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Abstract
Polysaccharide (PS)- and protein-specific murine IgG responses to intact Streptococcus
pneumoniae (Pn) are both dependent upon CD4+ T cell help, B7-dependent costimulation, and CD40/
CD40-ligand interactions. However, the primary PS-, relative to protein-specific, IgG response
terminates more rapidly, requires a shorter period of T cell help and B7-dependent costimulation,
and fails to generate memory. In light of the critical role for ICOS/ICOS-ligand interactions in
sustaining T cell-dependent Ig responses and promoting germinal center reactions, we hypothesized
that this interaction was non-essential for PS-specific IgG responses to Pn. We now demonstrate that
ICOS-/-, relative to WT, mice elicit a normal PS-specific IgG isotype response to Pn, despite marked
inhibition of both the primary and secondary IgG anti-protein (i.e. PspA, PspC, and PsaA) response.
A blocking anti-ICOS-ligand mAb injected during primary Pn immunization inhibits both the
primary anti-protein response and the generation of protein-specific memory, but has no effect when
injected during secondary immunization. In contrast to Pn, both PS- and protein-specific IgG
responses to a pneumococcal conjugate vaccine are inhibited in ICOS-/- mice. ICOS-/- mice
immunized with intact Pn or conjugate exhibit nearly complete abrogation in germinal center
formation. Finally, although mice that lack the adaptor molecule SAP resemble ICOS-/- mice (and
can exhibit decreased ICOS expression), we observe that the PS-, as well as protein-specific IgG
responses to both Pn and conjugate are markedly defective in SAP-/- mice. These data define a novel
T cell-, SAP-, and B7-dependent, but ICOS-independent, extrafollicular pathway of Ig induction.
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Introduction
Systemic immunization with intact Streptococcus pneumoniae, capsular type 14 (Pn14) elicits
an IgG response specific for a number of pneumococcal proteins, including pneumococcal
surface protein A (PspA), as well as the capsular polysaccharide (PPS14) and the
phosphorylcholine determinant (PC) of the cell wall C-polysaccharide (C-PS, teichoic acid).
The protein- and PS-specific IgG responses to intact Pn are each dependent on CD4+ T cells,
B7/CD28-dependent costimulation, and CD40-CD40-ligand interactions, whereas the PS-
specific IgM response is T cell-independent (TI) (1-3). Nevertheless, relative to the protein-
specific response, the primary IgG anti-PS response to intact Pn peaks earlier, requires a shorter
period of T cell help and B7-dependent costimulation, and in contrast to the anti-protein
response, fails to elicit a boost in serum PPS14-specific IgG titers upon secondary
immunization. PPS14 expressed by intact Pn14 behaves as a distinct immunogen relative to
either isolated, soluble PPS14, or PPS14 covalently linked to PspA (PPS14-PspA) [soluble
conjugate]. Thus, the IgG response to isolated PPS14 is TI, whereas immunization with PPS14-
PspA induces CD4+ T cell-dependent, PPS14-specific, in addition to PspA-specific, memory
(4,5) The mechanism underlying the divergent immunologic behavior between intact PN14
and soluble pneumococcal conjugate is unresolved.

Inducible costimulator (ICOS) is a member of the CD28 family that is induced on CD4+ T
cells upon TCR crosslinking and CD28-mediated signaling, whereas CD28 is constitutively
expressed (6,7). The respective cognate ligands, ICOS-L and B7-1/B7-2, expressed on APC
are constitutively expressed but can be upregulated by inflammatory stimuli. In this regard,
CD28 is critical for initiation of CD4+ T cell activation (8-10), whereas ICOS plays a key role
in the subsequent T cell effector response (11,12). Genetic disruption or blockade of the B7/
CD28 or ICOS/ICOS-L pathways inhibits both type 1 and type 2 CD4+ T cell-dependent
humoral immune responses, although secondary, relative to primary, responses are impacted
to a greater degree by loss of ICOS signaling (13-15). ICOS-mediated costimulation is critical
for the development of the germinal center (GC) reaction (16), in part through induction of
CD40L on the CD4+ T cell (13,14) and the development of CD4+CXCR5+ follicular-helper
T cells (TFH) (17,18), and is thus is a key regulator of immunologic memory. Genetic deficiency
in ICOS in humans leads to the common variable immunodeficiency syndrome (CVID),
characterized by hypogammaglobulinemia and an almost complete lack of memory B cells
(19).

CD4+ T cells, as well as CD8+ and NK T cells, NK cells, and some B cells, express a
cytoplasmic adaptor protein, SAP, which is encoded by the gene SH2D1A, and is critical for
cell signaling via SLAM family proteins expressed on the cell surface (20-22). Genetic
deficiency of SAP in both mice and humans (X-linked lymphoproliferative syndrome [XLP])
results in immunologic phenotypes, some of which are similar, to loss of ICOS/ICOS-L
interactions (18,23). Thus, although SAP-/- CD4+ T can undergo initial proliferation and
activation similar to WT CD4+ T cells, they can exhibit decreased ICOS expression, and in
vivo show markedly impaired induction of GC and memory B cells (23-26). In this regard, the
induction of GC and memory B cells is inhibited in SAP-/- mice. Notably, immunization of
SAP-/- mice with TD antigens (soluble NP-KLH or SRBC) resulted in dramatic defects in GC
formation, primary and secondary antigen-specific IgG (IgG1 most dramatically reduced, then
IgG2b/IgG2a, then IgG3), but not IgM, production, and dramatic defects in the generation of
long-lived plasma cells in the BM (26). In adoptive transfer studies both Th1 and Th2 SAP-/-
T cells failed to promote an Ig response. Patients with XLP likewise exhibit
hypogammaglobulinemia and a marked reduction in memory (CD27+) B cells, associated with
reduced T cell expression of ICOS (24,27). Collectively, these data raise the possibility that
the failure of SAP-/- CD4+ T cells to upregulate ICOS might contribute to the defective
humoral immunity in the SAP-deficient host. However, more recent data demonstrate that
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SAP-/- CD4+ T cells can upregulate ICOS, but fail to provide critical signals to B cells due to
a selective defect in T cell-B cell adhesion (28).

