INFECTION AND IMMUNITY, Oct. 2002, p. 5462-5470
0019-9567/02/$04.00+0 DOI: 10.1128/IAI.70.10.5462-5470.2002

Vol. 70, No. 10

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Interplay between Protective and Inhibitory Antibodies Dictates the

Outcome of Experimentally Disseminated Candidiasis
in Recipients of a Candida albicans Vaccine

Carla Bromuro,' Antonella Torosantucci,! Paola Chiani,! Stefania Conti,>
Luciano Polonelli,> and Antonio Cassone'*

Department of Bacteriology and Medical Mycology, Istituto Superiore di Sanita, Rome," and Microbiology Section,
Department of Pathology and Laboratory Medicine, University of Parma, Parma,? Italy

Received 25 February 2002/Returned for modification 26 March 2002/Accepted 5 July 2002

Mice immunized with heat-inactivated, whole yeast-form cells (Y cells) of Candida albicans developed intense,
specific humoral and cell-mediated immune responses. However, they were modestly protected against a lethal
challenge by the fungus, and their sera did not confer passive protection upon nonimmunized animals.
Surprisingly, this immune serum conferred an elevated degree of passive protection to normal and SCID mice
when preadsorbed on whole C. albicans cells. After adsorption, no antibodies specific to mannoprotein (MP)-
rich extracts or secretions were detected by indirect enzyme-linked immunosorbent assay and no serum
reaction with the fungal cell surface was seen in immunofluorescence assays. However, this serum had totally
preserved the level of other antibodies, in particular those reacting with 3-1,3 and B-1,6 glucan (GG). The
hypothesis that anti-GG antibodies contributed to the passive protection was suggested by the following
circumstantial evidence: (i) mice immunized with C. albicans cells treated with dithiothreitol and protease
(YDP cells), which exposed GG on their surfaces and generated anti-GG but not anti-MP antibodies, were
substantially protected against a lethal fungus challenge; (ii) the sera, and their immunoglobulin fractions, of
mice immunized with YDP cells transferred protection to nonimmune animals; and (iii) this passive protection
was substantially abolished by preadsorption on GG but not on intact cells. Overall, our findings demonstrate
that some anti-Candida antibodies can block the protective potential of immune serum, a potential to which
anti-GG antibodies appear to contribute. Our observations may also help explain why subjects with elevated
anti-Candida antibody titers, inclusive of anti-MP and anti-GG antibodies, remain nonetheless susceptible to

invasive candidiasis.

Various forms of candidiasis have become increasingly prev-
alent in several clinical settings (22, 27, 37, 52), and a thera-
peutic or even an immuno-prophylactic vaccine would repre-
sent an important new tool in the fight against this disease (16,
19). This notion has gained some wider acceptance since the
emergence of resistance to antimycotics, in particular to the
azoles (1, 25, 53, 58), coupled with several advances in the
knowledge of the immune response to Candida albicans (49,
50), which is by far the most prevalent etiological agent of
candidiasis in humans (22, 53). Of primary relevance in this
issue is the understanding of the nature of the protective anti-
Candida response, the identification of antigenic and nonanti-
genic constituents involved, and their interaction. It is clear
indeed that immune responses to this fungus are complex and,
probably, redundant, in parallel with the multifaceted diseases
it causes. In particular, the fungus has several mechanisms to
evade potentially eradicating immunity, thereby persisting as a
commensal or succeeding as a pathogen (13, 15, 16, 17, 20, 21,
38, 49, 50, 54).

In experimental animal models of candidiasis, optimal anti-
fungal protection has been achieved by vaccination with an
attenuated low-virulence strain or after spontaneous recovery
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from the initial infection (2, 10, 24, 48). Since candidiasis is
especially prevalent among immunocompromised subjects,
however, the use of inactivated whole-cell or subunit vaccines
should be, in principle, a safer and more convenient approach.
Various preparations of inactivated whole cells of the fungus as
well as secretory, cell surface-located molecules and major
cytoplasmic or cell wall enzymes have indeed been studied for
the above purpose (reviewed in reference 16). A variable de-
gree of protection has been demonstrated in animals immu-
nized with some of these preparations, although the protective
levels usually achievable with their use are generally perceived
to be lower in magnitude and/or persistence than those ob-
tained with the use of virulence-attenuated strains (6, 16, 18,
28, 30, 31, 40, 43).

With the possible exception of some secretory constituents
(4, 14, 26, 55), whole cells of the fungus contain all the advo-
cated protective antigens, and it is therefore somewhat surpris-
ing that the protection achieved with inactivated whole-cell
preparations has been so variable and inconsistent. While in-
activation can obviously decrease the immunogenic potential
of one or more antigens, other reasons for the low vaccinating
potential of these preparations may reside in the induction of
immune responses which block or decrease the efficiency of
protective responses. In other fungi, antibodies directed
against cell surface structures appear to be involved in this
negative interaction (8).

