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Acquired antibody immunity to Streptococcus pneumoniae (pneumococcus) has been linked to serotype
(ST)-specific opsonic antibodies to the relevant pneumococcal capsular polysaccharide (PPS) that mediate
protection by enhancing the bactericidal effect of host phagocytes. Despite the well-recognized role of opsonic
IgG in host defense against pneumococcus, PPS-specific monoclonal antibodies (MAbs) that mediate protec-
tion against lethal challenge with ST3 pneumococcus in mice but do not promote phagocytic Killing ir vitro
(nonopsonic antibodies) have been described. In this study, we sought to determine the biological activity of one
such MAb, A7 (a human PPS3-specific IgM), and the mechanism by which it mediates protection. In vitro
studies demonstrated that coincubation of A7 with ST3 in the absence of phagocytes or a complement source
resulted in a reduction in CFU on blood agar plates that was largely reversible by sonication. A chromogenic
cellular proliferation assay demonstrated that A7 did not affect replication of ST3 in liquid culture. The ability
of A7 to induce aggregation of ST3 was confirmed by fluorescence microscopy and flow cytometry: A7 induced
aggregation of ST3, and in the presence of a complement source, A7 promoted deposition of complement
component 3 (C3) on aggregated bacteria in a dose-dependent fashion. Similarly, administration of preincu-
bated mixtures of A7 and ST3 intraperitoneally to mice protected them from the lethality of ST3 in a
dose-dependent fashion. These findings suggest that A7-mediated aggregation enhances resistance to ST3,
most likely by enhancing C3 deposition on the ST3 capsule, thereby promoting host antipneumococcal activity

in vivo.

Despite the availability of antibiotics and two vaccines for
Streptococcus pneumoniae (pneumococcus), mortality attrib-
utable to pneumococcal disease remains a significant global
problem (1, 23). Concerns about ongoing pneumococcal
antibiotic resistance, poor vaccine immunogenicity in immu-
nocompromised patients, and serotype (ST) replacement
stemming from use of the conjugate vaccine (23, 25, 29, 38)
underscore the critical need for a better understanding of
correlates of pneumococcal immunity. The efficacy of pneu-
mococcal capsular polysaccharide (PPS)-based vaccines has
been linked to their ability to elicit serotype-specific IgG
that promotes phagocytosis and killing of the homologous
pneumococcal ST in vitro (13, 27, 43, 46). However, given
that ST3 has emerged as a replacement ST that causes
severe disease (23, 25), it is concerning that an investiga-
tional conjugate vaccine containing an ST3 moiety did not
protect against ST3 disease in children (37). The foregoing,
together with evidence that ST3 is associated with a higher
risk of severe disease and death than other serotypes (3, 23,
35), suggests the need for new strategies to prevent disease
with ST3.
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The importance of opsonic, ST-specific antibody in protec-
tion against pneumococcal disease is incontrovertible (42).
Nonetheless, PPS-specific monoclonal antibodies (MAbs) that
protect against lethal pneumococcal disease in mice but do not
promote phagocyte killing in vitro have been identified (9, 14,
50). For one such MAD, the human IgM A7, protection against
lethal systemic challenge requires an intact complement path-
way (10) and is associated with a decrease in blood and tissue
CFU and a reduction in the inflammatory response (14). Com-
plement is required for natural resistance to experimental
pneumococcal disease (7, 28) and in some mouse models of
antibody-mediated protection against lethal pneumococcal in-
fection (5, 10, 45, 53), but not others (50). However, comple-
ment was required for IgM-mediated protection against exper-
imental pneumococcal infection (10, 53). In this report, we
investigated the mechanism of efficacy of A7 against lethal
systemic infection by probing its interactions with and its ability
to aggregate ST3 and to promote complement deposition on
the ST3 capsule.

