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We have developed an adoptive cell transfer model in mice to study the ability of a glycoprotein conjugate
vaccine to induce immunologic memory for the polysaccharide moiety. We used type III capsular polysaccha-
ride from the clinically relevant pathogen group B streptococci conjugated to tetanus toxoid (GBSIII-TT) as
our model vaccine. GBS are a major cause of neonatal infections in humans, and type-specific antibodies to the
capsular polysaccharide protect against invasive disease. Adoptive transfer of splenocytes from mice immu-
nized with the GBSIII-TT conjugate vaccine conferred anti-polysaccharide immunologic memory to naive
recipient mice. The transfer of memory occurred in a dose-dependent manner. The observed anamnestic
immune response was characterized by (i) more rapid kinetics, (ii) isotype switching from immunoglobulin M
(IgM) to IgG, and (iii) 10-fold-higher levels of type III-specific IgG antibody than for the primary response in
animals with cells transferred from placebo-immunized mice. The adoptive cell transfer model described in
this paper can be used for at least two purposes: (i) to evaluate conjugate vaccines with different physico-
chemical properties for their ability to induce immunologic memory and (ii) to study the cellular interactions
required for an immune response to these molecules.

Immunologic memory following the first encounter with an
antigen is specific and can persist for years. Recall of immu-
nologic memory induced by an immunizing event, either by
vaccination or by an encounter with the naturally occurring
antigen as presented on the pathogen, can result in an anam-
nestic immune response characterized by more rapid kinetics
and a greater magnitude than the primary response.

Activation of B cells by their being turned into antibody-
secreting cells by protein antigens has been demonstrated by
adoptive cell transfer experiments to be T-cell dependent (21).
These classic studies showed that transfer of both B cells (bone
marrow cells) and T cells (thymocytes) was needed for a sig-
nificant antibody response to sheep erythrocytes in irradiated
naive recipient mice (9). A hapten-carrier system for studies of
the transfer of immunologic memory has been used to examine
B- and T-cell collaborations (18, 20). A hapten, which is not
immunogenic alone, can induce an immune response if cou-
pled to an immunogenic carrier. Interactions between hapten-
carrier-primed B cells and carrier-primed T cells were found to
be necessary for transfer of anti-hapten immunologic memory
to irradiated naive recipient mice.

In experimental animals, immune responses to bacterial
polysaccharide (PS) antigens are thymus independent and fail
to induce classic immunologic memory (6, 12). The antibody
response to a PS alone is typically of the immunoglobulin M
(IgM) isotype, and repeated immunizations do not result in
increased levels of PS-specific antibodies (6, 12). Covalent cou-
pling of a PS to an immunogenic protein carrier results in an
enhanced immune response with (i) high levels of PS-specific
antibodies, (ii) rapid kinetics, and (iii) isotype switching of the
PS-specific antibodies (IgM to IgG) upon booster vaccination

or subsequent encounter with the PS as presented on the
bacteria (12). The enhanced immune response to a PS conju-
gated to a protein with respect to the response to the PS alone
indicates a shift from a thymus-independent to a thymus-de-
pendent response (12, 28). The first glycoconjugate vaccine
(Haemophilus influenzae type b PS coupled to a protein car-
rier) was licensed in the United States in 1990. Such vaccines
have been proven to be efficacious in preventing invasive dis-
ease (11, 23) and in lowering the prevalence of H. influenzae
type b colonization in the immunized population (5, 23). Even
though the principle that glycoconjugate vaccines can protect
against invasive disease with encapsulated bacteria is estab-
lished, the immunological mechanisms altering the immune
response to the conjugated compared with the unconjugated
PS are only partially understood (27).

To examine the induction and recall of immunologic mem-
ory by a glycoconjugate vaccine, we chose the clinically rele-
vant group B streptococcal type III (GBSIII) PS conjugated to
tetanus toxoid (TT) as our model conjugate vaccine (17, 30).
There is a strong clinical need for conjugate vaccines to GBS
(8), which are a major cause of neonatal infections in humans
(2). Maternal type-specific IgG antibodies to the capsular PS
are transported across the placenta and protect the newborn
against invasive disease (3, 4). Repeated immunizations with
unconjugated GBSIII PS do not induce GBSIII-specific IgG in
mice (30). Conjugation of GBSIII PS to TT enhances the
immunogenicity of the PS moiety (17, 30). To investigate
whether the conjugation of capsular PS to carrier proteins
confers immunologic memory for the PS moiety, we developed
an adoptive cell transfer model in mice.