Not surprisingly, deficiency in either SAP or ICOS/ICOS-L is associated with defective TD
humoral immunity and host protection against a number of microbial pathogens. As mentioned
above, the PS-specific TD humoral response to intact Pn14 is unusual in that the primary IgG
response and requirement for CD4+ T cells and B7-dependent costimulation is relatively short-
lived. This is associated with a failure to generate PS-specific memory, despite a critical role
for B7/CD28 and CD40/CD40L costimulation for the primary response (1-3). Since ICOS
induction follows initial TCR- and CD28-mediated CD4+ T cell activation, peaking ~48h
following immunization (12,29), we hypothesized that the PS-, but not protein-specific, IgG
response to intact Pn14 would be ICOS-independent, whereas both responses would be ICOS-
and SAP-dependent in response to pneumococcal conjugate. However, it remains unclear how
SAP would affect the PS-specific responses to Pn14. In this report we demonstrate that indeed,
the PS-specific IgG response to intact Pn14, represents a novel B7-dependent, ICOS-
independent TD response. However, despite its ICOS-independence, the PS-specific IgG
response to Pn14 in markedly inhibited in SAP-/- mice, strongly suggesting that SAP plays a
key role at the earliest stages of T cell help for humoral immune responses, independent of
ICOS.

Materials and Methods
Mice

SAP-/- mice (30) were backcrossed to C57BL/6 mice for 8-10 generations. CD28-/- mice
(15) [C57BL/6 background] (B6.129S2-Cd28tm1Mak/J, Cat# 002666) and ICOS-/- mice (13)
[C57BL/6 background] (B6129P2-ICOStm1mak/J, Cat# 004859) were purchased from The
Jackson Laboratory (Bar Harbor, ME). C57BL/6, and BALB/c mice were purchased from the
National Cancer Institute (Frederick, MD). Female mice were used between 7-10 wks 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 Resources, National Research
Council, revised 1996, and were approved by the Uniformed Services University of the Health
Sciences institutional animal use and care committee.

Reagents
Recombinant pneumococcal surface protein A (PspA) was expressed in Sacharomyces
cerevisiae BJ3505 and purified as previously described (31). Recombinant PsaA and PspC
(CbpA) were expressed as N-terminal His6-fusion proteins in recombinant E. coli and purified
by Ni-NTA affinity chromatography, as previously described (32). Purified S. pneumoniae
capsular polysaccharide type 14 (PPS14) was purchased from American Type Culture
Collection (Manassas, VA). PC-KLH (keyhole limpet hemocyanin) was synthesized as
previously described (1). The resulting conjugate had a substitution ratio of 19 PC/KLH
molecule. Soluble conjugates comprising PspA covalently linked to either C-polysaccharide
(C-PS-PspA) or PPS14 (PPS14-PspA) were synthesized as previously described (3). A
blocking mAb against mouse B7RP-1 (ICOS-ligand) [clone HK5.3, rat IgG2a] was generated
as previously described (33). The HK5.3 mAb and a control rat IgG2a anti-E coli β-
galactosidase mAb (clone GL117) were purified from culture SN using protein G
chromatography.

Preparation of S. pneumoniae, capsular type 14 (Pn14)
A frozen stock of Pn14 was thawed and sub-cultured on BBL pre-made blood agar plates (VWR
International, Bridgeport, NJ). Isolated colonies on blood agar were grown in Todd Hewitt
broth (Becton Dickinson, Sparks, MD) to mid-log phase, collected, and heat killed by
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incubation at 60°C for 1h. Sterility was confirmed by subculture on blood agar plates. After
extensive washings, the bacterial suspension was adjusted with PBS to give an absorbance
reading at 650 nm of 0.6 which corresponded to 109 CFU/ml. Bacteria were then aliquoted at
1010 colony-forming units (CFU)/ml and frozen at –80°C until their use as antigen for mouse
immunizations. The Pn14 stock was tested for endotoxin using the Limulus Amebocyte Lysate
assay (QCL-1000) from BioWhittaker (Walkersville, MD). This assay demonstrated that mice
injected with 2×108 CFU equivalents of heat-killed Pn14 receive <20 pg of endotoxin.

Immunizations
Mice (7 per group) were immunized i.p. with 2 × 108 CFU heat-killed Pn14 in saline or i.p.
with 1 μg (weight of polysaccharide) each of PPS14-PspA + C-PS-PspA adsorbed on 13 μg
of Alum (Allhydrogel 2% [Brenntag Biosector, Denmark]) mixed with 25μg of a stimulatory
30 mer CpG-containing oligodeoxynucleotide (CpG-ODN) (34), and similarly boosted. Serum
samples for measurement of anti-PPS14, anti-PC, anti-PspA, anti-PsaA, and anti-PspC Ig
isotype titers were prepared from blood obtained through the tail vein.

