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Abstract
Humoral immunity to T cell-independent type 2 antigens (TI-2 Ag) is critical for protection
against encapsulated bacteria such as Streptococcus pneumoniae. The CD21/35 receptor is thought
to promote protective humoral immunity to encapsulated bacteria by enabling complement-
decorated capsular polysaccharides to coligate the CD21/35-CD19 signaling complex with the B
cell Ag receptor (BCR), thereby enhancing Ag-specific B cell activation. However, antibody
responses to S. pneumoniae type 3 capsular polysaccharide (PPS-3) and other strong TI-2 Ags
were significantly impaired in CD21/35−/−, but not C3−/− or C4−/− mice. B cells from CD21/35−/−

mice expressed significantly higher levels of cell-surface CD19. CD21/35−/− B cells exhibited
enhanced BCR-induced calcium responses and significantly higher expression of the inhibitory
programmed death-1 (PD-1) receptor following immunization with a TI-2 Ag or BCR
crosslinking. Reducing CD19 expression in CD21/35−/− mice normalized BCR-induced calcium
responses, PD-1 induction, PPS-3-specific IgG3 responses, and restored protection during S.
pneumoniae infection. PD-1 blockade also selectively rescued PPS-3-specific IgG3 responses in
CD21/35−/− mice. Thereby, CD21/35 promotes protective humoral immunity to S. pneumoniae
and other strong TI-2 Ags through a complement-independent pathway by negatively regulating
CD19 expression and PD-1 induction.

Introduction
Humoral immune responses to T cell independent type 2 (TI-2)3 antigens (Ag) are critical
for protective immunity to encapsulated bacteria such as Streptococcus pneumoniae, a gram-
positive bacterium that is the predominant cause of otitis media, community-acquired
pneumonia, septicemia, and meningitis (1). Antibody responses to TI-2 Ags such as
pneumococcal polysaccharide (PPS) contribute substantially to protective immunity against
infections by S. pneumoniae and other encapsulated bacteria (1). As such, the Pneumovax®
vaccine contains 23 types of PPS, including PPS type 3 (PPS-3), a strong TI-2 Ag that is one
of the most immunogenic polysaccharides included in the vaccine (2, 3). PPS-3 elicits
specific protection against serotype 3 S. pneumoniae, a major cause of fatal invasive
pneumococcal disease (1). TI-2 Ags are characterized by high molecular weight, repeating
epitopes, slow degradability in vivo, and primarily induce IgM and IgG3 Ab isotypes. TI-2
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Ags elicit rapid Ab responses by multivalent crosslinking of the B cell Ag receptor (BCR) in
the absence of major histocompatibility complex class II-restricted T cell help (4).

B-1 cells are key players in early humoral responses against pathogens and are the primary
source of Abs to TI-2 Ags along with marginal zone (MZ) B cells (5, 6). The B-1b cell
subset of B-1 cells is the major B cell population responsible for Ab responses to PPS-3 (7),
NP-Ficoll (8) and Borrelia hermsii (9). Humoral responses to TI-2 Ags rely heavily on
distinct BCR signaling pathways (10, 11) as well as key regulators of these pathways.
Programmed cell death 1 (PD-1), a member of the B7/CD28 family that negatively regulates
Ag receptor signaling on both B and T cells (12, 13), is thought to negatively regulate TI-2
Ab responses since PD-1+/− and PD-1−/− mice exhibit significantly enhanced IgG3
production in response to the TI-2 Ag, DNP-Ficoll (13). By contrast, complement receptor
1/2 (CD35/CD21) expression promotes optimal Ab responses to both artificial and
pathogen-derived TI-2 Ags (14–17). In particular, CD21/35−/− mice exhibit a striking
impairment in IgG3 responses following TI-2 Ag challenge. As a consequence, previous
exposure to live or heat-killed S. pneumoniae provides significantly less protection in
CD21/35−/− mice compared to wild type littermates (14). CD21/35 binds C3 and C4
cleavage products that become covalently bound to foreign Ags and pathogens following C3
or C4 activation. However, the effects of complement deficiency or depletion on TI-2 Ab
responses are variable (16–24).

In mice, CD35 is generated by the addition of six short consensus repeat units to the amino
terminal end of the CD21 protein and can therefore bind C4b and C3b in addition to the
CD21 ligands, C3d and iC3b (25). CD21/35 is expressed by both follicular dendritic cells
and mature B cells where it associates with cell surface CD19, a critical regulator of B cell
signaling (25). CD21/35 density varies on mature B cell populations, with B-1a cells
expressing the lowest levels and MZ B cells expressing the highest levels. CD21/35 ligation
lowers the threshold for Ag-specific B cell activation by binding to C3d-Ag complexes and
inducing CD19 signaling (25). The reported effects of CD19-deficiency on TI-2 Ab
responses are variable. CD19−/− mice generate normal to augmented Ab responses to TI-2
Ags such as PPS-3, DNP-Ficoll and TNP-Ficoll (7, 26, 27), but impaired Ab responses to
TI-2 Ags such as phosphorylcholine (PC) displayed either on intact bacteria or as PC6-Ficoll
(7, 28). The reverse is true for mice overexpressing CD19 (7, 26). Similarly, B cells
expressing a low affinity BCR require CD19 to respond optimally to NP-Ficoll, whereas B
cells expressing a high affinity BCR do not (29). These inconsistencies may be explained by
differences in Ag valency or differential requirements for CD19 in promoting the
development of B cell subsets involved in Ab responses to distinct TI-2 Ags.

CD21/35 is proposed to promote Ab responses to TI-2 Ags in a manner similar to that
described for TD Ags (30). Thus, CD21/35-mediated capture of complement-decorated TI-2
Ags on Ag-specific B cells is predicted to coligate CD19 with the BCR and lower the
signaling threshold required for B cell activation (4). However, given the complexities
associated with complement- and CD19-mediated regulation of TI-2 Ab responses, the
molecular basis for impaired TI-2 Ab responses to encapsulated bacteria in CD21/35−/−

mice have remained unclear. Therefore, the molecular mechanisms contributing to impaired
Ab responses to TI-2 Ags in CD21/35−/− mice were examined in the current study.
Remarkably, CD21/35 regulates protective PPS-specific Ab responses through an
unexpected C3-independent, CD19-dependent mechanism that results in upregulation of
PD-1 expression by CD21/35−/− B cells.
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Materials and Methods
Mice

CD19−/− and CD21/35−/− mice were as described (31–33) and were backcrossed with
C57BL/6 mice for 15 generations. C3−/− and C4−/− mice were from Dr. Michael Carroll,
Center for Blood Research, Boston, MA (34). CD21/35−/−CD19+/−, CD21/35−/−CD19−/−,
and CD21/35−/−C3−/− mice were generated by intercrossing CD19−/−, CD21/35−/−, and
C3−/− mice. Wild type C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) were used as
controls. Unless indicated otherwise, all experiments were initiated in 2–3 month-old mice
housed under specific pathogen free conditions. All studies and procedures were approved
by the Duke University Animal Care and Use Committee.

