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Covalent linkage of a bacterial polysaccharide to an immunogenic protein greatly enhances the carbohy-
drate’s immunogenicity and induces polysaccharide-specific B-cell memory in vivo. These findings have
spurred the development of glycoconjugate vaccines for serious bacterial infections. The specific B-cell–T-cell
interactions responsible for recruitment of T-cell help by glycoconjugate vaccines are not well defined. We used
mice deficient in molecules critical for stimulatory, cognate B-cell–T-cell interactions to study how T cells
improve the immunogenicity of a glycoconjugate vaccine against group B streptococcal disease. Isotype
switching to immunoglobulin G (IgG) was abrogated in mice deficient in major histocompatibility complex
(MHC) class II antigen (Ag)–T-cell receptor (TCR), B7-CD28, or CD40-CD40L interactions. However, expres-
sion of either the B7-1 or the B7-2 molecule on antigen-presenting cells was sufficient for optimal T-cell
costimulation. T cells activated by the vaccine also played a pivotal role in determining the magnitude of the
IgM response to the polysaccharide. Comparable results were obtained with pathway antagonists. These data
suggest that MHC class II Ag-TCR, B7-CD28, and CD40-CD40L interactions are critical for immune responses
to glycoconjugate vaccines in vivo.

Despite the availability of effective antibiotics, infections
with many encapsulated bacteria (e.g., Neisseria meningitidis,
Streptococcus pneumoniae, and Streptococcus agalactiae) re-
main major health problems throughout the world. The in-
creasing threat of antibiotic resistance among some of these
species has accelerated the pace of research into new vaccines
to prevent infections. Group B Streptococcus (GBS) is the most
common cause of serious infections in newborns and young
infants in most of the developed world, with a 5 to 8% case-
fatality rate in the United States (2). GBS is usually acquired
by perinatal transmission from the genital tract of the mother
to her child. Mothers of neonates developing GBS disease
generally have very low levels of antibodies to the serotype-
specific capsular polysaccharide (CPS) of the organism infect-
ing their children (4). If enough immunoglobulin G (IgG)
specific to the CPS of the GBS strain colonizing the mother
crosses the placenta (5, 6), her infant will be protected from
invasive disease (3). These data support the administration of
a CPS-containing glycoconjugate vaccine to women of child-
bearing age in order to protect neonates and perhaps pregnant
women from GBS disease. Clinical trials have shown that the
response rate to unconjugated GBS type III (GBSIII) CPS in
previously naive adults is approximately 50 to 60% (6, 29).
Conjugation of GBSIII CPS to tetanus toxoid (TT) increased
the response rate to .90% (29) and significantly enhanced
antibody levels in most vaccinees (29). However, the basic
cellular mechanisms underlying the enhanced humoral im-
mune responses to bacterial CPSs conjugated to immunogenic
carriers are not well defined.

Mice are generally thought to be a good model for studies of

antibody responses to bacterial CPSs (59). Immunization of
mice with unconjugated CPS fails to induce sustained immu-
nologic memory, and the immune response to CPS has been
shown to be thymus independent (9, 19). The antibody re-
sponse to unconjugated CPS is typically of the IgM isotype,
and repeated immunization does not result in increased levels
of CPS-specific antibodies (9, 19, 54). Immunization following
covalent coupling of CPS to an immunogenic protein (carrier)
results in an enhanced immune response with high levels of
CPS-specific antibodies, rapid kinetics, and induction of im-
munologic memory to the CPS component (26, 54, 59). These
characteristics indicate the recruitment of T-cell help during
the immune response to glycoconjugates (8, 19, 26, 54, 60).

On the basis of research with synthetic hapten-carrier con-
jugates (10, 17, 30, 38, 50), we hypothesized that the enhanced
immunogenicity of bacterial CPSs upon conjugation to carrier
protein molecules is a result of specific interactions of the
CPS-specific B cell and the T cell, including (i) recruitment of
carrier-specific T-cell help by CPS-specific B cells that present
carrier-specific T-cell epitopes in the context of class II major
histocompatibility complex (MHC) molecules to T-helper cells
(signal 1), (ii) T-cell costimulation via the B7-CD28 pathway
(signal 2), and (iii) B-cell stimulation via triggering of CD40
through interaction with CD40L on activated T cells. We re-
port here the results of in vivo studies in which mice that were
genetically deficient in or immunologically deprived of these
receptor-ligand cellular interactions were immunized with a
clinically relevant glycoconjugate vaccine against GBS.