Measurement of serum antigen-specific Ig isotype titers
Immulon 4 ELISA plates (Dynex Technologies, Inc., Chantilly, VA) were coated (50μL/well)
with PC-KLH (5 μg/ml), PPS14 (5 μg/ml), PspA, PsaA, or PspC (5 μg/ml) in PBS overnight
at 4°C. Plates were washed 3X with PBS + 0.1% Tween 20 and were blocked with PBS + 1%
BSA for 1 h at 37°C. Threefold dilutions of serum samples, starting at a 1/50 serum dilution,
in PBS + 1% BSA were then added overnight at 4°C and plates were washed 3X with PBS +
0.1% Tween 20. Alkaline phosphatase-conjugated polyclonal goat anti-mouse IgM, IgG, IgG3,
IgG1, IgG2b, or IgG2a Abs (200 ng/ml final concentration) in PBS + 1% BSA were then added,
and plates were incubated at 37°C for 1 h. Plates were washed 5X with PBS + 0.1% Tween
20. Substrate (p-nitrophenyl phosphate, disodium; Sigma, St. Louis, MO) at 1 mg/ml in TM
buffer (1 M Tris + 0.3 mM MgCl2, pH 9.8) was then added for color development. Color was
read at an absorbance of 405 nm on a Multiskan Ascent ELISA reader (Labsystems, Finland).
Serum Ig titers were calculated as follows: A standard curve was generated using 3-fold
dilutions of a positive serum sample, starting with an initial 1/50 serum dilution. The signal
(in fluorescent units) from the most dilute sample of the standard curve that was still above
background was randomly assigned a titer of “1” and all signals from consecutively less dilute
samples were assigned the numbers 3, 9, 27 etc. For each experimental sample, a dilution was
chosen which generated a signal within the linear part of the standard curve. The value
extrapolated from the standard curve was then multiplied by the inverse of that dilution in order
to generate the final inverse titer.

Detection of germinal centers
Mice were injected i.p. with either Pn14 or conjugate. Spleens were removed 12 d after
immunization and incubated at least 6 hours in 15 ml of PLP buffer (0.05 M PBS containing
0.1 M L-lysine (pH 7.4), 2 mg/ml NaIO4, 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, West Chester, PA). Twenty to thirty μm thick frozen sections were cut and
stained with anti-mouse B220-Pacific Blue (clone RA36B2, Cat# 558108), anti-mouse CD3-
PE (clone 17A2, Cat# 555275) [BD Bioscience, San Jose, CA], peanut agglutinin (PNA)-Alexa
Fluor 488 from Arachis hypogaea, (Cat# L21409, Invitrogen, Carlsbad, CA).
Immunofluorescence imaging was performed with a Zeiss Pascal Laser Scanning Confocal
Microscope. Separate images were collected for each fluorochrome and overlaid to obtain a
multicolor image. Final image processing was performed with ImageJ software (National
Institutes of Health, Betheda, MD) and Adobe Photoshop. Spleens from four mice per group
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(4 sections per spleen) were analyzed for GC number and area, for a total of ~12 mm2 of splenic
area per group.

Flow cytometric analysis
Splenic and peritoneal cells from WT and knockout mice (three mice per group [WT, SAP-/-,
and ICOS-/-]; four CD28-/- mice), were harvested, and B cell subsets from each individual
spleen were enumerated by flow cytometry as follows: splenic marginal zone B [MZB]
(CD21highCD23low/neg), follicular B [FB] (CD21intermediateCD23high), and B-1
(B220intermedCD5+), peritoneal B-1a (B220+CD11b+CD5+), B-1b (B220+CD11b+CD5-), and
B-2 (B220+CD11b-CD5-). The following mAbs, purchased from Pharmingen (San Diego, CA)
were used: FITC-rat IgG2b,κ anti-mouse CD21/35 (clone 7G6) PE-rat IgG2a,κ anti-mouse
CD23 (clone B3B4), FITC-rat IgG2a,κ anti-mouse CD45R/B220 (clone RA3-6B2), biotin-rat
IgG2a,κ anti mouse CD5 [Ly-1] (clone 53-7.3) + streptavidin-PE-Texas Red, and PE-rat
IgG2b,κ anti-mouse CD11b (clone M1/70). Cells were analyzed on a “BD-LSR-II” flow
cytometer (BD Biosciences, San Jose, CA) using 488 and 635 lasers.

Statistics
Serum Ig isotype titers were expressed as geometric means ± standard errors of the means
(SEM) of the individual serum Ig isotype titers. Splenic and peritoneal B cell subset numbers
and percentages were determined by flow cytometry and expressed as arithmetic means of the
numbers obtained from individual mice +/- SEM. Significance in both cases was determined
by the Student t test. P values of <0.05 were considered statistically significant. All experiments
were performed twice, except for flow cytometry, which was performed once.

Results
The IgG anti-protein and anti-polysaccharide response to Pn14 is CD28-dependent