Having this in mind, we have investigated here the reasons
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why a vaccine consisting of heat-inactivated whole cells of C.
albicans was poorly protective, even though it consistently elic-
ited high-level humoral and cell-mediated immune responses
directed against secretory and structural cell wall and cytoplas-
mic antigens of the fungus. We show here that the low level of
protection was not due to the absence of immune responses to
particular antigens but rather to the presence in the animal
serum of blocking factors that are adsorbable on the intact cell
surface and probably consist of or include anti-mannoprotein
(MP) antibodies. We also show here the elevated efficacy of a
vaccine preparation consisting of C. albicans cells deprived of
mannoproteic surface constituents.

MATERIALS AND METHODS

Microorganism, culture conditions, and preparation of Y or YDP cells. C.
albicans strain BP, serotype A, from the type collection of the Istituto Superiore
di Sanita (Rome, Italy), was routinely maintained on Sabouraud agar slants. For
experimental purposes, the fungus was cultured in the yeast form in liquid Winge
medium (4) at 28°C, washed twice in saline, counted in a hemocytometer, and
resuspended to the desired concentration in sterile saline. For the preparation of
the inactivated whole-cell vaccine (Y cells), yeast cell suspensions (10® cells/ml)
were inactivated at 80°C for 30 min, washed, and stored at 4°C for no more than
a week. For the preparation of the YDP cells, heat-inactivated cells as described
above (10%/ml) were treated with 50 mM dithiothreitol (DTT) in 5 mM sodium
EDTA (1 h, 37°C). Proteinase K (500 pg/ml) (Sigma Chemical Co., St. Louis,
Mo.) was then added to the digestion mixture and the cells were treated for one
additional hour at 37°C. After thorough washing with saline to remove the
enzyme, the cells were resuspended in saline and immediately used. Germ-tube
forms of C. albicans were obtained by culturing yeast cells in Lee’s medium at
37°C, as previously described (4).

Animals and immunization schedule. Female 4-week-old CD2F1 and SCID
mice were from Charles River Laboratory (Calco, Italy). For immunization with
Y or YDP cells, mice were injected twice, at weekly intervals, by the subcutane-
ous route with each respective cell preparation (10° cells/100 pl/mouse) in
incomplete Freund’s adjuvant (Sigma) and five times by the intraperitoneal (i.p.)
route with the same number of immunizing cells without adjuvant. Control
animals were injected with Freund’s adjuvant and saline only.

Systemic infection with C. albi and t of protection. Immunized
or control mice were infected by the intravenous (i.v.) route with a lethal dose of
C. albicans cells (10° or 2 X 10° in 0.1 ml, as specified in single experiments).
Passively immunized mice (see below) received a sublethal challenge with 5 X
10° fungal cells or, in one experiment, a lethal challenge with 10° fungal cells.
Protection was evaluated by monitoring animal survival for 60 days and/or by
quantifying the extent of Candida outgrowth in the kidneys of the infected
animals. For the latter purpose, the left kidneys of sacrificed mice were asepti-
cally removed on day 2 or 7 postchallenge, as specified in single experiments, and
homogenized in sterile saline containing 0.1% Triton X-100 (Sigma). The num-
ber of CFU per organ was determined by a plate dilution method on Sabouraud
dextrose agar. Each kidney was examined separately and at least three distinct
dilutions from each sample were assayed in triplicate.

Serological assays. Inmunized animals were bled by retroorbital puncture and
the sera pooled from each immunization group were examined for their antibody
content by enzyme-linked immunosorbent assay (ELISA) or by immunofluores-
cence assays (IFA). For the ELISA tests, polystyrene microtiter plates (Maxi-
Sorp; NUNC, Roskilde, Denmark) were coated with Y or germ-tube cells (10%/
well) of C. albicans, with commercial standard glucan compounds (laminarin and
pustulan), or with C. albicans MP or soluble glucan antigens (see below) at a
concentration of 50 pg/ml in 0.05 M carbonate buffer, pH 9.6. Plates were
blocked with 3% skim milk (Difco, Detroit, Mich.) in phosphate-buffered saline
(PBS), reacted with twofold dilutions of mouse sera in PBS-0.05% Tween 20
(Sigma), and developed with alkaline phosphatase-conjugated rabbit anti-mouse
immunoglobulin G or M (IgG or IgM) (Sigma) as the secondary antibody and
p-nitrophenyl phosphate disodium (Sigma) as the enzyme substrate. Pooled sera
from adjuvant-immunized mice were used as the negative control. Plates were
read at 405 nm. Antibody titers were defined as the highest dilution of mouse
sera that gave an optical density reading which was at least twice that of the
negative control.

For IFA, Y or YDP cells were spotted onto microscope slides and reacted with
various dilutions of murine anti-Y or anti-YDP sera or with the MP-recognizing
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monoclonal antibody AF1 (9, 17) (see below) in 0.01 M PBS. After extensive
washings, slides were treated with fluorescein isothiocyanate-conjugated anti-
mouse IgM antibody (Sigma) and observed with a Leitz Diaplan fluorescence
microscope.

