
INFECTION AND IMMUNITY, Jan. 2004, p. 196–208 Vol. 72, No. 1
0019-9567/04/$08.00�0 DOI: 10.1128/IAI.72.1.196–208.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Immunogenicity and Efficacy of Cryptococcus neoformans Capsular
Polysaccharide Glucuronoxylomannan Peptide Mimotope-Protein

Conjugates in Human Immunoglobulin Transgenic Mice
Robert W. Maitta,1 Kausik Datta,2 Andrew Lees,3,4

Shelley Sims Belouski,5 and Liise-anne Pirofski1,2*
Department of Microbiology and Immunology1 and Division of Infectious Diseases, Department of Medicine,2 Albert Einstein

College of Medicine, Bronx, New York 10461; Uniformed Services University, Bethesda, Maryland 208923;
Biosynexus, Inc., Gaithersburg, Maryland 208774; and Abgenix, Inc., Fremont, California 945555

Received 8 July 2003/Returned for modification 21 August 2003/Accepted 29 September 2003

Peptide mimotopes of capsular polysaccharides have been proposed as antigens for vaccines against encap-
sulated pathogens. In this study, we determined the antibody response to and efficacy of P13, a peptide mimetic
of the Cryptococcus neoformans capsular polysaccharide glucuronoxylomannan (GXM), in mice that produce
human antibodies. P13 was conjugated to tetanus toxoid (TT) or diphtheria toxoid (DT) and administered
subcutaneously in Alhydrogel with or without CpG to mice transgenic for human immunoglobulin loci
(XenoMouse mice) and expressing either immunoglobulin G2 (IgG2) (G2 mice) or IgG4 (G4 mice). Mice were
vaccinated and revaccinated two or three times. The serum antibody responses of the mice to GXM and P13
and antibody idiotype expression were analyzed by an enzyme-linked immunosorbent assay. The results showed
that both P13-TT and P13-DT were antigenic, inducing a mimetic response to P13 in both G2 and G4 mice, and
immunogenic, inducing a mimotope response including VH3 (idiotype)-positive antibodies to GXM in G2 but
not G4 mice. CpG led to higher titers of IgG to P13 and GXM in P13-TT-vaccinated G2 mice. C. neoformans
challenge of P13-protein conjugate-vaccinated and control G2 mice induced anamnestic IgG- and VH3-positive
responses to GXM and was associated with a significantly decreased risk of death and a prolongation of
survival in P13-DT-vaccinated mice compared to phosphate-buffered saline-treated or protein carrier-vacci-
nated mice. These findings reveal that P13 elicited a human antibody response with VH3 expression in human
immunoglobulin transgenic mice that has been observed for human antibodies to GXM and support the
concept that peptide mimotope-based vaccines may hold promise for the treatment of C. neoformans infections.

Cryptococcus neoformans is an encapsulated fungal pathogen
that causes significant morbidity and mortality in immunocom-
promised individuals, including patients with AIDS and other
immune defects (54). Despite the availability of antifungal
agents that are active against C. neoformans, cryptococcosis is
largely incurable in individuals with immune impairment be-
cause the organism cannot be completely eradicated. Treat-
ment failures and high recurrence rates have led to the need
for lifelong prophylaxis to prevent recrudescent disease. The
use of azole prophylaxis and the introduction of highly active
antiretroviral therapy for human immunodeficiency virus
(HIV) infection have reduced the incidence of HIV-associated
cryptococcosis in the developed world (5). However, crypto-
coccosis is an emerging problem in other immunocompro-
mised patient populations (33) and remains a major cause of
meningoencephalitis in the developing world (7).

Cryptococcosis is rare in individuals with normal immunity.
Hence, modalities that enhance or provide components of the
protective immune response to C. neoformans represent a ra-
tional approach to the management of cryptococcosis (12, 13).
As such, immune-based adjunctive antibody-based therapies
are promising modalities because of their ability to augment

host defense mechanisms against C. neoformans (12, 14). The
ability of specific antibodies to the C. neoformans capsular
polysaccharide glucuronoxylomannan (GXM) to prolong sur-
vival in lethal experimental cryptococcosis has been established
by four independent groups (19, 23, 48, 50). In light of evi-
dence that specific antibodies can stimulate host defense mech-
anisms and effector cell activity against C. neoformans (12, 14),
a vaccine that could elicit antibodies to GXM might prevent
the development of or ameliorate cryptococcosis. Unfortu-
nately, GXM has limitations as a vaccine antigen. First, it is a
T-cell-independent type 2 antigen that does not induce affinity
maturation, class switching, or memory T cells (44, 71). Sec-
ond, although GXM-protein conjugates increase the immuno-
genicity of GXM in mice (12, 18), GXM-tetanus toxoid (TT)
elicited disease-enhancing and nonprotective antibodies in ad-
dition to protective antibodies to GXM in mice (49).

Protective and nonprotective antibodies to GXM can be
distinguished by their specificity in certain experimental mod-
els (51). Hence, the most desirable vaccine antigens are those
that elicit only protective antibodies, but the GXM epitopes
that elicit protective antibodies are not known. Since defined
oligosaccharide epitopes of GXM are not yet available, various
groups have investigated the feasibility of using peptide mimo-
topes of GXM as surrogates for the GXM epitopes that elicit
protective responses (10, 11, 21, 80). Zhang et al. previously
described a peptide mimetic (P13) of GXM that was selected
from a random peptide phage display library by use of a pro-
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tective human monoclonal antibody (MAb) to GXM (80).
Vaccination studies with P13-protein conjugates in mice estab-
lished that P13 was a GXM mimotope, in that it elicited an
antibody response to GXM and the conjugates prolonged sur-
vival after C. neoformans challenge (21). In this study, we
investigated the immunogenicity of P13-protein conjugates in
mice transgenic for human immunoglobulin loci (XenoMouse
mice).