MATERIALS AND METHODS

Animals. SJL/J, CBA/J, and BALB/cByJ (BALB/c) mice were purchased from
The Jackson Laboratory, Bar Harbor, Maine, and C3H/HeNCrlBR (C3H) mice
were purchased from Charles River Laboratories, Wilmington, Mass. All exper-
iments began with 10-week-old female mice.
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Vaccines. Capsular PS from GBSIII M781 was isolated and purified as de-
scribed previously (30). The structure and purity of the GBSIII PS were verified
by 1H nuclear magnetic resonance spectroscopy (31). GBSIII PS in which 25%
of the sialic acid residues had been oxidized by periodate treatment was conju-
gated to monomeric TT (North American Vaccine Inc., Beltsville, Md.) (GBSIII-
TT) by reductive amination (30). The degree of oxidation of sialic acid residues
was verified by gas chromatography-mass spectrometry (30). The GBSIII-TT
conjugate vaccine was composed of 66% (wt/wt) carbohydrate and 34% (wt/wt)
protein.

Immunogenicity in different inbred mouse strains. The mouse strain for an
adoptive transfer model was selected by examining the immunogenicity of GB-
SIII vaccines in inbred mice of each of four strains: SJL (Ias), CBA (lak), C3H
(lak), and BALB/c (lad). Groups of six mice were immunized intraperitoneally
(i.p.) three times (days 1, 26, and 54) with GBSIII-TT, GBSIII PS (2 mg of PS per
dose), or saline with Al(OH)3 as adjuvant (1.75 mg of Al/dose). The mice were
bled before and 14 days after each immunization, and the sera were stored at
220°C until analyzed for the presence of specific antibodies.

Immunization. The benefit of an adjuvant was examined by immunizing
groups of six BALB/c mice i.p. with two doses of GBSIII-TT (days 1 and 14)
either with or without Al(OH)3 at doses ranging from 0.1 to 1.75 mg of Al. The
optimal dose of GBSIII-TT was determined by immunizing groups of six BALB/c
mice three times with GBSIII-TT mixed with 0.5 mg of Al (days 1, 21, and 49),
with doses ranging from 0.031 to 8 mg of PS. The kinetics of the IgG antibody
response to GBSIII PS in the GBSIII-TT vaccine mixed with 0.5 mg of Al was
examined after either one or two priming doses (2 mg of PS per dose 2 weeks
apart) followed by a booster dose with GBSIII-TT either 2 or 4 weeks later. The
mice were bled before each immunization and 7, 14, and 28 days after the last
immunization unless otherwise specified, and sera were stored at 220°C until
analyzed for the presence of specific antibodies.

Antibodies used. The following monoclonal antibodies (MAbs) were used in
flow cytometry analysis: anti-murine B220-R–phycoerythrin (rat IgG2a, Ly5,
clone RA3-6B2; Caltag Laboratories, South San Francisco, Calif.), anti-class II
major histocompatibility complex-lad–fluorescein isothiocyanate (FITC) (mouse
IgG2b, clone AMS-32.1; PharMingen, San Diego, Calif.), anti-Thy1.2–FITC (rat
IgG2a, clone 53-2.1; PharMingen), anti-CD4–FITC (rat IgG2b, clone YTS191.1;
Caltag Laboratories), anti-CD8–FITC (rat IgG2a, clone CT-CD8a; Caltag Lab-
oratories), anti-Mac-1–FITC (rat IgG2b, clone M1/70.15; Caltag Laboratories),
anti-CD3–FITC (hamster IgG, clone 500-A2; Caltag Laboratories), and rat IgG-
FITC (rat IgG2a isotype control, clone UC8-4B3; PharMingen).