MATERIALS AND METHODS

Mice. Nude mice (BALB/cByJ background), CD3ε transgenic (tg) mice
(B6.CBA background) (65, 66), and CD40L-deficient mice (B6.129 background)
(50) and the appropriate wild-type controls were obtained from the Jackson
Laboratory (Bar Harbor, Maine). MHC class II-deficient mice (24) and wild-type
controls (C57BL/6) were obtained from Taconic (Germantown, N.Y.). All ex-
periments comparing wild-type, B7-1-, B7-2-, and B7-1/2-deficient mice (57) used
129/SvJ inbred mice. Brigham and Women’s Hospital and Harvard Medical
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School are Association for Assessment and Accreditation of Laboratory Animal
Care-accredited institutions, and the mice were cared for in accordance with
institutional guidelines.

Cell preparation. Cell suspensions from thymus, spleen, and lymph nodes were
prepared by grinding tissue through a sterile wire mesh, with subsequent filtra-
tion through nylon. The cell populations were depleted of erythrocytes by treat-
ment with 0.15 M NH4Cl in 17 mM Tris (pH 7.2) and centrifugation over fetal
calf serum. Before purification, T cells were enriched by passage over a nylon
wool column. Antigen-presenting cells (APCs) were depleted by antibody-me-
diated complement lysis with use of complement from irradiated newborn rab-
bits and a cocktail of monoclonal antibodies (MAbs) to MHC class II (IAb,d,q

and IEb). The remaining viable cells were used to replenish the population of
CD41 T cells in MHC class II-deficient mice (24). The administered T-cell
preparation was .95% pure, as evaluated by flow cytometric studies after incu-
bation of the cells with antibodies to B- and T-cell markers.

Flow cytometry. Thymus, spleen, and lymph node cells were stained with a
panel of fluorochrome-conjugated antibodies, including fluorescein isothiocya-
nate-conjugated and phycoerythrin-conjugated anti-CD3, anti-B220, anti-CD4,
anti-CD8, and anti-Mac-1 (all purchased from Caltag, South San Francisco,
Calif.) as well as anti-Thy1.2, anti-MHC class IIb, and rat isotype controls (all
purchased from PharMingen, San Diego, Calif.), according to standard protocols
(1). Cells (5 3 103) with the forward and side scatter properties of lymphocytes
were analyzed for each sample. Stained cells were analyzed by fluorescence-
activated cell sorting (FACS) on a FACScan apparatus (Becton Dickinson, San
Jose, Calif.). Data were analyzed with Cell Quest FACS analysis software (Bec-
ton Dickinson).

Adoptive cell transfer. One day prior to the first immunization with the
vaccine, MHC class II-deficient mice were provided with helper T cells by
adoptive transfer of 0.7 3 108 T cells (a number equivalent to the number of T
cells in the spleen) from nonimmunized wild-type mice (C57BL/6).

Immunization protocol. GBSIII CPS was purified from strain M781 (43),
oxidized, and conjugated to monomeric TT as described previously (68). Nude
mice, CD3ε tg mice, MHC class II-, CD40L-, B7-1-, B7-2-, and B7-1/2-deficient
mice, and the appropriate wild-type mice (BALB/cByJ, B6.CBA, C57BL/6,
B6.129, and 129/SvJae, respectively) were immunized intraperitoneally (i.p.) on
days 0, 21, and 49 with 2 mg of GBSIII CPS either unconjugated or conjugated
to TT (both vaccines were adsorbed to alum) (26). Serum samples were obtained
1 day before and 7, 14, 21, 35, 49, 56, 63, and 77 days after primary vaccination.

Reagents. The rat anti-murine B7-1 MAb (1G10) and anti-murine B7-2 MAb
(2D10) (11, 41, 47) (a gift from G. D. Powers) were originally made at Roche
Research Center, Nutley, N.J. The hamster anti-murine CD40L MAb (MR1)
(42) was supplied by Bioexpress (West Lebanon, N.H.). Rat IgG (Sigma, St.
Louis, Mo.) was used as an antibody control for the anti-B7-1 and anti-B7-2
MAbs, and hamster IgG (ICN Pharmaceuticals Inc., Costa Mesa, Calif.) was
used as a control for the anti-CD40L MAb. Murine CTLA4-Ig fusion protein
(64) and the control murine L6 MAb (15) were provided by R. Peach (Bristol
Myers Company, Princeton, N.J.).