(Parts of this work were presented at the 101st General
Meeting of the American Society for Microbiology, Orlando,
Fla., May 2001 [abstr. E-40, p. 337] and at the 102nd General
Meeting of the American Society for Microbiology, Salt Lake
City, Utah, May 2002 [abstr. F-58, p. 211].)

MATERIALS AND METHODS

XenoMouse mice, peptide conjugates, and adjuvants. The animal research
presented in this study complied with all federal, local, and institutional regula-
tions controlling animal use. XenoMouse mice were obtained from Abgenix
(Fremont, Calif.) and maintained in the barrier facility of the Albert Einstein
College of Medicine. The two mouse strains used are transgenic for the same
human heavy- and light-chain-variable-region genes (43) but differ in the human
immunoglobulin G (IgG) subclasses that they express. G2 mice express human
IgG2, and G4 mice express human IgG4. Both strains express the same human
IgM and human light-chain kappa but not light-chain lambda loci (43). TT was
obtained from the University of Massachusetts Biologic Laboratories, Worces-
ter, and diphtheria toxoid (DT) was obtained from Sigma, St. Louis, Mo. P13
conjugates consisting of P13 conjugated to TT, to DT, and to dextran (DEX)
were synthesized as previously described (21). Alhydrogel was obtained from
Accurate Chemical and Scientific Corp., Westbury, N.Y. A CpG preparation
(ImmuneEasy) consisting of short oligonucleotides that contain unmethylated
cytosine-guanine dinucleotide repeats was obtained from Qiagen, Valencia,
Calif.

Vaccination and bleeding protocols. G2 and G4 mice in groups of five each
were vaccinated subcutaneously at the base of the tail with 100 �l of either a
P13-protein conjugate or a control treatment (phosphate-buffered saline [PBS]).
In one experiment, G2 mice were vaccinated with 10 �g of P13-TT in 50 �l of
Alhydrogel with or without 10 �l of the CpG preparation on day 0 and were
revaccinated with the same dose on days 14, 38, and 73. The doses of CpG were
based on the manufacturer’s recommendation of 1 �l of antigen/�g. In another
experiment, groups of G2 and G4 mice were vaccinated with 10 �g of P13-DT in
Alhydrogel with 10 �l of the CpG preparation on day 0 and were revaccinated
with the same dose on days 14 and 39. Mice were bled on days 0, 7, 15, 21, 28,
35, 44, 59, 66, 80, and 106 (P13-TT vaccinations) and on days 0, 7, 14, 21, 28, 36,
42, 49, 56, and 70 (P13-DT vaccinations). In another experiment, groups of G2
mice were vaccinated with either P13-TT or P13-DT in Alhydrogel with CpG on
days 0, 14, and 28 and were challenged with C. neoformans (see below).

Serological studies. (i) Determination of titers of antibodies to GXM and P13.
Sera were separated by centrifugation of blood at 3,000 rpm for 10 min and
stored at �20°C until analyzed. An antigen capture enzyme-linked immunosor-
bent assay (ELISA) was used to detect antibodies to GXM and P13 as previously
described (21). Briefly, 96-well polystyrene ELISA plates (Corning Glass Works,
Corning, N.Y.) were coated with 10 �g of C. neoformans serotype D GXM
(strain 24067; American Type Culture Collection, Manassas, Va.)/ml, with 10 �g
of serotype A GXMs (strains H99 and SB4; provided by A. Casadevall, Albert
Einstein College of Medicine)/ml, or with 10 �g of P13-DEX/ml for 3 h at room
temperature (RT). The plates then were washed and blocked with PBS–0.1%
Tween 20 (Sigma) overnight at 4°C. Beginning at a dilution of 1:50 or 1:500, sera
were serially diluted 1:3 and incubated with the plates for 1 h at 37°C. The plates
were washed with PBS– 0.01% Tween 20 by using a SkanWasher 400 (Molecular
Devices, Sunnyvale, Calif.) and then were incubated with a 1:1,000 dilution of
alkaline phosphatase (AP)-conjugated antibodies to human IgM, IgG, or human
light chain kappa (Southern Biotechnology, Birmingham, Ala.) or to mouse light
chain lambda (Fisher, Pittsburgh, Pa.) for 1 h at 37°C. Antibody binding was
detected with p-nitrophenyl phosphate substrate (Sigma). The plates were
washed and developed, and the absorbance was read at 405 nm. The antibody
titer was defined as the average of duplicate wells of the highest serum dilution
that gave an absorbance of greater than 0.1 after subtraction of 1.5 times the
background.

(ii) Determination of serum antibody idiotype expression. It was previously
shown that human antibodies to GXM use VH3 genes, including gene elements
that express the VH3 determinants recognized by mouse anti-human MAbs 16.84
and D12 (22, 23, 57). To investigate the VH responses of XenoMouse mice to
vaccination, titers of serum antibodies expressing the VH3 determinants recog-
nized by MAbs D12, 16.84, and B6 and the VH1 determinants recognized by
MAbs G6 and G8 were determined by an ELISA as previously described (3, 22,
23, 70). To detect antibodies expressing the VH3 determinants recognized by
MAbs D12 (D12-positive antibodies) and 16.84 (16.84-positive antibodies),
ELISA plates were coated for 3 h at RT with 5 �g of each of the mouse
anti-human MAbs/ml and blocked overnight at 4°C with 1% bovine serum
albumin–PBS. The plates were incubated for 1 h at 37°C with pre- and postvac-
cination sera serially diluted 1:3 beginning at a dilution of 1:100. The plates were
washed, incubated, with a 1:1,000 dilution of AP-conjugated goat anti-human
IgM or IgG for 1 h at 37°C, and developed, and the absorbance was read as
described above. Endpoint titers were defined as the first absorbance value after
which the slope of the titration curve did not change. To determine the VH

expression of specific antibodies, ELISA plates coated with GXM (strain 24067,
H99, or SB4) or P13-DEX as described above were incubated with a 1:50 dilution
of pre- or postvaccination sera for 1 h at 37°C. After being washed, the plates
were incubated with 5 �g of mouse MAb D12 or 16:84/ml, and MAb binding was
detected after incubation with a 1:1,000 dilution of AP-conjugated goat anti-
mouse IgG (heavy and light chains) (Southern Biotechnology) as described
above. Control mice received CpG and Alhydrogel and are referred to here after
as the CpG group.