Immunizations and ELISAs
TNP-Ficoll-specific B cell expansion and PD-1 upregulation was performed on mice
immunized intraperitoneally (i.p.) with 50 μg of TNP4-Ficoll, TNP52-Ficoll (both from
Biosearch Technologies, Novato, CA), TNP30-BSA (Calbiochem-Novabiochem Corp., La
Jolla, CA), or PBS only. For serum Ab analyses, mice were immunized i.p. with 0.5 μg
PPS-3 (derived from type 3 Streptococcus pneumoniae (Klein) Chester; ATCC (169-X),
Manassas, VA), or 25 μg of TNP4-Ficoll, TNP52-Ficoll, DNP40-Ficoll, or 50 μg TNP0.4-
LPS (all from Biosearch Technologies) in PBS, or 100 μg of DNP-KLH (Calbiochem-
Novabiochem Corp.) precipitated with alum. Mice immunized with DNP-KLH were
boosted 21 days later with 100 μg of DNP-KLH in alum. Ags were diluted in sterile PBS
and injected in a final volume of 200 μl. Serum was obtained 0, 7, 14, 21, and 28 days post-
primary immunization. Mice were administered PD-1 mAb (RMP1-14; eBioscience, San
Diego, CA) or control rat IgG2a (Southern Biotechnology Associates, Birmingham, AL) in
200 μl sterile PBS via i.p. injection with 200 μg mAb on d0 and 100 μg on d3 and d6.
ELISAs were as described (14). Serum samples were diluted in TBS containing 1% BSA,
with the exception of PPS-3 samples, which were diluted in TBS containing 1% BSA and 10
μg/ml cell wall polysaccharide (Statens Serum Institut, Denmark) to adsorb non-capsular
polysaccharide Abs. PPS-3-, TNP-, and DNP-specific Ab levels were measured by adding
diluted serum samples to plates that had been coated with 10 μg/ml PPS-3 in PBS or 5 μg/
ml TNP- or DNP-BSA (Biosearch Technologies) in 0.1 M borate buffered saline overnight
at 4°C. AP-conjugated polyclonal goat anti-mouse IgM, IgG1, IgG2a, IgG2b, IgG3, and IgG
Abs and pNPP (all from Southern Biotechnology Associates) were used to detect Ag-
specific Ab. ELISA values are reported as relative ODs (OD reading for serum samples
minus OD reading from wells with serum omitted).

Abs and Immunofluorescence Analysis
Single cell spleen and peritoneal cavity lymphocyte suspensions were incubated with
fluorochrome-conjugated mAbs on ice for 25 min. Biotinylated- or fluorochrome-
conjugated antibodies and secondary detection reagents used included: anti-mouse IgM
(Southern Biotechnology Associates, Inc.); or Abs reactive with mouse CD21/35 (7G6),
CD35 (8C12), CD19 (ID3), B220 (RA3-6B2), CD23 (B3B4) and phycoerythrin (PE)- and
cychrome-conjugated streptavidin (all from BD-Biosciences, San Jose, CA); CD5 (53-7.3),
CD11b (M1/70), CD1d (1B1), CD86 (GL1), and PD-1 (J43) mAb (all from eBioscience).
TNP-Ficoll binding cells were detected by incubating Fc-blocked (0.5 μg/ml Fc Block; BD
Biosciences) cells (2 × 107/ml) with 40 μg/ml TNP30-Ficoll-FITC (Biosearch Technologies)
for 1 hr at room temperature, followed by subsequent staining with fluorochrome-labeled
mAbs on ice for 25 min. Cells were analyzed using a FACScan flow cytometer (Becton
Dickinson, San Jose, CA), with positive and negative cell populations determined using
unreactive isotype-matched Abs (BD Biosciences and eBioscience).
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Cell sorting and purification
B cell subsets were purified from peritoneal cavity lavage by staining with B220, CD5, and
CD11b mAbs followed by cell-sorting of B220+CD5+CD11b+ (B-1a), B220+CD5−CD11b+

(B-1b), and B220+CD5−CD11b− (B-2) B cells using a FACSVantage SE flow cytometer
(Becton Dickinson) with purities of ~85–95% as described (7). Spleen and peritoneal lavage
cell suspensions enriched for B cells using were also isolated using B220+ bead selection
(Miltenyi Biotec, Auburn, CA) according to the manufacturer's instructions, with CD19+ B
cell purities ≥95%.

Transfections
A full-length mouse CD21 cDNA clone (ID:40054528) was obtained from Open Biosystems
(Huntsville, AL) and subcloned into pCDNA3.1(−) (Invitrogen, Carlsbad, CA). CHO cells
stably expressing murine CD19 (CHO-CD19) were transfected with either mouse CD21 or
mouse CD22 cDNA in pcDNA3.1(−) using Fugene 6 (Roche, Indianapolis, IN) according to
the manufacturer's instructions. Two days after transfection, the cells were harvested using
Versene-EDTA (Gibco, Invitrogen) and stained with PE-conjugated 1D3 (CD19) and FITC-
conjugated 7G6 (CD21/35) or MB22-10 (CD22; ref. 35) mAb and analyzed by flow
cytometry.

Real time PCR
Total RNA was extracted from B220+ purified spleen cells (B220 selection kit, Miltenyi
Biotec) with an RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's
instructions. Random hexamer primers (Promega, Madison, WI) were used to generate
cDNA. Forward and reverse primers spanned exons 4 and 7 for CD19 and exons 3 and 5 for
CD20. Primer sequences were as follows: CD19 forward, 5'-TTCTG CCCCA AGCCA
CAGCT TTAGA-3', CD19 reverse, 5'-CTGGC CAGAG GTAAG ATGTA GGAAGG-3'
and CD20 forward, 5'-CCTCG CCATG CAACC TGCTCC-3', and CD20 reverse, 5'-
CTGCA GCTGC CAGGA GTGATCC-3'. Melting curve analysis was done to ensure
amplification of appropriate PCR products. Relative CD19 and CD20 mRNA expression
was determined by real-time PCR on a LightCycler Instrument with analysis software
Version 3 and a LightCycler FastStart DNA MasterPLUS SYBR Green I kit (all from
Roche). Pairwise comparisons between CD19 cDNA abundance relative to CD20 cDNA
abundance were made with the relative expression software tool (REST) program for
groupwise comparison and statistical analysis (http://www.bioinformatics.gene-
quantification.info/). Results are expressed as the ratio of CD19 and CD20 transcript
abundance relative to the ratio calculated for wild type mice.