In vivo antibody treatment. 129/SvJ mice were immunized once with GB-
SIII-TT i.p. along with one of these treatment regimens: (i) 200 mg of anti-B7-1,
anti-B7-2, both anti-B7-1 and anti-B7-2, or control rat IgG three times a week for
4 weeks; (ii) one 500-mg dose of murine CTLA4-Ig or control L6; or (iii) one
500-mg dose of anti-CD40L or hamster IgG control. Serum samples were taken
before and on days 7, 14, 21, and 28 after vaccination.

Measurement of specific serum Igs. Levels of GBSIII-specific and TT-specific
antibody were determined in dilutions of sera by solid-phase enzyme-linked
immunosorbent assays (ELISAs). Isotype-specific antibody concentrations were
measured on plates coated with GBSIII-human serum albumin or TT and with
isotype- and subclass-specific, alkaline phosphatase-conjugated developing re-
agents, as described previously (25, 26). For specific antibody quantitations, the
absorbance of test sera was compared with standard curves generated from
separate ELISAs using plates coated with F(ab) fragments of goat anti-mouse
IgG and rat anti-mouse IgM and known concentrations of murine IgG and IgM,
respectively.

Statistics. Nonparametric statistics were used, and continuous variables were
expressed as medians, using SPSS for Macintosh 6.1.1 (SPSS Inc., Chicago, Ill.)
for calculations. The Mann-Whitney U test was used to assess the statistical
significance of differences between independent samples. A two-sided P value of
,0.05 was considered significant.

RESULTS

Humoral immune response in mice lacking mature T cells
immunized with GBS glycoconjugate vaccine. The T-cell de-
pendence of the humoral immune response to the CPS moiety
of the GBS glycoconjugate vaccine was examined by immuni-
zation of nude mice or CD3ε tg mice with GBSIII-TT and
testing of their sera for the presence of CPS-specific and car-
rier-specific Igs. Both nude and CD3ε tg mice were profoundly
impaired in the ability to switch antibody production to the

IgG isotype (Fig. 1a, A and B). Although very low levels of
CPS-specific IgG were found after GBSIII-TT immunization
in four of the six nude mice, no specific IgG was detectable
after immunization of the CD3ε tg mice. This result confirms
the requirement for T cells in the isotype switch to IgG of the
CPS-specific antibodies induced by conjugate vaccines. In
these same mice, a similar T-cell dependence was seen for the
antibody response to the TT carrier (Fig. 1a, C and D).

Immunization of wild-type, CD3ε tg, and nude mice with
unconjugated GBSIII CPS failed to induce detectable levels
of CPS-specific IgG. This result confirmed that conjugation of
CPS to a carrier is required for IgG isotype switching. Levels of
CPS-specific IgM upon immunization with GBSIII-TT were
lower in mice deficient in T cells than in wild-type mice (Fig.
1a, E and F; P , 0.05), a difference suggesting that T cells are
involved in the IgM response to conjugated CPS. Furthermore,
levels of CPS-specific IgM in CD3ε tg and nude mice were not
significantly different whether these animals lacking mature T

FIG. 1. Polysaccharide- and carrier-specific IgG switch upon immunization
with GBSIII-TT conjugate vaccine is abrogated in mice lacking mature T cells.
Groups of six mice were immunized three times (arrows) with GBSIII-TT con-
jugate vaccine. (a) Levels of GBSIII-specific IgG (A and B), carrier-specific IgG
(C and D), and CPS-specific IgM (E and F) after GBSIII-TT immunization in
nude or CD3ε tg mice (———) and the corresponding wild-type mice (– – –). (b)
Levels of CPS-specific IgM in nude or tg mice immunized with GBSIII-TT (�)
or unconjugated CPS (‚). Lines represent median levels, and error bars indicate
ranges.
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cells were immunized with unconjugated CPS or GBSIII-TT
(Fig. 1b).