Immunization i.p. with intact, heat-killed Streptococcus pneumoniae, capsular type 14 (Pn14)
induces an IgM response specific for the capsular polysaccharide (PPS14) and the
phosphorylcholine (PC) determinant of the cell wall C-polysaccharide (C-PS, teichoic acid)
and/or membrane lipoteichoic acid (LTA) that is T cell-independent (TI) (1,3). In contrast the
IgG anti-PPS14 and IgG anti-PC responses are dependent on CD4+ T cells and CD40/CD40L
interactions. In a previous study we also demonstrated, using the unencapsulated variant of
Pn2 (R36A), that the IgG anti-PC response was dependent on B7-2 and CD28 (2). Pn14 also
elicits IgG anti-protein responses (e.g. pneumococcal surface protein A [PspA], pneumococcal
surface adhesin A [PsaA], and pneumococcal surface protein C [PspC]) (35). In particular,
detailed analysis of the IgG anti-PspA protein response to Pn14 and/or R36A also demonstrated
dependence on CD4+ T cells, B7-2/CD28 costimulation, and CD40/CD40L interactions. In
light of our current use of Pn14 in this study to determine a potential role of ICOS costimulation
in mediating Ig responses, we first wished to determine whether the TD IgG anti-PPS14, as
well as IgG anti-PC and anti-PspA responses to Pn14 were dependent upon CD28-dependent
costimulation. Thus, CD28-/- and WT mice were immunized with Pn14 and boosted 14 days
later. Serum titers of antigen-specific IgM and IgG were measured on day 21. As illustrated in
Figure 1A, the IgG anti-PspA response to Pn14 was completely abrogated in CD28-/- mice,
similar to what we previously observed using R36A (2). Whereas the TI IgM anti-PPS14 and
IgM anti-PC responses were unaffected in CD28-/- mice, both the TD IgG anti-PPS14, as well
as the TD IgG anti-PC responses were significantly, though partially, reduced relative to WT
mice (Figure 1A). The partial reduction in the IgG anti-PC response to Pn14 in CD28-/- mice
was similar to what we previously observed using R36A (2). Similar results were observed
from sera obtained on day 7 and/or day 14 (data not shown).
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Covalent linkage of an immunogenic carrier protein to a polysaccharide antigen (conjugate)
converts the IgG anti-PS response from TI-2 to TD, the latter now dependent on CD4+ T cells,
B7-dependent costimulation, and CD40/CD40L interactions (36,37), similar to what we
observed for intact Pn14 (1). Of interest, whereas the IgM anti-PS response to Pn14 is TI, the
IgM, as well as the IgG, anti-PS response to conjugate is partially TD. In contrast to a
pneumococcal conjugate (i.e. PPS14-PspA + C-PS-PspA in alum/CpG-ODN), the primary IgG
anti-PPS14 and IgG anti-PC response to Pn14 develops with more abbreviated kinetics and
does not generate PS-specific immunologic memory. We thus wished to further determine the
CD28 dependence of the conjugate-induced Ig response. As illustrated in Figure 1B, the IgG
anti-PspA response to conjugate was completely abrogated in CD28-/- mice, similar to that
observed with Pn14 immunization. In contrast to Pn14, both the IgM and IgG anti-PPS14 and
anti-PC responses to conjugate were partially, but not completely, abrogated in CD28-/- mice.
Of interest, the IgG anti-PPS14 and IgG anti-PC responses to conjugate were more strikingly
reduced in CD28-/- mice than the same responses to Pn14 (significant, p<0.05). These data
thus demonstrate absolute and relative differences in the CD28 dependence of the Ig response
to Pn14 versus conjugate.

The IgG anti-PPS14 and anti-PC response to Pn14, in contrast to pneumococcal conjugate,
is ICOS-independent

Numerous studies have documented the critical role of ICOS/ICOSL interactions in mediating
TD IgG responses (11-14). In light of the CD28 dependence of both the IgG anti-PPS14 and
anti-PC responses to Pn14, previously shown to be also dependent on CD4+ T cells and CD40/
CD40L interactions (1,3), we wished to determine whether or not they were also ICOS-
dependent. Mice genetically deficient in ICOS (ICOS-/-) and WT mice were immunized i.p.
with Pn14 and boosted 6 weeks later. WT mice elicited a detectable primary IgG anti-PspA
response and, following secondary immunization, substantial boosting in PspA-specific IgG
serum titers (Fig. 2A). As reported previously (35), serum titers of PspA-specific IgG3, IgG1,
IgG2b, and IgG2a were all induced during the primary, and boosted upon secondary
immunization (data not shown). In contrast, both the primary and secondary IgG anti-PspA
response was essentially abrogated in ICOS-/- mice (Fig. 2A), reflected by a lack of induction
of all 4 PspA-specific IgG isotypes (data not shown). In addition to the IgG anti-PspA response
to Pn14, the primary and secondary IgG responses specific for two additional Pn14-expressed
proteins, PsaA and PspC were also abrogated in ICOS-/- mice (Fig. 2C). However, in marked
contrast to the IgG anti-protein response, ICOS-/- mice elicited IgM and IgG anti-
polysaccharide (PPS14 and PC) responses to Pn14 that were essentially similar to that observed
in WT mice (Fig. 2A).

We next wished to determine whether induction of the PPS14- and PC-specific, as well as the
PspA-specific Ig responses is inhibited in ICOS-/- mice upon immunization with conjugate.
Similar to Pn14, the primary and secondary IgG anti-PspA response to conjugate was markedly
inhibited in ICOS-/- mice, although modest boosting (significant, p<0.05) was observed in
ICOS-/- mice following secondary immunization (Fig. 2B). In addition, the primary IgG anti-
PPS14 was essentially abrogated in ICOS-/- mice, whereas a partial, though significant,
reduction in the IgG anti-PC response was also observed (Fig. 2B). Similar to the IgG anti-
PspA response, the secondary IgG anti-PPS14 response was also significantly lower than that
observed in WT mice, although significant boosting was observed in both strains. No
significant boosting of the IgG anti-PC response was observed in either WT or ICOS-/- mice.
The IgM anti-PPS14 and anti-PC responses to conjugate were largely ICOS-independent (Fig.
2B) although these responses are also partially T cell-dependent (data not shown). Thus, the
IgG anti-polysaccharide responses to Pn14 and pneumococcal conjugate exhibit different
requirements for ICOS costimulation despite both being dependent on CD4+ T cells, B7-
dependent costimulation and CD40/CD40L interactions.
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ICOS costimulation for induction of the IgG anti-PspA response to Pn14 is critical during
primary, but not secondary immunization

