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Intact Bacteria Inhibit the Induction of Humoral Immune
Responses to Bacterial-Derived and Heterologous Soluble
T Cell-Dependent Antigens'

Gouri Chattopadhyay,* Quanyi Chen,* Jesus Colino,* Andrew Lees,’
and Clifford M. Snapper>*

During infections with extracellular bacteria, such as Streptococcus pneumoniae (Pn), the immune system likely encounters
bacterial components in soluble form, as well as those associated with the intact bacterium. The potential cross-regulatory
effects on humoral immunity in response to these two forms of Ag are unknown. We thus investigated the immunologic
consequences of coimmunization with intact Pn and soluble conjugates of Pn-derived proteins and polysaccharides (PS) as
a model. Coimmunization of mice with Pn and conjugate resulted in marked inhibition of conjugate-induced PS-specific
memory, as well as primary and memory anti-protein Ig responses. Inhibition occurred with unencapsulated Pn, encapsu-
lated Pn expressing different capsular types of PS than that present in the conjugate, and with conjugate containing protein
not expressed by Pn, but not with 1-um latex beads in adjuvant. Inhibition was long-lasting and occurred only during the
early phase of the immune response, but it was not associated with tolerance. Pn inhibited the trafficking of conjugate from
the splenic marginal zone to the B cell follicle and T cell area, strongly suggesting a potential mechanism for inhibition. These
data suggest that during infection, bacterial-associated Ags are the preferential immunogen for antibacterial Ig

responses.

uring infections with Streptococcus pneumoniae (Pn),

as well as with other extracellular bacteria, the immune

system likely encounters a variety of microbial compo-
nents in soluble form, as well as those associated with the intact
bacterium (1, 2). Thus, secreted hydrolases such as hyaluronidases,
neuraminidases, and endoglycosidases can mediate bacterial
spread and destruction of host tissue through degradation of
hyaluronan, mucins, and glycolipids. Additionally, during the
stationary growth phase, Pn expresses a major autolysin (LytA
amidase) that degrades its own peptidoglycan cell wall, result-
ing in release of cytoplasmic proteins (3, 4). One such protein
is pneumolysin, which can induce host cell injury through for-
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mation of cell membrane pores (5) and at lower concentrations
can stimulate release of proinflammatory mediators (6) and di-
rectly accelerate cell death of neutrophils (7), the major phago-
cytic cell that mediates innate immunity to extracellular bacte-
ria. Additionally, since both capsular polysaccharide (PS) and a
number of proteins are covalently attached to the bacterial cell
wall peptidoglycan (8, 9), the release of soluble PS-protein con-
jugates upon bacterial lysis is also likely.

Adaptive immunity to extracellular bacteria is largely medi-
ated by Ab. Although soluble and particulate Ags may exhibit
distinct immunologic properties (10—12), their potential cross-
regulatory effects on the humoral immune response following
concomitant immunization, as might occur during bacterial in-
fections, are unknown. In particular, the context in which the
Ag is expressed may affect the manner in which it is transported
and/or processed within the secondary lymphoid organ. This, in
turn, may significantly impact the quality and quantity of the
subsequent immune response. The size of the immunogen (13—
15), its soluble or particulate nature (16, 17), the valency (18—
20) and biochemical nature of the antigenic epitope (21), and
the presence of associated innate immune cell activators, such
as TLRs (22, 23), and mediators of cellular uptake, such as
scavenger receptor ligands (24-26), in turn can influence the
outcome of these processes.

The binding of Ag by B cells via their BCR is a particularly
critical event for the initiation of a specific humoral immune re-
sponse. Depending on the nature of the immunogen and the site of
immunization, delivery of intact Ag to B cells within the secondary
lymphoid organ can occur in a number of distinct ways, including
diffusion through the conduit system (13-15), or transport by im-
mune cells, including marginal zone B (MZB) cells (27, 28), mac-
rophages (29-32), or dendritic cells (33-37). Additionally, the
specific B cell (38, 39), macrophage (40, 41), or DC subset (42—
44) that initially encounters a particular immunogen may further
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influence the nature of subsequent B cell, as well as T cell, sig-
naling and the functional outcome. B cell contact with Ag might
occur via direct transfer by Ag-transporting cells or by initial trans-
fer of Ag from these latter cells to follicular dendritic cells (FDCs)
in the B cell follicle, followed by B cell binding to the FDC-bound
Ag (45, 46).