Humoral immune response of MHC class II-deficient mice
immunized with GBS glycoconjugate vaccine. We immunized
MHC class II-deficient mice with GBSIII-TT in order to define
a role for this complex in initiating T-cell help. Since these
knockout (KO) mice also lack mature CD41 T cells (24), they
were reconstituted with 7 3 107 splenic T cells obtained from
nonimmune wild-type mice prior to immunization. After im-
munization with GBSIII-TT, the MHC class II-deficient mice
were profoundly impaired in IgG isotype switching for both the
CPS-specific and carrier-specific responses (Fig. 2A and B).
This impairment demonstrated the essential role of signal 1
(MHC class II antigen–T-cell receptor [Ag-TCR]) in the re-
cruitment of T-cell help by the glycoconjugate vaccine.

In wild-type mice, levels of CPS-specific IgM antibodies
were substantially higher after immunization with GBSIII-TT
than those in MHC class II KO mice reconstituted with T cells
(Fig. 2C; P , 0.003 2 weeks after immunization), suggesting
that T cells recruited by MHC class II Ag-TCR interactions are
involved in the type III-specific IgM response. Furthermore,
MHC class II-deficient mice reconstituted with T cells
mounted an identical CPS-specific IgM response when immu-
nized with conjugated or unconjugated CPS (Fig. 2D).

Humoral immune response of CD40L-deficient mice immu-
nized with GBS glycoconjugate vaccine. The role of CD40-
CD40L (CD154) interactions in antigen-specific T cell-de-
pendent immune responses to glycoconjugate vaccines was
investigated by GBSIII-TT immunization of wild-type and
CD40L2/2 mice (50). There was no detectable CPS-specific
isotype switch to IgG in CD40L2/2 mice upon immunization
with the glycoconjugate vaccine (Fig. 3A). Furthermore, com-

pared with wild-type mice, CD40L2/2 mice were profoundly
impaired in terms of carrier-specific isotype switch to IgG (Fig.
3B).

After immunization with GBSIII-TT, levels of CPS-specific
IgM were substantially higher in wild-type mice than in
CD40L-deficient mice (Fig. 3C; P , 0.03). Moreover, the
CD40L-deficient mice mounted an identical CPS-specific IgM
response whether or not the CPS was conjugated (Fig. 3D).
Therefore, CD40-CD40L interaction is required for both a
vigorous CPS-specific IgM response and an isotype switch to
IgG induced by the glycoconjugate vaccine.

In vivo blocking of the CD40-CD40L pathway during GB-
SIII-TT immunization. Further elucidation of the role of the
CD40-CD40L (CD154) pathway in the immune response to
GBSIII-TT was studied in 129/SvJ mice treated with a MAb
directed to CD40L (MR1) (42). None of these mice switched
to CPS-specific IgG production in the first 21 days after im-
munization (Fig. 4A). Similarly, there was profound impair-
ment of carrier-specific isotype switching to IgG after immu-
nization with the glycoconjugate vaccine (Fig. 4B). The median
levels of TT-specific IgG 14 and 28 days after immunization in
mice treated once with MAb to CD40L were 1.6 and 5.5%,
respectively, of the level in mice treated with the control ham-
ster antibody.

Humoral immune response of mice lacking either B7-1 or
B7-2 immunized with GBS glycoconjugate vaccine. The roles
of the B7-1 and B7-2 costimulatory molecules in the humoral
immune response to GBSIII-TT were studied in wild-type,
B7-12/2, and B7-22/2 mice. No significant differences were
found among these three types of mice in the kinetics of the
response or in the levels of CPS-specific IgG (Fig. 5A and B)
or carrier-specific IgG (Fig. 5D and E) after primary and sec-

FIG. 2. Polysaccharide- and carrier-specific IgG switch upon immunization with GBSIII-TT conjugate vaccine is abrogated in MHC class II KO mice whose CD41

T cells have been replenished. Groups of six mice were immunized three times (arrows) with GBSIII-TT conjugate vaccine (A through D) or unconjugated CPS (D).
Levels of GBSIII-specific IgG, carrier-specific IgG, and CPS-specific IgM after GBSIII-TT immunization in MHC class II KO mice and wild-type mice are shown in
panels A, B, and C, respectively. Levels of CPS-specific IgM in MHC class II KO mice immunized with GBSIII-TT vaccine or unconjugated CPS (GBS III PS vaccine)
are shown in panel D. Lines represent median levels, and error bars indicate ranges.
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ondary immunization. Similarly, the CPS-specific IgM re-
sponse was identical in the three types of mice (Fig. 6A and B).
Therefore, after i.p. immunization with an optimal dose of
GBSIII-TT in alum, B7-1 or B7-2 deficiency did not affect the
kinetics or the magnitude of the CPS-specific and carrier-
specific responses. An interesting finding was that the level of
CPS-specific IgM was higher in B7-1- and B7-2-deficient mice
after immunization with GBSIII-TT than after immunization
with unconjugated CPS (Fig. 6D and E; P , 0.03).