Lymphocyte isolation. Single-cell suspensions were obtained by pressing
spleens through a stainless steel grid (mesh size, 80 mm) followed by filtration
through a nylon mesh (mesh size, 95 mm). The cells were harvested by centrif-
ugation, washed in balanced salt solution (pH 7.4), and depleted of erythrocytes
by treatment with 0.15 M NH4Cl in 17 mM Tris (pH 7.2) and centrifugation over
fetal calf serum (1). Dead cells were removed from the cell suspensions by
centrifugation over a density gradient (Ficoll Hypaque; Sigma) (1), and live cells
were suspended in Dulbecco’s modified Eagle’s medium (pH 7.4) with heat-
inactivated 10% fetal calf serum (HyClone Laboratories, Inc., Logan, Utah), 50
mM 2-mercaptoethanol, 2 mM glutamine, 100 U of penicillin/ml, and 100 mg of
streptomycin/ml.

Flow cytometry evaluation. The expression of B- and T-lymphocyte surface
antigens was studied by flow cytometric analysis of single-cell suspensions with a
FACScan apparatus (Becton Dickinson, San Jose, Calif.) (1). Data were ana-
lyzed with CELL QUEST FACS analysis software (Becton Dickinson). The
splenocytes of immune and naive animals were aliquoted and incubated with the
anti-B- or anti-T-cell surface ligand fluorochrome-conjugated MAbs mentioned
above by standard methods (1a). Propidium iodide was used to check the viability
of the cell suspensions. FITC-labeled rat IgG was used as an isotype control to
determine the nonspecific binding to the cell suspensions.

Adoptive cell transfer. BALB/c mice were immunized i.p. twice (3 weeks
apart) with GBSIII-TT (2 mg of PS per dose) or saline (placebo) mixed with alum
(0.5 mg of Al per dose). The mice were sacrificed 4 weeks after the last priming
dose, and their spleens were harvested. Single-cell suspensions of whole spleen
cells from GBSIII-TT- or placebo-immunized mice were transferred intrave-
nously via the tail vein to groups of five or six nonimmune, nonirradiated recip-
ient mice at doses ranging from 2 3 105 to 2 3 108 splenocytes per transfer (200
ml). The recipient mice were injected i.p. 24 h later with GBSIII-TT or saline to
determine whether immunologic memory to the GBSIII PS was transferred.

Immunoassays. Quantitative enzyme-linked immunosorbent assays (ELISAs)
with monomeric TT (North American Vaccine Inc.) or GBSIII PS covalently
linked to human serum albumin (HSA) (Sigma, St. Louis, Mo.) as the sensitizing
antigen were used to measure the amount of serum antibody specific for the
carrier (TT) and the GBSIII PS (13), respectively. Briefly, microtiter plates
(Nunc-Immuno Plates; Maxisorp, Roskilde, Denmark) were coated with 0.1 ml
of coating antigen (5 mg/ml) in 0.1 M carbonate buffer (pH 9.8) (optimal con-
centrations were determined by checkerboard ELISAs). Unknown sera and
standards were diluted in 10 mM phosphate-buffered saline–0.05% Brij 35–5%
newborn calf serum (Whittaker Bioproducts, Walkesville, Md.) and titrated
twofold across the plate. Alkaline phosphatase-labeled anti-IgG (total and sub-
class) (Southern Biotechnology Associates, Birmingham, Ala.) and anti-IgM
conjugates (PharMingen) were used to detect specific antibodies of the different
isotypes and subclasses. The levels of specific antibodies in various sera were

determined by comparing the absorbance at 405 nm of the test serum with
standard curves generated from separate ELISAs involving anti-mouse IgG
(Sigma) or anti-mouse IgM (PharMingen) as capturing antibodies on microtiter
wells and known concentrations of murine IgG (total or subclass) (Southern
Biotechnology Associates) and IgM (PharMingen) standards, respectively (13,
15). The titration curves of the test sera and the Ig standards were parallel (22).
The sum of the GBSIII-specific IgG subclass antibodies as determined by the
subclass ELISAs was within 10% of the level of the total specific IgG antibodies
obtained in the IgG ELISAs. The GBSIII-specific assays were highly specific for
GBSIII PS as demonstrated by identical inhibition curves with either purified
GBSIII PS or GBSIII-HSA, while no inhibition was seen with HSA or irrelevant
polysaccharides (reference 13 and data not shown). The TT ELISAs were highly
specific for TT as demonstrated by specific inhibition with purified TT and no
inhibition with irrelevant antigens (data not shown). The detection limits for the
specific IgG subclass and the IgG and IgM ELISAs were 10, 50, and 25 ng/ml,
respectively, with an initial dilution of the test sera of 1:50 (IgG subclass and IgM
assays) and 1:200 (total IgG assays).