Studies directly comparing the parameters that mediate a PS-
and protein-specific Ig response to intact Pn relative to those
that regulate a humoral response to a soluble pneumococcal
PS-protein conjugate have indeed revealed two distinct path-
ways of immune activation. Specifically, although the IgG anti-
PS responses to Pn and conjugate are both dependent on CD4 ™"
T cells, B7/CD28 costimulation, and CD40/CD40L interac-
tions, the IgG anti-PS response to Pn is essentially extrafollicu-
lar, with more rapid kinetics of primary induction and failure to
generate PS-specific memory, whereas the same response to
conjugate is follicular in nature, with more prolonged kinetics
and the generation of PS-specific memory (47-52). Recent data
strongly suggest that secretion of PS-specific IgG in response to
Pn and conjugate is largely effected by MZB and follicular B
(FB) cells, respectively (53). Additionally, the IgM anti-PS re-
sponses to Pn and conjugate are T cell independent (TI) and T
cell dependent (TD), respectively (47, 51, 52). In contrast, the
protein-specific IgG responses to both Pn and conjugate appear
to be mediated by FB cells that give rise to a germinal center
(GC) reaction followed by the generation of protein-specific
memory (53). Collectively, these studies form a strong basis for
testing the immunologic consequences of coimmunization with
intact Pn and soluble Pn-derived conjugate as a model for un-
derstanding potential cross-regulatory immune pathways medi-
ated by intact pathogens and the soluble products that they se-
crete. In this study we demonstrate the ability of the intact
bacterium to suppress systemic Ig responses to soluble Ags,
likely through an inhibitory effect on soluble TD Ag trafficking
from the marginal zone to the B cell follicles and T cell areas
of the spleen.

Materials and Methods
Mice

Female BALB/c mice were purchased from The National Cancer Institute
(Frederick, MD) and were used between 7 and 10 wk of age. These studies
were conducted in accordance with the principles set forth in the Guide for
Care and Use of Laboratory Animals (Institute of Laboratory Animal Re-
sources, National Research Council, revised 1996), and they were ap-
proved by the Uniformed Services University of the Health Sciences In-
stitutional Animal Care and Use Committee.

Reagents

Purified S. pneumoniae capsular polysaccharide type 14 (PPS14) was pur-
chased from the American Type Culture Collection. Recombinant pneu-
mococcal surface protein A (PspA) was expressed in Sacharomyces cer-
evisiae BJ3505 and purified as previously described (54). A His-tagged,
truncated EBV gp350 protein consisting of the first 470 aa was expressed
in SF9 insect cells transfected with a baculovirus vector containing the
gp350 cDNA. The gp350 protein was purified by Ni-NTA affinity chro-
matography. Soluble conjugates comprising PPS14 (2 X 10° m.w.) co-
valently linked to PspA or gp350 were synthesized using CDAP (1-cyano-
4-dimethyaminopyridinium tetrafluoroborate) chemistry as previously
described (55). The molar ratios of protein to PPS14 were ~15-20 for each
conjugate. Chicken OVA (cOVA; “Inject OVA”) was purchased from
Pierce.

Preparation of Pn strains

Frozen stocks of Pnl4 (S. pneumoniae, capsular type 14), D39, R36A
(unencapsulated variant of S. pneumoniae, capsular polysaccharide, sero-
type 2 (strain D39)), WU-2, and JD11 were thawed and subcultured on
BBL pre-made blood agar plates (VWR International) as previously de-
scribed. Briefly, isolated colonies on blood agar were grown in Todd-

BACTERIA INHIBIT SOLUBLE ANTIGEN-INDUCED IMMUNITY

Hewitt broth (BD Biosciences) to mid-log phase, collected, and heat-killed
by incubation at 60°C for 1 h. Sterility was confirmed by subculture on
blood agar plates.

Preparation of R36A depleted of choline-binding proteins
(CBPs)

Cultures of R36A were collected by centrifugation, washed twice with
PBS, and the bacterial pellet was treated for 20 min at room temperature
with 2% choline chloride (Sigma-Aldrich) to release CBPs from the bac-
terial cell wall (56). The resulting CBP-depleted bacteria were washed by
centrifugation, heat-killed, and stored as indicated above. PspA content of
the CBP-depleted R36A preparations was =60 ng per 10° CFU.

Immunizations

Mice (n = 7/group) were immunized i.p. with 2 X 10® CFU heat-killed
bacteria in saline or 1 pg (weight of PS) of conjugate (PPS14-PspA,
PPS14-gp350, or PPS14-tetanus toxoid) adsorbed on 13 g of alum (All-
hydrogel, 2%; Brenntag Biosector) mixed with 25 ug of a stimulatory
phosphorothioated 30-mer CpG-containing oligodeoxynucleotide (CpG-
ODN) (57, 58), and similarly boosted. Coimmunization studies were per-
formed by injecting Pn14 and conjugate plus alum/CpG-ODN separately at
two different i.p. sites. Biodegradable polystyrene latex beads (1.1 wm
mean particle size) were purchased from Sigma-Aldrich (catalog no. LB11)
and injected i.p. at 2 X 10® particles per mouse. Serum samples for mea-
surement of Ag-specific IgM and IgG titers were prepared from blood
obtained through the tail vein.