C. neoformans challenge of P13 conjugate-vaccinated and control mice. C.
neoformans challenge experiments were performed to assess the efficacy of the
P13 conjugates. Mice in groups of five were each vaccinated subcutaneously on
day 0 and revaccinated on days 14 and 28 after primary vaccination with (i) PBS,
(ii) with 10 �g of P13-TT, P13-DT, TT, or DT in 50 �l of Alhydrogel and 10 �l
of the CpG preparation, or (iii) with the CpG preparation and Alhydrogel. All
injections were given in a 100-�l volume. On day 35 after primary vaccination,
the mice received 5 � 106 CFU of C. neoformans strain 24067 intraperitoneally,
and survival was monitored daily. On day 65 after C. neoformans challenge (day
100 after primary vaccination), all surviving mice were rechallenged with 107

CFU of the same C. neoformans strain intraperitoneally, and survival was mon-
itored daily. Mice were bled on days 0, 7, and 30 after primary vaccination, and
surviving mice were bled on day 65 after the initial C. neoformans challenge (day
100 after primary vaccination) and on days 5 and 35 after rechallenge (days 70
and 100 after the initial C. neoformans challenge, respectively, or days 105 and
135 after primary vaccination, respectively). Pooled sera from these bleedings
were used to determine titers of specific and VH3-positive antibodies to GXM
and P13 (as detailed above) and serum GXM levels. Inhibition ELISAs that used
P13 and GXM as soluble inhibitors of serum antibody binding to GXM and to
P13, respectively, were performed as previously described (21).

Determination of serum GXM concentrations. The GXM concentrations in
pooled serum samples from the C. neoformans challenge experiment were de-
termined for samples taken on day 65 after the original challenge and on days 5
and 30 after rechallenge (days 70 and 100 after the first challenge) by using an
antigen capture ELISA as described previously (17, 21). Briefly, 96-well micro-
titer plates were coated for 3 h at RT with 1 �g of a mouse IgM MAb to GXM
(2D10; provided by A. Casadevall)/ml, blocked overnight with 1% bovine serum
albumin in PBS, and incubated with twofold dilutions of purified GXM from C.
neoformans strain 24067 to generate a standard curve. The plates were incubated
for 1 h at 37°C with serum samples serially diluted after an initial dilution of
1:100, washed, and incubated for 1 h at 37°C with a mouse IgG1 MAb to GXM
(2H1; provided by A. Casadevall). Bound 2H1 was detected by incubating the
plates with AP-conjugated goat anti-mouse IgG (Southern Biotechnology) for
1 h at 37°C. The plates were developed and read as described for the serological
studies. The standard curve was drawn by using the absorbance values of the
standard dilutions, and the GXM concentrations in test samples were calculated
by extrapolation from the absorbance values in the linear portion of the titration
curve.

Statistical analysis. Comparisons between groups at different times and within
groups at different times were performed with a Mann-Whitney U test. We
focused our comparisons on the differences between the responses of G2 and G4
mice to vaccination, between CpG-vaccinated and non-CpG-vaccinated mice,
and between P13-TT-vaccinated and P13-DT-vaccinated mice. To increase the
stringency of the number of comparisons made, the level of significance was
chosen at 0.01 to include a 99% confidence interval (CI). Therefore, a P value of
�0.01 was considered highly significant (6), except when otherwise noted.
Changes in serum GXM concentrations in different groups after C. neoformans
challenge were evaluated by using the unpaired t test, with P � 0.05 being
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considered significant. Comparisons of serum antibody levels in the C. neofor-
mans challenge experiments (using pooled samples) were performed with a
one-way analysis of variance (ANOVA), followed by the Bonferroni posttest for
pairwise comparisons, computed only when the overall differences in mean titers
were significant (Prism version 3.0.2; Graphpad Software, Inc., San Diego,
Calif.). Animal survival was analyzed by using the Kaplan-Meier log rank test
(Prism) and Cox proportional hazard analysis (SPSS version 8.0 for Windows;
SPSS Inc., Chicago, Ill.). A P value of �0.05 was considered significant for the
ANOVA and survival analyses.

RESULTS

Serological studies. All of the antibodies produced in re-
sponse to vaccination with P13-TT and P13-DT in G2 and G4
mice were human, based on their expression of both human
light chain kappa and IgM or IgG and their undetectable
reactivity with anti-mouse light-chain lambda reagents (data
not shown).

(i) Antibodies to P13. P13-TT elicited IgM and IgG to P13 in
G2 and G4 mice (Fig. 1A to D). Compared to P13-TT-vacci-
nated G2 mice that did not receive CpG, G2 mice that received
CpG had significantly higher titers of IgM and IgG to P13 on
days 7 to 28 and on days 21, 28, and 44, respectively (P � 0.008,
99% CI); G4 mice that received CpG had higher titers of IgM
and IgG to P13 on days 15 to 44 and 80 and on days 21 to 44,
respectively (P � 0.008, 99% CI), than did those that did not
receive CpG. P13-DT, which was administered only with CpG,
also elicited IgM and IgG to P13 in G2 and G4 mice (Fig. 1E
to H). P13-TT-vaccinated G2 mice that received CpG had
significantly higher titers of IgM and IgG to P13 on days 7 and
59 than did P13-DT-vaccinated G2 mice on days 7 and 56 (P �
0.004, 99% CI). P13-TT-vaccinated G4 mice that received
CpG had higher titers of IgM to P13 on days 7, 44, and 59 than
did P13-DT-vaccinated mice on days 7, 42, and 56 (P � 0.008,
99% CI); P13-TT-vaccinated mice that received CpG had
higher titers of IgG to P13 on days 21, 28, 35, and 44 than did
P13-DT-vaccinated mice on days 21, 28, 36, and 42 (P � 0.008,
99% CI).