Statistics. Nonparametric statistics from InStat 2.0 software (Graphpad Soft-
ware, San Diego, Calif.) were used, and the continuous variables were expressed
as median values. The Mann-Whitney test was used to assess the statistical
significance of differences between independent samples. A two-sided probability
value of ,0.05 was considered statistically significant (24).

RESULTS

Development of an adoptive lymphocyte transfer model. The
mouse strain and doses of adjuvant and vaccine used were
chosen in a series of pilot experiments. None of the murine
strains tested developed anti-GBSIII IgG after three doses of
the vaccine containing unconjugated polysaccharide given with
adjuvant. Immunization with GBSIII-TT conjugate vaccine
with Al(OH)3 induced significant levels of anti-GBSIII IgG in
BALB/c and SJL mice after one dose and anamnestic immune
responses to subsequent vaccinations ($10-fold increase),
while CBA and C3H mice responded less well (data not
shown). The well-characterized BALB/c mouse strain was cho-
sen for all further experiments.

In mice immunized with GBSIII-TT either with or without
Al(OH)3, the adjuvant greatly enhanced the GBSIII-specific
IgG response (data not shown). The highest levels of GBSIII-
specific IgG antibodies after both priming and recall vaccina-
tion were induced by the conjugate (2 mg of GBSIII PS) mixed
with 0.5 mg of alum. The level of anti-GBSIII IgG antibodies
after immunization with the GBSIII-TT conjugate vaccine was
dose dependent. A 2-mg dose of PS induced the highest levels
of GBSIII-specific IgG during both induction and recall of
immunologic memory (Table 1). Any further increase of the
vaccine dose did not result in a better response. All subsequent
experiments were conducted with a 2-mg dose of GBSIII PS
(given as GBSIII-TT) and 0.5 mg of alum in BALB/c mice.

The GBSIII-specific IgM responses to immunization with
unconjugated GBSIII PS or GBSIII-TT did not differ signifi-
cantly. The median GBSIII-specific IgM levels in BALB/c mice
after three doses of GBSIII, unconjugated or conjugated to
TT, were 17.4 mg/ml (range, 11.0 to 57.2 mg/ml) and 32.7 mg/ml
(range, 11.2 to 36.9 mg/ml), respectively (Mann-Whitney test;
P 5 0.24). Sera obtained 28 days after the third immunization
with the conjugate vaccine had significantly higher levels of
GBSIII PS-specific IgG antibodies (median, 16 mg/ml) than did
sera obtained after immunization with GBSIII PS alone (un-
detectable levels of GBSIII PS-specific IgG [,50 ng/ml]), thus
demonstrating that the GBSIII-TT vaccine induced an isotype
switch.

The kinetics of the IgG antibody response to GBSIII PS in
the GBSIII-TT vaccine was examined after either one or two
priming doses (2 weeks apart) followed by a booster dose
either 2 or 4 weeks later. The peak levels of GBSIII-specific
IgG antibody following booster vaccination with the GBSIII-TT
conjugate vaccine (secondary response) after two priming
doses were more than 10-fold higher than after one priming
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dose. A 4-week interval between the second priming dose and
the booster vaccination resulted in two- to threefold-higher
GBSIII-specific IgG levels than did a 2-week interval.

Adoptive lymphocyte transfer study. Donor BALB/c mice
were primed with two doses of GBSIII-TT or saline 3 weeks
apart. Four weeks after the second priming dose, the spleens
were removed from the donor mice. The splenocytes (2 3 108)
were transferred intravenously via the tail vein to groups of six
nonimmune, nonirradiated recipient mice, which were injected
i.p. 24 h later with GBSIII-TT or saline to determine whether
immunologic memory for the GBSIII PS was transferred.

