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The structural characteristics and biological activity of human antibodies that are reactive with the capsular
polysaccharides of most serotypes of Streptococcus pneumoniae, including serotype 8, are unknown. This paper
describes the generation, molecular structure, and protective efficacy of a human monoclonal antibody (MAb)
reactive with the capsular polysaccharide of serotype 8 Streptococcus pneumoniae. We generated the immuno-
globulin M(x) [IgM(x)] MADb D11 by Epstein-Barr virus transformation of peripheral lymphocytes from a
Pneumovax recipient. Nucleic acid sequence analysis revealed that MAb D11 uses V3-15/V,3 and A20/V, gene
segments with evidence of somatic mutation. In vitro studies revealed MAb D11-dependent complement
deposition on the capsule of serotype 8 organisms via either the classical or the alternative complement pathway.
In vivo, MAb D11 prolonged the survival of both normal and C4-deficient mice with lethal serotype 8 S.
pneumoniae infection. Our findings demonstrate that a serotype-specific human IgM with certain structural
and functional characteristics was protective in mice lacking a functional classical complement pathway and
show that alternative complement pathway activation is an important determinant of pneumococcal protection.

In the past decade, the importance of pneumococcal vacci-
nation for individuals at high risk for infection has been un-
derscored by the emergence of antibiotic resistance among
pneumococcal isolates (7, 14) and the increased prevalence of
invasive pneumococcal infections in patients with immune im-
pairment caused by chemotherapy or immune suppression in
the setting of organ transplantation or human immunodefi-
ciency virus infection (40). Unfortunately, available pneumo-
coccal capsular polysaccharide vaccines are poorly immuno-
genic in many patients at high risk for infection (40). The
prevalence of pneumococcal strains with high-level antibiotic
resistance (50) has increased the need for new approaches to
treatment of pneumococcal infections and the potential value
of monoclonal antibodies (MAbs) as therapeutic agents. An-
tibody therapy was used for pneumococcal pneumonia until
the late 1930s but was abandoned after the introduction of
antimicrobial therapy because of the toxicity of heterologous
sera in humans (51). Hence, the prospect of returning to an-
tibody-based therapies for pneumococcal infections (15, 44)
demands a better understanding of the nature of the antibodies
that mediate protection.

The importance of both serotype-specific antibodies and
complement components for host protection against Strepto-
coccus pneumoniae has been recognized since the early 20th
century (32). In vitro studies have shown that opsonization of
S. pneumoniae by human sera via the classical and the alter-
native complement pathways requires serotype-specific anti-
body (9). The importance of an intact complement system for
antibody-mediated protection against S. pneumoniae was re-
vealed by studies of experimental pneumococcal infection of
guinea pigs showing that neither polyclonal serotype-specific
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immunoglobulin M (IgM) nor IgG was protective in guinea
pigs with C4 deficiency (12, 24). These studies suggested that
an intact classical complement pathway was necessary for an-
tibody-mediated protection. C4-deficient mice have enhanced
susceptibility to the encapsulated pathogen group B Strepto-
coccus (52). However, the importance of an intact classical
complement pathway for innate resistance or the protective
efficacy of serotype-specific human antibodies has not been
examined in experimental pneumococcal infections of mice.

To evaluate the role that antibody-dependent complement
activation plays in pneumococcal protection, we determined
the ability of a human IgM reactive with the pneumococcal
capsular polysaccharide (PPS) of serotype 8 S. pneumoniae to
protect mice with deficiencies of C4 (19) and C3 (52) against
an infection with this serotype. The results showed that the
MAD, D11, prolonged the survival of mice with a normal com-
plement system and those with C4 deficiency.

(Part of the work described herein was presented at the 99th
General Meeting of the American Society for Microbiology

[57].)

MATERIALS AND METHODS

Bacteria. S. pneumoniae serotype 8 (strain 6308; American Type Culture
Collection [ATCC], Manassas, Va.) was grown in tryptic soy broth (TSB) (Difco
Laboratories, Detroit, Mich.) to mid-log phase at 37°C in 5% CO, as described
previously (1), frozen in TSB in 10% glycerol, and stored at —80°C. Bacteria
were taken from a frozen stock, streaked on a blood agar plate, and passaged
once in TSB before use.