In a comparison of G2 and G4 mice that received P13-TT
with CpG, G2 mice had significantly higher titers of IgM and
IgG to P13 on days 80 and 106 (P � 0.008, 99% CI); at other
times, G2 mice had higher titers (significant at a lower CI; P �
0.016, 95% CI) of IgM to P13 on days 59 and 66 and of IgG to
P13 on days 7, 15, 28, and 59. For P13-TT-vaccinated mice that
did not receive CpG, G2 mice had significantly higher titers of
IgM to P13 on days 28, 44, 59, 80, and 106 and of IgG to P13
on days 7 to 28 (P � 0.008, 99% CI). For mice that received
P13-DT, G2 mice had higher titers (significant at a lower CI; P
� 0.031, 95% CI) of IgM to P13 than did G4 mice on days 7,
49, and 56 and of IgG to P13 on days 21 to 42 (P � 0.001, 99%
CI).

In summary, CpG increased the titers of IgM and IgG to P13
in P13-TT-vaccinated mice, the titers induced by P13-TT and
P13-DT (when both were given with CpG) were comparable,
and the titers induced by both P13 conjugates were lower in G4
mice than in G2 mice. All statistical comparisons were per-
formed with the Mann-Whitney U test.

(ii) Antibodies to GXM. IgM to GXM was detectable after
vaccination with P13-TT (Fig.2A and C). The titers of IgG to
GXM were low (Fig. 2B and D), regardless of CpG use or
XenoMouse strain. For mice that received CpG, the titers of

IgM to GXM were significantly higher in G2 mice than in G4
mice on days 21, 44, and 66 to 106 (P � 0.008, 99% CI) and on
days 7, 15, 28, 35, and 59 at a lower CI (P � 0.032, 95% CI).
For mice that did not receive CpG, the titers of IgM to GXM
were significantly higher in G2 mice than in G4 mice on days
15 to 106 (P � 0.008, 99% CI) and on day 7 at a lower CI (P
� 0.032, 95% CI). IgM to GXM was detectable on days 7 to 49
in P13-DT-vaccinated G2 mice (all of which received CpG)
(Fig. 2E). The titers of IgM to GXM in P13-TT-vaccinated G2
mice that received CpG and P13-DT-vaccinated G2 mice were
comparable, except that the titers in P13-TT-vaccinated mice
on day 44 were higher than those in P13-DT-vaccinated mice
on day 42 (P � 0.004, 99% CI). The titers of IgG to GXM were
low in both P13-TT- and P13-DT-vaccinated G2 mice; how-
ever, P13-TT-vaccinated mice that received CpG had higher
titers of IgG to GXM than did those that did not (on day 28,
the difference was highly significant; P � 0.008, 99% CI). The
titers of P13-TT-elicited IgG were significantly higher than
those of P13-DT-elicited IgG on day 28 (P � 0.007, 99% CI),
whereas the titers of P13-DT-elicited IgG were higher on day
36 than were the IgG titers in P13-TT-vaccinated mice on day
35 (P � 0.007, 99% CI). Vaccination of G4 mice with either
P13-TT or P13-DT did not elicit a response to GXM, as the
titers of IgM and IgG to GXM did not rise above preimmuni-
zation levels (Fig. 2C, D, G, and H). Antibody detection with
an IgG4-specific reagent similarly did not reveal an IgG4 re-
sponse to GXM (data not shown).

In summary, CpG increased the P13-TT-elicited IgG re-
sponse to GXM, only G2 mice generated responses to GXM,
and the GXM responses of G2 mice to P13-TT and P13-DT
were mostly comparable. All statistical comparisons were per-
formed with the Mann-Whitney U test.

(iii) Antibody specificity. GXM is responsible for the sero-
type specificity of C. neoformans strains (34). Serotype A is the
most prevalent C. neoformans serotype in the United States
(54), whereas serotype D strains cause disease globally, includ-
ing in Europe (20). To determine whether the P13 conjugates
elicited antibodies to serotype A GXM, we examined the bind-
ing of pre- and postvaccination sera to the serotype A strains
H99 and SB4. P13-TT- and P13-DT-induced antibodies in
pooled sera from G2 mice in the C. neoformans challenge
experiment (see below) bound to both serotype A strains (Fig.
3).