Humoral responses in mice lacking both B7-1/2 immunized
with GBS glycoconjugate vaccine. The lack of effect of elimi-
nating the genes for either B7-1 or B7-2 on the humoral im-
mune response to GBSIII-TT did not necessarily demonstrate
that this axis is unimportant in the response to GBSIII-TT,
because it was still not clear whether one costimulatory mole-
cule could compensate for the absence of the other. Therefore,
we undertook immunization with GBSIII-TT in B7-1/22/2

mice. These doubly deficient mice did not mount a CPS-spe-
cific isotype switch to IgG (Fig. 5C) and exhibited profound
impairment in the carrier-specific isotype switch to IgG (Fig.
5F).

After immunization with GBSIII-TT, levels of CPS-specific
IgM were substantially higher in wild-type mice than in B7-1/
2-deficient mice (Fig. 6C; P , 0.03). The CPS-specific IgM
response was similar in B7-1/2-deficient mice whether or not
the CPS was conjugated to an immunogenic carrier (Fig. 6F).
Therefore, T-cell costimulation through B7/CD28 interaction
induced by the glycoconjugate vaccine is required for both a
vigorous CPS-specific IgM response and an isotype switch to
IgG. In addition, these data also suggest that either molecule
can provide the necessary costimulation.

In vivo blocking of the B7/CD28 pathway during immuniza-
tion with GBS glycoconjugate vaccine. Our in vivo data ob-
tained with B7-1 and B7-2 singly or doubly deficient mice
strongly suggest a pivotal role for T-cell costimulation by the
glycoconjugate vaccine through the CD28-B7 pathway. To fur-
ther examine the role for the B7-CD28 costimulatory pathway
in the humoral immune response to the glycoconjugate vac-
cine, we treated 129/SvJ mice with the following MAbs: (i)
anti-B7-1 (1G10) (11) and/or anti-B7-2 (2D10) (11) or (ii)

FIG. 3. Polysaccharide- and carrier-specific IgG switch upon immunization with GBSIII-TT conjugate vaccine is abrogated in CD40L KO mice. Groups of six mice
were immunized three times (arrows) with GBSIII-TT conjugate vaccine (A through D) or unconjugated CPS (D). Levels of GBSIII-specific IgG, carrier-specific IgG,
and CPS-specific IgM after GBSIII-TT immunization in CD40L KO mice and wild-type mice are shown in panels A, B, and C, respectively. Levels of CPS-specific IgM
in CD40L KO mice immunized with GBSIII-TT vaccine or unconjugated CPS (GBS III PS vaccine) are shown in panel D. Lines represent median levels, and error
bars indicate ranges.

FIG. 4. Blocking of CD40-CD40L-mediated B-cell stimulation abrogates
CPS- and carrier-specific isotype switching to IgG upon immunization with
GBSIII-TT glycoconjugate vaccine (arrows). Groups of four 129/SvJ mice were
immunized with GBSIII-TT in the presence of MAb to CD40L (E) or a control
antibody (hamster IgG [F]). Levels of GBSIII-specific (A) and TT-specific (B)
IgG are shown. Lines represent median levels, and error bars indicate ranges.
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murine CTLA4-Ig fusion protein which binds to both B7-1 and
B7-2 (49, 53, 64).

Comparable results were obtained in assays using pathway
antagonists and B7-deficient mice. These findings support the
observation that the presence of either of the B7 molecules is
sufficient for costimulation of T cells during recruitment of
T-cell help by the glycoconjugate vaccine (Fig. 7A). Results
were the same for the carrier-specific IgG response (Fig. 7B).
However, mice treated with anti-B7-1 produced higher levels

of CPS- and carrier-specific IgG early in the immune response
(day 7) than mice treated with anti-B7-2 or control rat IgG
(Fig. 7A and B; P , 0.02). The B7/CD28 pathway is pivotal for
the induction of isotype switching of CPS-specific antibodies.
Mice treated simultaneously with both anti-B7-1 and anti-B7-2
(Fig. 7A) or with murine CTLA4-Ig fusion protein (Fig. 7C)
failed to develop detectable CPS-specific IgG in their sera for
up to 28 days after immunization, when the experiment was
terminated.