Generation of the D11 antibody, a PPS 8-specific human MAb. The human
MADb to PPS 8 (D11) was generated from the peripheral lymphocytes of a
Pneumovax (Pneumovax 23; Merck, West Point, Pa.) recipient. Mononuclear
cells were isolated from whole blood of a normal volunteer 7 days after vacci-
nation with Pneumovax as described previously (41). The mononuclear cells were
placed in 96-well tissue culture plates (Corning Glass Works, Corning, N.Y.) and
infected with 200 pl of supernatant from an Epstein-Barr virus-infected marmo-
set cell line (B95-8; ATCC) as described previously (41). Wells with transfor-
mants visible by light microscopy were tested for binding to Pneumovax by
enzyme-linked immunosorbent assay (ELISA) (see below). Cell lines were
cloned by limiting dilution within 3 weeks of transformation. Cell lines were
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maintained in RPMI medium, 10% fetal calf serum (HyClone Laboratories Inc.,
Logan, Utah), 1% glutamine, 1% pyruvate, 1% nonessential amino acids, and
0.01 M HEPES. Unless otherwise specified, the reagents for cell culture were
obtained from Gibco (Grand Island, N.Y.). These studies were performed in
accordance with the guidelines of the Institutional Review Board of the Albert
Einstein College of Medicine.

ELISAs to determine the isotype and PPS specificity of MAb D11. All cell lines
were tested for antibodies that reacted with Pneumovax and purified PPS from
serotypes 4, 6B, 8, 14, 19F, and 23F (ATCC) as described previously (3). Briefly,
plates coated with Pneumovax (11.4 pg/ml) or purified PPS (10 pg/ml) were
incubated with culture supernatants from the transformants at 37°C for 1 h and
washed, and separate duplicate wells were incubated with alkaline phosphatase-
labeled goat antibodies to human IgM, IgA, and IgG « and \ light chains
(Southern Biotechnology, Birmingham, Ala.) at 37°C for 1 h. After washing,
antibody binding was detected with p-nitrophenyl phosphate substrate (Sigma
Chemical Co., St. Louis, Mo.). The absorbances of the wells were measured at an
optical density (OD) of 405 nm with an MRX (DYNEX Technologies, Inc.,
Chantilly, Va.) ELISA reader. The positive control was day 28 postvaccination
serum from a Pneumovax recipient (absorbed with cell wall polysaccharide
[CWPS] [Statens Serum Institut, Copenhagen, Denmark] as described previously
[3]); the negative controls were the human IgM MADb specific for cryptococcal
polysaccharide (MAb 2E9 [41]) and an IgM myeloma antibody (Calbiochem, San
Francisco, Calif.). Antibodies produced by the transformants were also tested for
binding to CWPS and staphylococcal protein A (SPA) (Sigma) as described
previously (36, 41) and for the expression of the variable-region determinants
recognized by mouse MAbs to human variable-region determinants (3).

Nucleotide sequence analysis. The nucleic acid sequence of the D11 antibody
was determined by sequencing DNA amplified from RNA by PCR as described
previously (41). Briefly, Vi; (heavy chain) and V; (light chain) cDNA was
generated by reverse transcription of RNA with heavy and light chain constant
region primers as described previously (41). The Vi and Vi were initially
amplified with a set of sense primers complementary to human Vy and Vi
sequences and the same antisense constant region primers for Viy and V (27).
For the D11 MADb, the primers were as follows: Vi sense, 5'-GAGTTTGGGC
TGAGCTGG-3'; Vy; antisense, 5'-GGAATTCTCACAGGAGACGAG-3"; V.
sense, 5'-GAA(CT)ATC(T)GAGCTCACC(GT)CAGTCTCCA-3'; and V. an-
tisense, 5'-CCTGTTGAAGCTCTTTGTGAC-3'. Oligonucleotides were synthe-
sized at the DNA Synthesis Facility of the Cancer Center of the Albert Einstein
College of Medicine. Vi and V,. PCR products were gel purified and cloned into
the PCR 1000 plasmid of the TA cloning system (Invitrogen, San Diego, Calif.)
according to the manufacturer’s instructions. The products of two independent
PCRs were cloned. Inserts containing the Vi and V. were identified by restric-
tion endonuclease analysis. Plasmid DNA was isolated by the Maxi plasmid
protocol (Qiagen, Inc., Chatsworth, Calif.), and DNA sequencing was performed
by the DNA Synthesis Facility of the Cancer Center of the Albert Einstein
College of Medicine. In addition, direct sequencing of the Vi; PCR product was
also performed. Variable-region sequences were compared to the database of
human immunoglobulin sequences by using DNA PLOT (V Base Index; MRC
Center for Protein Engineering, Cambridge, United Kingdom).

Antibodies and complement sources. A human IgM myeloma (Calbiochem,
Inc.) was used as an isotype-matched control in this study. This antibody, which
uses a human V3 gene segment and binds SPA, has been used as a negative
control in other studies (3, 56). The D11 antibody was purified from culture
supernatants by column chromatography with anti-human IgM-Sepharose
(Pharmacia). The influence of the classical complement pathway was evaluated
with factor B-deficient human serum (Calbiochem), which has an inactive alter-
native pathway, and the influence of the alternative complement pathway was
evaluated with C4-deficient guinea pig serum (Sigma), which has an inactive
classical pathway. A polyclonal goat antibody to human C3 (Calbiochem) was
used to detect C3 by ELISA (see below), and a horseradish peroxidase (HRP)-
labeled antibody to human C3 (Cappel, ICN Pharmaceuticals, Inc., Aurora,
Ohio) was used in ultrastructure studies to detect C3 binding to S. pneumoniae
by electron microscopy. These antibodies bind human and guinea pig C3.