(iii) Total serum idiotype expression. Higher levels of serum
antibodies expressing the VH3 determinants recognized by
MAbs D12 and 16.84 were observed in G2 mice than in G4
mice (Fig. 4). For mice that received P13-DT, the prevaccina-
tion titers of D12- and 16.84-positive IgM and the postvacci-
nation titers on days 7, 28, and 70 were significantly higher in
G2 mice than in G4 mice (P � 0.029, 95% CI, and P � 0.008,
99% CI, respectively). The prevaccination titers of D12-posi-
tive and 16.84-positive IgG were also higher in G2 mice than in
G4 mice, but the difference was not significant. The titers of
D12-positive IgG were significantly higher in G2 mice than in
G4 mice on days 28 and 70 (P � 0.008, 99% CI), and the titers
of 16.84-positive IgG were significantly higher on days 7, 28,
and 70 (P � 0.008, 99% CI). There were no statistically sig-
nificant differences between pre- and postvaccination titers of
D12-positive or 16.84-positive IgM or IgG in P13-DT-vacci-
nated G2 mice. P13-TT-vaccinated G2 mice had higher pre-
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FIG. 1. Titers of IgM (A, C, E, and G) and IgG (B, D, F, and H) to P13 in sera from P13-TT-vaccinated (A to D) and P13-DT-vaccinated (E
to H) G2 and G4 mice. The y axis shows the inverse titer for the times after primary vaccination shown on the x axis. Hatched bars and black bars
represent mice that did not and mice that did receive CpG, respectively. Overall, CpG increased the antigenicity of P13, the antigenicities of
P13-TT and P13-DT were comparable, and G2 mice had a more robust response than G4 mice. Error bars represent the standard error of the mean
of replicate samples. Statistically significant differences between CpG-treated and untreated mice, between P13-TT- and P13-DT-vaccinated mice,
and between G2 and G4 mice are described in the text. There were five mice per group. Pre, preimmunization.
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FIG. 2. Titers of IgM (A, C, E, and G) and IgG (B, D, F, and H) to GXM (serotype D, 24067) in sera from P13-TT-vaccinated (A to D) and
P13-DT-vaccinated (E to H) G2 and G4 mice. The y axis shows the inverse titer for the times after primary vaccination shown on the x axis. Hatched
bars and black bars represent mice that did not and mice that did receive CpG, respectively. Overall, CpG increased the IgG response to GXM,
the immunogenicities of P13-TT and P13-DT were comparable, and G4 mice did not manifest a GXM response. Error bars represent the standard
error of the mean of replicate samples. Statistically significant differences between CpG-treated and untreated mice and between P13-TT- and
P13-DT-vaccinated mice are described in the text. There were five mice per group. Pre, preimmunization.
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and postvaccination titers of D12-positive and 16.84-positive
IgM and IgG than did G4 mice; these were higher in CpG-
vaccinated mice (data not shown). Neither the conjugate-in-
duced nor the CpG-induced antibodies expressed the determi-
nants recognized by MAb G6 or G8 (VH1) or by MAb B6
(VH3) at the levels seen in prevaccination sera (data not
shown). All comparisons were performed with the Mann-Whit-
ney U test.

C. neoformans challenge of vaccinated mice. (i) Survival.
There were no significant differences in the survival of control
(treated with CpG, DT, TT, or PBS) and P13-vaccinated
(P13-TT or P13-DT) G2 mice after the first C. neoformans
challenge (Fig. 5A). After rechallenge with C. neoformans 65
days after the first challenge, the survival of P13-DT-vacci-
nated G2 mice was significantly longer than that of PBS-, DT-,
or TT-treated control G2 mice (P � 0.03; Kaplan-Meier log
rank survival test) (Fig. 5A). The survival of CpG-treated and
P13-TT-vaccinated mice was not statistically different from
that of the control mice. Comparison of the survival of the
vaccination and control groups by Cox hazard regression anal-
ysis revealed that P13-DT vaccination increased the likelihood
of survival after C. neoformans rechallenge by 81%, CpG vac-
cination did so by 76%, and P13-TT vaccination did so by 32%,
compared to vaccination with PBS (P � 0.03 for the reduction
in the likelihood of death after P13-DT vaccination; P � 0.06

for the overall reduction in the risk of death after P13-DT
vaccination) (Fig. 5B).

(ii) Serum GXM levels after C. neoformans challenge. GXM
was detectable in the sera of all mice 65 days after the first
challenge and 5 days after rechallenge with C. neoformans (day
70 after the initial challenge) (Table 1). There were no signif-
icant differences in the GXM levels in the vaccination (P13-DT
and P13-TT) and control (DT, TT, CpG, and PBS) groups
after the first challenge (Table 1). Both P13-DT-vaccinated
and CpG-treated G2 mice had lower GXM levels than did
P13-TT-vaccinated mice 5 days after rechallenge (P � 0.03;
unpaired t test). The differences in GXM levels at these times
for the other groups either were not statistically significant or
could not be determined because only one mouse remained in
a group (Table 1).

(iii) Antibodies to GXM in mice in the C. neoformans chal-
lenge experiment. Compared to prevaccination titers, the titers
of IgM to GXM were higher on day 30 after primary vaccina-
tion in CpG- and P13-TT-vaccinated mice (preimmunization
serum versus day 30: P � 0.001) and on day 7 in P13-DT-
vaccinated mice (preimmunization serum versus day 7: P �
0.001). The titer of IgM to GXM after C. neoformans rechal-
lenge was higher than the titer on day 30 after primary vacci-
nation (P � 0.001). The titer of IgG to GXM after rechallenge
was comparable to that on day 30 after primary vaccination,

FIG. 3. Reactivity of sera from CpG- or P13-protein conjugate-vaccinated G2 mice with GXM from serotype A C. neoformans strain H99 or
SB4. The y axis shows the inverse titer of antibodies for the immunogens on the x axis for sera obtained either 7 days or 30 days after primary
vaccination in the C. neoformans challenge experiment. Each bar represents pooled sera from five vaccinated mice. Pre, preimmunization.
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which were higher than those on day 7, but this increase was
not statistically significant (Fig. 6 A and B). P13-DT-vaccinated
mice manifested an increase in the titer of IgM to GXM after
both C. neoformans challenges compared to the titer on day 30
after primary vaccination, but the titer on day 7 was higher

(Fig. 6A). P13-DT-vaccinated mice also manifested a large
increase in the titers of IgG to GXM after C. neoformans
rechallenge compared to the titers on day 30 after primary
vaccination (P � 0.01) and the first challenge (P � 0.001) (Fig.
6B). CpG-vaccinated mice manifested a significant increase in

FIG. 4. Titers of antibodies expressing the VH3 determinants recognized by mouse MAbs D12 and 16.84 in P13-DT-vaccinated G2 and G4
mice. The y axis shows the inverse titer of antibodies for the times after primary vaccination shown on the x axis for G4 and G2 mice. Error bars
represent the standard error of the mean. An asterisk indicates a P value of �0.05 for a comparison of titers in G2 and G4 mice, as determined
by the Mann-Whitney U test. There were five mice per group. Pre, preimmunization.

