrements in the amounts of
intact heavy chain either with increasing exposure time to the
enzyme or with increasing amounts of enzyme. We also char-
acterized the functional impact of IgAl protease digestion of
hMAD IgAl to determine whether Fab fragments alone could
support bacterial OPC with complement and phagocytes. Per-
cent OPC was significantly lower with IgAl protease-digested
pIgA and SIgA than with undigested antibodies at 250 ng/ml
(P < 0.05; Student’s ¢ test), indicating a loss of function (Fig.
7A). Recombinant IgA1 protease from H. influenzae type 1 was
used, because the purified recombinant protein is not available
from S. pneumoniae. However, to more specifically character-
ize the effect of the presence of pneumococcal IgA1 protease,
pIgA and SIgA were tested for killing of an IgA1l protease-
producing strain (P210; parental) and a congenic IgAl pro-
tease-negative strain (P354; mutant) of S. pneumoniae after a



VoL. 75, 2007

FORM AND FUNCTION OF PNEUMOCOCCAL CAPSULE-SPECIFIC IgA 1807

A B C
No IgA mlgA Antibody binding _
z - z = No I‘gA : ”!11181}_ X
g g . . L} : -
3 5 No IgA s
- i i 1000 © ) _ o0 . b ) : - :
FSC-Height FSCHeight mIgA -
pigA o
plgA _ SIgA
r_ = I 204%  } . = I 178% & SlgA '“
g il 8 - 0 200 400 600
Mean Fluorescent Intensity
FSC-Height FSC-Height L et et

FIG. 5. SIgA and pIgA cause antibody-mediated agglutination of S. pneumoniae. (A) Bacterial agglutination measured by an increase in
forward scatter (particle size) using flow cytometry was seen for hMAb 2A01 pIgA and SIgA but absent for mIgA. Percentages of bacteria which
exceed single-cell values are indicated in each panel, including a control panel (No IgA). (B) Analysis of the mean fluorescent intensity of antibody
binding to bacteria confirms that even though the mIgA results showed no agglutination, there was mIgA bound to the bacteria. (C) Light
microscopy at xX1,000 total magnification also demonstrated the agglutinating capabilities of pIgA and SIgA.

2-h bacterium-antibody exposure time. Again, the percentage
of OPC (reduction in CFU) seen with IgA1 protease-produc-
ing S. pneumoniae P210 for both SIgA and pIgA was less than
that observed for the IgAl protease-negative mutant P354
(P < 0.05 at 125 ng/ml and 250 ng/ml) (Fig. 7B). No difference
in killing was observed between the two bacterial strains when
pIgA and SIgA of subclass IgA2 (hMAb 2A01) were used
(data not shown). These data demonstrate that SC does not
protect IgAl 2A02 from degradation by IgAl protease pro-
duced by either H. influenzae or S. pneumoniae. Unlike bacte-
rial IgAl proteases, the host-derived proteases cathepsin G
and neutrophil elastase showed no degradation of the IgA
heavy chain (data not shown). Cleavage of IgAl by pneumo-
coccal IgA1l protease was inhibited by the divalent cation
chelator EDTA (10 mM).

DISCUSSION

We have characterized a potentially important effector func-
tion of SIgA, antibody-mediated phagocytosis. With human
polyclonal antibodies (14, 28) and now highly specific hMAb
antibodies to S. pneumoniae, SIgA supports phagocytic effector
function. Using isogenic molecular forms of hMAbs with iden-
tical antigen-binding variable regions specific for the capsule of

TABLE 1. Agglutination levels measured by flow cytometry

% Forward scatter over baseline”

A:(;g’:éjy Serotype 2 organism Serotype 8 organism
No C C hiC No C C hiC
No antibody 2.06 2.39 2.21 3.27 2.51 2.64
2A01 mIgA 2.72 2.77 2.52 4.08 2.30 3.16

2A01 pIgA 11.13 14.82 19.40 2.78 3.37 2.72
2A01 SIgA 15.98 21.60 24.82 2.90 2.38 2.56

“No C, complement absent; C, complement present; hiC, heat-inactivated
complement.