ELISA to evaluate complement activation. C3 binding to solid-phase PPS was
determined by ELISA as described previously (56). Briefly, ELISA plates were
coated with PPS (see above) and incubated for 1 h at 37°C with solutions
consisting of 5% (by volume) complement-deficient serum with 1.25 to 5 pg of
the MAb D11, the control IgM, or phosphate-buffered saline (PBS) per ml. The
plates were then washed and incubated for 1 h at 37°C with a goat antibody to
human C3 (Calbiochem), washed, incubated for 1 h at 37°C with alkaline phos-
phatase-labeled rabbit antibodies to goat IgG (Calbiochem), and developed with
p-nitrophenylphosphate substrate (Sigma). Negative controls were the MAb 2E9
(an IgM to cryptococcal polysaccharide [41]), the control IgM, and detection
reagents without primary and secondary antibodies. The OD of the wells was
measured at 405 nm with an MRX ELISA reader. The OD of the wells contain-
ing the secondary antibody and the complement-deficient serum alone was sub-
tracted from the average of paired duplicate wells containing the MAbs or PBS.
The results are reported as the OD at 405 nm.

EM. Electron microscopy (EM) was used to visualize C3 deposition on the
capsule of S. pneumoniae. The procedure for these studies was adapted from the
protocol of Brown et al. (13). S. pneumoniae (ATCC 6308 serotype 8) was
heat-killed by placing a suspension of 10® bacteria at 65°C for 1 h. PBS or 50 pg
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of D11 or the control IgM per ml was added to the bacteria; the samples
(consisting of 180 nl) were incubated for 30 min at 37°C; 20 pl of each comple-
ment-deficient serum or PBS was then added (i.e., to a final concentration of
10% by volume); and the samples were incubated for 30 min at 37°C, washed,
and incubated for 1 h at 4°C with an HRP-labeled antibody to human C3 in a
volume of 300 pl. The bacteria were then fixed with 300 pl of 1% glutaraldehyde
in 0.08 M sodium cacodylate buffer (pH 7.4) and incubated for 30 min at room
temperature in a saturated solution of 3,3'-diaminobenzidine (DAB) (Sigma) in
0.05 M Tris (hydroxymethyl) aminomethane-hydrochloride (pH 7.6) containing
H,0, (0.001%). After postfixing with 1% osmium tetroxide in 0.08 M sodium
cacodylate buffer, the samples were dehydrated in graded alcohols. Finally, the
bacteria were embedded in LX112 resin (Ladd Research Industries, Burlington,
Vt.), and ultrathin sections were cut on a Reichert Ultracut E apparatus and
viewed on a JEOL 1200 EX transmission electron microscope at 80 kV.

Mouse infection experiments. The protective efficacy of MAb D11 was eval-
uated in mouse models of pneumococcal infection. C57BL/6 and (C57BL/6 X
129)F, mice were obtained from Jackson Laboratories (Bar Harbor, Maine).
Mice with targeted deletions in C3 (C3™/~ mice) (52) and C4~/~ mice (19) were
bred in the Animal Facility of the Albert Einstein College of Medicine in sterile
isolators. The bacteria used for the infection experiments were rapidly thawed
and placed on ice, diluted to the desired concentration in TSB and immediately
injected into the mice as described elsewhere (1). The number of live bacteria in
each experiment was quantified by CFU on blood agar plates (Difco) immedi-
ately after the mouse inoculations were completed. The plates were incubated at
37°C for 18 h, and the number of colonies on each plate (one colony = 1 CFU)
was counted. The susceptibility to ATCC 6308 of the mouse strains studied was
determined with groups of 6 to 10 mice. Groups of mice received intraperitoneal
(i.p.) inoculations of 2, 20, or 200 CFU, and their survival was monitored twice
daily. The number of bacteria that killed 50% of mice by 48 h after infection was
defined as the 50% lethal dose (LDs) for that group. The LD5, determinations
were performed twice.