Measurement of serum Ag-specific Ig isotype titers

ELISA was performed as previously described. Briefly, Immulon 4 ELISA
plates (Dynex Technologies) were coated with PPS14, PspA, or gp350 (5
ng/ml) in PBS, and plates were washed with PBS plus 0.1% Tween 20 and
then blocked with PBS plus 1% BSA. Five-fold dilutions of serum sam-
ples, starting at a 1/50 serum dilution, in PBS plus 1% BSA were then
added and plates were washed three times with PBS plus 0.1% Tween 20.
Alkaline phosphatase-conjugated polyclonal goat anti-mouse IgM or IgG
Abs (200 ng/ml final concentration) in PBS plus 0.05% Tween 20 were
then added, and plates were washed with PBS plus 0.1% Tween 20 and
substrate (p-nitrophenyl phosphate, disodium; Sigma-Aldrich) was added
at 1 mg/ml in TM buffer (1 M Tris plus 0.3 mM MgCl, (pH 9.8)) for color
development. Color was read at an absorbance of 405 nm on a Multiskan
Ascent ELISA reader (Labsystems).

Fluorescence microscopy

R36A was labeled with SYTO 83 fluorescent nucleic acid stain (Molecular
Probes), and conjugate was labeled with Alexa Fluor 405 (Solulink). Fol-
lowing immunization, spleens were removed and incubated at least 6 h in
15 ml of PLP buffer (0.05 M PBS containing 0.1 M L-lysine (pH 7.4), 2
mg/ml NalO,, and 10 mg/ml paraformaldehyde). The fixed samples were
washed in PBS and dehydrated in 30% sucrose in PBS. Tissues were snap-
frozen in Tissue-Tek (VWR International). Twenty- to 30-um-thick frozen
sections were cut and stained with rat anti-mouse B220-PE (clone RA3-
6B2; BD Bioscience) and rat anti-mouse CD169-FITC (clone MOMA-1;
AbD Serotec) for 45 min followed by washing three times in Tris buffer.
Sections were mounted with ProLong antifade kit (Molecular Probes). Im-
munofluorescence imaging was performed with a Zeiss Pascal laser scan-
ning confocal microscope. Separate images were collected for each fluo-
rochrome and overlaid to obtain a multicolor image. Final image
processing was performed with ImageJ software (National Institutes of
Health, Betheda, MD) and Adobe Photoshop.

Statistical analysis

Serum Ig isotype titers were expressed as geometric means = SEM of the
individual serum Ig isotype titers. Significance was determined by Stu-
dent’s ¢ test. Values of p < 0.05 were considered statistically significant.
Each experiment was performed at least twice to ascertain reproducibility.

Results
Pnl4 fails to induce memory and inhibits memory generation by
pneumococcal conjugate

We previously reported that mice immunized i.p. with intact, heat-
inactivated Pn14 fail to elicit an enhanced PPS14-specific 1gG sec-
ondary response upon boosting with additional Pnl4, in distinct
contrast to priming and boosting with a pneumococcal conjugate
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FIGURE 1. Pnl4 fails to induce memory and inhibits memory genera-
tion by pneumococcal conjugate. A, Mice were initially immunized i.p.
with either PPS14-PspA (conjugate) in alum + CpG-ODN or Pnl4, and
boosted on day 14 with either conjugate or Pnl4. Serum titers of IgG
anti-PPS14 and IgG anti-PspA were determined by ELISA. *, p < 0.05
between primary (day 14) and secondary (day 21) titers. B, Mice were
initially immunized i.p. and boosted on day 14 as indicated. Conjugate
refers to PPS14-PspA in alum + CpG-ODN. Serum titers of IgG anti-
PPS14 and IgG anti-PspA were determined by ELISA. *, p < 0.05 between
groups indicated by arrows.