B cell activation and proliferation assays
For activation assays, purified splenic B cells or FACS-sorted peritoneal B cells (2 × 106/
ml) were cultured in complete RPMI 1640 medium containing 10% FCS (Gibco Certified
serum, Invitrogen). The cells were cultured in medium alone or in the presence of
recombinant murine rBlyS (200 ng/ml; Peprotech, Rocky Hill, NJ), hamster anti-mouse
CD40 mAb (1 μg/ml; HM40-3, BD Biosciences), F(ab')2 anti-mouse IgM Ab (40 μg/ml;
Cappel, West Chester, PA), or LPS (25 μg/ml, E. coli 0111:B4, Sigma, St. Louis, MO). Due
to temporary discontinuation of the Cappel-supplied F(ab')2 anti-mouse IgM Ab, a F(ab')2
anti-mouse IgM Ab from Jackson Immunoresearch (West Grove, PA) was used in some
experiments as indicated. The F(ab')2 anti-mouse IgM Ab preparations from Jackson
Immunoresearch contained detectable levels of endotoxin (Limulus Amoebocyte Lysate
assay; Lonza) and were therefore treated with polymyxin B-agarose (Sigma) prior to use.
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[Ca2+]i measurements
Splenocytes (107/ml) and B220+ isolated peritoneal B cells (2 ×106/ml) were loaded with 1
μM indo-1/AM ester (Molecular Probes, Eugene, OR) at 37°C for 30 min in RPMI 1640
medium containing 5% (v/v) FBS and 10 mM HEPES as described (36). In the final 15 min
of indo-1 labeling, FITC-conjugated B220 Ab (splenocytes) or FITC-conjugated CD5 and
PE-cy5.5-conjugated CD11b mAbs (peritoneal B cells) were added to the cells. The cells
were washed and resuspended in media (2×106/ml) and protected from light at room
temperature (less than 2 hr) until flow cytometric analysis. Fluorescence ratios (405 nm/525
nm) were measured using a FACStar flow cytometer (BD PharMingen) with 10–40 μg/ml
F(ab')2 goat anti-mouse IgM Ab (Cappel) added after 1 min of baseline readings.

S. pneumoniae infections
All infections and whole bacteria immunizations used WU2, a type 3 strain of S.
pneumoniae, as previously described (14). For i.p. infections, the bacteria were diluted in
200 μl sterile PBS with the number of CFUs reconfirmed. Mice (2–4 months of age) were
immunized i.p. with 0.5 μg of PPS-3 (American Type Culture Collection, Rockville, MD) or
heat-killed (105 CFU) S. pneumoniae in PBS (14).

Statistical analysis
Data are shown as means ± SEM. Differences between sample means were assessed using
Student's t test. Differences in endpoint survival were assessed using Fisher's exact test.
Differences in survival curves were assessed using the Log-rank test.

Results
Impaired humoral immune responses to PPS-3 in CD21/35−/−, but not C3−/− and C4−/−
mice

CD21/35−/− mice generate poor humoral immune responses to encapsulated type 3 S.
pneumoniae (14). To determine whether CD21/35-deficiency impairs the protective immune
response to the pneumoccocal capsule, CD21/35−/−, C3−/− and C4−/− mice were immunized
with PPS-3, the major capsule constituent. CD21/35−/− mice generated significantly lower
PPS-3-specific IgM and IgG responses compared to wild type mice (Fig. 1A). PPS-3
specific IgG3, the main IgG isotype produced in response to TI-2 Ags, was also significantly
lower in CD21/35−/− mice. By contrast, C3−/−, C4−/−, and wild type mice generated similar
PPS-3-specific IgM, IgG, and IgG3 Ab responses. IgG and IgG3 responses to a highly-
haptenated TI-2 Ag, TNP52-Ficoll, were also impaired in CD21/35−/− mice (Fig. 1B), as also
described for DNP-Ficoll (14). By contrast, CD19−/− mice generated normal to augmented
Ab responses to TNP52-Ficoll (Fig. 1B), as also described for PPS-3 and DNP-Ficoll (7, 26).
Thus, humoral responses to PPS-3 and other model TI-2 Ags were impaired in CD21/35−/−

mice, but this was not due to the inability of C3 or C4 to target Ag complexes to the
CD21/35 receptor or an absence of CD19 signaling.

CD21/35−/− B cells are hyperresponsive to BCR signaling
Whether CD21/35-deficiency inhibits BCR signaling was examined following BCR
crosslinking using anti-IgM Ab. BCR-induced [Ca2+]i responses were increased in
CD21/35−/− B cells in response to optimal (40 μg/ml) but not suboptimal (10 μg/ml) anti-
IgM Ab relative to wild type splenic B cells (Fig. 2A). Peritoneal B-1b cells from
CD21/35−/− mice also generated higher BCR-induced [Ca2+]i responses than wild type B
cells, but noticeable differences were not observed between wild type and CD21/35−/− B-1a
cell [Ca2+]i responses (Fig. 2A). The proliferation of spleen and peritoneal B cells from
CD21/35−/− and wild type mice was also similar in response to anti-IgM Ab (data not
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shown). Thus, CD21/35-deficiency increased [Ca2+]i responses but did not affect BCR-
induced proliferation.

CD21/35−/− B cells expand normally following TI-2 Ag activation in vivo
To further examine the basis for impaired TI-2 Ab responses in CD21/35−/− mice, B cell
clonal expansion was assessed in vivo 3 days following TNP52-Ficoll immunization. The
frequency of spleen and peritoneal cavity B cells that bind TNP-Ficoll was significantly
expanded (1.6- to 1.9-fold) in wild type mice after immunization (Fig. 2B–C). By contrast,
immunization with a weak TI-2 Ag TNP4-Ficoll, a T cell-dependent Ag TNP30-BSA, or
PBS alone did not expand the frequency of peritoneal cavity B cells that bind TNP-Ficoll
(Fig. 2C). The frequencies and numbers of TNP-Ficoll-specific spleen and peritoneal B cells
increased similarly in wild type, CD21/35−/− and CD19−/− mice following TNP52-Ficoll
immunization (Fig. 2D). Thus, Ag-specific B cells expanded in response to a strong TI-2 Ag
in both CD21/35−/− and CD19−/− mice.