Two mouse infection models were used. The first model was selected because
historically, sera that were protective in a similar model had therapeutic efficacy
in humans against established infections (16). In this model (the single syringe
model), a solution containing both the organisms and antibody was injected i.p.
into the mice: one group received 100 CFU of serotype 8 S. pneumoniae organ-
isms and PBS, another received the organisms combined with 1 g of the control
IgM, and another received the organisms and 1 pg of D11. The antibody and
organisms were mixed in the same syringe and immediately injected into the
mice. For experiments according to this model, C57BL/6 mice (10 per group) and
C37/7,C47/~, and F, mice (6 to 7 per group) were used. For the complement-
deficient mice, both male and female mice were used, and for the other strains
of mice only female mice were used. The second model consisted of i.p. injection
of antibody 1 h prior to i.p. infection (the i.p./i.p. model) (35): one group was first
given PBS, another group received 1 pg of myeloma IgM, and another received
1 pg of MAb D11; then, 1 h later, all groups received 100 CFU of serotype 8 S.
pneumoniae except the F, mice, which received 200 CFU. This model was
selected to eliminate the possibility of antibody-antigen agglutination in the
syringe being a variable in the experimental outcome. For experiments using the
second model, C37/~, C4™/~, and F, mice (8 to 10 per group) were used. All
mice were observed twice daily, and the number of surviving mice was recorded.

Determination of bacteremia in C4~/~ mice. To evaluate whether antibody
treatment reduced the degree of bacteremia of serotype 8-infected C4~/~ mice,
we determined the serum bacterial burden. The mice (n = 5) were given 1 pg of
MAD D11, IgM, or PBS i.p. and then 50 CFU of serotype 8 S. pneumoniae i.p.
1 h later. Blood was obtained from the tail veins of these mice 3, 6, 9, and 12 h
after infection. Dilutions of the blood (1:10, 1:100, and 1:1,000) in TSB were
plated in duplicate on blood agar plates and incubated for 18 h, and the number
of CFU per milliliter of blood was counted.

Statistical analysis. Mouse survival data was analyzed statistically by using the
Kaplan-Meier log rank test. The degrees of bacteremia in different treatment
groups of mice were compared by using Student’s ¢ test. The statistical tests were
performed with SPSS for Windows (release 7.5.1; SPSS, Inc.), with a P value of
0.05 taken to indicate significance.

RESULTS

Isotype and specificity of the D11 antibody. The D11 anti-
body was produced by an IgM(k) lymphoblastoid cell line
which had specificity for Pneumovax and PPS 8 only. No re-
activity was observed with the PPS of serotypes 3, 4, 6B, 14,
19F, or 23F; CWPS; or SPA (data not shown). D11 did not
express the Vi1, V53, and V14 determinants recognized by
mouse MAbs G6 and G8, D12 and 16.84 and B6, and LCl1,
respectively. The negative control myeloma IgM did not bind
Pneumovax or any of the purified PPS serotypes, but it did
manifest SPA binding as previously described (41).

Nucleic acid sequence analysis. The MAb D11 V| was
90.5% homologous with the human germ line V3-15 gene
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FIG. 1. (A) Amino acid (top) and nucleic acid (bottom) sequences of the D11 Vy; compared to its putative germ line sequence, V3-15. The deletion in the D11
CDR 2 is denoted by 6 Xs from amino acid 52¢ to 54. (B) Amino acid (top) and nucleic acid (bottom) sequences of the D11 V,. compared to its putative germ line
sequence, A 20. An FW 1 primer was used for PCR; thus, the nucleic acids of amino acids 1 to 10 were not determined. For both panels, single-letter designations are
used for amino acids. Dashes represent homology, and letters in boldface type denote replacement amino acid changes. Numbering is according to VBase (MRC Center

for Protein Engineering [6]).

segment (6) and 87% homologous with the germ line 9.1 III
(DP 38) Vi3 gene segment used by human antibodies to the
Haemophilus influenzae type b polyribosyl-ribitol phosphate (4)
(Fig. 1A). The MAb D11 Vi, sequence had an in-frame 6-base

deletion in complementarity-determining region 2 (CDR 2)
(Fig. 1A). The presence of this deletion was confirmed by two
additional experiments, which revealed sequences identical to
that shown in Fig. 1A: (i) direct sequencing of a PCR product



4122 ZHONG ET AL.

0.D. 405 nm
o o o
BN [0)] o]

©
(V)

factor b- C4-
complement deficient sera

FIG. 2. ELISA-based detection of D11-mediated C3 deposition on solid-
phase PPS 8. C3 deposition was assessed by the OD at 405 nm, as shown on the
y axis, for the complement sources denoted on the x axis. The data shown
represent the results when D11 was used at concentrations of 1.25 pg/ml (open
bars), 2.5 pg/ml (black bars), and 5 wg/ml (grey bars). The level of C3 detected
when PBS or the control IgM was used was background, and these results are not
shown.