consisting of PPS14 covalently linked to PspA (PPS14-PspA) ad-
sorbed to alum and the TLR9 agonist (57) CpG-ODN (49, 54). To
better define the nature of this dichotomy, we wanted to determine
whether Pnl4-primed mice could be effectively boosted by sec-
ondary immunization with conjugate or, conversely, whether
conjugate-primed mice could be boosted with Pn14. In prior dose-
response studies, we determined the amount of Pn14 or PPS14-
PspA that generated maximal Ig-inducing responses in vivo (data
not shown), and we have used these doses in both previous and in
the present experiments. As illustrated below (see Fig. 3A), the
primary IgG anti-PPS14 response to conjugate peaks on day 14,
and thus unless otherwise indicated, mice were boosted on day 14
to elicit a secondary response. As illustrated in Fig. 1A, an en-
hanced secondary PPS14-specific IgG response was elicited only
when mice were both primed and boosted with conjugate. In con-
trast, enhanced secondary PspA-specific IgG responses were ob-
served both when Pn14-primed mice were boosted with either con-
jugate or Pnl4, or when primary conjugate immunization was
followed by secondary challenge with Pnl4 or conjugate. These
data were thus consistent with our recent observation that the
Pnl4- and conjugate-induced PPS14-specific IgG responses were
derived from different B cell subsets (i.e., MZB and FB cells,
respectively), whereas the PspA-specific IgG responses to either
Pnl4 or conjugate appeared to arise from FB cells (53).
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In light of the failure of Pnl4 to elicit memory for the PPS14-
specific IgG response, we next asked whether Pn14 could prevent
induction of memory when coimmunized with conjugate. Mice
were thus coimmunized with Pn14 and conjugate adsorbed to al-
um/CpG-ODN at two different i.p. sites and boosted with conju-
gate alone, or first primed with conjugate alone and boosted with
Pnl4 and conjugate, again at two different i.p. sites (Fig. 1B). As
controls, mice were both primed and boosted with conjugate alone
or Pnl4 alone. In contrast to mice primed with conjugate alone,
primary coimmunization with Pn14 and conjugate resulted in the
complete abrogation of the enhanced PPS14-specific IgG response
following secondary immunization with conjugate. A partial, al-
though significant, reduction in the secondary response was also
observed in conjugate-primed mice boosted with Pn14 and conju-
gate. In contrast, secondary PspA-specific IgG responses were es-
sentially equivalent in all four immunization groups (Fig. 1B).
Thus, Pnl4 appeared to prevent the generation of PPS14-specific
IgG memory responses to conjugate.

Inhibition of conjugate-induced PS-specific IgG memory
responses is not dependent on Pn capsular PS or particulation
per se

Pn typically expresses >90 different non-cross-reacting capsular
serotypes (59). Previous studies indicated that free PPS could in-
hibit the IgG anti-PPS response to conjugate in a PPS serotype-
specific manner (60, 61). In this regard, we wanted to determine
whether the inhibitory effect of Pnl4 on the induction of conju-
gate-induced PPS14-specific IgG memory was dependent on co-
immunization of the same PPS serotype, and/or whether Pn was
even required to express any PPS capsule to mediate its inhibitory
effect. We thus utilized PPS2 (strain D39) and PPS3 (strain WU-2)
encapsulated Pn strains and their respective nonencapsulated iso-
genic mutants (strains R36A and JD11) in coimmunization studies
with the PPS14-PspA conjugate. As illustrated in Fig. 2A, coim-
munization of conjugate with either of the two encapsulated Pn or
their unencapsulated mutants significantly inhibited the enhanced
conjugate-induced PPS14-specific IgG response following second-
ary immunization with conjugate alone. D39 and R36A were more
effective inhibitors than WU-2 or JD11, although in each case the
same dose of Pn was used. In light of these data, we utilized R36A
to effect inhibition in all subsequent studies.

The IgM, like the IgG, anti-PS response to conjugate is also
dependent on T cell help (51, 52), in contrast to the IgM anti-PS
response to Pnl4 that is TI (47, 50). In Fig. 2B we further dem-
onstrate that coimmunization of conjugate with R36A also inhibits
the enhanced IgM anti-PPS 14 response to secondary immunization
with conjugate alone. Collectively, these data demonstrate that the
mechanism of bacterial inhibition of the PPS14-specific Ig re-
sponse to conjugate is independent of the strain or PPS serotype of
the bacteria, and indeed occurs in the complete absence of a PPS
capsule. Since particulate and soluble Ags exhibit distinct immu-
nologic features (16, 17), we next wanted to determine whether the
particulate nature of Pn itself was mediating the inhibitory effect
on the soluble conjugate. Thus, we coimmunized mice with
1.1-mm biodegradable latex beads in alum plus CpG-ODN with
PPS14-PspA conjugate, also in alum plus CpG-ODN. Blood-borne
inert microspheres, like intact particulate pathogens, upon entering
the spleen are concentrated largely within macrophages present
within the splenic marginal zone (62, 63). As illustrated in Fig. 2C,
we observed no significant inhibitory effects of the beads on the
IgG anti-PPS14 response to conjugate.
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Pn inhibits maintenance of primary 1gG anti-PPS14 response to
conjugate and induces long-lasting abrogation of memory, but
not tolerance