In order to confirm our observations in ICOS-/- mice and further determine when (i.e. during
primary and/or secondary response) ICOS costimulation was necessary for the IgG anti-PspA
response, we injected mice with a neutralizing anti-ICOSL mAb (HK5.3) either at the time of
the primary and/or secondary immunization with Pn14. As illustrated in Fig. 3, injection of
anti-ICOSL mAb only at the time of primary immunization with Pn14 completely inhibited
the primary IgG anti-PspA response. Following secondary immunization with Pn14, 6 weeks
later in the absence of anti-ICOSL, a partial though significant reduction in the secondary IgG
anti-PspA response was also observed indicating that ICOS was necessary both for the primary
response and for the generation of memory. Of note, no effect on the primary IgG anti-PspA
response was observed when Pn14 was first injected 6 weeks after injection of anti-ICOSL
alone, indicating that the mAb was effectively cleared after 6 weeks (data not shown). Similar
results were observed when anti-ICOSL was injected both at the time of primary and secondary
immunization with Pn14 (Fig. 3). However, when mice were first primed with Pn14 in the
absence of anti-ICOSL and then boosted in the presence of anti-ICOSL, no effect of the mAb
on the secondary IgG anti-PspA response was observed (Fig. 3). Similar to what was observed
in ICOS-/- mice, anti-ICOSL had no significant effect on the IgM or IgG anti-PPS14 or anti-
PC responses to Pn14 (Fig. 3). Thus, ICOS costimulation appears to be critical for induction
of both the primary IgG anti-protein response and the generation of memory, but not for the
elicitation of the memory response following secondary immunization. The partial, though
substantial, inhibition of the IgG PspA-specific secondary response using anti-ICOSL at the
time of the primary versus the complete inhibition observed in ICOS-/- mice might reflect
incomplete or relatively short-lived neutralization of ICOSL following a single injection of
mAb.

Germinal center formation in ICOS-/- mice is largely abrogated in response to either Pn14 or
conjugate

ICOS costimulation of CD4+ T cells has been shown to be critical for induction of GC and
thus the generation of memory (16). Although the IgG anti-PPS14 and IgG anti-PC responses
to Pn14 are dependent on CD4+ T cells, CD28 costimulation, and CD40/CD40L interactions
they fail to generate memory, in contrast to the induction of PS-specific memory to conjugate
(4,5). These data suggest the possibility that the TD IgG anti-PS responses to Pn14 and
conjugate are extrafollicular and follicular, respectively. To explore this further, we measured
the number and size of GCs in WT and ICOS-/- mice following immunization with either Pn14
or conjugate (Figure 4). Naïve WT and ICOS-/- mice have no detectable GCs in an area of
12mm2. Whereas GCs are strongly induced in WT mice, 10 days following primary
immunization with either Pn14 (GCs=44/12mm2, GC total area=0.57mm2/12mm2) or
conjugate (GCs=29/12mm2, GC total area=0.47mm2/12mm2), they are essentially abrogated,
in response to both immunizations, in ICOS-/- mice. These data thus indicate that the IgG anti-
PS responses to Pn14, which are normal in ICOS-/- mice, can indeed occur in the absence of
GC formation, and thus are likely to represent a completely TD extrafollicular response in WT
mice, consistent with the absence of PS-specific memory generation. In contrast, the inhibition
of both the IgG anti-PS response and GC formation in response to conjugate in ICOS-/- mice
are consistent with this response being follicular in nature in WT mice, associated with the
generation of PS-specific memory.
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Protein- and polysaccharide-specific IgG responses to both Pn14 and conjugate are
defective in SAP-/- mice, whereas the IgM anti-polysaccharide response is differentially
regulated in response to the two immunogens

The adaptor protein SAP has previously been shown to be critical for a CD4+ T cell-dependent
humoral immune response. In particular, both the primary and secondary IgG, but not IgM,
responses to a number of TD antigens are strongly reduced in SAP-/- mice, associated with a
defect in the formation of GCs (26). In light of data demonstrating decreased ICOS expression
on SAP-/- CD4+ T cells to induce ICOS (24,26), it has been postulated that decreased ICOS
costimulation could lead at least in part, to the defective IgG responses. If true, we hypothesized
that the IgG anti-PS response to Pn14, which is ICOS-independent, would also be SAP-
independent, whereas SAP would play an important role in the Ig response to conjugate.
However, other data argues that SAP-/- CD4+ T cells can express normal levels of
costimulatory molecules including ICOS, but fail to interact properly with B cells, suggesting
that SAP would be required for all T-dependent responses, including the IgG anti-PPS14
response to Pn14 (28). To evaluate these possibilities SAP-/- mice were immunized and boosted
with either Pn14 or conjugate. As illustrated in Figure 5A/B, as expected, both the primary and
secondary IgG anti-PspA responses to Pn14 and conjugate were markedly inhibited in SAP-/-
mice, as they were in both CD28-/- and ICOS-/- mice, although these mice did elicit a very
weak secondary response to conjugate. Surprisingly, although the IgG anti-PPS14 and IgG
anti-PC responses to Pn14 were normal in ICOS-/- mice, they were either completely abrogated
(anti-PPS14) or significantly reduced (anti-PC) in SAP-/- mice (Figure 5A). In contrast, the
primary IgM anti-PPS14 and IgM anti-PC responses to Pn14 peaked earlier in SAP-/- mice
but then declined below WT levels, whereas SAP-/- mice exhibited higher secondary and
tertiary titers following boosting. In contrast to Pn14, immunization of SAP-/- mice with
conjugate resulted in striking reductions in both IgM and IgG anti-PPS14 and anti-PC
responses, even greater than that observed in ICOS-/- mice (Figure 5B). These data thus
demonstrate that SAP plays a role in CD4+ T cell-dependent Ig responses that is at least
partially or completely independent of ICOS.