generated with a different leader (sense) oligonucleotide and
the same antisense oligonucleotide described above and (ii)
sequencing of a PCR product obtained with a sense primer
containing the MAb D11 framework 1 (FW 1) sequence (5'-
GTCGGGGGGAGCCTTGGTAAA-3') and an antisense
primer containing the MAb D11 FW 3 sequence (5'-GTCCT
CGATTTCCAGGCCGTT-3") cloned into the TA vector. The
MAb D11 J; was most homologous with J;3b, and the D
region, used in reading frame 2, has homology with D4-17,
D4-23, and D5-5 (6). The MAb D11 V, was 96.5% homolo-
gous with the germ line A20-V,1 gene segment (21), though
the first 8 amino acids were not determined because the PCR
primer included the bases encoding these residues (Fig. 1B).
The MAb D11 V,_ uses the J, 3 segment (6) (Fig. 1B). Based on
the putative germ line genes of the MAb D11 Vi, and V, the
following replacement-to-silent (R/S) mutation ratios were cal-
culated: Vi; FWs, 14/8 = 1.75 (counting the M-to-V change at
amino acid 82 as two replacement changes); V.. FWs, 0/2; V4
CDRs, 5/2 = 2.5 (counting the F-to-I change at amino acid 51
as two replacement changes); and V. CDRs, 5/1 = 5.

ELISA to determine complement activation. MAb D11 pro-
moted deposition of C3 on solid-phase PPS 8 when either
factor B- or C4-deficient sera were used as complement
sources (Fig. 2). Based on the ODs observed, C3 deposition
appeared to be greater in the presence of C4-deficient serum
and a higher concentration of MAb D11 was required to pro-
mote C3 deposition when factor B-deficient serum was used as
a complement source (Fig. 2). Although this may indicate that
MAD D11 activation of the alternative pathway was more ef-
ficient, these results may also be explained by differences in the
complement components or species of the sera used. Studies
with EGTA-treated and untreated human serum (performed
as described in reference 20) confirmed that MAb D11 medi-
ated C3 deposition via the alternative pathway (data not
shown). There was no C3 deposition detectable above back-
ground levels after incubation with the control IgM or PBS
(data not shown).

EM. The pattern of C3 deposition on serotype 8 S. pneu-
moniae in the presence and absence of MAb D11 and different
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complement sources was examined by EM. In these experi-
ments, C3 deposition was detected with an HRP-labeled anti-
body to human C3. The location of C3 deposition was deter-
mined by identifying the location of the precipitate which
resulted after the addition of DAB. The cell wall of gram-
positive organisms appears as an electron-lucent structure
around the electron-dense cellular cytoplasm (37), and with
the staining method used, capsular material is also electron
lucent (37). When S. pneumoniae was incubated with PBS and
factor B-deficient serum (which has an inactive alternative
complement pathway) or C4-deficient serum (which has an
inactive classical complement pathway), no detectable staining
was observed (data not shown). In the presence of MAb D11,
a precipitate which surrounded the bacteria and extended from
the cell wall was observed when factor B- or C4-deficient se-
rum was used (Fig. 3B and D). The staining pattern with
C4-deficient serum appeared denser and was often associated
with an asymmetric pattern in which the pattern of deposition
was polar (Fig. 3B). Although the pattern observed with MAb
D11 and factor B-deficient serum was very similar to that
obtained with C4-deficient serum, the pattern of deposition
appeared looser and less dense (Fig. 3D). In the presence of
the control IgM and both complement sources, most organisms
had no detectable staining, but some had small, discrete ag-
gregated or hair-like projections located adjacent to the cell
wall (Fig. 3A and C). The latter may represent small foci of C3
deposition. Hence, these studies revealed that MAb D11 was
required for C3 deposition on the capsular surface, that C3
deposition could occur via the alternative or the classical com-
plement pathway, and that subtle differences were found be-
tween the patterns of deposition with MAb D11 and each of
the complement-deficient sera. The significance of the latter is
unknown.

Mouse protection experiments. Inoculation of all mouse
strains with ATCC 6308 resulted in lethal infection within 48 h.
The mice appeared ill within 24 h of infection, which was
manifested by poor feeding, unkempt fur, and reduced activity
level. When the mice became moribund, they exhibited respi-
ratory distress. The lethality of the strain, even at low inocula,
prevented the determination of a precise LDs, in some of the
mouse strains; e.g., the LDs, was <2 CFU for C57BL/6 and
C4™’~ mice and 20 CFU for F, mice (data not shown). An
LD, was not determined for the C3™/~ mice, because a lim-
ited number of these mice was available. An inoculum of 100
CFU was used for the protection experiments, except that 200
CFU was given to the F, mice in the i.p./i.p. model.

In both infection models, MAb D11 significantly enhanced
survival of C57BL/6 (not shown), C4~/~, and F, mice com-
pared to PBS and the control IgM (P = 5 X 10 *; Kaplan-
Meier log rank survival test) (Fig. 4A and B; Tables 1 and 2).
Administration of MAb D11 did not prolong survival of the
C3~/" mice in either model (Fig. 4A and B; Tables 1 and 2). A
small but statistically significant reduction in the survival of
PBS-treated C4~/~ mice was observed compared to IgM-
treated control and C4~/~ mice in the first infection model
(Table 1), and in the second infection model there was a small
but statistically significant prolongation of the survival of PBS-
treated C4 '~ mice compared to PBS- and IgM-treated C3 ™/~
mice (Table 2).