FIG. 5. Survival of P13-TT-, P13-DT-, and CpG-vaccinated and control G2 mice after C. neoformans infection. (A) The y axis shows the
Kaplan-Meier survival plot for mice on the days after primary vaccination shown on the x axis. Mice were challenged 35 days after primary
vaccination with C. neoformans strain 24067 and rechallenged 65 days later (on day 100 postvaccination), as shown by the arrow. An asterisk
indicates a P value of �0.03 for a comparison of the survival of P13-DT-vaccinated mice to that of PBS-, DT-, and TT-treated mice, as determined
by a Kaplan-Meier log rank test. (B) Cox hazard regression analysis of the survival data shown in panel A, depicting the increasing likelihood of
death over time for each of the groups. A number sign indicates a P value of 0.031 for the reduction in the likelihood of death for P13-DT
vaccination compared to PBS vaccination and a P value of 0.0571 for the overall reduction in risk of death for P13-DT vaccination compared to
PBS vaccination. There were five mice per group.
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the titer or IgM to GXM after both C. neoformans challenges
compared to the titers on days 7 and 30 after primary vacci-
nation (P � 0.001); however, the titers of IgG to GXM did not
increase from the titers on day 30 after primary vaccination
(Fig. 6A and B).

(iv) Antibodies to P13 in mice in the C. neoformans challenge
experiment. Vaccination increased the titers of IgM to P13 in
all groups (prevaccination titers compared to day 7 titers in
CpG-, P13-TT-, and P13-DT-vaccinated mice: P � 0.05), al-
though the overall titers were lower than those of IgM to
GXM. Following C. neoformans rechallenge, there was a sig-
nificant increase in the titers of IgM to P13 in CpG-vaccinated
(day 30 versus day 70: P � 0.001), P13-TT-vaccinated (day 30
versus day 70: P � 0.01) and P13-DT-vaccinated (day 30 versus
day 70: P � 0.001) mice (Fig. 6C). The titers of IgG to P13
decreased after C. neoformans challenge compared to the titers
on day 30 after primary vaccination in P13-TT- and P13-DT-
vaccinated mice (Fig. 6D). This decrease was significant for the
P13-DT-vaccinated group (day 30 versus postchallenge and
rechallenge: P � 0.001). All studies were performed with
pooled sera, and statistical comparisons were made by an
ANOVA with the Bonferroni posttest for pairwise compari-
sons of quadruplicate determinations for each time.

(v) Idiotype expression of antibodies to GXM and P13 in
mice in a challenge experiment. The prevaccination sera of G2
mice contained antibodies that reacted with GXM (24067) and
expressed the VH3 determinants recognized by MAb 16.84
(Fig. 6E) but not by MAb D12 (data not shown). P13-DT-
vaccinated mice manifested an increase in the level of GXM-
specific, 16.84-positive antibodies on day 7 after primary vac-
cination that decreased on day 30 after primary vaccination
and the first C. neoformans challenge and then increased to
greater than the day 7 level after rechallenge (Fig. 6E). CpG-
and P13-TT-vaccinated mice also manifested an increase in the
level of GXM-specific, 16.84-positive antibodies after rechal-
lenge compared to pre- and postvaccination levels (Fig. 6E).
P13-DT and P13-TT also elicited P13-specific, 16.84-positive

antibodies on day 30 after primary vaccination, but only
P13-DT elicited P13-specific, 16.84-positive antibodies after C.
neoformans rechallenge, and the reactivity of these antibodies
was lower than that of GXM-specific antibodies (Fig. 6F).

In summary, CpG-, P13-TT-, and P13-DT-vaccinated mice
in the challenge experiment had more robust IgG responses to
GXM than did mice that were vaccinated in the experiments
shown in Fig. 1 and 2. P13-DT-vaccinated mice had a greater
IgG response to P13 and greater 16.84-positive responses to
P13 and GXM than did P13-TT-vaccinated mice. The control
treatments (TT and DT) did not elicit specific antibody re-
sponses to GXM or P13. Hence, the serological findings for the
mice in the challenge experiment are most consistent with the
interpretation that both P13 conjugates elicited mimetic (P13)
and mimotope (GXM) responses and primed the mice to pro-
duce an IgM response to GXM after C. neoformans challenge;
however, only P13-DT primed the mice to produce an anam-
nestic IgG response. Inhibition ELISAs revealed that P13-
DEX inhibited 35% of the binding of P13-DT-elicited serum
IgG to GXM from day 30 after primary vaccination but that
GXM did not inhibit the binding of serum IgG to P13-DEX
(data not shown). The amount of serum obtained from the
P13-TT-vaccinated mice was insufficient to perform inhibition
studies.

DISCUSSION

The results presented here show that both P13-protein con-
jugates that were used in this study induced a human antibody
response to P13 in human immunoglobulin transgenic mice
expressing either IgG2 or IgG4. P13-TT-vaccinated G2 and G4
mice produced IgG to P13 with similar kinetics, although the
titers in G4 mice were lower and waned by day 44 after primary
vaccination. P13-DT-vaccinated G4 mice showed delayed ki-
netics, which have been described for other human IgG4 re-
sponses (1). In contrast, an antibody response to GXM was
observed only in G2 mice. Although antibody titers and isotype
switching depend strongly on the nature of the immunogen
within each mouse strain, IgG subclass expression has been
shown to influence binding to GXM and other polysaccharide
antigens (16, 42). For example, variable-region-identical
mouse-human chimeric MAbs to GXM manifested IgG sub-
class-dependent differences in GXM specificity and opsonic
activity (42). IgG2 is the predominant subclass of human an-
tibodies to capsular polysaccharides (56), including GXM (17,
55, 82), and it has been proposed that the preferential use of
IgG2 in antibodies to capsular polysaccharides (56) is a func-
tion of its avidity and ability to polymerize (78). Since human
serum IgG4 is functionally monovalent (2, 65), it might not be
able to bind the relevant GXM epitope for which P13 is a
surrogate antigen when monovalency eliminates avidity,
whereas the avidity of IgG2 might enhance binding. Along the
same lines, lower levels of IgM to GXM in G4 mice might
reflect epitope blocking by monomeric IgG4, but further in-
vestigation is required to identify the mechanisms responsible
for differences in the GXM reactivities of sera from G4 and G2
mice.