The reactivity of fungal cytoplasmic protein with anti-Y- or anti YDP-cell
serum was assessed by the Western blotting technique, as previously described
(4). Reactive protein bands were detected by using the murine serum at a
dilution of 1:50 and alkaline phosphatase-conjugated goat anti-mouse polyvalent
immunoglobulins as the revealing antibody (Sigma).

Adsorption of immune sera. Anti-Y- or anti-YDP-cell sera were selectively
adsorbed to remove glucan-specific or anti-cell-surface antibodies. To this end,
sera (2 ml) were treated (1 h, 0°C) with 10 mg of particulate glucan (glucan
ghosts) (51) or with 2 X 10°® live yeast cells of C. albicans. The adsorbents were
removed by centrifugation, and the procedure was repeated three times. The
efficacy of the adsorption procedure was evaluated by ELISA, using yeast cells or
glucan as the coating antigens. Typically, this procedure lowered the anti-glucan
or anti-Y-cell antibody titers of anti-YDP or anti-Y sera 2 or 3 logs, respectively.
Antibodies directed against glucan were not removed by adsorption with intact
Y cells.

Lymphoproliferation assay. Proliferation of splenocytes from adjuvant-, Y
cell-, or YDP cell-immunized mice was assessed as previously described (3).
Briefly, splenocyte suspensions in 3 ml of 0.16 M Tris-buffered NH,CI, pH 7.2,
were added to 9 ml of complete medium (RPMI 1640; Invitrogen, Grand Island,
N.Y.) supplemented with 5% fetal calf serum (Invitrogen), 100 U of penicillin
per ml, 100 mg of streptomycin per ml, 1 mM sodium pyruvate, 2 mM L-
glutamine, minimal essential medium (MEM)-nonessential amino acids, and
107> M 2-mercaptoethanol (Invitrogen). The splenocytes were washed by cen-
trifugation, plated in multiwell plates (10%ml, 200 ul/well), and stimulated with
Y or YDP cells (10°/well) or with concanavalin A (ConA; 2 pg/ml) (Sigma). Each
condition was assayed in triplicate. Splenocyte cultures were incubated at 37°C in
a 5% CO, atmosphere. Proliferation was evaluated by [°H]thymidine (Amer-
sham Pharmacia Biotech, Little Chalfont, United Kingdom) incorporation after
4 days of incubation for the antigenic stimuli and after 2 days of incubation for
the polyclonal control stimulant. Stimulation indices were the ratios of mean
counts per minute values of stimulated splenocyte cultures to those of unstimu-
lated control cultures.

Passive immunization of mice and assessment of protection. CD2F1 or SCID
mice were passively immunized by a single i.p. injection of 0.5 ml of nonadsorbed
or adsorbed anti-Y-cell or anti-YDP-cell serum. Control animals received serum
from adjuvant-immunized mice. Each serum was heat treated (56°C, 30 min)
before transfer to inactivate heat-labile nonantibody constituents. Mice were
challenged i.v. 2 h after the serum transfer and protection was evaluated by the
extent of kidney invasion or survival of the infected animals (see above for
details).

Candida antigens and other reagents. The MP-rich secretion from C. albicans
yeast cells was prepared from the supernatant of a 24-h fungal culture in Lee’s
medium at 28°C, as reported elsewhere (4). The MP-rich fraction MP-F2 was
purified from the C. albicans cell wall, as already described (56). Purified, par-
ticulate glucan (glucan ghosts), exclusively composed of 8-1,3 and B-1,6 glucan,
was obtained by repeated hot alkali-acid extractions of fungal cell walls (51). The
soluble glucan fraction was an enzymatic digest (1 h, 37°C) of insoluble glucan
ghosts with purified B-1,3 glucanase (Zymoliase 100T; Seikagaku Co., Tokyo,
Japan). Total cytoplasmic proteins were extracted from yeast cells by treatment
(100°C, 10 min) with 0.5 M Tris-HCI buffer containing 10% sodium dodecyl
sulfate and 3.5 M 2-mercaptoethanol or by hypotonic lysis of C. albicans proto-
plasts obtained as described by Miragall et al. (42). The monoclonal antibody
AF1, recognizing a -1,2 oligomannoside epitope highly expressed on the surface
of C. albicans yeast cells, has already been described (9, 57). Standard B-1,3
glucan (laminarin) and B-1,6 glucan (pustulan) were purchased from Sigma and
CalbioChem (La Jolla, Calif.), respectively.

Statistical evaluation. The data were assessed for statistical significance by
Fisher’s exact test or a two-tailed Mann-Whitney U test, as appropriate and as
stated in the legends to the figures. Multiple comparisons were made by analysis
of variance (one-way ANOVA or Kruskal-Wallis ANOVA) followed by Bonfer-
roni’s multiple ¢ test.