In another experiment using the single syringe model, the
survival of C37/~ mice was determined following the admin-
istration of ATCC 6308 and 1 pg of MAb D11 or the control
IgM per ml or PBS with 10% (by volume) factor B- or C4-
deficient serum. The results showed that MAb D11 enhanced
survival of C37/~ mice in the presence of both complement-
deficient sera compared to IgM or PBS treatment (Fig. 4C).
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FIG. 3. Transmission electron micrograph of serotype 8 S. pneumoniae treated with C4-deficient serum and a control IgM (A) or D11 (B) or with factor B-deficient
serum and a control IgM (C) or D11 (D). All panels show representative cells (magnification, X1,500). Experiments were performed as described in the text. (A) The
cell wall and the capsule appear electron lucent in comparison to the electron-dense cytoplasm. The discrete, aggregated deposits emanating from the boundary of the
cell represent C3 deposits. (B) The electron-lucent capsule is seen as a precipitate extending from the boundary of the cell. The precipitate, which represents C3
deposition detected with an antibody to C3 and DAB (see text) surrounds the entire cell and has an area of increased density, seen on the left. This asymmetry was
seen on the majority of cells that were sectioned horizontally. (C) The fine, hair-like material emanating from the boundary of the cell represents capsular material.
Most cells appeared unstained entirely, though some manifested infrequent, wispy C3 deposits which were sparse and difficult to distinguish from capsular material
itself, as seen in the cell shown. (D) The precipitate extending from the boundary of the cell represents C3 deposits. In comparison to the deposits seen in panel B,

the precipitate has a less apparent structure, which is looser and less dense.

There was a trend towards increased survival of the mice re-
ceiving C4-deficient serum and MAb D11 compared to factor
B-deficient serum and MAb D11, but the difference did not
reach statistical significance (P = 0.07; Kaplan-Meier log rank
survival test). However, when the results of this experiment
were combined with a repeat study using the same protocol,
the survival of the mice receiving C4-deficient serum and MAb
D11 was significantly greater than that of the mice receiving
factor B-deficient serum and MAb D11 (P < 0.01; Kaplan-
Meier log rank survival test) (Fig. 4C).

Determination of bacteremia in C4~/~ mice. These studies
confirmed that MAb D11-mediated protection of C4 '~ mice
was associated with a reduction in bacteremia. All mice in-
fected with S. pneumoniae were bacteremic 3 h after infection,
except those that received MAb D11 (Fig. 5). The inoculum for
this experiment was confirmed to be 50 CFU, based on plating
at the time of infection. The degree of bacteremia 3 h after
infection in the mice that received IgM and PBS was 13 * 14
and 20 = 19 CFU/ml, respectively. The mice that received
MAD D11 had no detectable S. pneumoniae in their blood at
3 h or any time after infection. No organisms were detected
in any mouse that received D11, with a limit of detection of
10 CFU. The mice that received the control IgM and PBS

manifested exponential increases in bacteremia and were all
dead 12 h after infection. There were no significant differ-
ences in the degree of bacteremia between the group that
received the control IgM and the group that received PBS
(Student’s ¢ test).

DISCUSSION

Serotype 8 S. pneumoniae is an important cause of adult
pneumococcal infections, and it is the only serotype that in-
creases in prevalence with age (45). Despite the medical im-
portance of serotype 8, very little is known about the molecular
structure of PPS 8-specific antibodies. To date, only one other
human MADb to PPS 8 has been reported (48), but its molecular
structure is unknown. The human IgM(k) to PPS 8 reported
here, MAb D11, uses a V43 gene segment. The V3 gene
family is the largest of seven Vy; gene families. High levels of
Vi3 expression among circulating B cells (33) are thought to
be a consequence of antigen selection, not family size (11),
though the nature of the selecting antigen(s) or a mechanism
to explain V{;3 usage by antibodies to PPS has not been de-
scribed. Although we did not isolate the germ line V; gene for
MADb D11 from the lymphocyte donor, homology between the
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TABLE 1. Statistical comparison of the numbers of mice surviving mice i.p. administration of a mixture of MAb and organisms”

Mouse-treatment

P for comparison with:

combination

C3-PBS C4-PBS F2-PBS C3-1gM C4-1gM F2-1gM C3-D11 C4-D11
C4-PBS 0.06
F2-PBS 0.16 0.01
C3-IgM 0.39 9% 1073 0.45
C4-IgM 0.68 0.01 0.30 0.63
F2-IgM 0.18 5% 1073 0.61 0.65 0.37
C3-D11 0.09 0.72 0.02 0.02 0.03 9x 1073
C4-D11 2x107* 3x 107 2x107* 2x107* 1x10°* 2x 1074 1x10°*
F2-D11 2x10* 3x107* 5x107* 2x107* 1x107* 2x10* 1x107* 0.9566