S. pneumoniae type 2, we show that both pIgA and SIgA more
effectively mediated antibody-dependent and complement-de-
pendent phagocytosis than did mIgA. Earlier studies suggested
that SIgA-mediated phagocytic responses were better (18, 44),
equivalent (41), or absent (59) compared with pIgA results.
These discrepancies may relate to differences in IgA prepara-
tions, characteristics of the organisms tested, and endpoints.
The activity of the specific SIgA we report resulted from the
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FIG. 6. SIgA and plgA are similarly digested by H. influenzae type
1 IgAl protease. (A) A 0.15-pmol volume of either h(MAb 2A02 SIgA
or pIgA was digested at 37°C with 0.15 pmol H. influenzae 1gAl
protease for 0, 1, 3, 6, or 22 h. (B) SIgA or pIgA (10 nM) was digested
at 37°C with H. influenzae type 1 IgAl protease (2, 10, 20, or 100 nM)
for 2 h. Samples were run on a 12% denaturing PAGE and silver
stained, and percent remaining heavy chain was quantified by an in-
verse luminosity measurement in Photoshop.
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FIG. 7. IgAl proteases from H. influenzae type 1 and S. pneu-
moniae inhibit IgA-mediated opsonophagocytosis of S. pneumoniae in
the presence of complement. (A) Digestion of hMADb 2A02 pIgA and
SIgA with H. influenzae IgAl protease before use in opsonophagocy-
tosis assays caused loss of the ability to effect bacterial killing com-
pared to the results seen with undigested pIgA and SIgA. (B) Pro-
longed exposure of pIgA and SIgA to a protease-producing strain of S.
pneumoniae (P210) inhibited IgA-mediated killing compared with the
results seen with pIgA and SIgA exposed to a protease-negative mu-
tant (P354). For each graph, data represent the results of three sepa-
rate experiments. Asterisks designate significant differences between
digested and nondigested antibody results (Student’s ¢ test; P < 0.05).
No significant differences between the effects on capsule-specific pIgA
and SIgA were seen.

confluence of several related functions: avidity, interactions
with complement, and agglutination.

Avidity, or functional affinity, is determined by both the
intrinsic affinity of the antigen-binding variable region and the
structure and valence of the entire antibody molecule. Both
multivalent forms (pIgA and SIgA) of hMAbs 2A01 (type 2),
6BAO01 (type 6B), and 8A01 (type8) showed increased avidity
compared with the bivalent monomeric form (mIgA). The
intrinsic affinities (on-off rates constant) of the variable regions
of each of these clonal mIgA, pIgA, and SIgA molecules were
identical, so the difference in avidity we observed within sero-
types derived from the increased valence of the polymeric
molecules. The avidity of pIgA was neither diminished nor
enhanced by the addition of SC. This observation is supported
by the work of Liillau et al. (38), who found that adding SC to
pIgA does not modify the affinity of IgA to Vibrio cholerae
lipopolysaccharide, and by Berdoz and Corthésy (4), who
found that pIgA and SIgA of the same specificity had equiva-
lent Helicobacter pylori urease-inhibiting capabilities. Increased
avidity of IgG has been associated with increased functional
activity against viruses (2) and bacteria (49), the ability to
activate complement (13), and increased phagocytosis of S.
pneumoniae (57). The increased avidities of our monoclonal
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pIgA and SIgA antibodies are also associated with the in-
creased functional capability of these forms.

Complement activation and opsonization link the adaptive
and innate immune systems, directly influencing the level of
phagocytic killing of pathogens. Using bacterium-antibody
complexes containing native human IgA, we found that the
amount of opsonophagocytic activity increased as the comple-
ment concentration rose and as the IgA concentration in-
creased. The ability of IgA to directly activate complement is
debatable. Whole IgA has been shown by others to activate
complement via an alternative pathway (5, 51) and the man-
nose binding lectin pathway (50). Under restricted experimen-
tal conditions, IgA fragments F(ab")2 or F(abc)2 (24), Fca,
and free SC (42), but not Fab (42), bound to the solid-phase
fixed complement by an alternative pathway. In the context of
our data, pneumococcal capsular and cell wall polysaccharides
have a direct impact on C3-dependent opsonization of the
organism (25, 64), and complement receptor 3 (CR3) of neu-
trophils is a major phagocytic receptor for pneumococci (17).
Although the specific biochemical interactions between IgA
and complement have not been defined, both pIgA and SIgA
can support opsonophagocytosis of S. pneumoniae in the pres-
ence of complement.