We found that the levels of antibodies expressing D12- and
16.84-positive VH3 determinants were higher in G2 mice than
in G4 mice, although total serum immunoglobulin levels were

TABLE 1. Serum GXM concentrations in control and P13-
vaccinated G2 micea

Treatment

Mean � SEM serum GXM concn (�g/ml) at the
following day:

65 after initial
challenge 5 after rechallenge 35 after rechallenge

PBS 544 � 251
CpG 1,030 � 459 491 � 64 379 � 137
TT 1,789 � 1,671 1,973 � 0
P13-TT 400 � 237 2,440 � 600 422 � 0
DT 1,124 � 146 587 � 0 1,085 � 0
P13-DT 725 � 261 1,044 � 181 311 � 134

a Serum GXM concentrations in G2 mice vaccinated with the indicated treat-
ments were determined on day 30 after the initial C. neoformans challenge (100
days after initial vaccination) and on days 5 and 35 after rechallenge. PBS-treated
mice died after rechallenge, and no values could be obtained for them. The P
value was �0.03 for a comparison of P13-DT-treated mice at 35 and 5 days after
rechallenge and for a comparison of CpG- and P13-TT-treated mice at 5 days
after rechallenge, as determined by the unpaired t test. The decrease seen in the
CpG-treated mice at 5 days after rechallenge was not statistically significant
compared with the value seen in the CpG-treated mice at 65 days after the initial
challenge (P � 0.08). The TT-, DT-, and P13-TT-treated groups in which the
standard error of the mean was zero had one surviving mouse, precluding
statistical analyses.

VOL. 72, 2004 HUMAN ANTIBODY RESPONSE TO A GXM MIMOTOPE 203



comparable in the two strains (data not shown). Since CpG,
P13-TT, and P13-DT each elicited 16.84-positive antibodies to
GXM in G2 mice, but G4 mice did not produce detectable
antibodies to GXM, our data suggest that a threshold level of
VH3 expression might be needed for XenoMouse mice to

generate an antibody response to GXM. While the functional
importance of VH3 use by antibodies to GXM is unknown, it
has been proposed that antibodies with shared specificities are
encoded by defined VH genes (36, 75). Along these lines, it was
previously shown that human antibodies to GXM use VH3

FIG. 6. Serum antibody profiles of P13-DT-, P13-TT-, and CpG-vaccinated G2 mice in the C. neoformans challenge experiment depicted in Fig.
5. Days 7 and 30 represent days after primary vaccination, and days 65 and 70 represent days after C. neoformans challenge. The y axis shows the
inverse titer for the immunogens shown on the x axis at the designated times. GXM was from strain 24067. Error bars represent the standard error
of the mean. An asterisk indicates a P value of �0.01 for a comparison of preimmunization (Pre) sera and sera obtained at days 7 and/or 30 after
primary vaccination. A number sign indicates a P value of �0.01 for a comparison of day 30 after primary vaccination and days 65 and/or 70 after
C. neoformans challenge. An ampersand indicates a P value of �0.01 for a comparison of day 65 after C. neoformans challenge and day 70 after
the first C. neoformans challenge (day 5 after rechallenge). Comparisons were made by a one-way ANOVA with the Bonferroni posttest.
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gene elements, including those that express D12- and 16.84-
reactive VH3 determinants (22, 23, 57), and that HIV-infected
individuals who developed cryptococcal meningitis had lower
levels of 16.84-positive antibodies than did those who did not
(22). Since the eliciting antigen for the GXM response in this
study was either a peptide or an adjuvant, our data support the
concept that the use of VH3 by polysaccharide-specific anti-
bodies (3, 22, 55) is driven by conformational constraints on
antigen binding (75, 79) rather than by the nature of the anti-
gen. Although this hypothesis requires further investigation, it
has the potentially important ramification that peptide surro-
gates may not overcome impaired polysaccharide responses
that result from antibody repertoire defects (55).

The ability of peptides to elicit antibodies to polysaccharides
has been attributed to molecular mimicry, whereby polysac-
charide binding is acquired through affinity maturation of an-
tibodies induced by the peptides (11, 45). However, the data
provided in this study and an earlier study (21) show that
P13-induced antibody responses to GXM and P13 arose es-
sentially simultaneously. We also found that even when a ro-
bust IgG response to GXM was induced (in the challenge
experiment), only 30 to 40% of P13-DT-elicited antibodies to
GXM cross-reacted with P13 in inhibition ELISAs. Limitations
of solid-phase assays notwithstanding, these observations sug-
gest that antibodies to GXM may not arise exclusively from
affinity maturation of the P13 response. In light of evidence
that primary and secondary antibody responses can arise from
different B-cell subsets (39, 40), distinct molecular mechanisms
might be responsible for P13 mimotope-induced responses to
GXM and P13. The idea that one peptide could elicit inde-
pendent antibody responses is supported by evidence that pep-
tide mimetics of capsular polysaccharides can assume different
conformations and bind antibodies with different specificities
(66). Conformational analysis of P13 and molecular analysis of
P13-conjugate-elicited GXM- and P13-specific antibodies are
required to reveal whether or not they are derived from com-
mon or distinct B-cell precursors.