RESULTS

Immune responses of mice immunized with Y or YDP cells.
Because of the methods used for their preparation, Y cells
should be able to immunize the mice against all major anti-
genic cell wall and cytoplasmic constituents of C. albicans while
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TABLE 1. Reactivity of the antibodies raised in mice
by Y- or YDP-cell immunization”

Antibody titer®

Antigen®
Anti-Y-cell serum Anti-YDP-cell serum
Y cells 1,280 40
Germ tubes 1,280 40
Secr-MP 2,560 80
MP-F2 >2,560 320
GGZym 2,560 2,560
Lam 2,560 2,560
Pust 2,560 1,280

“ Reactivity of sera pooled from groups of 10 mice immunized with Y or YDP
cells was assessed by indirect ELISA, as described in Materials and Methods.
Values are from one representative experiment out of three performed with
similar results.

b Secr-MP, MP-rich secretion; MP-F2, purified mannoproteic extract from the
fungal cell wall; GGZym, soluble-B-1,3 glucanase digest from a purified cell wall
glucan preparation; Lam, laminarin (B-glucan); Pust, pustulan (B-1,6-glucan).

¢ Titers are the reciprocals of the highest dilution giving a positive reading (see
Materials and Methods).

immunization with YDP cells should not be able to induce
consistent immune reactivity against some cell surface constit-
uents of the fungus. As shown in Table 1, the anti-Y-cell serum
contained antibodies against all major cell wall constituents,
present in both Y and germ-tube forms, including 8-1,6 (pus-
tulan) and B-1,3 (laminarin) glucans. Confirming our expecta-
tions, the anti-YDP-cell serum had an elevated titer of anti-
bodies against glucan but low titers of antibodies against the
whole yeast or hyphal (germ-tube) cells as well as the cell
surface-located or secretory MP-rich constituents. Both the
anti-Y-cell and the anti-YDP-cell sera contained antibodies
against major cytoplasmic constituents, as seen by Western
blots, without substantially differing in the reactivity of the
different protein bands (data not shown).

The anti-Y-cell serum was strongly reactive in immunofluo-
rescence with both Y and YDP cells (Fig. 1a and b), while the
anti-YDP-cell serum almost exclusively recognized the YDP
cells (Fig. 1c and d). As a further control, YDP cells of C.
albicans were seen to lose reactivity with a monoclonal anti-
body (AF1) which detects a B-oligomannoside epitope largely
shared by cell surface MP and therefore strongly reactive with
the fungal cell surface (Fig. le and f).

To assay for the induction of cell-mediated immunity (CMI)
following Y- or YDP-cell immunization, spleen cells of control
or immunized mice were induced to proliferate in vitro in the
presence of Y or YDP cells. ConA-stimulated splenocytes
served as the positive control. As shown in Fig. 2, immuniza-
tion with Y or YDP cells was largely cross-reactive in stimu-
lating a consistent degree of splenocyte proliferation, although
a more intense response (though statistically nonsignificant)
was apparent with splenocytes stimulated in vitro with the
specific immunizing antigenic preparation. The splenocytes of
all animals, including the nonimmunized controls, responded
to the polyclonal stimulation with ConA.

Overall, immunization with Y or YDP cells induced largely
cross-reactive humoral and CMI responses to the plethora of
antigens present on both cellular preparations. However, anti-
MP-rich material and anti-Y-cell surface-directed antibodies
were consistently present only in mice immunized with whole
Y cells.

INFECT. IMMUN.

Anti-Candida protection. Having demonstrated that immu-
nization with Y cells induced consistent humoral and CMI
responses against major antigenic constituents of the fungus,
we assessed the protective capacity of the Y-cell vaccine in an
acutely lethal mouse candidiasis model. As shown in Fig. 3
(which reports data from two independent experiments with
CD2 F1 mice challenged with different lethal doses of the
fungus), adjuvant only-treated mice had a median survival time
(MST) of 1 to 3 days following the virulent i.v. challenges and
a kidney burden of 10° to 10° fungal cells close to the lethal
event. The animals immunized with Y cells somewhat resisted,
in terms of increased MST, a fungal challenge which rapidly
killed all nonimmunized animals (MST = 7 and 25 days for C.
albicans challenge with 2 X 10° and 10° cells, respectively; P <
0.01 with respect to adjuvant-treated mice; Mann-Whitney U
test). Nonetheless, they all died by days 17 to 35, in proportion
to the size of the challenging dose (Fig. 3A and B). In contrast,
50 to 80% of the animals immunized with the YDP cells sur-
vived the lethal challenge with 2 X 10° or 10° Candida cells,
respectively, with an MST of >60 days and a mean fungus
burden in the kidney significantly lower than that measured in
Y cell-immunized mice (<10° compared to 15.4 X 10* = 0.6 X
10? on day 7; P < 0.05) (Fig. 3).