“ Mice with targeted deletions of C3 and C4 and F, control mice were either treated with MAb D11 or a control IgM or left untreated. P values were determined
by the Kaplan-Meier log rank survival test. Statistically significant values are shown in boldface type.

sequences of MAb D11 Vi, and the V3-15 gene (32) makes it
unlikely that an unreported V3 gene was used. V3-15 is also
used by vaccine-elicited antibodies to the capsular polysaccha-
ride of H. influenzae type b (4). Several groups have found that
vaccine-elicited antibodies to PPS antigens express V43 (3, 26,
31, 39). Our group showed previously that vaccine-elicited
serum antibodies to PPS 8 express restricted V3 determinants
(3), but the specific gene segments used were not identified.
Many V,,;3 gene segments bind SPA, including the germ line
V3-15 gene segment (28), though the clinical significance of
this phenomenon is uncertain. The lack of SPA binding to
MAD D11 is probably due to sequence differences in regions
important for SPA binding (23, 43): CDR 2 (where D11 has a
6-base deletion, though it has retained the T at position 57)
and FW 3 (where D11 has four replacement changes between
amino acids 82 and 87). Since MAb D11 prolonged the survival
of mice infected with serotype 8 infection, molecular charac-
teristics other than SPA binding are likely to be more impor-
tant determinants of its protective efficacy.

The nucleic acid sequence of D11 revealed that it has mo-
lecular characteristics similar to those which are found among
antigen-selected B cells, namely, somatic mutation, low FW
R/S ratios, and CDR R/S ratios of >2 (17, 22). In comparison
to its putative germ line sequence, six of seven amino acid
changes in the D11 V, confer amino acid changes in the CDRs.
Similarly, the D11 V{; has a CDR R/S ratio of >2 and a
truncated CDR 2 with an in-frame deletion of two codons
compared to germ line V3-15 (Fig. 1A). CDR deletions and
insertions have been reported to result from somatic hypermu-
tation events (22, 53), and this feature has been shown to
characterize memory B cells, including those expressing IgM
(29). To our knowledge, MAb D11 is the first IgM with a
known antigen specificity to manifest a CDR deletion. In ad-

TABLE 2. Statistical comparison of the numbers of mice surviving
i.p. administration of MAD followed in 1 h by infection”

Mouse- P for comparison with:
treatment
combination C3-PBS C4-PBS C3-1gM C4-1gM C3-D11
C4-PBS 0.02
C3-IgM 1.0 0.02
C4-IgM 0.55 0.13 0.55
C3-D11 0.13 0.24 0.13 0.48
C4-D11 1x107* 3x107* 1x107* 1x107* 1x10~*

“ Mice with targeted deletions of C3 and C4 and F, control mice were either
treated with MAb D11 or a control IgM or left untreated. P values were deter-
mined by the Kaplan-Meier log rank survival test. Statistically significant values
are shown in boldface type.

dition, MAb D11 has additional molecular characteristics that
indicate it may have originated from a memory cell precursor,
e.g., multiple somatic mutations and a low FW R/S ratio. T-
cell-independent type II antigens, such as PPS, are not thought
to elicit memory B cells (34). However, IgM-expressing mem-
ory cells are found in the marginal zone of the spleen (22),
which is the anatomic region where antibody responses to
T-cell-independent antigens, including PPS, reportedly take
place (38).

The virulence of pneumococcal serotypes 3, 4, and 8 has
been proposed to be related to their ability to evade alternative
complement pathway opsonization and phagocytosis (18, 25).
Our data show that without MAb D11, there was little to no
detectable C3 deposited on either solid-phase PPS 8 or sero-
type 8 organisms, whereas with MAb D11, pneumococcal op-
sonization was observed with both complement-deficient sera.
These findings are consistent with previous studies showing
that antibody is required for pneumococcal activation of the
alternative pathway and opsonization by human serum via the
alternative pathway (9, 18, 54, 55). Although IgM reactive with
another serotype has been shown to promote pneumococcal
opsonization via the alternative pathway (9), our study is the
first to demonstrate that a monospecific IgM can promote
opsonization of serotype 8 S. pneumoniae via the alternative
pathway. Alternative pathway opsonization is mediated by the
F(ab"), portion of the antibody molecule (8), and epitope
specificity is a critical determinant of antibody opsonization of
S. pneumoniae (13). Although the PPS 8 determinant that
MAD D11 binds is unknown, the fact that it is protective
whereas some PPS-specific human antibodies are not (2, 42)
suggests that MAb D11 recognizes an antigenic determinant
that elicits a protective antibody response. Determining the
structure-function relationships of human antibodies to PPS
that are protective is important for the identification of candi-
date antibodies for therapeutic use. Our studies with MAb D11
provide a useful framework which may lead to the rational
design of antibody-based therapeutic reagents.