MATERIALS AND METHODS

Bacteria. S. pneumoniae ST3 strain 6303 and ST6B (designated DS-2189-94)
(American Type Culture Collection, Manassas, VA) were grown in tryptic soy
broth (TSB; Difco Laboratories, Sparks, MD) to mid-log phase in 5% CO, at
37°C, frozen in TSB in 10% glycerol, and stored at —80°C until they were used
as described previously (10, 14). ATCC 6303 is a mucoid strain of ST3 that has
been used extensively in mouse models of pneumococcal infection (14, 16, 31,
48). Prior to use, pneumococci were rapidly thawed, placed on ice, and diluted in
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FIG. 1. A7 induces reversible reduction in CFU of ST3 on solid
medium. The black bars represent CFU of ST3 (ATCC 6303) with-
out sonication; gray bars represent CFU after 2 min of sonication.
Each bar represents the mean for the designated group; the error bars
show the standard errors of the means. *, P < 0.0001, comparing ST3
(no sonication) to 10 wg A7 (no sonication) (¢ test); *%, P < 0.0022,
comparing 10 pg A7 (no sonication) to 10 pg A7 (sonication) (¢ test);
*%%, P < (0.0001, comparing ST3 (sonication) to 10 wg A7 (sonication)
(¢ test); #, P = 0.0223, comparing ST3 (no sonication) to 5 pg A7 (no
sonication) (Mann-Whitney U test). The data shown are combined
from four separate experiments performed in duplicate, except for
data obtained with 5 ug A7, for which experiments were performed
two times.

TSB to the desired concentration. To confirm the desired concentration, diluted
pneumococci were plated onto a Trypticase agar plate containing 5% sheep’s
blood (Becton Dickinson, Franklin Lakes, NJ), incubated overnight at 5% CO,
and 37°C, and counted the following day.

Antibodies. A7 [IgM(k)] is a human MAD derived from XenoMouse mice that
was previously shown to bind to PPS3 and to protect mice from death after
intraperitoneal (i.p.) challenge (10, 14). A7 was purified by affinity chromatog-
raphy using anti-human IgM-coated beads (Sigma-Aldrich, St. Louis, MO).
54B11 and 57E2 (IgM), which are human PPS8-specific IgM MAbs, and G19
(IgM), which is a human IgM MADb to Cryptococcus neoformans glucuronoxylo-
mannan (GXM) (17) derived from XenoMouse mice, were used as controls. A
human myeloma IgM (Calbiochem, San Diego, CA) was used as an additional
negative control.

Mice. Male wild-type C57BL/6 mice (6 to 8 weeks old) were obtained from
Jackson Laboratory (Bar Harbor, ME). Mice were maintained by the Institute
for Animal Studies at the Albert Einstein College of Medicine, Bronx, NY, in
accordance with the rules and regulations of animal welfare at the Albert Ein-
stein College of Medicine.

Quellung reaction. Ten micrograms of A7 was incubated at 37°C with 5% CO,
for 5 min in 50 pl PBS with one colony from an overnight culture grown on
Trypticase soy agar with 5% sheep’s blood (Becton Dickinson, Franklin Lakes,
NJ). After incubation, 3 pl of the mixture was placed on a glass microscope slide
with 1.5 pl India ink (Becton Dickinson, Franklin Lakes, NJ) and viewed with an
Axio Imager microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY).

In vitro aggregation assay. To test for aggregation in vitro, ST3 was incubated
with A7 as described for opsonophagocytosis assays (9, 14, 50), as follows. Ten
microliters of ST3 (~2,000 CFU) was incubated with 40 ul containing 10 ng, 5
pg, or 1 pg of A7 or an isotype control IgM for 15 min at room temperature and
then for 45 min at 37°C with shaking. All dilutions and incubations were per-
formed in Veronal-buffered saline (VBS; Fisher Scientific, Pittsburgh, PA). This
was followed by sonication in a mini Ultrasonik water bath sonicator (Neytech,
Bloomfield, CT) for 2 min. Sonication did not cause death of the bacteria (Fig.
1). Bacterial cells were enumerated by plating on Trypticase agar plates contain-
ing 5% sheep’s blood (Becton Dickinson, Franklin Lakes, NJ). Colonies were
counted on the following day.

Aggregation was also determined by microscopy as described previously (15),
with the following modifications. A total of ~10% CFU of ST3 was first labeled
with Oregon Green (see “Flow cytometry”), after which the bacteria were cen-
trifuged at 8,000 X g for 20 min and washed with VBS three times. Next, 10 ul
of ST3 was incubated with 40 pl of A7, an isotype control MAb, or PBS for 15
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min at room temperature, after which the final volume was brought up to 1 ml
in VBS. The mixtures were then added to slides previously coated with poly-L-
lysine (Sigma-Aldrich, St. Louis, MO) for 1 h, after which the slides were washed
three times with VBS. All fluorescent images were taken on an Axio Imager
microscope (Carl Zeiss Microlmaging, Inc., Thornwood, NY).