Two experiments were also performed with SCID mice im-
munized as the immunocompetent animals. No protection was
observed (data not shown), demonstrating that adaptive im-
mune responses were essential to achieve protection.

Passive immunization and role of anti-B-glucan antibodies
in anti-Candida protection. Since there is growing evidence of
the protective role of anti-candidal antibodies (11, 16) and
since a major difference in the immune response to Y or YDP
cells was in the antibody specificity to cell wall constituents (see
above), we wondered whether and which immune serum could
transfer some protection to nonimmune animals. In these ex-
periments, we also evaluated the potential contribution of the
immune system of the recipient mice to the protection con-
ferred by the passively administered serum. Thus, CD2F1 or
SCID mice were given a single injection (0.5 ml) of serum from
vaccinated animals, followed 2 h later by challenge with C.
albicans. Other animals were given serum from mice adminis-
tered adjuvant only as a control. Two days after challenge, the
animals were sacrificed and fungus burden in the kidney was
assessed as a measure of protection. These experiments were
performed with various batches of serum from animals inde-
pendently immunized with the YDP- or Y-cell vaccine.

As shown in Table 2, the animals receiving the anti-Y-cell
serum had the same elevated fungus burden in their kidneys as
those receiving the control nonimmune serum. In contrast,
those receiving the anti-YDP-cell serum had significantly fewer
fungal cells in their kidneys than the animals receiving adjuvant
serum. This was observed with different batches of the immune
sera and in both the immunocompetent and SCID mice (Table
2).

Since these data suggested that antibodies could indeed play
a role in the protection, we partially purified the IgM fraction
of serum from mice immunized with YDP cells and used this
fraction for passive immunization. The same fraction purified
from the serum of animals given adjuvant only was used as a
control. In a single experiment, the fungus kidney burden on
day 2 postchallenge of four mice intravenously injected with



VoL. 70, 2002

ANTI-CANDIDA ANTIBODIES AND VACCINES 5465

FIG. 1. IFA reactivity of anti-Y-cell or anti-YDP-cell serum with C. albicans and effect of treatment with DTT and proteinase K on the
antigenic array of the fungal cell surface. Untreated Y cells (a, ¢, and e) or DTT-proteinase-treated YDP cells (b, d, and f) were immunostained
as described in Materials and Methods with the anti-Y-cell (a and b) or anti-YDP-cell (¢ and d) serum or with a monoclonal antibody (AF1) (e
and f). Anti-Y-cell and anti-YDP-cell sera were used at a dilution of 1:200; the monoclonal antibody AF1 was used at a dilution of 1:5,000.
Magnification, X1,000. The figure represents the results of five repeated experiments.

10° cells of C. albicans was 290 X 10> = 8 x 10> CFU com-
pared to 1,359 X 10°> = 18 X 10° CFU in the kidneys of four
mice given the IgM fraction from adjuvant serum (P < 0.01).
The IgM fraction of YDP-cell serum was highly reactive
against the glucan extract of C. albicans (data not shown).
Finally, considering that antibodies in serum generated by
immunization with the YDP cells mostly recognized B-glucan
among the cell wall constituents (Table 1; Fig. 1), we also
attempted passive transfer of immune sera preadsorbed on
pure glucan particles to remove specific antibodies. As shown
in Fig. 4, when using the serum preadsorbed on glucan parti-
cles, thus removing most of the anti-B-glucan antibodies (see
Materials and Methods), the fungus burden in the kidney was
significantly higher than that found in animals which received
the nonadsorbed anti-YDP-cell serum. A nonsignificant differ-
ence in Candida kidney burden was found between mice given

the glucan-adsorbed serum and those receiving the serum from
adjuvant-treated animals.

Protective and nonprotective antagonistic antibodies. The
previous data suggested that anti-B-glucan antibodies played a
role in the protection conferred by the YDP-cell vaccine. Thus,
we wondered why the serum of animals immunized with the
Y-cell vaccine, which also contained high titers of anti-p-
glucan antibodies (Table 1), did not transfer protection. We
hypothesized that these sera could contain antagonistic or
blocking antibodies, probably directed against cell surface con-
stituents of the fungus, since these antibodies were absent in
the protective serum from YDP cell-immunized mice (Table 1;
Fig. 1). Thus, we evaluated the fungus burden in the kidneys of
SCID mice challenged with C. albicans and injected a serum
obtained from Y cell-immunized animals and preadsorbed on
Y cells. The adsorption was effective, as demonstrated by the
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FIG. 2. In vitro proliferative response of splenocytes of mice im-
munized with Y cells or YDP cells. Individual splenocyte cultures from
four mice for each immunization group were stimulated in vitro with Y
or YDP cells or with ConA, as described in Materials and Methods.
Proliferative responses were evaluated after 3 days by measuring
[>H]thymidine incorporation. Values are mean stimulation indexes =
standard deviations measured for each experimental group compared
to unstimulated control cultures. The asterisks indicate a significant
difference (*, P < 0.05; #x, P < 0.001; ANOVA and Bonferroni’s
multiple ¢ test) with respect to values measured in adjuvant (Adj)-
treated animals. All other differences in the proliferative response
were not significant. The data are from a representative experiment of
three with similar results.