FIG. 5. Polysaccharide- and carrier-specific IgG switch upon immunization with GBSIII-TT conjugate vaccine is abrogated in B7-1/2 double KO (dKO) mice.
Groups of 6 to 10 mice were immunized three times (arrows) with GBSIII-TT conjugate vaccine. Levels of GBSIII-specific (A through C) and carrier-specific (D
through F) IgG after GBSIII-TT immunization in B7-1 and/or B7-2 KO mice (———) and wild-type mice (– – –) are shown. Lines represent median levels, and error
bars indicate ranges.

FIG. 6. Levels of GBSIII-specific IgM are substantially higher in wild-type mice than in B7-1/2-deficient mice. Groups of 6 to 10 B7-1 and/or B7-2 KO mice were
immunized three times (arrows) with GBSIII-TT conjugate vaccine (A through F) or unconjugated CPS (D through F). Levels of GBSIII-specific IgM (A through C)
after GBSIII-TT immunization in B7-1 and/or B7-2 KO mice (———) and wild-type mice (– – –) are shown. Levels of CPS-specific IgM in B7-1, B7-2, and B7-1/2 KO
mice immunized with GBSIII-TT (�) or unconjugated CPS (‚) are shown in panels D, E, and F, respectively. Lines represent median levels, and error bars indicate
ranges.
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Median levels of CPS-specific IgM after GBSIII-TT immu-
nization of mice treated with anti-B7-1 were not significantly
different from levels in mice treated with control rat IgG (Fig.
8). Mice treated with CTLA4-Ig had substantially lower levels
of CPS-specific IgM than controls (L6-treated mice) 7 days
after immunization but not 14 or 28 days after immunization.
Moreover, mice treated continuously with a mixture of anti-
B7-1 and anti-B7-2 had substantially reduced levels of CPS-
specific IgM on days 7 and 14 after immunization but not on
day 28. Treatment with anti-B7-2 also resulted in reduced
CPS-specific IgM levels on day 7 after immunization but not at
later time points. Even though the numbers of mice in the
different treatment groups are low, this finding suggests differ-
ences in the kinetics of the IgM response to the glycoconjugate
vaccine depending on the B7 costimulatory molecule ex-
pressed, indicating an important role of the earliest expressed
costimulatory molecule, B7-2, during the initial response to the
conjugate vaccine. However, the difference between the GBSIII
IgM levels after immunization with unconjugated and conju-
gated GBSIII PS was more pronounced in B7-1-deficient than
in B7-2-deficient mice. Thus, T-cell costimulation through B7-
CD28 interaction induced by the glycoconjugate vaccine is
required for both a vigorous CPS-specific IgM response and an
isotype switch to IgG, and either B7 molecule can provide the
necessary costimulation.

DISCUSSION

Antibodies to bacterial CPSs have been shown to protect
against infection in humans (4, 46, 52). However, these T-cell-
independent antigens are poorly immunogenic in mice (9, 19,

54) and in humans (6, 46, 52, 58), and attempts to prevent
infection with encapsulated bacteria by immunization with
their polysaccharide capsules have met with only modest suc-
cess in humans (6, 46, 52, 58). Bacterial CPSs have been cou-
pled to T-cell-dependent antigens in an effort to recruit T-cell
help for the CPS, thereby enhancing the humoral immune
response and inducing immunologic memory. The widespread
use in the United States of one such glycoconjugate vaccine—
against Haemophilus influenzae type b—has resulted in the
eradication of invasive disease due to this pathogen (52). Can-
didate vaccines against infections caused by other encapsulated
bacteria are currently being tested in clinical trials (29, 46, 58).

Contact-dependent T-cell help plays an obligatory role in
humoral immune responses to thymus-dependent protein an-
tigens and synthetic haptens coupled to immunogenic proteins
(7, 12, 27, 38, 48). Cognate B-cell–T-cell interactions during
the immune responses to protein antigens depend on T-cell
costimulation through CD28 (10; reviewed in reference 55)
and B-cell stimulation through CD40 (20; reviewed in refer-
ences 16 and 21) and result in germinal center formation (10,
20) and induction of immunologic memory.