Adoptive transfer of splenocytes from donors primed with
GBSIII-TT conjugate vaccine conferred memory of GBSIII PS
to previously naive recipient mice, as demonstrated by an an-
amnestic immune response to one dose of GBSIII-TT (Fig.
1A). Naive mice with adoptively transferred splenocytes from
GBSIII-TT-immunized mice had a rapid response to GBSIII-
TT, with substantially elevated GBSIII-specific IgG antibody
levels 7 days after immunization. In contrast, naive recipient
mice with splenocytes transferred from mice immunized with
placebo vaccine had at least a 7-day delay in the anti-GBSIII
IgG response (Fig. 1A). The median level of anti-GBSIII IgG

7, 14, and 28 days after recall vaccination with GBSIII-TT was
10 times higher in mice with splenocytes transferred from
GBSIII-TT-immunized mice than in mice receiving spleno-
cytes from placebo-immunized animals (Mann-Whitney test,
P 5 0.002). The splenocyte cell suspensions from immune and
naive mice contained equivalent numbers of B cells (47 to 55%
labeled with B220 and class II [lad]) and T cells (35 to 40%
labeled with Thy 1.2, of which approximately 80% were CD4-
positive T helper cells).

The subclass distribution of GBSIII PS-specific IgG antibod-
ies was similar after immunization, whether the naive mice had
received splenocytes from GBSIII-TT- or placebo-immunized
donors. More than 75% of the GBSIII-specific IgG antibodies
detected in recipients were IgG1 (Fig. 2). However, all the
recipients developed GBSIII-specific antibodies of all IgG sub-
classes. Furthermore, the median levels of GBSIII-specific
IgM antibodies 7 days after recall vaccination were not differ-
ent in mice receiving immune cells (median anti-GBSIII IgM
[lower and upper 95% confidence interval] of 9.5 mg/ml [4.9 to
12.8]) or naive cells (median anti-GBSIII IgM of 4.0 mg/ml [1.1
to 13.2]) (Mann-Whitney test; P 5 0.43) (Fig. 1B).

Mice with splenocytes adoptively transferred from GBSIII-

FIG. 1. Transfer of immunologic memory for GBSIII PS. BALB/c mice were immunized twice with GBSIII-TT conjugate vaccine, and 4 weeks later 2 3 108 spleen
cells were adoptively transferred into groups of six naive recipients (solid line). In control animals, 2 3 108 naive spleen cells were transferred (dotted line). All recipient
mice were immunized 24 h later with GBSIII-TT, and the antibody response to the GBSIII PS in serum was measured 0, 7, 14, and 28 days after immunization. (A)
GBSIII-specific IgG response; (B) GBSIII-specific IgM response. Lines represent the median levels, and error bars indicate the range. The results of two independent
experiments are shown. p, P , 0.01 compared with recipients of splenocytes from placebo-immunized donors (Mann-Whitney test).

TABLE 1. Antibody response elicited by various doses of GBSIII-TT conjugate vaccine in BALB/c micea

Amt of GBSIII-TT (mg)
Median level of GBSIII IgG antibodies (range) (ng/ml)b afterc:

Injection 1 Injection 2 Injection 3

0.031 90 (50–100)* 70 (50–90)* 70 (50–100)*
0.125 90 (50–160)* 160 (50–570)* 780 (80–2,260)*
0.5 100 (50–170)* 360 (130–710)* 2,180 (440–13,440)*
2 340 (90–1,220)** 3,710 (1,740–21,940)** 16,080 (5,380–188,700)**
8 690 (310–2,460)*** 5,100 (1,180–24,710)*** 14,240 (1,770–107,700)***

a Mice were injected i.p. with various doses of GBSIII-TT as described in Materials and Methods.
b ** and *** versus *, P , 0.05; ** versus ***, the differences in anti-GBSIII IgG levels were not statistically significant (Mann-Whitney test).
c Mice were bled 21 days after first injection and 24 days after the second and third injections.
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TT-immunized animals did not develop increased anti-GBSIII
IgG or IgM levels when a placebo vaccine (saline) was given
within 24 h after the transfer, thus indicating that transfer of
anti-GBSIII IgG- or IgM-producing plasma cells had not oc-
curred. However, immunologic memory for GBSIII PS was
conferred by the immune splenocytes transferred to these
mice. A typical booster response was seen when GBSIII-TT
conjugate vaccine was given 28 days after transfer of immune
cells (Fig. 3).