substantial reduction of anti-MP antibodies and maintenance
of the elevated anti-B-glucan antibody level. As shown in Fig.
5, the animals receiving the preadsorbed Y-cell serum had a
kidney burden that was about 2 logs lower than that of the
animals given nonadsorbed Y-cell serum and comparable to
that of the animals given the protective unadsorbed YDP-cell
serum. As a control, adsorption of anti-YDP-cell serum with Y
cells did not substantially affect its ability to induce protection.
Thus, the anti-Y-cell serum contains antibodies to the yeast
cell surface which are inhibitory for protection conferred by
antibodies against underlying cell wall antigens (B-glucan).

DISCUSSION

In this paper, we report three main interrelated and novel
findings addressing the issue of a protective vaccine against C.
albicans, one of the principal agents of widespread opportu-
nistic infections in humans. First, we show that the animals
immunized with whole, intact Y cells of C. albicans contain cell
surface-reactive antagonistic or blocking antibodies. Second,
we demonstrate the immunogenicity and efficacy of a prepa-
ration of fungal cells substantially deprived of these cell surface
constituents (YDP cells), thus exposing inner, B-glucan-rich
constituents. Notably, cell surface MPs are usually considered
the dominant antigenic components of the fungus while B-glu-
cans are not (12-14). Third, we present some circumstantial
evidence that the anti-Candida protection induced by the YDP
cells is in part mediated by antibodies, with anti-B-glucan IgM
likely playing a relevant role. Overall, our findings constitute

INFECT. IMMUN.

the first evidence that serum-transferable, antibody-mediated
protection against C. albicans can be negated by immune (an-
tibody) responses to cell surface-located immunodominant an-
tigens of the fungus.

Mouse models of systemic, lethal infections by C. albicans
have been largely used to investigate the Candida-host rela-
tionship, and in particular a wealth of information has been
generated on anti-Candida protective immune mechanisms.
Thus, a T-helper type 1 response producing, and induced by,
gamma interferon and interleukin-12 (49) is widely considered
to be critical for protection induced by attenuated strains (2,
48) or inactivated fungal cells (6). Gamma interferon itself or
other cytokines profusely released during an expanded Thl
response have been demonstrated to be strong phagocyte ac-
tivators, in keeping with clinical evidence that phagocytic cells,
in particular polymorphonuclear phagocytes, are primarily in-
volved in eradicating the systemic infection. While it is there-
fore clear that CMI responses are critically involved in the
protection, other immune mechanisms can also operate for
anti-Candida defense, as recently discussed by Casadevall et al.
(7), Han et al. (28, 30), Cutler et al. (16), and ourselves (11, 18,
46). Specifically, it has been shown that antibodies may be
protective against both mucosal and systemic infection, pro-
vided that they are of the right specificity and isotype (11, 18,
29, 30, 39, 47). Few antigens have, however, been characterized
for their ability to elicit protective anti-Candida antibodies
and, to our knowledge, the poorly immunogenic B-glucan con-
stituents of the inner Candida cell wall (36) were never con-
sidered among the putatively protective antigens.