CD21/35−/− B cells express higher levels of PD-1 that inhibits IgG3 Ab responses
Since PD-1 negatively regulates TI-2 Ab responses, the influence of CD21/35 and CD19
expression on PD-1 induction was examined in vitro. The vast majority of freshly isolated
peritoneal B-1b cells and spleen B cells from wild type, CD19−/− and CD21/35−/− mice did
not express PD-1 (Fig. 3A–B). However, BCR ligation by anti-IgM Ab induced PD-1
expression, which was significantly enhanced on peritoneal B-1b (1.3-fold higher) and
splenic B cells (1.6-fold higher) from CD21/35−/− mice when compared with wild type B
cells (Fig. 3A–C). Similar results were obtained when B cells were stimulated with anti-IgM
Ab combined with either CD40 mAb or recombinant BlyS (rBlyS) (Fig. 3A–C, and data not
shown). LPS or CD40 mAb treatments alone did not induce significant PD-1 expression
(data not shown), as published (data not shown, and 37, 38). By contrast, PD-1 induction on
CD19−/− peritoneal B-1b and splenic B cells was impaired in response to anti-IgM Ab (60–
70% reduction) when compared with wild type B cells (Fig. 3A–C). PD-1 induction by
CD19−/− B cells was also impaired in response to anti-IgM Ab plus either CD40 mAb or
rBlyS. Despite differences in PD-1 upregulation, wild type, CD21/35−/−, and CD19−/−

splenic B and B-1b cells strongly upregulated CD86 expression in response to anti-IgM Ab
and anti-IgM plus CD40 mAb (data not shown). Thus, CD19 expression inhibited PD-1
upregulation following BCR engagement, while CD21/35 expression augmented PD-1
induction.

TNP-Ficoll-binding B cells isolated from wild type mice immunized with TNP52-Ficoll also
expressed significantly higher levels of PD-1 than TNP-Ficoll-binding B cells from naïve
mice or mice immunized with TNP4-Ficoll, TNP30-BSA, or PBS alone (Fig. 3D–E, data not
shown). No difference was observed in control hamster IgG binding between TNP-Ficoll-
binding B cells from TNP52-Ficoll immunized or naïve mice. TNP-Ficoll-specific spleen B
cells from CD21/35−/− mice also expressed significantly higher PD-1 densities (13% higher)
following TNP52-Ficoll immunization, whereas spleen B cells from CD19−/− mice
expressed significantly less PD-1 (14% lower) when compared with wild type mice (Fig.
3F–G). PD-1 levels on Ag-specific peritoneal B cells from CD19−/− mice were similarly
reduced. Control hamster IgG binding was absent on TNP-Ficoll-specific spleen B cells
from wild type, CD21/35−/−, and CD19−/− mice immunized with TNP52-Ficoll, and no
differences in PD-1 staining were detected for TNP-Ficoll-specific spleen B cells from
unimmunized mice (Fig. 3F, and data not shown). Thus, Ag-specific CD21/35−/− B cells
expressed higher PD-1 levels than wild type B cells following immunization with a strongly
haptenated TI-2 Ag, with CD19−/− B cells expressing lower PD-1 levels than wild type B
cells.
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The effect of PD-1 overexpression on TI-2 Ab responses in CD21/35−/− mice was assessed
in mice given a mAb that blocks PD-1 interactions with its ligands, PDL1 and PDL2 (39).
After PPS-3 immunizations, Ag-specific IgG3 levels in CD21/35−/− mice were significantly
increased (6-fold) by PD-1 mAb treatment (Fig. 3H), while Ag-specific IgM levels were not
altered. Thus, PD-1 interactions with its ligands inhibits PPS-3-specific IgG3 responses in
CD21/35−/− mice.

CD21/35 expression levels control cell surface CD19 densities
B cells from CD21/35−/− mice express significantly higher levels of cell surface CD19 (14).
Whether CD21 expression regulates CD19 cell surface density directly was therefore
assessed using CHO cells stably expressing mouse CD19. CD19-CHO cells were transiently
transfected with murine CD21 cDNA, with subsequent CD19 and CD21 expression levels
analyzed by flow cytometry. Remarkably, inducing cell surface CD21 expression reduced
CD19 expression (Fig. 4A). By contrast, CD22 cDNA transfection of CD19-CHO cells as a
control did not affect CD19 expression. Thus, CD21 expression directly regulates CD19 cell
surface density.

When B cell subsets from wild type mice were analyzed for relative differences in CD19
expression, peritoneal B-1a cells expressed CD19 at the highest levels, B-1b cells expressed
intermediate levels, while B-2 cells expressed the lowest levels (Fig. 4B). Peritoneal B-1b
and B-2 cells, and splenic follicular and MZ B cells from CD21/35−/− mice expressed cell-
surface CD19 at 1.3-to 2.3-fold higher densities than wild type mice (Fig. 4C). B-1a cells
from CD21/35−/− mice expressed wild type levels of cell surface CD19 (Fig. 4C) as
described (14), and splenic B cells from CD21/35−/− and wild type mice expressed CD19
transcripts at similar levels (Fig. 4D). CD21/35 expression was inversely correlated with
CD19 expression by B cell subsets, with peritoneal B-2 cells expressing the highest levels of
CD21/35, B-1b cells expressing intermediate levels, and B-1a cells expressing the lowest
levels (Fig. 4F). Thus, the absence of CD21/35 results in augmented cell surface CD19
protein expression on mature B cells including the B-1b, MZ, and B-2 subsets.

CD19 overexpression in CD21/35−/− mice enhances PD-1 upregulation
The contribution of CD19 overexpression in CD21/35−/− mice to augmented PD-1
upregulation was examined by comparing CD21/35−/− mice with CD21/35−/− mice that
either lacked CD19 (CD21/35−/− CD19−/−) or expressed ~50% lower CD19 levels
(CD21/35−/−CD19+/−). CD19 cell surface expression in CD21/35−/−CD19+/− mice was
reduced to levels equal to or lower than those expressed by wild type B cell subsets (Fig.
5A–B). B cell subset development in CD21/35−/−CD19+/−, CD21/35−/−, and wild type mice
was similar, whereas CD21/35−/−CD19−/− peritoneal and spleen B cell subset numbers
closely resembled those of CD19−/− mice (Table I). B cell [Ca2+]i responses following IgM
ligation were similar in CD21/35−/−CD19−/− and CD19−/− B cells, in contrast to the
augmented [Ca2+]i responses of CD21/35−/− B cells (Fig. 5C). CD19−/− B cells generated
near normal [Ca2+]i responses with a delayed peak during the acute phase and a prolonged
late phase response as described (40). BCR-induced PD-1 upregulation in
CD21/35−/−CD19−/− B cells was significantly impaired, similar to CD19−/− B cells (Fig.
5D). However, BCR-induced PD-1 levels were similar in CD21/35−/−CD19+/− and wild type
B cells, while PD-1 induction on CD21/35−/− B cells was significantly (40%) higher (Fig.
5D). Thus, enhanced CD19 expression and/or function in the absence of CD21/35
expression contributed significantly to increased BCR-induced [Ca2+]i responses and PD-1
expression.
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CD19 overexpression inhibits TI-2 Ab responses in CD21/35−/− mice
The effect of CD19 overexpression on impaired TI-2 Ab responses in CD21/35−/− mice was
assessed by comparing CD21/35−/−, CD21/35−/−CD19+/−, CD21/35−/−CD19−/−, and
CD19−/− mice immunized with PPS-3 or DNP40-Ficoll. PPS-3-specific IgM and IgG3
responses were significantly lower in CD21/35−/− mice compared to wild type mice 14 days
following immunization (IgM, 65% of wild type; IgG3, 20% of wild type; Fig. 6A). By
contrast, PPS-3-specific Ab responses were normal in CD21/35−/−CD19+/−,
CD21/35−/−CD19−/−, and CD19−/− mice. In response to DNP40-Ficoll immunization, DNP-
specific IgG3 responses were significantly impaired in CD21/35−/− mice (60% of wild type)
in comparison with CD21/35−/−CD19+/− and wild type mice (Fig. 6B). CD21/35−/−CD19−/−