Analysis of splenic and peritoneal B cell subsets in WT, SAP-/-, ICOS-/-, and CD28-/- mice
Splenic MZB and B-1 cells, and peritoneal B-1a and B-1b cells have been implicated in
polysaccharide-specific Ig isotype responses, whereas splenic FB cells are thought to be
responsible for most Ig responses to blood-borne protein antigens (38,39). Thus, in a final set
of studies, we wished to determine whether changes in B cell subset development could
account, at least in part, for the differences in antigen-specific Ig isotype induction in SAP-/-,
ICOS-/-, and/or CD28-/- relative to WT mice. As illustrated in Table 1, although some
significant (p<0.05) changes in the percentages and/or numbers of certain B cell subsets are
observed in SAP-/-, ICOS-/-, and CD28-/-, relative to WT mice, these differences are modest,
and fail to explain the alterations observed in Ig isotype induction which are summarized in
Table 2.

Discussion
Most studies on the regulation of PS-specific Ig responses have utilized isolated PS antigens,
with or without haptenation (40). On the basis of these studies, the concept arose of PS antigens
being either TI-1 or TI-2, depending on the presence or absence of an associated TLR ligand,
respectively. Although non-zwitterionic PS antigens fail to associate with MHC-II antigens
and thus are unable to recruit classical, cognate CD4+ T cell help (41-43), it was demonstrated
that the covalent attachment of an immunogenic protein to the PS antigen (i.e. conjugate
vaccine) could convert the PS antigen from a TI-2 to an apparently classical TD antigen (36,
37,44). Thus, PS-specific B cells internalizing conjugate could present peptide from the PS-
linked protein to CD4+ T cells to receive cognate help for Ig induction. Although studies of
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isolated PS antigens have been highly informative, minimal attention has been paid to how
anti-PS responses are regulated when PS antigens are presented to the immune system in a
physiological context, i.e. when expressed by an intact pathogen. The expression by the
pathogen of immunogenic proteins, TLR and NOD ligands, scavenger receptor ligands, and
the particulate nature of the pathogen itself might confer unique immunologic properties upon
the associated PS antigen. In particular, we hypothesized that perhaps pathogen-associated PS
antigens were indeed classical TD antigens, similar to conjugate vaccines, specifically on the
basis of their association with protein antigens.

Our previous studies have refuted this hypothesis, at least regarding the regulation of the anti-
PS response to the intact, Gram-positive extracellular bacterium, Streptococcus pneumoniae
(Pn). Thus we demonstrated that PS antigens associated with intact Pn are unique
immunologically, in that they exhibit both TD and TI properties. Thus, similar to conjugate
vaccine, the anti-PS response to Pn is CD4+ T cell-, B7/CD28-, and CD40/CD40L-dependent,
and generates IgG containing all 4 isotypes, in addition to IgM (i.e. TD properties). However,
the anti-PS response to Pn, in contrast to conjugate vaccine, exhibits more abbreviated primary
kinetics and a failure to generate PS-specific memory (i.e. TI properties), associated with a
shortened period of dependence on CD4+ T cell help and B7-dependent costimulation (1-5).
Thus, the anti-PS response to Pn, in contrast to conjugate vaccine, is not classically TD.
Although it might thus be assumed that PS and protein antigens in a conjugate vaccine behave
in an immunologically similar manner, this also may not be entirely true. Thus, PS in contrast
to protein antigens contain repeating identical antigenic epitopes capable of mediating
multivalent BCR crosslinking suggesting a differential requirement for BCR signaling in
response to these two types of linked immunogen. In this regard, we previously demonstrated
that anti-PS responses to conjugate, as well as intact Pn, are more heavily dependent on BCR-
mediated signaling via Bruton's tyrosine kinase (Btk), relative to the anti-protein response
(5). Moreover, recent, unpublished data from our laboratory, suggest that the nature of the
association of the polysaccharide with the immunogenic proteins expressed by the intact
bacteria versus the conjugate vaccine, may be a critical factor in determining the ability of the
immunogen to generate a PS-specific IgG memory response.

In this study we have extended our observations on the relative immunologic properties of PS
antigens associated with intact Pn versus conjugate vaccine by investigating the further role of
ICOS costimulation, and the signaling adaptor protein, SAP, shown to be critical for CD4+ T
cell help for germinal center formation (23,24). We demonstrate that the TD IgG anti-PS
responses to intact Pn and conjugate vaccine are ICOS-independent and ICOS-dependent,
respectively, despite both responses being CD28 dependent. In contrast the anti-protein
responses to both Pn and conjugate are strongly ICOS-dependent. For the generation and
elicitation of protein-specific memory in response to Pn, ICOS was required only at the time
of the primary, but not secondary, immunization with Pn, where it also was found to be
necessary for the induction of the primary IgG response. These data are in contrast to our earlier
observation of a requirement for B7-dependent costimulation for the IgG anti-PspA response
during both the primary and secondary immunizations to Pn, although the dependence on B7
costimulation for the secondary response was of much briefer duration (2). Of note, ICOS-/-
mice failed to generate a GC response to either Pn or conjugate, indicating that the IgG anti-
PS response to Pn could occur normally in the absence of GC development. Collectively, these
observations, and those in SAP-/- mice, discussed below, cannot be accounted for by the modest
and selective alterations in B cell subset percentages and/or absolute numbers in these knockout
strains.