Chromogenic killing assay. To determine if bacteria are directly killed by A7
in vitro, we used a commercially available cell proliferation kit (cell proliferation
kit IT [XTT]; Roche Diagnostics GmbH, Mannheim, Germany). This kit incor-
porates XTT {3,3'-[1(30)-3,4-tetrazolium]-bis[4-methoxy-6-nitro] benzene sul-
fonic acid hydrate}, a yellow tetrazolium salt which is converted to an orange
formazan dye only upon metabolism by living cells. The experiment was carried
out according to the manufacturer’s directions and as modified by Lin et al. (34),
as follows. Twenty microliters of ST3 (~10° CFU) was incubated with 80 ul of
diluted antibody for 15 min at room temperature and then for 45 min at 37°C
with shaking. All dilutions and incubations were performed in VBS. Samples
were then added to a 96-well polystyrene microplate. Fifty microliters of a
mixture of XTT and the electron coupling reagent provided in the kit was added
to the samples. The absorbance was read at 450 nm.

Flow cytometry. Flow cytometry was used to determine if A7 induced aggre-
gation of ST3, as follows. A total of ~10% CFU of ST3 was labeled with Oregon
Green 488—carboxylic acid diacetate, succinimidyl ester (carboxy-DFFDA, SE)
mixed isomers (Invitrogen, Carlsbad, CA) (600:1) overnight at 4°C. The follow-
ing day, live labeled ST3 was centrifuged at 8,000 X g for 20 min and washed
three times with VBS. Ten microliters of ST3 and 40 pl of A7 (10 pg or 1 pg)
or an isotype control IgM were coincubated for 15 min at room temperature,
after which the final volume was brought up to 1 ml in VBS. This mixture was
then analyzed in a FACScan flow cytometer (Becton Dickinson, Franklin Lakes,
NJ). Bacterial cells positive for Oregon Green labeling were gated and analyzed
by forward scattering.

Complement deposition. The ability of A7 to mediate complement deposition
on the ST3 capsule was determined by fluorescence microscopy, as follows. A
total of 10 pg/0.04 ml A7, isotype control MAb 54B11 (ST8-specific IgM MADb)
or G19 (GXM-specific IgM MADb), or PBS and 10 wl of fresh mouse serum were
incubated with 10° CFU ST3/0.01 ml for 45 min at room temperature in VBS.
After incubation, the mixture was diluted to 1 ml in VBS and immunostained
with tetramethyl rhodamine isocyanate (TRITC)-conjugated goat anti-human
IgM (Southern Biotech, Birmingham, AL) and 1 pl fluorescein (FITC)-conju-
gated goat F(ab’), fragment to mouse complement C3 (Molecular Bioproducts,
San Diego, CA) for 30 min on ice. After centrifugation, the mixture was washed
three times, suspended in VBS, transferred to poly-L-lysine-coated slides,
washed, and Gram stained (Sigma Diagnostic Accustain Gram stain). Slides were
visualized by bright-field Nomarski DIC and fluorescence microscopy with an
Axioskop 2 Plus microscope (Carl Zeiss Microlmaging, Inc., Thornwood, NY).

Intraperitoneal infection model and mouse protection studies. To determine
whether aggregation of ST3 affects the lethality of ST3 in mice, 20 pl of ST3
(~2,000 CFU) was incubated with 80 pl of A7 or an isotype control MAb
(myeloma), containing 10 pg, 5 pg, or 1 pg of the MAb, for 15 min at room
temperature, after which the mixture was injected immediately into mice i.p.
Survival was monitored for 7 days.

Statistical analysis. The bacterial counts (CFU) enumerated in in vitro aggre-
gation assays were compared for different MAbs with an unpaired ¢ or Mann-
Whitney test if normality was not passed. Mouse survival data were analyzed with
the Kaplan-Meier log rank survival test. All statistical analyses were performed
using Prism (v.4.02 for Windows; GraphPad Software, San Diego, CA). A P
value of <0.05 was used for statistical significance.