Details of the cognate B-cell–T-cell interactions governing
this class of vaccines have not been reported. According to one
model for how T cells improve the immunogenicity of conju-
gate vaccines described by Siber (58), the CPS moiety binds to
surface Igs on CPS-specific B cells, with resulting internaliza-
tion of the conjugate vaccine by receptor-mediated endocyto-
sis. Subsequently, the protein portion of the conjugate is pro-
cessed into peptides, and the T-cell epitopes are presented—in
the context of MHC class II molecules—to TCR on carrier-
specific T-helper cells. The carrier specificity of the T-cell help

FIG. 7. Blocking of B7/CD28-mediated T-cell costimulation abrogates CPS- and carrier-specific isotype switching to IgG upon immunization with GBSIII-TT
glycoconjugate vaccine (arrows). Groups of four 129/SvJ mice were immunized with GBSIII-TT in the presence of MAb to B7-1 and/or B7-2 (A and B) or murine
CTLA4-Ig fusion protein (C and D). Levels of GBSIII-specific IgG (A and C) and TT-specific IgG (B and D) are shown. Lines represent median levels, and error bars
indicate ranges.

6380 GUTTORMSEN ET AL. INFECT. IMMUN.



for hapten-carrier and protein-carrier conjugates has been
confirmed both in vivo and in vitro (27, 28, 39). Our data
confirm an obligatory role for the presentation of T-cell
epitopes of the glycoconjugate vaccine to T-helper cells in the
context of MHC class II molecules on APCs. Mice that were
deficient in MHC class II molecules but whose T-helper cells
had been replenished (24, 51) did not mount a CPS-specific
isotype switch to IgG upon immunization with GBSIII-TT,
whereas wild-type (C57BL/6) mice mounted a significant pri-
mary CPS-specific IgG response and upon subsequent immu-
nizations displayed an anamnestic immune response. These
results demonstrate that as with protein antigens (40), activa-
tion of resting T cells through stimulation of TCR in the
context of MHC class II molecules results in induction of
contact-dependent T-helper functions that are required in the
immune response to glycoconjugate vaccines.

Cognate B-cell–T-cell interactions resulting in enhanced im-
mune responses and induction of immunologic memory are nec-
essary for successful immunization (9). Many prominent B- and
T-cell membrane proteins (i.e., CD4, TCR, MHC, LFA-1,
ICAM1, B7, CD28, CTLA4, CD40, and CD40L) play a signif-
icant role in the formation and stabilization of antigen-specific
B-cell–T-cell conjugates (for reviews, see references 13, 14, 33,
and 57). CD40-CD40L and B7-CD28 interactions costimulate
cell activation and proliferation (13, 45, 57), while B7-CTLA4
interactions exhibit negative regulation of humoral immune
responses (61, 62, 67). Our data demonstrate that the major
costimulatory pathway involving the ligation of CD28 on T
cells with costimulatory B7 molecules on activated B cells is
critical for the induction of immunologic memory to CPS
and for isotype switching to IgG in the CPS-specific response.
After immunization with GBSIII-TT, CPS- and carrier-specific
IgG antibodies were not detectable in the B7-1/2 double-KO

mice. The results were the same when the B7-CD28 pathway
was blocked by treatment of wild-type mice (129/SvJ) with
CTLA4-Ig or a mixture of anti-B7-2 and anti-B7-2 during pri-
mary immunization. Thus, the class switch to IgG, which de-
pends on the function of T-helper cells through B-cell–T-cell
interactions, was profoundly affected. This finding suggests
that the observed T-cell help recruited to the CPS by its con-
jugation to a protein carrier is abrogated by the absence of
B7-1 and B7-2.

Our in vivo immunization results are in agreement with the
profound deficit in isotype switching and absence of germinal
centers observed in B7-1/2-deficient mice upon immunization
with the hapten trinitrophenol (TNP) conjugated to keyhole
limpet hemocyanin or ovalbumin (10). Similarly, a soluble chi-
meric fusion protein consisting of human CTLA4 fused to the
Fc region of a mouse IgG2a suppressed T-cell-dependent an-
tibody responses to sheep erythrocytes or keyhole limpet he-
mocyanin and inhibited T-cell clonal expansion after antigen
priming (36). In addition, a mixture of antibodies specific for
B7-1 and B7-2 completely blocked the primary T-cell re-
sponses induced by peptide antigen in complete Freund’s ad-
juvant in vivo (31).