and CD19−/− mice generated significantly higher (3-fold) DNP-specific IgG3 responses than
wild type mice. DNP-specific IgM responses were impaired at day 7 in CD21/35−/−CD19−/−

and CD19−/− mice, but were comparable to wild type levels by day 14. This is likely due to
significantly lower natural DNP-reactive IgM Ab levels in CD21/35−/−CD19−/− and
CD19−/− mice, which were undetectable at day 0. The TD Ag, DNP-KLH in alum, induced
remarkably different Ab responses with modest responses in CD21/35−/−CD19−/− and
CD19−/− mice (Fig. 6C). DNP-specific IgG3 responses to DNP-KLH were significantly
impaired in both CD21/35−/− (35% of wild type) and CD21/35−/−CD19+/− mice (30% of
wild type). Moreover, impaired IgG3 responses in CD21/35−/− mice to the TI-1 Ag, TNP-
LPS, were not rescued by reducing CD19 expression since responses were similarly
impaired in CD21/35−/− CD19+/− mice (Fig. 6D). Thus, reducing or eliminating CD19
expression specifically rescued TI-2, but not TI-1 or TD Ab responses in CD21/35−/− mice.

Humoral responses to weak TI-2 Ags in CD21/35−/− mice are complement-dependent
Whether the current conflicting reports regarding the relative importance of CD21/35, C3,
and CD19 in generating optimal TI-2 Ab responses is due to differences in Ag strength was
examined. Wild type, C3−/−, CD21/35−/−, CD21/35−/−C3−/−, and CD21/35−/−CD19−/− mice
were immunized with TNP52-Ficoll, a strong TI-2 Ag, or TNP4-Ficoll, a weak TI-2 Ag.
C3−/− mice generated normal Ag-specific IgM and IgG3 responses 14 days following
TNP52-Ficoll immunization, whereas IgG3 responses were significantly impaired in
CD21/35−/− mice (28% of wild type) and CD21/35−/−C3−/− mice (39% of wild type; Fig.
6E). By contrast, CD21/35−/−CD19−/− mice generated normal IgG3 responses to TNP52-
Ficoll. Humoral responses to TNP4-Ficoll were substantially different. Fourteen days
following immunization, TNP-specific IgM levels were significantly lower in
CD21/35−/−CD19−/− mice (20% of wild type) and TNP-specific IgG3 levels were
significantly impaired in C3−/−, CD21/35−/−, CD21/35−/−C3−/−, and CD21/35−/−CD19−/−

mice. Therefore, the degree of TI-2 haptenation dictates the importance that C3, CD21/35,
and CD19 play in humoral immune responses to TI-2 Ags. Optimal Ab responses to strongly
haptenated TI-2 Ags occurred in the absence of CD19 and C3 expression, while Ab
responses to weakly haptenated TI-2 Ags required CD19 and C3. Thus, CD21/35 expression
normally promotes Ab responses to strong TI-2 Ags via a complement-independent and
CD19 density-dependent pathway and promotes responses to weak TI-2 Ags through a
complement-dependent pathway.

CD19 overexpression in CD21/35−/− mice inhibits protective immunity to S. pneumoniae
Immunization of CD21/35−/− mice with heat-killed S. pneumoniae was not protective during
subsequent challenges with 104 CFU type 3 S. pneumoniae, but generated significant
protective responses in wild type mice (p=0.03, Fisher's exact test; data not shown) as
described (14). Therefore, the effect of CD19 overexpression on immune responses in
CD21/35−/− mice was assessed using wild type, CD21/35−/−, CD21/35−/−CD19+/−, and
CD21/35−/−CD19−/− mice. Immunization of mice with PPS-3 protected the majority of these
mice during subsequent challenge with 104 CFU, although CD21/35−/− mice (75% survival)
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were less protected than wild type (91%), CD21/35−/−CD19+/− (100%), and
CD21/35−/−CD19−/− (100%) mice (Fig. 7A). PPS-3 immunization did not protect
CD21/35−/− mice (0% survival; p=0.02 vs. wild type) against challenge with 105 CFU S.
pneumonia, while protection was observed in wild type (66% survival), CD21/35−/−CD19+/−

(100%), and CD21/35−/−CD19−/− (100%) mice (Fig. 7A). Thus, CD21/35−/− mice generated
protective immune responses following PPS-3 immunizations when CD19 expression was
reduced by half or eliminated.

CD21/35−/− mice immunized with heat-killed (105 CFU) type 3 S. pneumoniae were
significantly less protected than wild type mice during challenge with 105 CFU S.
pneumoniae, as all mice died rapidly during infection with significantly shorter mean
survival times (p=0.03, Log-rank test; Fig. 7B). However, survival was increased
significantly in CD21/35−/−CD19+/− (p=0.01), CD21/35−/−CD19−/− (p=0.02), and CD19−/−

(p=0.02) mice in comparison with CD21/35−/− mice. Survival in CD21/35−/−CD19+/−,
CD21/35−/−CD19−/−, and CD19−/− mice was not significantly different from that of wild
type mice. Thus, reducing or eliminating CD19 expression in CD21/35−/− mice significantly
enhanced protective immunity after both PPS-3 and S. pneumoniae immunizations.