RESULTS

In vitro aggregation. Incubation of 10 pg A7 with ST3 re-
sulted in a significant decrease in CFU compared to that with
ST3 alone, 10 pg isotype control 54B11, or 10 wg human
myeloma IgM, and incubation of 5 pg A7 with ST3 resulted in
a significant decrease in CFU compared to that with ST3 alone
(Fig. 1). In comparison to 10 or 5 pg A7, incubation of 1 pg A7
with ST3 did not result in a decrease in CFU. There was a
larger number of ST3 CFU for sonicated 10-ug A7-ST3 mix-
tures than for nonsonicated mixtures. No significant differ-
ences in CFU were observed in other groups after sonication.
To visualize the interaction of A7 with ST3, Oregon Green-
labeled ST3 was incubated with A7 or an isotype control IgM
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FIG. 2. A7 induces aggregation of ST3. Oregon Green-labeled ST3 (ATCC 6303) was imaged by fluorescence microscopy. Total magnification,
X400 (40X objective lens X 10X ocular lens). Microscopic images represent 10 pg A7 (A), ST3 alone (B), 10 pg (human myeloma) IgM (C), 1

wg human IgM (D), and 1 pg A7 (E).

and examined by fluorescence microscopy. Ten micrograms of
A7 aggregated ST3 (Fig. 2A) and induced a quellung reaction
(not shown). However, PBS, 10 or 1 g isotype control IgM, or
1 pg A7 did not result in aggregation (Fig. 2B to E) or induce
a quellung reaction (not shown).

Chromogenic cell proliferation. To determine whether ST3
can grow in the presence of A7, we performed a chromogenic
assay that measures microbial metabolism as a function of
conversion of the tetrazolium salt XTT. The conversion of
XTT to a formazan dye is detected in a microplate reader. The
optical density increased over time in the presence of 10 pug of
A7, indicating that A7 did not affect metabolism (Fig. 3A).
There was a similar pattern when 1 pg of A7 was coincubated
with ST3 (Fig. 3B). A negative control, heat-killed ST3, did not
result in a significant increase in optical density over time. As
a positive control, serotype 6B was used (Fig. 3A and B); this
serotype was shown previously to validate the XTT assay for
ST6. Incubation of XTT with A7 alone did not result in an
increase in optical density, suggesting that the observed in-
creases were due to ST3 alone (data not shown).

Flow cytometry. To determine if A7 formed complexes with
ST3, we examined mixtures of Oregon Green-labeled ST3 af-
ter coincubation with A7 or an isotype control IgM (57E2) by
flow cytometry. Forward scattering analysis revealed one dis-
tinct peak when ST3 was incubated with PBS, an isotype con-
trol IgM, or 1 ng of A7 (Fig. 4A, B, C, and D). However, when
ST3 was incubated with 10 pg A7, a second, larger peak ap-
peared that was related to the presence of ST3 aggregates, and
a decrease in the size of the first peak was observed with the
appearance of the second, larger peak (Fig. 4E).

Complement deposition on ST3. Previous work demon-
strated that A7 did not promote opsonophagocytosis in the
presence of complement (14). In the study reported herein, we
determined the ability of A7 to promote C3 deposition on ST3
organisms. The sera were tested for antibody reactivity with
PPS3 prior to use and were found to have undetectable reac-
tivity. Incubation of ST3 with 10, 5, or 1 pg A7 and mouse sera
resulted in ST3 aggregation and C3 deposition on ST3, exhib-
iting a dose dependence of aggregate size and the degree of C3
deposition (Fig. SA to C). There was aggregation and A7
deposition on ST3, but no C3 deposition, when the comple-
ment source was heat inactivated (Fig. 5D), and there was no
aggregation or C3 deposition on ST3 when the bacteria were
incubated with a control MADb or PBS (Fig. 5E and F). Similar
results were obtained with a human complement source (data
not shown).