A primary TD Ig response to systemic immunization with a protein
Ag is typically characterized by an early and transient extrafol-
licular plasma cell response in the spleen followed by a GC reac-
tion that produces long-lived BM plasma cells and memory B cells
(64, 65). In light of our observation that Pn inhibits the conjugate-
induced PPS14-specific [gG memory response, we wanted to de-
termine whether it also inhibited the maintenance of primary se-
rum g titers, with this latter process also being dependent on a GC
reaction. Additionally, we wanted to determine whether the Pn-
mediated inhibition of conjugate-induced memory was relatively
long-lasting. Thus, we coimmunized mice with R36A and conju-
gate and, instead of boosting with conjugate on day 14 (see Figs.
1 and 2), we delayed secondary immunization until day 42. As
illustrated in Fig. 3A, primary immunization with conjugate alone
resulted in peak IgG anti-PPS14 serum titers at day 14 that were
maintained at an equivalent level until day 42. In contrast, coim-
munization with R36A, while having no significant effect on con-
jugate-induced PPS14-specific IgG serum titers at day 14, as we
demonstrated in Figs. 1 and 2, resulted in a steady decline in serum
titers until day 42, resulting in >10-fold lower titers relative to
mice immunized with conjugate alone. Additionally, whereas mice
primed and boosted with conjugate alone elicited >30-fold greater
secondary vs primary IgG anti-PPS14 titers, mice coimmunized
with R36A and conjugate initially elicited secondary titers no
greater than those observed for mice initially injected with either
PBS or R36A alone followed by secondary immunization with
conjugate (Fig. 3A). However, over the ensuing 3 wk, IgG anti-
PPS14 titers gradually and significantly increased over those ob-
served for the peak primary response, but they were still signifi-
cantly below serum titers observed in mice immunized and
boosted with conjugate alone (Fig. 3A).

In light of the ability of R36A to inhibit the generation of
PPS14-specific memory in response to conjugate, we wanted to

Days Post-Immunization

determine whether this also induced a state of tolerance for gen-
erating a memory response. Mice were immunized with conjugate
in the absence or presence of R36A and boosted with conjugate
alone on day 14 with or without an additional boost on day 28 (Fig.

IgG anti-PPS14

1,000,000
100,000 ® Conj—=Conj
'3 10,000 © Conj+R36A —=Conj
E 1,000 A PBS —=Conj
100 A R36A —»=Conj
0
0 14 28 42 56 70
Days Post-Iimmunization
B IgG anti-PPS14 lgG anti-PPS14
1,000,000
100,000 -
S 10,000 -
Q
r: 1,000
100 -
10 ¢ s : S
0 14 28 420 14 28 42

Days Post-Immunization

® PPS14-PspA
© PPS14-PspA + R36A

FIGURE 3. Pn inhibits maintenance of primary IgG anti-PPS14 re-
sponse to conjugate and induces long-lasting abrogation of memory. A,
Mice were initially immunized as indicated and then boosted on day 42
with conjugate alone. Conjugate refers to PPS14-PspA in alum + CpG-
ODN. B, Mice were initially immunized with PPS14-PspA in alum +
CpG-ODN with or without R36A and then boosted with PPS14-PspA in
alum + CpG-ODN alone either once on day 14 (left box) or twice (day 14
and day 28, right box). Serum titers of IgG anti-PPS14 were measured by
ELISA. #, p < 0.05 between mice initially immunized with conjugate vs
conjugate + R36A.
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without or with coimmunization with R36A. Both groups were boosted on day 14 with PS-gp350 alone. Serum titers of 1gG anti-gp350 were measured
by ELISA. *, p < 0.05. C, Mice were initially immunized with R36A in the presence or absence of PS-gp350 in alum + CpG-ODN. Both groups were
boosted on day 14 with R36A alone. Serum titers of IgG anti-PspA were measured by ELISA. *, p < 0.05. D, Mice were immunized i.p. with cOVA (5§
ng/mouse) or cOVA + R36A in saline and boosted with cOVA alone (5 pg/mouse) in saline on day 14. Serum titers of IgG anti-cOVA were measured
by ELISA. *, p < 0.05 serum IgG anti-cOVA titers between mice primed with cOVA vs cOVA + R36A.

3B). Similar to that observed in Fig. 3A, mice immunized with
conjugate plus R36A showed both delayed and absolutely inhib-
ited secondary IgG anti-PPS14 titers following a single boost with
conjugate relative to mice primed with conjugate alone (Fig. 3B).
However, a second boost of conjugate in mice initially primed with
conjugate plus R36A induced serum titers of IgG anti-PPS14 to
levels similar to those observed in mice primed and boosted once
with conjugate alone (Fig. 3B). Collectively, the data illustrated in
Fig. 3 demonstrate that R36A inhibits the maintenance, although
not early induction, of primary serum titers of IgG anti-PPS14 in
response to conjugate, and it both delays and absolutely inhibits
the generation of memory in a relatively sustained manner, without
producing a state of tolerance for induction of a memory response,
upon reimmunization.