We obtained here suggestive evidence that some anti-Can-
dida antibodies may be deleterious for protection, as they
appear to antagonize the action of protective antibodies.
Although we have not exactly identified these antagonistic
antibodies, they are clearly directed against some of the cell
surface constituents of the fungus, for instance, the MP-rich
cell extract or cell secretion (here collectively defined as MP).
The idea that some antibodies are enhancing rather than com-
bating infection is not new. It has been particularly promoted
by the studies by Casadevall and collaborators through the use
of monoclonal antibodies against Cryptococcus neoformans (8,
45, 59). We have previously shown that animals with high
antibody titers against the 70-kDa heat shock protein are more
susceptible to lethal Candida disease (3). Others have shown
that antibodies may inhibit critical phagocyte functions in vitro
(8). However, this is, to our knowledge, the first demonstra-
tion that a nonprotective anti-Candida serum becomes pro-
tective against a lethal systemic challenge when deprived of
some antibodies. Our observation may explain why anti-Can-
dida sera have been so inconsistent in transferring protection
and why immunization with whole inactivated cells of C. albi-
cans has been so variably protective though always stimulating
a delayed-type hypersensitivity reaction, other CMI responses,
and abundant anti-Candida antibodies (23, 33, 44). Our data
strongly suggest that antibody-mediated protection against C.
albicans not only requires the presence of the right antibody
but also requires the absence of other antibodies. Considering
that antibodies against abundantly expressed cell surface con-
stituents are so prevalent in healthy people colonized by C.
albicans, the generation of antagonistic or blocking antibodies
may be seen as a manner by which the fungus defends itself
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FIG. 3. Different protective effect of Y- or YDP-cell immunization against murine disseminated candidiasis. (A and B) Survival rates of Y or
YDP cell-vaccinated mice compared to those of control, nonimmunized mice. Mice (6 for panel A and 15 for panel B) were immunized with Y
or YDP cells or with adjuvant (Adj) only and challenged i.v. with 10° (A) or 2 X 10° (B) Candida cells. Data represent percent survival, recorded
daily for 60 days postchallenge. Differences in survival rates (on day 60) between YDP cell- and adjuvant- or Y cell-immunized animals were found
to be statistically significant (P < 0.05) as assessed by Fisher’s exact test. For the statistical significance of the MST (in days), see the text. The data
in panel A refer to a single experiment, while the data in panel B represent the results of two separate experiments. (C) Kidney invasion in Y or
YDP cell-vaccinated mice following an i.v. challenge with C. albicans. Groups of mice immunized with Y or YDP cells were challenged i.v. with
10° Candida cells. On day 7 postchallenge, three mice per group were sacrificed and fungal invasion in the left kidney was evaluated by individual
CFU counts. Values are weighted means of CFU count measured in each group of animals = standard deviations. Probability, as indicated in the
graph, was evaluated by Kruskal-Wallis ANOVA and Bonferroni-type nonparametric multiple comparison. The data are from a representative
experiment of two with similar results (independent of the data in panels A and B).
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TABLE 2. Outcome of experimental disseminated candidiasis in
mice passively immunized with serum from Y or
YDP cell-immunized mice®

. ) Fungal burden P
ReC]plfnt. Plt'echtallentge in kidney (CFU  (compared
mouse strain reatmen [10°] £ SD)  to control)
CD2F1 Control (adjuvant only) serum  361.7 * 17.6
Anti-Y-cell serum 1 393.8 = 7.7 NS
Anti-YDP-cell serum 1 8704 <0.05
SCID Control (adjuvant only) serum  214.4 = 1.8
Anti-Y-cell serum 2 3922 + 7.7 NS
Anti-YDP-cell serum 2 442 £ 0.8 <0.05

“ Groups of four CD2F1 or SCID mice received a single dose (0.5 ml, i.p.) of
the indicated immune serum. Two hours later mice were challenged i.v. with a
sublethal dose of C. albicans (5 X 10° cells). Fungal burden in the left kidneys of
the challenged mice was evaluated 48 h postchallenge by CFU counts. Data
represent the weighted means (weighted averages) of the individual CFU counts
enumerated from each group of mice. Data are from one experiment out of two
with similar results.

b P, probability statistical analysis of data was performed by Kruskal-Wallis
ANOVA followed by a nonparametric Bonferroni-type multiple comparison test.
NS, not significant. Differences between anti-Y-cell serum (1 or 2) and anti-
YDP-cell serum (1 or 2) were also statistically significant (P < 0.05; not shown).

from the eradicating capacity of other antibodies and CMI
responses, also clearly detectable and intense in almost all
healthy subjects (also see below).

On the other hand, the idea that antibodies were at least in
part responsible for the high-level protection induced by the
YDP-cell vaccine and possibly also mediated the low degree of
protection achieved with Y-cell immunization is suggested by
the facts that an appreciable level of protection was transferred
to naive animals by the serum of YDP-cell recipient animals,
that the protective serum factor was heat stable, and that the
immunoglobulin fraction was also protective. The protective
serum was rich in anti-B-glucan and poor in anti-MP antibod-
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FIG. 4. Effect of preadsorption with particulate glucan on the pro-
tective action of anti-YDP-cell serum against a systemic fungal chal-
lenge. Control unadsorbed or preadsorbed serum was given i.p. (0.5
ml/mouse) to three mice per group 2 h before an i.v., sublethal chal-
lenge with C. albicans (5 X 10° cells/mouse). Kidney invasion was
assessed 48 h postchallenge by individual CFU counts of individual
kidneys. Data are weighted means of CFU counts measured in mice
from each experimental group. Statistical assessment was performed
by Kruskal-Wallis ANOVA and Bonferroni-type nonparametric mul-
tiple comparison. The data are the results of one representative ex-
periment out of three with similar results. Adj, adjuvant.
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FIG. 5. Effect of preadsorption with intact Y cells on the protective
anti-Candida activity of anti-Y-cell or anti-YDP-cell serum. Mice
(three per group) were injected i.p. with 0.5 ml of the indicated serum.
Two hours later, the animals were challenged i.v. with 5 X 10° cells of
C. albicans. Kidney invasion was evaluated 48 h postchallenge by in-
dividual CFU counts of individual kidneys. Data represent weighted
means of CFU counts for each experimental group. Statistical com-
parisons were made by Kruskal-Wallis ANOVA and Bonferrroni-type
nonparametric multiple comparison. The data are the results of one rep-
resentative experiment out of two with similar results. Adj, adjuvant.

ies. When adsorbed on pure B-glucan, this serum loses much of
its protective capacity. Moreover, the anti-Y-cell serum was
protective when deprived of the anti-MP but not the anti-B-
glucan antibodies. Overall, direct and indirect evidence suggest
that at least part of the protective IgM antibodies are those
recognizing B-glucan.