Whether B7-1 and B7-2 are functionally distinct is contro-
versial. The CPS-specific antibody response in mice genetically
lacking or immunologically blocked for either B7-1 or B7-2 was
similar to that in wild-type mice, a result indicating that the
presence of either costimulatory molecule was sufficient for
T-cell costimulation through the B7-CD28 pathway. This find-
ing is consistent with the view that B7-1 and B7-2 can function
as overlapping ligands during T-cell-dependent isotype switch-
ing and germinal center formation (10). Some investigators
have observed differences in CD41 T-cell cytokine profiles in
the presence of one versus the other B7 costimulatory mole-

FIG. 8. Levels of CPS-specific IgM are influenced by blocking of the B7-CD28 and CD40-CD40L pathways. Groups of four 129/SvJ mice were immunized with
GBSIII-TT conjugate vaccine in the presence of anti-CD40L (top panels), anti-B7-1 and/or B7-2 (middle panels), or murine CTLA4-Ig fusion protein (bottom panels).
Levels of GBSIII-specific IgM on days 7, 14, and 28 after immunization are shown. Bars represent median levels, and error bars indicate ranges. p, the Mann-Whitney
U test could not yield a significant P value (,0.05) because only three serum samples were available for the control group.
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cule (18, 32, 35), while other authors have not confirmed these
findings (34). Recent research suggests that the level and/or
kinetics of B7 expression may account for the observed cyto-
kine profiles (44, 55).

The engagement of CD40 with CD40L expressed on acti-
vated T cells also provides essential B-cell costimulation that
results in isotype switching upon stimulation with the glyco-
conjugate vaccine. Immunization of CD40L2/2 mice or injec-
tion with anti-CD40L during immunization caused ablation of
the T-cell-dependent response to the glycoconjugate vaccine.
This result is in accordance with the profound defect in iso-
type switching and germinal center formation observed in
CD40L2/2 mice upon immunization with TNP conjugated to a
T-cell-dependent antigen (ovalbumin) (30). Furthermore, both
IgG and IgM responses to the TI-I form (TNP-lipopolysaccha-
ride) and the TI-II form (TNP-Ficoll) of TNP in CD40L2/2

mice were normal (30). Taken together, these results suggest
that the CD40-CD40L pathway is essential for T-cell-depen-
dent Ig isotype switching for this glycoconjugate vaccine. This
conclusion is in line with the observed failure of B-cell clonal
expansion and the significant reduction in T-cell expansion

during the primary immune response to protein antigens in the
context of treatment with anti-CD40L (20). The failure of
T-cell priming in CD40L-deficient mice may also be a direct
effect of a lack of B7 induction on CD40-expressing APCs (22,
23, 69).

The role of T cells in IgM responses to bacterial CPSs
conjugated to proteins is controversial: some investigators have
found substantially higher levels of CPS-specific IgM after CPS
conjugation to carriers (8, 37, 63), while others have found
minimal or no differences (10, 56). It is interesting that in these
studies, levels of CPS-specific IgM were substantially higher
when high-molecular-weight CPSs isolated from pathogenic
bacteria were used as test antigens (8, 37, 63), whereas minimal
or no differences in hapten- or carbohydrate-specific IgM were
observed when synthetic haptens or dextran was used (10, 56).
We found that immunization of T-cell-sufficient mice with
high-molecular-weight GBSIII CPS conjugated to TT resulted
in substantially higher levels of CPS-specific IgM than did
immunization with unconjugated CPS (Table 1). Taken to-
gether, these studies suggest that T cells recruited by glycocon-
jugate vaccines play a pivotal role in determining the magni-
tude of the IgM response to CPS isolated from pathogenic
bacteria. Furthermore, the functional MHC class II Ag-TCR,
CD40-CD40L, and B7-CD28 pathways are critical to the ob-
served increases in CPS-specific IgM.

In summary, this study demonstrates an obligatory role for
T-helper cells in the immune response to glycoconjugate vac-
cines in vivo. T-cell help is obtained (i) through presentation of
processed antigens in the context of class II MHC molecules
on APCs to TCRs, (ii) by the interaction of the costimulatory
molecules B7-1 and B7-2 on APCs with CD28 on T-helper
cells, and (iii) by stimulation of CD40 on B cells through
interaction with CD40L on activated T-helper cells (Fig. 9).
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