A dose-response study was used to determine the relation-
ship between the number of splenocytes transferred and the
levels of anti-GBSIII IgG and anti-TT IgG achieved in recip-
ient mice after boosting with the GBSIII-TT conjugate vaccine
(Fig. 4). Transfer of immunologic memory for both the GBSIII
PS and TT appeared to be dose dependent, with the highest
levels of specific IgG antibodies achieved when 2 3 108 cells
were transferred (equivalent to the number of cells in an adult
murine spleen). However, levels of anti-GBSIII IgG antibodies

FIG. 2. GBSIII-specific IgG subclass antibodies in naive mice transferred with splenocytes from GBSIII-TT-immunized donors. BALB/c mice were immunized twice
3 weeks apart with GBSIII-TT conjugate vaccine; 4 weeks after the second immunization, 2 3 108 spleen cells were adoptively transferred into six naive recipients. All
recipient mice were immunized 24 h later with GBSIII-TT, and the IgG subclass response to the GBSIII PS was measured in serum taken 28 days after immunization.
The levels of GBSIII-specific IgG subclass antibodies are reported in nanograms per milliliter.

FIG. 3. Transfer of immunologic memory for GBSIII PS. BALB/c mice were immunized twice 3 weeks apart with GBSIII-TT conjugate vaccine, and 4 weeks after
the second immunization, 2 3 108 spleen cells were adoptively transferred into six naive recipients. All recipient mice were immunized 24 h later with saline (first
immunization) and 28 days later with GBSIII-TT (second immunization), and the antibody response to GBSIII PS was measured in serum taken 0, 7, 14, and 28 days
after these two immunizations. (A) GBSIII-specific IgG response; (B) GBSIII-specific IgM response. Lines represent the median levels, and error bars indicate the
range.
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in animals receiving 2 3 107 or fewer splenocytes from immu-
nized mice did not differ statistically from levels in control mice
receiving splenocytes from placebo-immunized donors.

The response to TT, used as the carrier in the conjugate
vaccine, served as a control for T-cell dependence in the adop-
tive splenocyte transfer model. A primary type of antibody
response to TT was observed in GBSIII-TT-immunized mice
that received nonimmune splenocytes (Fig. 4B). In contrast,
the response to TT in naive mice receiving a transfer of spleno-
cytes from GBSIII-TT-immunized mice was even more rapid
than the response to the GBSIII PS in the same mice, with
higher levels of TT-specific IgG being achieved.

DISCUSSION

Immunologic memory is a hallmark of the immune system
and is necessary for successful immunization (16). Memory for

a T-cell-dependent antigen results in secondary responses to
the antigen in vivo when the memory is recalled by booster
vaccination or by encounter with the antigen as presented on
the pathogenic organism. Assessment of the immunologic
memory induced by priming of the immune system by vacci-
nation should be an important factor in evaluating candidate
vaccines (27).

To investigate whether the conjugation of capsular PS to
carrier proteins confers immunologic memory to the PS moi-
ety, we developed a murine adoptive cell transfer model to
study the effect of recall vaccination in naive mice with spleno-
cytes transferred from mice immunized with a conjugate vac-
cine. As our model vaccine, we used a clinically relevant gly-
coconjugate vaccine consisting of purified GBSIII capsular PS
conjugated to TT by reductive amination.

Transfer of splenocytes from GBSIII-TT-immunized mice
conferred immunologic memory for GBSIII PS following a

FIG. 4. Dose response following adoptive transfer of spleen cells from mice primed with GBSIII-TT conjugate vaccine. BALB/c mice were immunized with
GBSIII-TT conjugate vaccine, and 2 3 108, 1 3 108, 2 3 107, or 2 3 106 spleen cells from these primed mice were adoptively transferred into naive recipients (groups
of six mice). In the control group, 2 3 108 naive spleen cells were transferred (hatched bars). All recipient mice were immunized with GBSIII-TT, and blood was taken
0, 7, and 14 days after immunization. (A) GBSIII PS-specific IgG antibodies; (B) TT-specific IgG antibodies. The levels of GBSIII-specific and carrier TT-specific IgG
antibodies after the transfer of spleen cells are reported as medians. p, P , 0.01 compared with recipients of splenocytes from placebo-immunized donors
(Mann-Whitney test).