Pn also inhibits induction of protein-specific IgG memory in
response to conjugate

Conjugate induces both an anti-PS and anti-protein response that is
TD and that leads to the generation of PS- and protein-specific
memory, respectively. We thus sought to determine whether R36A
also inhibits the induction of protein-specific memory in response
to conjugate. To accomplish this, we took two separate ap-
proaches. In the first approach, since PspA is a CBP, we depleted
R36A of PspA (R36A P4 by using choline chloride as a com-
petitor (56), and coimmunized R36A ~F*P* with PPS14-PspA con-
jugate, followed by boosting with conjugate alone. As illustrated in
Fig. 4A (right panel), primary immunization with R36A alone in-
duced a robust IgG anti-PspA response, whereas essentially no
induction was observed using R36A~"*P”, confirming that PspA
was largely depleted from the bacteria. Boosting of R36A ™ FsPA-
primed mice with conjugate resulted in only a modest enhance-

ment in the secondary IgG anti-PspA response, 7 days later, com-
pared with what was observed 7 days following primary
immunization with conjugate alone (Fig. 4A, compare right and
left panels). Of interest, coimmunization of mice with R36A ™ FsPA
and conjugate resulted in a nearly complete inhibition in the con-
jugate-induced primary anti-IgG anti-PspA response and in a par-
tial, although significant, inhibition (10-fold reduction) of the sec-
ondary IgG anti-PspA response following boosting with conjugate
alone (Fig. 4A, compare left and center panels).

In a second set of studies we coimmunized mice with R36A and
a conjugate consisting of PPS14 and gp350 (PS-gp350) followed
by boosting with PPS14-gp350 and measurement of serum IgG
anti-gp350 titers. Gp350 is an EBV-derived protein (66) not ex-
pressed by any Pn strain. Coimmunization of PS-gp350 with R36A
resulted in a marked inhibition of both the primary IgG anti-gp350
response and in the enhanced secondary response following boost-
ing with PS-gp350 alone (Fig. 4B). These two sets of experiments
demonstrate that coimmunization of mice with R36A and conju-
gate results in inhibition of not only conjugate-induced PS-specific
memory and maintenance of the primary response, but also in the
elicitation of both the primary and secondary conjugate-induced
IgG anti-protein response.

We next wanted to determine whether R36A could inhibit a
specific IgG response to a soluble, unconjugated protein, not de-
rived from a pathogen, immunized in the absence of adjuvant and
mixed together for i.p. injection at one site. Thus, mice were in-
jected i.p. with cOVA in saline either alone or mixed with R36A
and then boosted i.p. on day 14 with cOVA alone in saline. As
illustrated in Fig. 4C, the presence of R36A during priming with
cOVA inhibited both the primary and memory IgG anti-cOVA
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PPS14-PspA
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0 7 14 21

Days Post-Immunization
FIGURE 5. Pn acts only within the first 24 h following conjugate im-
munization to inhibit memory. Separate groups of mice were immunized
i.p. with PPS14-PspA in alum + CpG-ODN. On different days following
immunization, mice were coimmunized (R36A d0) or subsequently immu-
nized (R36A d1, d2, or d3) with R36A or not given R36A at all (No R36A).
Serum titers of IgG anti-PPS14 were measured by ELISA. *, p < 0.05
between mice not coimmunized with R36A (No R36A) vs other groups
(R36A d0, d1, d2, or d3); #, p < 0.05 between R36A dO and R36A d1.

response relative to mice primed with cOVA alone. In a final ex-
periment, we sought to determine the converse ability of the sol-
uble conjugate to inhibit an anti-protein (i.e., anti-PspA) IgG re-
sponse to R36A. We used a conjugate containing a carrier protein
not present within R36A (i.e., the EBV protein gp350), which was
conjugated to PPS14. As illustrated in Fig. 4D, the conjugate failed
to significantly alter either the primary or secondary IgG anti-PspA
response to R36A.

Pn acts largely within the first 24 h following conjugate
immunization to inhibit memory

To better understand the mechanism underlying the R36A-medi-
ated inhibition of conjugate-induced Ig production, we determined
during what time period following coimmunization that R36A ex-
erts its inhibitory effect. Separate sets of mice were immunized
with PPS14-PspA, and R36A was injected on either day O (coim-
munization), 1, 2, or 3. All mice were boosted with PPS14-PspA
alone on day 14. R36A had no significant effect on the conjugate-
induced primary IgG anti-PPS14 response in any of the groups
(Fig. 5). R36A coinjected with PPS14-PspA (R36A d0) resulted in
a complete inhibition of the conjugate-induced secondary re-

A Conjugate-Alexa-405

e
e

Conjugate-Alexa-405+R36A Conjugate-Alexa-405+R36A

FIGURE 6. Pn inhibits trafficking of conjugate from
splenic marginal zone into white pulp. A, Mice were
immunized with Alexa Fluor 405-labeled PPS14-PspA
in alum + CpG-ODN in the absence or presence of
unlabelled R36A, and spleens were removed 4 h later
for confocal fluorescence microscopic analysis. Sections
were stained with PE-labeled anti-B220 (B cells) and
FITC-anti-CD169 (MOMA-1, marginal metallophilic
macrophages). B, Mice were immunized with SYTO 83-
labeled R36A with or without unlabelled PPS14-PspA.
Spleens were removed 8 h later and sections were
stained with PE-anti-B220 and FITC-anti-CD169.