Discussion
This study reveals an unanticipated equilibrium between CD21/35 and CD19 cell surface
densities that balances PD-1 expression and humoral immune responses to TI-2 Ags.
CD21/35 deficiency resulted in impaired Ab production to strong TI-2 Ags, TNP52-Ficoll,
DNP40-Ficoll, PPS-3, as well as intact type 3 S. pneumoniae (14). By contrast, CD19
deficiency results in normal to augmented Ab responses to strong TI-2 Ags (7, 26, 27).
Remarkably, impaired TI-2 Ab responses in CD21/35−/− mice were due to elevated CD19
expression, which enhanced PD-1 induction. Thereby, reducing or eliminating CD19
expression in CD21/35−/− mice normalized PD-1 expression in response to Ag receptor
crosslinking and selectively rescued Ab responses to strong TI-2 Ags, including the
protective immune response to PPS-3 and intact S. pneumoniae. C3- and C4-deficiencies
had no effect on Ab responses to PPS-3, indicating that CD21/35 function is complement-
independent during these responses. By contrast, optimal Ab responses to weak or poorly
haptenated TI-2 Ags required C3 as well as CD21/35 and CD19 expression. Thus, Ab
responses to TI-2 Ags that efficiently crosslink the BCR are balanced by CD19 regulation of
PD-1 expression, whereas weaker Ags are likely to require iC3b/C3d-Ag complex binding
and CD21/35 ligation to initiate CD19 signaling function and lower the threshold for BCR-
induced B cell activation (30).

B cell PD-1 induction was significantly influenced by CD21/35 and CD19 expression. BCR
crosslinking in vitro induced significantly more cell surface PD-1 on CD21/35−/− B cells
than wild type B cells, whereas PD-1 induction was significantly impaired in CD19−/− B
cells. Similarly, Ag-specific B cells from CD21/35−/− mice expressed higher PD-1 levels
following immunization with a strong TI-2 Ag, whereas Ag-specific B cells from CD19−/−

mice expressed less PD-1. Decreasing CD19 expression on CD21/35−/− B cells restored
PD-1 upregulation to wild type levels, indicating that CD19 overexpression in CD21/35−/−

mice enhanced PD-1 induction. Independently, PD-1 has significant effects on TI-2 Ab
responses, since PD-1−/− mice generate significantly higher Ab responses to DNP-Ficoll,
with striking increases in IgG3 levels, despite normal TD Ab responses (13). PD-1+/− mice
also generate augmented TI-2 Ab responses, clearly indicating that the relative dosage of
cell surface PD-1 is functionally important in vivo. Inhibiting PD-1 binding to its ligands
also significantly increased PPS-3-specific IgG3 responses in CD21/35−/− mice. Although
PD-1 negatively regulates BCR signaling (12, 13), the mechanisms by which PD-1 regulates
B cell activity in vivo are largely unexplored. Whether PD-1+ B cells are maintained in a
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state of exhaustion similar to what has been described for Ag-experienced T cells (41) is
also unknown, although PD-1 expression by memory B cells may suppress protective anti-
Env Ab responses during SIV infection (42). It is likely that PD-1 expression by
autoreactive B cells similarly suppresses the development of autoimmune disease. PD-1
expression by B cells must therefore be delicately balanced to allow for protective humoral
immunity during infections while preventing autoimmunity. Thus, CD21/35 and CD19
represent critical regulatory proteins that influence protective immunity and autoimmunity
through multiple pathways, including the regulation of PD-1 expression by B cells.

A striking negative correlation exists between cell surface CD21/35 and CD19 expression.
CD19 expression was significantly increased on most B cell populations in CD21/35−/−

mice, including B-1b and marginal zone B cell subsets that are responsible for TI-2 Ab
production. Differences in CD19 mRNA levels between CD21/35−/− and wild type spleen B
cells were not detected. Moreover, differences in CD19 transcript levels between B-1a and
B-2 subsets were not detected by microarray analysis (unpublished observations) even
though B-1a cells express nearly 2-fold more cell surface CD19 than follicular B cells (32).
Thus, differences in CD19 expression are controlled at the protein level. CD21/35 may
control CD19 cell surface density by inducing CD19 internalization and turnover, although
the mechanisms responsible for this remain to be fully elucidated. Regardless, CD21/35
plays a critical function by directly controlling cell surface CD19 density on B cells, in
addition to serving as a receptor for C3 and C4 cleavage products.

Alterations in CD19 expression have profound effects on B cell development, subset
distributions, activation, proliferation, and humoral immunity (7, 26, 27, 31, 33, 43). While
CD19−/− mice are generally hyporesponsive to transmembrane signals, they generated
normal to augmented IgG responses to PPS-3, TNP52-Ficoll, and DNP40-Ficoll. By contrast,
B cells from transgenic mice that overexpress CD19 (CD19Tg) are hyperresponsive to
transmembrane signals, but have severely impaired Ab responses to PPS-3 as well as
DNP40-Ficoll (7, 26). B cells from CD19Tg mice also have constitutively increased levels of
PD-1 expression (data not shown). Thereby, decreased PD-1 expression by CD19−/− B cells
and increased PD-1 expression by B cells with elevated CD19 expression parallels the TI-2
Ab responses observed in these mice. Reciprocal TI-2 Ab responses in CD19−/− and
CD19Tg mice are explained in part by their increase or lack of B-1b cells, respectively (7).
CD19 expression also has intrinsic functional effects on B cells (7, 26, 27, 31, 33, 43) and
CD19 signaling is differentially regulated in B-1 subsets as compared to conventional B
cells. B-1a cells flux intracellular calcium poorly following CD19 ligation induced through
either CD19 mAbs or C3dg-complexes in comparison to conventional B-2 cells (44–46).
The levels of key cytoplasmic molecules involved in CD19 signaling such as Vav-1 and
Vav-2 are also significantly diminished in B-1 cells compared to B-2 cells, as is the
association of PI3-K with CD19 before and after BCR crosslinking (45). Thus, in addition to
its role in regulating PD-1 expression, CD19 may regulate unique functions of B-1a and
B-1b cells due to its altered signaling activities and expression.

CD21/35 regulates CD19 activity beyond regulating its expression levels. In addition to
engaging CD19 signaling function following ligand binding, CD21/35 has been proposed to
physically sequester CD19 away from the BCR, thereby dampening BCR-mediated signals
(47). Recent evidence suggests a portion of cell-surface CD19 may physically associate with
the BCR to regulate signaling intensity independent of its association with CD21/35 (48).
Consistent with this, CD21/35−/− B cells were hyperresponsive to membrane bound Ag (48),
similar to the augmented intracellular calcium responses we observe for CD21/35−/− B cells
following strong anti-IgM crosslinking. By contrast, extensive independent ligation of CD19
or CD21/35 via mAb or C3dg-complexes dampens BCR signaling following anti-IgM
crosslinking (36, 49). Whether hyperresponsiveness in CD21/35−/− B cells is due to
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increased CD19 associations with the BCR or solely due to increased CD19 expression
levels has not been determined. Regardless, it is clear that Ab responses to TI-2 Ags which
extensively crosslink the BCR did not require CD19 for optimal signaling, but were
inhibited by CD19-facilitated PD-1 induction.