Note that antibodies to B-glucan are present in normal hu-
man sera (34). Since they do not react (as confirmed here) with
cell surface components and do not obviously opsonize the
fungal cell, they are not usually considered in the mechanism
of protection. The anti-B-glucan IgG2 antibodies described by
Keller et al. (34) and by Merkel and Scofield (41) were indeed
seen to be dispensable for opsonic activity of nonencapsulated,
B-glucan-exposing C. neoformans cells. Our data, however, in-
vite us to reconsider this aspect, as anti-B-glucan antibodies
might well play a role, mostly when other blocking antibodies
are absent, as discussed above. Anti-B-glucan antibodies have
been involved in rapid opsonizing complement activation by
Blastomyces dermatitidis yeast cells (61), which expose B-glucan
on their surfaces (35). However, no evidence has been pro-
vided that these anti-B-glucan antibodies are indeed protec-
tive. Also note that one of the pioneering evidences of protec-
tive anti-Candida antibodies (44) was achieved by the use of
sonically disrupted cells. Although the protection observed has
been attributed by Cutler et al. (16) to a nonspecific aggluti-
nating antibody, it might have been caused by antibodies to
B-glucan or other antigens present in inner cell wall layers and
exposed in a suitable form on disrupted cells.

The potential of protection exerted by the passive transfer of
anti-B-glucan antibody-rich serum can be better appreciated if
we consider the isotype (IgM) of the protective antibody. IgM
antibodies are very avid but they also have a very short half-life
compared to IgG antibodies. The fact that a single i.p. injection
of the serum was protective is also notable. Nonetheless, other
antibodies could be involved in the protection. While there is
clear evidence that YDP cells had lost most of their surface-
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located antigenic material following the treatment with DTT
and protease, it can be safely assumed that many other strongly
immunogenic cellular constituents are antigenically expressed
by these cells. B-Mannan, for instance, has been shown to
contain protective antigenic epitopes in systemic infection
models (29), supposedly owing to a rapid binding of comple-
ment factor 3, thus causing efficient opsonization and killing of
C. albicans by phagocytes (32). Importantly, the protective
antibodies elicited by the YDP-cell vaccine were adsorbed by
B-glucan particles which do not contain mannose (12, 51).
They did not appreciably bind, thus could not opsonize, the
whole Y cells of the fungus or facilitate rapid deposition of
complement, phagocytosis, and killing (32). Moreover, the
YDP cells did not bind a monoclonal antibody (AF1) which
recognizes a B-oligomannoside epitope (9, 57). Clearly, a dis-
tinct possibility still exists that antibodies against a particular
B-mannan structure (16) or other unknown, non-B-glucan an-
tigen present in YDP cells are involved in anti-Candida pro-
tection. This is currently being investigated in our laboratories.

Although we cannot explain the mechanisms of action of
anti-B-glucan antibodies, our findings rule out that anti-YDP
antibodies owe their protective effect to indirectly promoting
one or more adaptive immune responses against the fungus. In
fact, passive transfer of serum was equally protective in normal
and SCID mice, suggesting that the anti-Candida activity ex-
erted by the anti-YDP-cell antibody is not supported by and
does not require early help or mediation by adaptive responses
of the recipient, an event which is likely happening for other
mechanisms of antibody-mediated protection (60).

All of the above does not mean that antibodies are uniquely
responsible for protection in the normal mouse. We have dem-
onstrated here that a rather potent CMI response is elicited by
YDP cells. This response can have a contributory role, as
previously reported for immunization with MP-65, a major
target of the anti-Candida CMI response in humans (26),
which elicited little antibody response but induced a potent,
Thl-oriented CMI response (40). However, the degree of pro-
tection induced by vaccination with MP-65 was definitely lower
than that reported here with the YDP-cell vaccine (40). In the
present study, the Y-cell vaccine also induced a potent CMI
response that was substantially cross-reactive to YDP cells but
was minimally protective. In addition, Y cells have an intrinsic
adjuvanticity which can be expressed, for instance, by a degree
of macrophage activation or activation of other natural immu-
noeffectors. There is no reason to believe that cells exposing
inner B-glucan constituents lose their adjuvanticity. As a mat-
ter of fact, this can be enhanced in the YDP cells since B-glu-
can is a well-known immunomodulator (12, 51) capable of
strongly activating the whole system of natural immunity
through several receptors, some of which have recently been
identified (5). This activation can indeed collaborate with an-
tibodies and CMI in protecting against C. albicans.
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