At equal antibody concentrations, both pIgA and SIgA re-
quired less complement than mIgA to achieve similar levels of
organism reduction. The increased avidities of pIgA and SIgA
may moderate the amount of complement needed for patho-
gen phagocytosis. This feature may be important at mucosal
sites where complement concentrations are limited (34), al-
though human complement components can be produced by
alveolar type II epithelial cells (52) and alveolar macrophages
(43). Studies in which SIgA did not mediate killing (59) did not
include complement. We demonstrate that SIgA opsonizes S.
pneumoniae in a complement-dependent fashion. However,
whether pIgA or SIgA actually fixes and activates complement
by the alternate or mannose binding lectin pathways, and the
mechanism of such putative activation, remains to be verified.

In the absence of complement, IgA-mediated agglutination
accounts for a portion of the reductions in CFU in the OPA-
CFU assay. Such agglutination accounts for lower estimations
of bacterial viability and increased CFU reduction in the ab-
sence of complement with pIgA and SIgA but not mIgA. As
determined both by flow cytometric particle size analysis and
by basic light microscopy, pIgA and SIgA each agglutinated S.
pneumoniae whereas mIgA did not. This binding and cross-
linking activity is similar to that described by Renegar et al.
(47), who showed that SIgA was five times more effective than
mlIgA in hemagglutination inhibition of influenza virus, and by
Stubbe et al. (53), who found superior Clostridium difficile toxin
neutralization by pIgA compared with mIgA results. We sug-
gest that the reductions in CFU of S. pneumoniae seen with
pIgA and SIgA in the absence of complement derive from
an increase in agglutination based on increased valence and
avidity.

To eliminate assay endpoint inaccuracy caused by aggluti-
nation, we used a flow cytometry binding and uptake assay,
which relies on bacterial fluorescence and cell association. This
fluorescent method provides a more directly proportional mea-
surement of the number of bacteria bound and taken up by the
phagocyte. Binding and uptake of fluorescent bacteria was not
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affected by agglutination and showed dose-related responses
with increasing amounts of IgA and complement in combina-
tion. No activity was seen with the flow-based assay in the
absence of complement, and complement was not required for
agglutination. Thus IgA, and particularly pIgA and SIgA, sup-
ports two distinct mechanisms of antibody-mediated bacterial
clearance, complement-independent agglutination and com-
plement-dependent phagocytosis.

Although IgA at mucosal sites is exposed to potential cleav-
age and inactivation by host- and bacterium-derived proteases,
SIgA is more resistant than serum IgA to a metalloproteinase
from Proteus mirabilis (1), type VI protease (56), trypsin (47),
and neutrophil elastase (45) and to intestinal proteases (3, 12).
IgAl protease produced by H. influenzae mediates degradation
of SIgA (1, 10) equal to that seen with nonsecretory IgA, as did
the enzyme from both H. influenzae and S. pneumoniae in our
hands. Whether persistently bound Fab fragments would in-
hibit subsequent antibody-mediated phagocytosis by capsule-
specific IgA or IgG is under investigation. Inhibitors of IgAl
protease, including antienzyme antibodies, may be present in
serum and secretions (16, 33), but the antiphagocytic activity of
IgAl protease may pose an obstacle to the effective develop-
ment of mucosal vaccines against S. pneumoniae and other
invasive mucosal pathogens.

In summary, SIgA supports opsonophagocytosis as well as
pIgA, and both molecular forms are more efficient than mIgA
in the presence of complement. These results relate to their
increased avidity and ability to lower the complement levels
required for phagocytosis. In addition to phagocytosis, these
multimeric molecular forms of IgA mediate agglutination, with
mediation by SIgA being complement dependent and that by
pIgA complement independent. In concert, these two activities
may enhance our ability to clear S. pneumoniae at mucosal
sites.
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