Mouse protection. To determine the influence of aggregates
of A7 and ST3 on the lethality of ST3 in vivo, mice were
injected i.p. with ST3 that had been preincubated with either
PBS, an isotype control IgM, or different amounts of A7. Mice
injected with mixtures of ST3 and 10 or 1 pg A7 survived
significantly longer than did mice injected with PBS or mix-
tures with an isotype control MAb (P = 0.001 for 10 pg A7 and
0.14 for 1 ng A7) (Fig. 6A). In a dose-response experiment,
mice injected with mixtures of ST3 and 10, 5, or 1 pg A7
survived significantly longer than did mice injected with mix-
tures of ST3 and either PBS or 0.1 ng A7 (P = 0.0001) (Fig.
6B). The survival of mice that received ST3 with 10 wg A7 was
significantly longer than that of mice that received ST3 with 1
png A7 (P = 0.048).
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FIG. 3. A7 has no effect on growth of ST3 in liquid culture. The
figures depict the optical density at 450 nm (ODy,s,) (v axis) versus
the time of assay development (x axis). The wells contained an initial
inoculum of ~10° CFU of ST3 (ATCC 6303). Optical densities were
determined at the indicated times after addition of XTT, with or
without sonication and with or without 10 wg (A) or 1 pg (B) of A7.
Closed symbols represent OD,s, values obtained without sonication;
open symbols represent OD,s, values obtained after 2 min of sonica-
tion. Symbols: M, ST3 alone; [, ST3 alone; ®, A7 + ST3; O, A7 +
ST3; A, 57E2 (human IgM to PPS8) + ST3; A, 57E2 + ST3; =,
heat-killed ST3 alone; +, ST6B alone. Data represent OD,5, values
from four separate experiments performed in duplicate.

DISCUSSION

The experiments reported herein were undertaken to deter-
mine how A7, a PPS3-specific human IgM MAD that does not
promote phagocyte-mediated killing (opsonophagocytosis) in
vitro (14), affects the growth and state of ST3. When this study
began, it had already been established that A7 does not require
CD4 or CDS8 T cells, B cells, or naturally occurring IgM to
mediate protection against lethal i.p. challenge with ST3 in
mice (14). The dispensability of cellular subsets of acquired
immunity, which are required for antibody immunity to an-
other encapsulated pathogen (41, 52), and natural IgM, which
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is required for protection of naive mice against pneumococcus
and other pathogens (2, 7), led us to consider other mecha-
nisms by which A7 could mediate protection.

The starting point of this study was that A7 does not pro-
mote phagocyte-mediated opsonophagocytosis (14), as de-
scribed for PPS-specific IgG (44). Nonetheless, in working with
this MAb, we have consistently noted that compared to PBS
and isotype control MAbs, the addition of =10 pg A7 to ST3
resulted in a smaller number of ST3 CFU on solid medium,
resembling the reduction in CFU that is observed with bacte-
rial killing (14). Hence, we set out to establish whether or not
this phenomenon reflected direct antibody-mediated bacterial
killing. We considered it unlikely that this was the case, be-
cause it is generally held that the Gram-positive bacterial cell
wall is not damaged by antibody. However, we note that inhi-
bition of in vitro growth of Gram-positive bacteria, including
pneumococcus, has been described for an anti-idiotypic MAb
(11, 12), with the caveat that the MAb functioned like an
antimicrobial peptide. Nonetheless, given that a fungal po-
lysaccharide-specific MAb was shown to inhibit fungal growth
(39, 51) and that fungi are also thought to be resistant to direct
antibody action, we decided to delve deeper into the effect of
A7 on pneumococcal growth.

We used different methods to determine the effect of A7 on
bacterial growth and metabolism. First, we determined the
effect of sonication on the number of CFU obtained from
mixtures of A7 and ST3. After sonication, the number of CFU
obtained for A7 (10 png)-ST3 mixtures was significantly larger
than that obtained with nonsonicated mixtures. However, the
number of CFU obtained for A7 (10 wg)-ST3 mixtures after
sonication was smaller than that observed for controls. This
might have reflected reaggregation, which we noted at 30 min
postsonication. However, this seems unlikely, because the son-
icated mixtures were plated immediately postsonication. For
mixtures containing 5 wg A7, the number of CFU prior to
sonication was smaller than that of ST3 alone, but postsonica-
tion CFUs were similar to those under control conditions. For
mixtures containing 1 pg A7, there was no reduction in CFU
compared to controls. Hence, the reduction in CFU observed
for A7-ST3 mixtures is a dose-dependent manifestation of A7-
induced aggregation, with the caveat that an effect on bacterial
growth cannot be ruled out for mixtures containing 10 pg A7.
In this regard, we note reports of the phenomenon of pneu-
mococcal fratricide (19, 24) and wonder whether there are
parallels between bacterial clumping and MAb-mediated ag-
gregation. To establish that A7 does not affect the growth of
ST3 in liquid culture, we performed a chromogenic cell pro-
liferation assay. This method was previously validated as com-
parable to CFU-based assays for assessment of pneumococcal
growth (34). A7 did not inhibit ST3 growth in this assay.
Hence, our data demonstrate that A7 does not inhibit growth
of ST3 in liquid culture or on solid medium.