Il Conjugate-Alexa-405
I B220-PE
1 MOMA-1-FITC
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sponse. Delay of addition of R36A by 1 day resulted in only a
partial, although significant, inhibitory effect, whereas no effect
was observed if R36A was injected either 2 or 3 days following
immunization with conjugate. Thus, R36A acts relatively early
(largely within the first 24 h) during the immune response to con-
jugate to inhibit the subsequent generation of conjugate-induced
PPS14-specific IgG memory.

Pn inhibits the accumulation of conjugate within the splenic
white pulp

Our observation that R36A exerts its inhibitory effect on the con-
jugate-induced Ig response largely within the first 24 h following
immunization with conjugate suggests the possibility that R36A is
interfering with transport and/or processing of conjugate within the
spleen, the primary site where Ig responses are elicited in response
to systemic immunization. Mice were thus immunized with Alexa
Fluor 405-1abeled PPS14-PspA in the absence or presence of un-
labelled R36A, and spleens were removed 4 h later for fluores-
cence confocal microscopic analysis. Sections were stained with
PE-labeled anti-B220 (B cells) and FITC-anti-CD169 (MOMA-1,
marginal metallophilic macrophages). As illustrated in Fig. 6A,
mice immunized with PPS14-PspA alone exhibited large amounts
of conjugate within both B cell follicles and the T cell compart-
ment of the splenic white pulp, as well as conjugate within the
marginal zone and red pulp. In contrast, conjugate was localized
almost entirely within the marginal zone and red pulp in mice
coimmunized with labeled PPS14-PspA and unlabelled R36A,
with only small amounts present within the white pulp. Further
analysis of spleen sections removed 1, 4, 8, and 24 h following
immunization with labeled conjugate alone demonstrated peak en-
try of conjugate into the B cell follicles and T cell regions at 1 h,
with maintenance at 4 and 8 h, and disappearance of fluorescent
signal within the white pulp, but not marginal zone, by 24 h (data
not shown). However, at no time point during this 24-h period was
significant entry of labeled conjugate into the white pulp observed
when mice were coimmunized with unlabelled R36A, relative to
those immunized with conjugate alone (data not shown). In con-
trast, coinjection of latex beads with labeled conjugate (see Fig.
2C) had no apparent effect on conjugate accumulation within the

Conjugate-Alexa-405 B

R36A-Syto 83

R36A-Syto 83+Conjugate

e

I R36ASyto 83
I B220-Pacific blue
] MOMA-1-FITC
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white pulp relative to that observed upon injection of conjugate
alone (data not shown).

In contrast to conjugate, immunization with SYTO 83-labeled
R36A alone resulted in only small amounts of R36A entering into
the B cell follicles and T cell regions from the marginal zone,
detectable only by 4 h (but not 1 h), being maintained at 8 h, and
with fluorescent signal disappearing from the white pulp, but not
marginal zone, by 24 h (Fig. 6B (8 h time point) and data not
shown). Coimmunization of unlabelled conjugate and labeled
R36A did not alter the distribution pattern of R36A at any time
point (Fig. 6B and data not shown) relative to mice immunized
with R36A alone. These data strongly suggest that the ability of
R36A to inhibit the conjugate-induced Ig response is secondary to
its blocking of conjugate transport from the marginal zone into the
splenic B cell follicle and T cell region, steps otherwise required to
generate a TD follicular response and induction of memory.

Discussion

In this study we demonstrate that the maintenance of the TD pri-
mary PS-specific IgG response and the generation of memory, but
not the initial primary PS-specific response to soluble pneumococ-
cal conjugate, is inhibited upon coimmunization with intact Pn.
Additionally, Pn inhibits both the primary and secondary IgG anti-
protein (i.e., PspA or gp350) responses to either conjugate (PPS14-
PspA or PPS14-gp35, respectively) or to a soluble, unconjugated
nonbacterial protein (i.e., cOVA). Although Ab responses to pu-
rified, soluble PS Ags are TI (21), capsular PS expressed by bac-
teria is covalently linked to the cell wall peptidoglycan, to which
a number of bacterial proteins are also covalently attached (8, 9),
potentially conferring TD properties to the PS Ag shed during
bacterial autolysis.

Pn-mediated inhibition of the Ig response to the soluble TD Ags
occurs whether the two immunogens are injected i.p. at separate
sites or mixed together and injected at one i.p. site. The mechanism
of this inhibition is Ag-nonspecific, independent of Pn expression
of PS capsule, mediated by several Pn strains, and is not related to
the particulation of the Ag per se. Instead, inhibition is directly
correlated with the ability of intact Pn to prevent conjugate trans-
port from the marginal zone to the interior of the white pulp, where
it can initiate a GC reaction, important for long-term Ig production
and the generation of memory. This notion is supported by the loss
of most of the inhibitory effect when injection of Pn is delayed by
24 h following conjugate immunization. That the effect of Pn is
dominant to that of soluble Ag is evidenced by the use of optimal
Ig-inducing dosages of each immunogen, as well as the inability of
the soluble conjugate or isolated protein to inhibit protein-specific
Ig induction in response to intact Pn.