This study demonstrates the complex roles that CD21/35, CD19, and C3 play in regulating
humoral responses to weak and strong TI-2 Ags, as well as TI-1 and TD Ags. While CD19
expression is not required for responses to strong TI-2 Ags, CD19 is required for optimal
responses to TI-1, TD, and weak TI-2 Ags. Thus, deficient Ab responses to TI-1, TD, and
weak TI-2 Ags are not rescued by reducing CD19 expression levels in CD21/35−/− mice. C3
is required for optimal Ab responses to weak TI-2 Ags and primary responses to TD Ags.
Reduced TI-1 IgG3 responses in CD21/35−/− mice are reportedly due to excessive C3
activation (50). Our results agree with this, since reduced TNP-LPS Ab responses in
CD21/35−/− mice were restored in CD21/35−/−C3−/− mice (data not shown), but not in
CD21/35−/−CD19+/− mice. Thus, B cell responses to strong TI-2 Ags are regulated by C3,
CD19, and CD21/35 differently than responses to TI-1, T-D, and weak TI-2 Ags. The
explanation for this is undoubtedly complex as differential pathways of B cell activation,
differential CD19 regulatory activity, and distinct B cell subsets may be involved in each of
these responses.

In summary, the current study demonstrates a novel C3-independent mechanism by which
CD21/35 and CD19 regulate humoral responses to strong TI-2 Ags. CD19 promotes PD-1
expression following Ag receptor crosslinking and this results in decreased TI-2 Ab
responses. Thus, by negatively regulating CD19 expression, CD21/35 dampens the level of
PD-1 induced following B cell activation and promotes optimal TI-2 Ab responses. Intact
responses to TI-2 Ags are critical for the generation of protective immunity to encapsulated
extracellular bacteria including S. pneumoniae, Haemophilus influenzae, and Neisseria
meningitidis (51). Indeed, a significant number of pathogens express surface
polysaccharides that may function as immunogenic TI-2 Ags (51). The finding that CD19
and CD21/35 play unique roles in regulating B-1b cell responses to these types of Ags
uncovers new pathways by which TI-2 Ab responses are regulated. As such, further
elucidation of the factors involved in regulating these responses may provide novel
opportunities to develop new vaccines and improve existing vaccine strategies.
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Figure 1. Reduced PPS-3-specific Ab responses in CD21/35−/− mice
A, PPS-3-specific IgM, IgG, and IgG3 serum Ab levels in wild type (WT), CD21/35−/−,
C3−/−, and C4−/− mice at 0, 7, and 14 d post i.p. immunization with PPS-3. B, Serum TNP-
specific IgM, IgG, and IgG3 Ab levels in WT, CD21/35−/−, and CD19−/− mice post
immunization with TNP52-Ficoll. A–B, Results were generated using 5–10 mice/genotype.
Mean Ab levels (± SEM) were determined by ELISA. Significant differences between mean
Ab levels are indicated by asterisks; *, p<0.05.
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Figure 2. Augmented [Ca2+]i responses and normal in vivo expansion by CD21/35−/− B cells
A, BCR-induced [Ca2+]i responses by B220+ splenocytes, and peritoneal B-1b and B-1a
cells from wild type (WT) and CD21/35−/− mice. F(ab')2 anti-IgM Ab (10 or 40 μg/ml) was
added to the cells after 1 min (arrowhead) with relative [Ca2+]i concentrations were assessed
by flow cytometry. Results represent those obtained in 2–4 experiments. B–E, In vivo
expansion of Ag-specific spleen and peritoneal B cells 3 days following immunization. B,
Representative flow cytometry analysis of TNP30-FITC-Ficoll-binding by splenic and
peritoneal B220+ B cells from WT mice before and after immunization with TNP52-Ficoll.
C, TNP30-FITC-Ficoll-binding B cell frequencies in WT mice immunized with TNP52-
Ficoll, TNP4-Ficoll, TNP30-BSA, or PBS. D, Frequencies and numbers of B220+TNP30-
FITC-Ficoll+ cells from WT, CD21/35−/−, and CD19−/− mice immunized with TNP52-Ficoll
or PBS. C–D, Values represent means (±SEM) generated using 3–5 mice per group. Means
significantly different from PBS control means are indicated by asterisks; *, p<0.05.
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Figure 3. Activated CD21/35−/− B cells express elevated PD-1 levels
A–C, PD-1 expression on purified B220+ spleen cells (A) or peritoneal B-1b (B) cells from
wild type (WT), CD19−/−, and CD21/35−/− mice 2 d following culture with either medium
alone, F(ab')2 anti-IgM Ab, anti-IgM Ab and anti-CD40 mAb, or anti-IgM Ab and rBlyS. C,
Fold induction in PD-1 expression on B cells 2 d following F(ab')2 anti-IgM activation. Fold
induction was calculated by dividing the PD-1PE mean fluorescent intensity (MFI) of anti-
IgM Ab activated cells by that of control resting cells. Values represent the mean fold-
induction in PD-1 expression (±SEM) derived from 3–6 separate experiments. D–E, PD-1
and hamster IgG staining for TNP30-FITC-Ficoll+ spleen or peritoneal B220+cells isolated
from WT naïve mice or from mice 3 d after immunization with 50 μg TNP52-Ficoll (D–E)
or TNP4-Ficoll, TNP30-BSA, or PBS (E). Significant differences between control (PBS) and
immunized mice are indicated by asterisks; *, p<0.05, n=3–5 mice/condition. F–G, PD-1
and hamster IgG staining on TNP30-FITC-Ficoll+ spleen and peritoneal B220+ cells from
WT, CD21/35−/− and CD19−/− mice immunized with TNP52-Ficoll or PBS. Fold PD-1
induction values (± SEM) were obtained by dividing PD-1-PE MFI values obtained from
TNP52-Ficoll immunized mice by that of PBS-immunized mice. H, PD-1 blockade enhances
IgG3 responses in CD21/35−/− mice. WT and CD21/35−/− mice immunized with PPS-3
received PD-1 blocking mAb or control rat IgG2a mAb. Day 7 sera were analyzed by
ELISA for PPS-3-specific Abs. Significant differences in mean Ab (±SEM) levels are
indicated by asterisks; *, p<0.05. (C, G) Mean fold induction levels significantly different
than WT mice are indicated by asterisks; *, p<0.05. A paired Student's t-test was used to
analyze data in (C).
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Figure 4. CD21/35 negatively regulates CD19 expression
A, Co-expression of CD21 reduces CD19 expression in CHO cells stably transfected with
mouse CD19 (CD19-CHO). CD19-CHO cells were transiently transfected with either mouse
CD21 or CD22 cDNAs. Two days following transfection, the cells were stained and
analyzed for CD19, CD21, and CD22 expression by flow cytometry. Results represent 5
independent experiments. B–D, CD19 expression by peritoneal (B–C) and spleen (C–D) B
cell subsets in wild type (WT), CD21/35−/−, and CD21/35−/−CD19+/− mice. B, CD19
expression by WT peritoneal B cell subsets as gated in (E). C, Mean CD19 MFI values (±
SEM) for WT and CD21/35−/− B cell subsets. D, CD19 mRNA expression in CD21/35−/−