2030 GUTTORMSEN ET AL. INFECT. IMMUN.



single dose. The anamnestic immune response was character-
ized by (i) more rapid kinetics, (ii) isotype switching with a
higher percentage of GBSIII-specific antibodies of the IgG
isotype, and (iii) 10-fold-higher levels of GBSIII-specific IgG
antibody levels than the primary response in animals with cells
transferred from placebo-immunized mice (Fig. 1A). A lag
phase of at least 7 days was observed before GBSIII-specific
IgG antibodies were detected in the sera of mice receiving
splenocytes from placebo-primed animals, typical of a primary
response.

The immune response to TT was studied in the recipient
mice to reflect the immune response to a T-cell-dependent
antigen. Splenocytes from GBSIII-TT-immunized mice also
conferred immunologic memory for TT in naive nonirradiated
recipient mice, as demonstrated by an anamnestic anti-TT
response to one dose of GBSIII-TT. The similar humoral re-
sponse pattern to the carbohydrate moiety and the protein
moiety of the conjugate vaccine used in our adoptive transfer
model provides experimental data supporting the hypothesis
that conjugation of a PS to a carrier converts the PS from a
T-cell-independent to a T-cell-dependent antigen in vivo.

A large number of spleen cells were required for transfer of
memory for both the GBSIII PS and the T-cell-dependent
control (Fig. 4), which suggests that a relatively small number
of the splenocytes carried memory specific for our vaccine
antigens, in agreement with the findings of Spear et al. (26),
who demonstrated that less than 0.1% of the splenocytes were
specific for the immunizing antigen. In addition, only a small
fraction of splenocytes are memory cells (21, 25). The memory
for the GBSIII PS is long lasting. Splenocytes from immunized
donors 20 weeks after the last priming dose conferred memory
for GBSIII PS (14).

Many of the classic studies from the 1960s and 1970s on
T-cell dependence and induction of immunologic memory for
haptens conjugated to carrier proteins were performed by
adoptive cell transfer (18, 20). Most of these studies used
synthetic haptens such as dinitrophenyl, trinitrophenyl, or
4-hydroxy-3-iodo-5-nitrophenylacetic acid conjugated to car-
rier proteins such as hen ovalbumin, keyhole limpet hemocy-
anin, HSA, bovine serum albumin, and bovine gamma globulin
as model vaccines. Considerations of safety, component hyper-
sensitivity, innate immunostimulatory activity (29), and poten-
tial cross-reactivity with human tissue exclude many of the
strictly experimental vaccines used previously in animal models
to demonstrate a T-cell-dependent immune response to hap-
ten components in human use (10). Our confirmation of trans-
fer of immunologic memory in vivo for a clinically relevant
capsular PS conjugated to a carrier protein (GBSIII-TT) rep-
resents an extension of these classic studies.

A common design featured in the classic studies on immu-
nologic memory was the absolute requirement for irradiation
of the recipient mice before adoptive cell transfer to obtain a
detectable antibody response upon recall vaccination. This
phenomenon has been referred to as “the radiosensitive bar-
rier to syngeneic transplantation” by Celada (7). A recent study
by Kündig et al. (19) describes what they call a “qualitative
change” of memory T cells after adoptive transfer into irradi-
ated recipients compared with nonirradiated recipients, possi-
bly suggesting that irradiation of the recipients activates trans-
ferred memory T cells. In contrast to the classic studies, which
used less sensitive immunoassays to measure antibodies, we
have used a highly sensitive ELISA to detect PS-specific anti-
bodies (13). We observed 10-fold more GBSIII IgG antibodies
after transfer of splenocytes from GBSIII-TT-immunized do-
nors than from placebo-immunized donors when we used non-
irradiated recipient mice. This sensitive assay allowed us to

circumvent the need for irradiation of the recipient mice and
made it possible to avoid the confounding factors that irradi-
ation might introduce.

While extensive research has demonstrated that a PS con-
jugated to an immunogenic carrier protein can elicit anti-PS
antibody in a T-cell-dependent fashion and protect against
invasive disease (11, 23), the cellular mechanisms involved are
not defined (12, 27). The adoptive cell transfer model de-
scribed here will be a useful tool to study in vivo which cells are
responsible for the transfer of immunologic memory for the PS
moiety of glycoconjugate vaccines. The model will also be
helpful to evaluate conjugate vaccines with different physico-
chemical properties for their ability to induce immunologic
memory.
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