The amount of MAb D11 (1 pg) that was protective against
serotype 8 infection of mice in our studies is similar to the
amount of human antibody that conferred protection against
other serotypes in different experimental models (35, 46). A
previous study showed that an intact classical complement
pathway was required for the protective efficacy of rabbit IgM
against S. pneumoniae infection of C4-deficient guinea pigs
(24). However, our studies show that MAb D11 was equally
protective in mice which lack an intact classical pathway
(C47/7) and normal mice (F,). This discrepancy could be due
to differences in antibody reagents (polyclonal serum versus
MADb), serotype specificity (PPS 8 has not been studied previ-
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ously), the species of the antibody used (rabbit versus human),
or the animal model used (guinea pig versus mouse). Poly-
clonal sera may not contain sufficient levels of specific antibody
(or the appropriate isotype) to mediate a biological effect (15),
and antibody specificity is a critical determinant of alternative
complement pathway activation (47). Our observation that the
survival of S. pneumoniae-infected C3~'~ mice was prolonged
by treatment with MAb D11 and each complement-deficient
serum shows that human and guinea pig C3 can interact with
mouse complement receptors. Since our studies were per-
formed with sera which may have different amounts of com-
plement components and other serum factors which may con-
tribute to alternative pathway activation (e.g., mannose binding
protein[s] activating the lectin pathway [30, 49]), we cannot com-
pare the relative importance of the classical versus the alter-
native pathway for MAb Dl1l-mediated biological activity.
More work is required to answer this question. Nevertheless,
our data show that MAb D11 facilitated pneumococcal opso-
nization and mediated protection via the alternative pathway
in the absence of an intact classical pathway, suggesting that
this antibody reversed the serotype 8 organisms’ resistance to
opsonization via the alternative pathway.

An earlier study reported that both C4~/~ and C3™/~ mice
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FIG. 4. Survival of control and D11-treated F,, C37/~, and C4 ™/~ mice after
infection with serotype 8 S. pneumoniae in the single-syringe (A) or i.p./i.p. (B)
model. (C) Survival of D11-treated and untreated C3~/~ mice infected with
serotype 8 S. pneumoniae and reconstituted with factor B- or C4-deficient serum
in the single-syringe model. For all panels, see the text for details of the exper-
iment. Symbols for groups of mice are explained below each panel (C4 designates
C47/~ mice, and C3 designates C37/~ mice). Number of mice, number of mice
surviving on the indicated day.

have enhanced susceptibility to the encapsulated pathogen
group B Streptococcus (52). Similarly, our results show that
these mice were at least 10 times more susceptible to pneu-
mococcal infection with serotype 8 than mice without comple-
ment deficiency (control F, mice). This is consistent with clin-
ical reports of an association between C3 deficiency and
pneumococcal susceptibility (5) and previous reports of the
central role of complement opsonins for pneumococcal pro-
tection in experimental infection (12, 24). Our observation that
MAD D11 was not protective in serotype 8-infected C37/~
mice reinforces the concept that opsonization with C3 is re-
quired for antibody (IgM)-dependent protection as well as
innate resistance to infection. Since the survival of S. pneu-
moniae-infected C4~/~ mice was decreased relative to mice
with normal complement (F, mice), an intact classical comple-
ment pathway might be important for innate resistance to
pneumococcal infection. This notion is consistent with similar
studies of group B Streptococcus infection in complement-de-
ficient mice (52). Furthermore, our finding that the survival of
IgM-treated mice was statistically greater than that of PBS-
treated mice in the single-syringe model suggests that nonspe-
cific IgM-mediated opsonization via the alternative pathway
plays a role in innate resistance to S. pneumoniae in C4~/~
mice. However, the biological significance of this relatively
small difference in survival is uncertain, and we did not observe
significant IgM-mediated C3 deposition in vitro. Nevertheless,
another report has shown that passively administered, pooled
mouse IgM protected IgM-deficient mice from sepsis, presum-
ably by generating complement opsonins (10). Additional
studies are necessary to determine if such nonspecific com-
plement activation contributes to pneumococcal protection
and define the relative importance of each complement
pathway for antibody-dependent protection against S. pneu-
moniae.
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FIG. 5. Bacteremia with serotype 8 S. pneumoniae in control and D11-

treated C4™/~ mice in the i.p./i.p. model. See the text for details of the experi-
ment. The CFU were determined at the indicated times after infection. Symbols
for groups of mice are explained below the graph. The results for D11-treated
mice are shown as 10 CFU because this is the lower limit of detection for the
assay. However, no CFU were detected at any time in blood at a 1:10 dilution
from any of the five mice. All of the control mice died by 12 h after infection.
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