and CD21/35−/−CD19+/− spleen B cells. Values represent the mean (±SEM) ratios of CD19/
CD20 transcripts in CD21/35−/− and CD21/35−/−CD19+/− mice relative to wild type mice as
determined by real-time PCR analysis from 3 independent experiments. F, CD21/35
expression by freshly isolated peritoneal B cell subsets as defined by the gating strategy
shown in (E). CD5+CD11b+ (B-1a, thick line), CD5−CD11b+ (B-1b, dotted line),
CD5−CD11b− (B-2, thin line) peritoneal B cells from wild type mice were analyzed for
CD21 and CD35 expression by flow cytometry with CD21/35 MFI quantified (right panel).
CD35 staining of CD21/35−/− B220+ peritoneal B cells is depicted by a dotted line.
Asterisks (*) indicate mean MFIs (±SEM) are significantly different, p<0.05. Negative
isotype control staining is indicated by a dashed line (B, F).
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Figure 5. Reducing or eliminating CD19 expression on CD21/35−/− B cells normalizes BCR-
induced Ca2+ responses and PD-1 upregulation
A–B, CD19 expression (A) and mean CD19 MFI values (B) for B cell subsets from wild
type (WT), CD21/35−/−, and CD21/35−/−CD19+/− mice. Peritoneal and spleen cells (n≥4
mice/genotype) were stained with B220, CD5, and CD11b mAbs to identify peritoneal B
cell subsets or IgM and CD1d to identify follicular (FO) and MZ B cells. C, Relative BCR-
induced [Ca2+]i responses in B220+ splenocytes from wild type, CD21/35−/−, CD19−/−, and
CD21/35−/−CD19−/− mice. were assessed by flow cytometry. F(ab')2 anti-IgM Ab (40 μg/
ml) was added to the cells after 1 min (arrowhead). [Ca2+]i responses are shown for 2
independent experiments. D, PD-1 expression on purified B220+ spleen cells from WT,
CD21/35−/−, CD21/35−/−CD19+/−, CD21/35−/−CD19−/−, and CD19−/− mice 2 d following
culture with 20 μg/ml F(ab')2 anti-IgM (Jackson Immunoresearch). Dotted lines indicate
isotype control staining. Values represent the mean PD-1 fold induction (±SEM) levels
derived from 5 separate experiments. Significant differences between means are indicated
by asterisks; *, p<0.05.
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Figure 6. TI-2 Ab responses are selectively rescued by decreasing or eliminating CD19
expression in CD21/35−/− mice
A–D, Ag-specific Ab responses of wild type (WT), CD21/35−/−, CD19−/−,
CD21/35−/−CD19−/− and CD21/35−/−CD19+/− mice following immunization with (A)
PPS-3, (B) DNP40-Ficoll, (C) DNP-KLH, or (D) TNP-LPS (CD19−/− and
CD21/35−/−CD19−/− mice were omitted). Sera were collected at the indicated timepoints and
analyzed by ELISA for PPS-3- (A) DNP- (B, C), or TNP-specific (D) Abs (3–8 mice/
genotype). E, Ab responses to TNP52-Ficoll (upper panel) and TNP4-Ficoll (lower panel) in
WT, CD21/35−/−, C3−/−, CD21/35−/−C3−/−, and CD21/35−/−CD19−/− mice. Sera were
analyzed for TNP-specific Abs 14 d post-immunization by ELISA. Data points for
individual mice are shown (n=4–5 mice/group). A–E, Mean Ab (±SEM) levels significantly
different than WT mice are indicated by asterisks; *, p<0.05.
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Figure 7. Protective immunity to S. pneumoniae is restored in CD21/35−/− mice by decreasing or
eliminating CD19 expression
A, WT, CD21/35−/−, CD21/35−/−CD19−/− and CD21/35−/−CD19+/− mice were immunized
with 0.5 μg PPS-3. Fourteen to eighteen days later, mice were challenged with 104 or 105

CFU type 3 S. pneumoniae and monitored for survival. B, Wild type (WT), CD21/35−/−,
CD19−/−, CD21/35−/−CD19−/− and CD21/35−/−CD19+/− mice were immunized with 105

heat-killed type 3 S. pneumoniae. Ten days later, mice were challenged with 104 or 105 CFU
type 3 S. pneumoniae and monitored for survival. Each experiment used 6–12 mice per
group.
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Table I

B lymphocyte frequencies and numbers

Spleen Peritoneal cavity

B cells (x10−7)
a

MZ B cell frequency (%)
b

B cells (x10−5)
a B cell frequency (%)

b

B-2 B-1a B-1b

Wild type 5.1 ± 0.3 4.0 ± 0.1 7.0 ± 3.0 34 ± 7 26 ± 4 40 ± 3

CD21/35−/− 6.4 ± 0.9 5.2 ± 0.9 7.6 ± 0.8 32 ± 3 19 ± 3 49 ± 3

CD21/35−/−CD19+/− 6.3 ± 0.9 4.5 ± 1.0 5.2 ± 1.8 28 ± 6 17 ± 2 55 ± 4

CD 19−/− 1.7 ± 0.2* 0.4 ± 0.1* 2.3 ± 1.2 47 ± 5 6 ± 2* 44 ± 4

CD21/35−/−CD19−/− 3.2 ± 0.6* 0.9 ± 0.1* 0.8 ± 0.2 44 ± 4 4 ± 1* 52 ± 4

a
Mean B cell numbers (± SEM) were calculated based on the total number of B220+ cells harvested from spleen or the peritoneal cavity.

b
Values represent the mean frequency (± SEM) of lymphocytes expressing the indicated surface markers as determined by immunofluorescence

staining with flow cytometry analysis.

*
The mean percentage or number of cells was significantly different from means of wild type mice, p<0.05. Results were from 4–6 mice of each

genotype.
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