Given that the A7-induced reduction in ST3 CFU on solid
medium was largely reversible and that A7 did not inhibit ST3
growth in liquid culture, we hypothesized that A7-induced
reductions in CFU on solid medium were due to bacterial
aggregation. By flow cytometry, we demonstrated that the ad-
dition of 10 wg A7 to ST3 resulted in the appearance of a
second peak that was not observed with ST3 alone, an isotype
control IgM MADb, or 1 ug of A7. As demonstrated by another
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FIG. 4. A7 mediates aggregation of ST3. Flow cytometric analysis was performed on mixtures of MAbs and Oregon Green-labeled ST3 (ATCC
6303). Cell size and forward scatter were determined for ST3 alone (A), 10 pg 57E2 (human MADb to PPS8) (B), 1 pg 57E2 (C), 1 ng A7 (D),

and 10 pg A7 (E). Insets depict scatter plot analyses of cellular size.
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FIG. 5. A7 mediates aggregation and complement deposition on ST3. Binding of IgM (red, middle) and C3 (green, right) and merged DIC
bright-field images (overlay, left) are shown for the designated mixtures of ST3 (ATCC 6303), A7, and mouse serum (used as a complement
source). A C, heat-inactivated complement source; G19, human IgM MAb to GXM. Magnification, X100 (all images). The appearance of the
A7-ST3 aggregate in panel D differs from that in panels A to C due to focusing on the aggregate, rather than the bacteria, in the bright-field image.

group for an IgA to ST2 (15), this peak most likely represented
AT7-ST3 aggregates. Fluorescence microscopy provided addi-
tional evidence that A7 induces the formation of ST3 aggre-
gates and that this phenomenon is a function of antibody
specificity and amount. The degree of aggregation was dose

dependent, with 10 pg A7 inducing more and larger aggregates
than 5 pg A7 and 5 pg A7 inducing more and larger aggregates
than 1 pg A7. Previous work demonstrated that 10 pg of A7
was more protective in mice than 1 pg, but both doses were
protective (10). The data presented herein demonstrate that
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FIG. 6. A7-ST3 mixtures enhance mouse survival after i.p. infec-
tion with ST3. The percent survival was determined for mice that
received mixtures of ST3 (ATCC 6303) preincubated with PBS, control
IgM MAbs, 10 ng A7, or 1 pg A7 (A) or with different amounts of A7
(B) prior to i.p. administration. (A) *, P = 0.003 for comparison of 10
wg A7 to controls, P = 0.14 for comparison of 1 pg A7 to PBS, and P =
0.051 for comparison of 10 to 1 wg A7. Symbols: [, PBS; A, 10 pg IgM
(myeloma); ¥, 1 pg IgM (myeloma); @, 10 pg A7; W, 1 pg A7. Note
that PBS, 10 wg IgM, and 1 pg IgM produced overlapping curves.
(B) *, P < 0.0001 for comparison of 10, 5, and 1 pg A7 to PBS and 0.1
ug A7; #, P = 0.048 for comparison of 10 to 1 pg A7. Symbols: @, PBS;
@, 10 pg A7, ¥, 5 ug IgM; A, 1 pg A7, @, 10 ug A7; B, 0.1 pg A7.
Survival was analyzed by the Kaplan-Meier log rank test (n = 5 [A] and
10 to 15 [B] mice per group).