Protein carriers can influence the specificity, function, avid-
ity, and idiotype of the antibody response to polysaccharide-
protein conjugate vaccines (8, 27, 41, 58, 67). Serological re-
sults from the challenge experiment showed that P13-DT
primed for a C. neoformans-induced IgG anamnestic response
to GXM and prolonged survival after C. neoformans rechal-
lenge, whereas P13-TT vaccination primed for an IgM re-
sponse. Other peptide mimotopes also have been shown to
prime anamnestic responses to encapsulated pathogens (28,
46), but there are very few reports of mimotope efficacy against
microbial pathogens (21, 26, 53). The magnitude of the IgG
response to C. neoformans rechallenge in P13-DT-vaccinated
mice compared to that in mice that received the other immu-
nogens suggests that a threshold level of defined, specific an-
tibodies might be required for protection against C. neofor-
mans, as described for a mimotope of another pathogen (53).
However, high levels of mimotope-induced antibodies to poly-
saccharides have not been reliable predictors of vaccine effi-
cacy in vivo, particularly for capsular polysaccharide mimo-
topes (10, 29, 30, 74). In addition, for C. neoformans, antibody-
mediated immunity might involve regulation of the cellular
immune response (14), and the amount of antibody needed for
this function is unknown. It has been shown that protective and

nonprotective mouse IgM antibodies to GXM have specificity
differences (51), that nonprotective antibodies can reduce the
efficacy of protective antibodies (52), and that large amounts of
antibodies can cause a prozone-like phenomenon that results
in a lack of antibody efficacy against C. neoformans (72, 73).
Specificity is difficult to decipher in polyclonal sera, and de-
fined antibody reagents will be needed to determine the spec-
ificity of P13-conjugate-induced antibodies. However, the
height of the IgM response to GXM in P13-TT-vaccinated
mice after C. neoformans rechallenge, almost 10 times greater
than that in P13-DT-vaccinated mice, suggests the possibility
that a prozone-like phenomenon mitigated antibody efficacy.
Although the mechanisms of mimotope efficacy remain uncer-
tain, our data suggest that efficacy is not a straightforward
function of the induced mimotope titer at the time of microbial
challenge; therefore, further studies are needed to identify the
most suitable protein carrier for GXM mimotopes and useful
surrogates for mimotope efficacy.

Both P13 conjugates elicited antibodies that bound to GXM
of serotype A (H99 and SB4) C. neoformans strains in addition
to serotype D (24067). Although protective mouse and human
antibodies to GXM elicited by the investigational conjugate
vaccine GXM-TT bound serotype A GXM and serotype D
GXM (23, 47, 50, 57), GXM-TT also elicited nonprotective
and deleterious antibodies as well as protective antibodies
(12). Hence, a GXM mimotope vaccine may hold promise for
broadening the response to different C. neoformans serotypes
and strains, while focusing the response on epitopes that elicit
protective antibodies. Although the degree of protection that
we observed for P13-DT was modest, the scope of this study
did not permit us to examine additional variables that could
influence mimotope efficacy, such as the conjugate dose, the
route of administration, and the timing of and number of
vaccinations. In addition, the challenge-rechallenge model that
we used might have affected our findings. However, we are
encouraged by the results obtained with this model, because it
has similarities to the pathogenesis of human C. neoformans
infection, which is thought to be acquired in childhood (4, 25),
to remain latent, and to undergo reactivation in HIV- and
immunosuppression-associated cryptococcosis (24, 69). The
species difference in our model, i.e., induced antibodies were
human and cellular receptors were murine, also could have
influenced our findings. Limited information is available on
mouse Fc receptor signaling or complement activation by im-
mune complexes containing human immunoglobulin. How-
ever, it has been demonstrated that human IgM antibodies to
C. neoformans and S. pneumoniae are protective in mice and
that antibody efficacy requires mouse complement (15, 81).
Furthermore, human IgG interacts with mouse Fc receptors
(61) and complement (64); complement is required for the
efficacy of type-specific human IgG1 and IgG2 against S. pneu-
moniae in mice (64); and several human antibody preparations,
including intravenous immunoglobulin, type-specific immune
sera, and monoclonal IgG1 and IgG2 antibodies, have been
shown to be protective against the relevant pathogen in mice
(59, 60, 63, 64). Hence, there is experimental evidence sup-
porting the ability of human antibodies to mediate protection
in mice. The efficacy of P13-DT in G2 mice underscores the
promise of some peptide mimotopes as potential C. neofor-
mans vaccine antigens and highlights the suitability of Xeno-
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Mouse mice for study of the human antibody response to
microbial pathogens (15, 31, 62) and in the area of vaccine
development.

CpG was used as an adjuvant with Alhydrogel the P13 con-
jugates in this study. CpG enhances the immunogenicity of
Alhydrogel (77), T-cell-dependent antibody responses to poly-
saccharide and protein antigens (76), and T-cell-independent
responses to some polysaccharide antigens (38). CpG also en-
hances Th1 immunity (32), which is beneficial in the host
defense against C. neoformans (37) and which has been shown
to be elicited by specific antibodies to GXM (reviewed in
reference 14). CpG had at least two effects in this study. First,
it enhanced the antigenicity of P13-TT in G2 and G4 mice.
Second, it elicited GXM-specific antibodies and primed for C.
neoformans-induced IgM and 16.84-positive anamnestic re-
sponses to GXM, which were associated with reduced serum
GXM levels and a trend toward increased survival after C.
neoformans rechallenge. Notably, CpG has been shown to aug-
ment resistance to another fungal pathogen (68). Since CpG
enhances innate immunity and stimulates expansion and dif-
ferentiation of IgM and other B-cell subsets (9, 35, 46), our
data suggest that it might independently augment the produc-
tion of naturally occurring antibodies, including GXM- and
P13-specific IgM, which might in turn enhance resistance to C.
neoformans. Naturally occurring antibodies to GXM are found
in practically all human sera, and various investigations have
demonstrated qualitative, quantitative, and specificity differ-
ences in the serum antibody profiles of non-HIV-infected and
HIV-infected individuals, who are relatively resistant and sus-
ceptible to cryptococcosis, respectively (17, 22, 25, 80). Further
investigation of the specificities and characteristics of CpG-
and P13-DT-elicited antibodies may reveal an interplay be-
tween innate and acquired antibody- and cell-mediated im-
mune responses in vaccine-mediated protection against C. neo-
formans.
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