Several studies have also demonstrated different types of cross-
regulation between Ags delivered concomitantly. The conjugate
vaccine itself is a notable example, whereupon covalent linkage of
an immunogenic protein to a PS Ag converts the PS from a weak
TI to a strong TD Ag, including the capacity of the latter to gen-
erate PS-specific immunologic memory and stimulate anti-PS re-
sponses in infants (67, 68). Of interest, the presence of free PS in
the conjugate has been shown to inhibit the anti-PS response to the
conjugate itself (60, 61). Additionally, distinct PS Ags comprising
conjugate vaccines may also influence the ability of APCs to
present the associated protein Ags to CD4" T cells (69).

During bacterial infections, both soluble products secreted or
released by the pathogen as well as the intact pathogen itself con-
currently enter the secondary lymphoid organ where they likely get
transported and processed in distinct ways and activate different,
although perhaps overlapping, immune cellular pathways. How-
ever, little is known about whether these pathways proceed inde-
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pendently or are cross-regulatory, and thus how this might affect
the individual immune responses elicited to the pathogen’s com-
ponent Ags. Both soluble conjugate and intact Pn have relatively
large molecular masses that preclude their passive diffusion
through the conduit system present within the spleen (13—15). Our
unpublished observations that both immunogens elicit an ICOS-
dependent, protein-specific [lgG memory response dependent upon
FB cells indicate that at least a fraction of the total conjugate and
Pn entering the spleen is transported from the marginal zone to the
B cell follicle (see Fig. 6) via one or more immune cell types. One
cellular candidate for transport of conjugate and/or Pn into the
follicle is the MZB cell. MZB cells can bind Ag-associated com-
plement components of C3 via CD21 and CD35 and therefore
capture Ag in a BCR-independent manner (70—72). Upon migra-
tion to the follicle, MZB cells are able to deposit Ag onto FDC that
can then serve as a platform for FB cell capture of Ag in a BCR-
dependent manner and subsequent initiation of a GC reaction
(28, 29, 73).

Conjugate and Pn likely activate complement in vivo via the
classical pathway, as evidenced in part by the ability of natural
IgM to enhance immune responses to both soluble and particulate
Ags in a CD21/CD35-dependent manner (74). The ability of re-
petitive surfaces, as manifested by intact pathogens, to efficiently
activate complement (75) suggests that Pn might bind MZB cells
via CD21 more efficiently than does conjugate and thus directly
block the latter’s binding to and transport by MZB cells. This
could in turn result in enhanced trapping of conjugate by macro-
phages within the marginal zone (28, 76). Arguing against this
scenario, however, is a report that although the pneumococcal con-
jugate vaccine Prevnar is indeed transported from the marginal
zone to the follicle, it does not bind to MZB cells (77). Both mac-
rophages (29-32) and dendritic cells (33-37) are also known to
bind and transport intact Ag for delivery to FDC and/or FB cells.
Thus, direct Pn-mediated inhibition of conjugate binding and
transport via these latter cells are other potential mechanisms for
Pn-mediated inhibition of the conjugate-induced Ig response. The
possibility also exists that Pn induces rapid migration of Ag trans-
port cells to the follicle before conjugate has sufficient time to
bind, again potentially resulting in conjugate trapping by macro-
phages in the marginal zone.

Infections with extracellular bacteria develop in an acute, life-
threatening manner, and thus they require not only a robust innate
immune response, but also the rapid elicitation of specific Ab to
enhance opsonophagocytosis (59). Upon entry into the blood,
these bacteria quickly travel to the spleen where they are initially
delivered into the marginal sinus and red pulp. In this location they
are exposed to several distinct macrophage subsets that mediate
phagocytosis and pathogen killing, as well as to MZB cells (78)
that are programmed to differentiate rapidly into short-lived PS-
specific Ig-secreting plasma cells in an extrafollicular immune re-
sponse that can be both TI (IgM) and TD (IgG) (39, 79). Upon
further transport into the splenic white pulp, Ag over a more pro-
longed period can trigger a GC reaction by FB cells critical for the
generation of immunologic memory and sustained Ig secretion
from long-lived bone marrow plasma cells (80). We speculate that
the ability of Pn to block soluble Ag entry into the white pulp,
without its own entry being inhibited, might allow for both a rapid
primary MZB cell-mediated, PS-specific, and more prolonged FB-
mediated, protein-specific memory Ig response that is specifically
focused on pathogen-associated, but not pathogen-released, Ag,
thus optimizing Ab-mediated pathogen recognition and subsequent
opsonization for effective phagocyte killing. However, the possi-
bility that secreted or released soluble bacterial virulence factors
may also effectively escape adaptive immune recognition in the
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presence of intact pathogen could alternatively provide a mecha-
nism that promotes bacterial pathogenesis.
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