Previous studies have demonstrated that CD4+ T cells genetically deficient in SAP fail to
provide help for germinal center formation and show impaired ICOS induction (17,18,23,24).
However, we show that although the IgG anti-PS response to Pn is ICOS-independent and can
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occur normally in the absence of GC formation, it is still markedly inhibited in SAP-/- mice.
Further, IgM and IgG anti-PS responses to conjugate were significantly more defective in
SAP-/- as opposed to ICOS-/- mice. SAP is expressed by cell types other than CD4+ T cells,
such as CD8+ and NK T cells, NK cells, and some B cells (20-22), and thus might be influencing
the IgG anti-PS response to Pn through one or more of these latter cell types. However, the
overall enhancement of the TI IgM anti-PS response to Pn in SAP-/- mice favors a specific
role for SAP in CD4+ T cells in this model system. This idea is further supported by the
markedly decreased IgM and IgG anti-PS responses to conjugate, both of which are dependent
on CD4+ T cells, in SAP-/- mice. Consistent with our data, it was previously demonstrated
that immunization of SAP-/- mice with TD antigens (soluble NP-KLH or SRBC) resulted in
dramatic defects in GC formation, primary and secondary antigen-specific IgG (IgG1 most
dramatically reduced, then IgG2b/IgG2a, then IgG3), although not IgM, production (26). The
basis for our contrasting observation of decreased PS-specific IgM production in response to
conjugate in SAP-/- mice is unknown, but could reflect intrinsic differences between PS versus
protein antigens. The importance of SAP for the PS-specific Ig response to Pn suggests that
there is a critical requirement for SAP and the associated SLAM family receptors in regulating
the earliest stages of T cell help for B cells, prior to, or at least partially independent of, ICOS
signals. While these conclusions appear to differ from those obtained in a recent study, which
concluded that SAP expression in T cells was required only late (after 5 days) in response to
a T-dependent protein antigen (45), the differences are likely to result from the distinct types
of antigens examined. Indeed, the data here support the recent demonstration that SAP-/- CD4
+ T cells have a selective defect in adhesion to B cells (28), which would be required for the
early interactions between T cells and B cells mediating the PS-specific IgG response to Pn
(2,3,46).

Collectively, these data strongly suggest that the IgG anti-PS response to Pn in WT mice is
extrafollicular, most likely leading to a predominantly rapid plasma cell response to the
exclusion of memory B cell generation, that is nevertheless dependent on CD4+ T cell help
and CD40/CD40L interactions for its optimal induction (47-50). This would then account for
the abbreviated primary kinetics, the shorter duration of CD4+ T cell help and B7-dependent
costimulation, and the lack of dependence on ICOS costimulation. In contrast, the IgG anti-
PS response to conjugate vaccine is likely to largely reflect a follicular response, associated
with GC formation and the development of PS-specific memory that is dependent on ICOS
costimulation of CD4+ T cells (51,52). Plasma cells generated in the extrafollicular response
undergo extensive apoptosis, likely limiting primary Ig induction (53). In this regard we
recently demonstrated that transgenic (Tg) expression of the anti-apoptotic proteins Bcl-2 or
Bcl-xL selectively within B cells leads to a dramatic enhancement of the primary IgG anti-PS,
but not anti-protein, response to Pn, without inducing PS-specific memory (54). In contrast Tg
and WT B cells elicited similar IgG anti-PS and IgG anti-protein responses to conjugate.
Similarly, injection of an agonistic anti-CD40 mAb enhanced the primary IgG anti-PS response
to Pn, but not to conjugate (data not shown), suggesting that exogenous CD40 activation of B
cells also served to inhibit apoptosis of Pn-induced extrafollicular plasma cells, thus prolonging
the response, and dramatically increasing the peak serum titers of PS-specific IgG.

Although PS antigen in both intact Pn and conjugate are associated with protein and thus might
be expected to generate an IgG anti-PS response that is classically CD4+ T cell-dependent (i.e.
GC formation and memory), there are several key difference between these two immunogens
that might account for the observed dichotomy in the two responses. Firstly, intact Pn is
particulate and contains scavenger receptor ligands that may both promote extended trapping,
particularly by macrophages, within the marginal zone, and thus preferential engagement of
PS-specific marginal zone B cells (MZB) (55,56). Although MZB appear to be more effective
APC than follicular B cells (FB) for CD4+ T cell activation (57) they appear to be programmed
to favor, although not absolutely, plasma cell differentiation over memory B cell generation
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(58,59). In contrast, soluble conjugate vaccine may preferentially traffic into the B cell follicles
where it can engage PS-specific FB cells, which are more prone to becoming memory B cells.
Indeed, using Lsc-/- mice, which exhibit a marked defect in MZB migration from the marginal
zone following immunization (60), we recently provided strong evidence that the IgG anti-PS
response to intact Pn14 versus conjugate derive from MZB and FB, respectively (54). Secondly,
PS antigens expressed by intact Pn are not typically linked to Pn proteins through a covalent
linkage, whereas PS and protein are covalently attached in the conjugate vaccine. During APC
processing and/or trafficking of the immunogen (61-64), it is possible that PS and protein
antigens in Pn, but not conjugate, become disassociated prior to eventual contact with PS-
specific B cells, thus limiting the extent of specific cognate CD4+ T cell help for the anti-PS
response. Thirdly, the degree of BCR crosslinking in response to antigen, which likely differs
between protein and PS antigens, could influence whether the Ig response is of the
predominantly extrafollicular plasma cell type (higher BCR strength) or alternatively progress
through a GC reaction (lower BCR strength) (65) Finally, the nature of the association of
capsular PS with Gram positive versus Gram-negative bacteria is distinct and could impart
different immunologic properties to PS antigens expressed by these two classes of pathogen.

Acknowledgments
This study was supported by N.I.H. grants 1R01 AI49192 (CMS) and the U.S.U.H.S. Dean's Research and Education
Endowment Fund (CMS) and by funding from the intramural program of the National Human Genome Research
Institute (PLS).