A7-ST3 aggregates abrogate the lethality of ST3 in mice in a
dose-dependent fashion. Although 1 pg A7 did not induce a
CFU reduction upon plating, 1 pg A7 did form aggregates and
promoted C3 deposition in vitro, providing a plausible expla-
nation for its efficacy in vivo. At present, we do not know
whether or how A7-induced ST3 aggregation is recapitulated
in vivo or the precise mechanism by which A7 mediates pro-
tection in vivo. Nonetheless, in light of our data showing that
A7 binding induces capsular swelling (quellung reaction), cap-
sular rearrangement could affect virulence factor activity
and/or ST3 interaction with host receptors, as described for
MADbs to another encapsulated pathogen (36, 49). Although we
did not examine bacteremia in this study, there are ample data
showing that mice die of bacteremia/sepsis in the i.p. model
that was used in this study (8, 14). A previous study established
that A7 prevented ST3 bacteremia and sepsis and was associ-
ated with lower levels of inflammatory cytokines (14). The
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findings reported herein demonstrate an association between
A7-mediated aggregation in vitro and protection in vivo and
suggest that in vitro aggregation could be a surrogate for anti-
body efficacy in vivo for certain nonopsonic MADs.

PPS-specific antibody-induced aggregation has been exam-
ined previously; however, its relationship to protection in vivo
has not been investigated. Reed et al. demonstrated that PPS3-
specific rabbit IgG induced ST3 agglutination, but in contrast
to A7, PPS3-specific rabbit IgG promoted opsonophagocytosis
of ST3 in vitro, and antibody efficacy was not examined in vivo
(40). PPS antibody-induced aggregation was also explored by
Fasching et al. for PPS-specific IgA (15). Like multivalent IgM
(A7), divalent IgA induced aggregation of ST2, but unlike A7,
IgA was opsonic and induced ST2 killing in vitro; however, its
efficacy was not determined in vivo. An agglutinating -1,2-
mannotriose-specific mouse IgM MADb was shown to protect
mice against intravenous challenge with Candida, but other
agglutinating IgMs did not (21, 22), underscoring the impor-
tance of specificity in antibody-mediated protection in vivo. In
contrast to A7, a protective human IgM MAb to Cryptococcus
neoformans GXM, 2E9, was opsonic and promoted fungal kill-
ing in vitro (17, 54). Given that there is limited evidence for a
phagocytic IgM Fc receptor in mice (18, 30, 47), 2E9-induced
phagocytosis was thought to stem from MAb-dependent C3
deposition on GXM, enabling binding to host phagocyte com-
plement receptors (54).

Our data show that A7 is required for (mouse or human)
serum-mediated C3 deposition on the ST3 capsule in vitro. A
previous study established that A7 mediated C3 deposition on
solid-phase PPS3 and that C3 was required for A7 efficacy in
vivo (10). The data presented herein demonstrate that only A7
mediated C3 deposition on ST3 and that nonspecific IgM and
mouse and human sera did not. This is consistent with classic
papers in the pneumococcal field, which established that com-
plement is required for clearance of pneumococci from the
bloodstream (4, 26) and that only anticapsular antibody can
mediate C3 deposition on the pneumococcal capsule (6). In
light of these tenets and previous work which demonstrated
that A7 is not opsonic in vitro (14) and requires C3 to mediate
protection in mice (10), our data suggest that the mechanism
by which A7 mediates protection in vivo is by promoting C3
deposition on the ST3 capsule. Clearance of C3-opsonized
bacteria is enhanced in vivo (4, 5), and immune adherence of
C3-opsonized bacteria to red blood cells via complement re-
ceptors is thought to enhance intravascular clearance to the
reticuloendothelial system (20, 32, 33). The phenomenon of
immune adherence has been reported for PPS-specific IgG,
but to our knowledge, it has not been demonstrated for IgM. It
is possible that A7-mediated C3 deposition promotes ST3-
macrophage binding by immune adherence (33), though we
note that the significance of MAb-mediated immune adher-
ence has not been established in vivo. Studies to address these
questions are under way in our laboratory.

The results reported herein show that a protective, nonop-
sonic, PPS3-specific human IgM MADb induces ST3 aggrega-
tion in vitro and that aggregation correlates with protection
against ST3 lethality in vivo. Although we recognize that corre-
lation is not causation, we hypothesize that A7-mediated aggre-
gation and C3 deposition could be in vitro surrogates for protec-
tion in vivo, whereby the mechanism of protection involves
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intravascular clearance of bacteria rather than opsonophagocyto-
sis. More work is needed to validate this hypothesis and the
question of whether A7 binding to the ST3 capsule alters the
expression and/or function of other pneumococcal virulence fac-
tors. Experiments to address these hypotheses were beyond the
scope of the current study; however, they hold promise for un-
raveling mechanisms of nonopsonic antibody-mediated immunity
to pneumococcal disease.
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