Abbreviations used in this paper

PS polysaccharide

Pn intact Streptococcus pneumoniae

Pn14 intact Streptococcus pneumoniae, capsular type 14

PPS14 capsular polysaccharide, serotype 14
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Figure 1. The IgG anti-protein and anti-polysaccharide response to Pn14 is CD28-dependent
WT (C57BL/6) and CD28-/- mice (7 per group) were immunized i.p. and then boosted on day
14 with either (A) Pn14 in saline or (B) PPS14-PspA + C-PS-PspA in alum/CpG-ODN. Serum
titers of antigen-specific IgM and IgG are illustrated for day 0 (“pre-immune”) and day 21
(“immune”). *significant, p<0.05 between WT and CD28-/- mice.
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Figure 2. The IgG anti-PPS14 and anti-PC response to Pn14, in contrast to pneumococcal
conjugate, is ICOS-independent
WT (C57BL/6) and ICOS-/- mice (7 per group) were immunized i.p. and then boosted on day
42 with either (A) Pn14 in saline or (B) PPS14-PspA + C-PS-PspA in alum/CpG-ODN. C)
WT (C57BL/6) and ICOS-/- mice (7 per group) were immunized i.p. with Pn14 in saline and
then boosted on days 14 and 21. Serum titers of antigen-specific IgM and IgG are illustrated.
*significant, p<0.05 between WT and ICOS-/- mice.
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Figure 3. ICOS costimulation for induction of the IgG anti-PspA response to Pn14 is critical during
primary, but not secondary immunization
BALB/c mice (7 per group) were immunized i.p. with Pn14 in saline and boosted on day 42.
Anti-ICOSL mAb (clone HK5.3) or a control rat IgG2a anti-E coli β-galactosidase mAb (clone
GL117) [1 mg per mouse] were injected on day 0 and/or day 42. Serum titers of antigen-specific
IgM and IgG are illustrated. *significant, p<0.05 between control mAb and anti-ICOSL mAb.
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Figure 4. Germinal center formation in ICOS-/- mice is largely abrogated in response to either
Pn14 or conjugate
WT (C57BL/6) and ICOS-/- mice (4 mice per group) were immunized i.p. with either Pn14 in
saline or PS14-PspA + C-PS-PspA in alum/CpG-ODN. Spleens were removed on day 10 and
stained with PNA-Alexa Flour 488 (green), anti-B220-Pacific Blue (blue), and anti-CD4-PE
(red). Four sections from each of 4 spleens per group were analyzed for GC number and area
for a total spleen area of 12mm2 (see “Results”).
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Figure 5. Protein- and polysaccharide-specific IgG responses to both Pn14 and conjugate are
defective in SAP-/- mice, whereas the IgM anti-polysaccharide response is differentially regulated
in response to the two immunogens
WT (C57BL/6) and SAP-/- mice (7 per group) were immunized i.p. with either (A) Pn14 in
saline (boosted on day 21) or (B) PPS14-PspA + C-PS-PspA in alum/CpG-ODN (boosted on
days 21 and 35). Serum titers of antigen-specific IgM and IgG are illustrated. *significant,
p<0.05 between WT and SAP-/- mice.
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Table 1
Quantitation of splenic and peritoneal B cell subsets in WT, SAP-/-, ICOS-/-, and CD28-/-
mice

Spleen and peritoneal cells from individual mice (WT, SAP-/-, and ICOS-/- mice [three per group]; CD28-/-
mice [4 mice]) were analyzed by flow cytometry as indicated in “Materials and Methods”. Data is expressed as
arithmetic mean +/- SEM.

 
Total cells (× 106)

% (No. ×106) of cells in subset

FB MZB B-1

Spleen

WT 69.16 ± 1.02 27.48 ± 0.03 (19.00 ± 0.02) 3.78 ± 0.15 (2.61 ± 0.10) 3.43 ± 0.05 (2.37 ± 0.03)

SAP-/- 65.89 ± 8.90 32.55 ± 1.06* (21.45 ± 0.70*) 3.75 ± 0.04 (2.47 ± 0.02) 3.45 ± 0.04 (2.27 ± 0.02*)

ICOS-/- 75.04 ± 14.29 37.70 ± 0.20* (28.29 ± 0.15*) 4.16 ± 0.01* (3.12 ± 0.01*) 3.57 ± 0.05 (2.68 ± 0.04*)

CD28-/- 69.98 ± 1.18 26.83 ± 1.15 (18.78 ± 0.80) 3.72 ± 0.25 (2.59 ± 0.17) 3.80 ± 0.18 (2.66 ± 0.13)

  % (No. ×106) of cells in subset

B-1a B-1b B-2

Peritoneum

WT 5.31 ± 0.41 3.19 ± 0.63 (0.17 ± 0.03) 3.30 ± 0.85 (0.18 ± 0.05) 3.25 ± 0.75 (0.17 ± 0.04)

SAP-/- 6.26 ± 3.86 2.71 ± 1.33 (0.17 ± 0.08) 6.60 ± 0.66* (0.41 ± 0.04*) 6.39 ± 1.17* (0.40 ± 0.07*)

ICOS-/- 2.62 ± 0.41 3.40 ± 1.17 (0.09 ± 0.03) 2.75 ± 0.51 (0.07 ± 0.01*) 9.00 ± 1.17* (0.24 ± 0.03)

CD28-/- 5.44 ± 0.96 6.78 ± 0.88* (0.37 ± 0.05*) 5.22 ± 0.71 (0.28 ± 0.04) 3.85 ± 0.07 (0.21 ± 0.01)

*
significance (p<0.05) relative to WT mice, by Student t test.
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Table 2
Summary of results

Knockout relative to wild-type mice (“=” no overall differences between knockout and wild-type)

CD28-/- ICOS-/- SAP-/-

Pn14

IgG anti-protein

IgM anti-PPS14 = =

IgG anti-PPS14 =

IgM anti-PC = =

IgG anti-PC =

Conjugate

IgG anti-protein

IgM anti-PPS14 =

IgG anti-PPS14

IgM anti-PC =

IgG anti-PC
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