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The incidence of fungal infections caused by the opportunistic yeast Candida albicans has increased signifi-
cantly in recent years. The ability to vaccinate selected patients against the organism would be advantageous.
In this paper we describe a potential anti-C. albicans vaccine consisting of heat-killed C. albicans (HK-CA) in
combination with the novel mucosal adjuvant LT(R192G), a genetically detoxified form of the heat-labile toxin
of enterotoxigenic Escherichia coli. Groups of male CBA/J mice were immunized intranasally on three occasions
at weekly intervals with 2 x 107 HK-CA per dose, alone or in conjunction with 10 g of LT(R192G) per dose.
Two weeks following the last application of antigen, some animals were challenged intravenously (i.v.) with 10%,
10°, or 10° viable C. albicans to assess protection as measured by survival and/or culture. Some groups of ani-
mals were footpad tested with C. albicans mannan to assess delayed-type hypersensitivity (DTH), and all the
animals were bled for antibody assays. In two independent studies, all the animals immunized with HK-CA
plus LT(R192G) were able to eradicate 10* C. albicans completely, as determined by kidney culture 4 weeks af-
ter challenge. Animals immunized with HK-CA only had reduced levels of C. albicans compared to the adjuvant
or saline-only control. Greatly enhanced survival was observed when mice immunized with HK-CA plus LT
(R192G) were challenged with 10° live C. albicans as well. Animals immunized with HK-CA plus LT(R192G) de-
veloped a significant DH response, while those given HK-CA alone developed only marginal DH responses.
High immunoglobulin G (IgG) levels to cytoplasmic antigens developed in mice immunized with HK-CA plus
LT(R192G), but they were found only after i.v. challenge. Addition of adjuvant shifted the antibody isotype pro-
duction in i.v.-challenged animals to a response dominated by IgG2a. Clearly, intranasal immunization with
killed C. albicans in conjunction with LT(R192G) afforded significant levels of protection. This novel approach
offers new possibilities for the development of an effective vaccine against candidiasis for use in humans.

Candida albicans is a ubiquitous fungus, which, along with
other species of Candida, may be found as part of the normal
flora of humans (11). Although healthy individuals are regu-
larly colonized with Candida, serious disease seldom occurs
unless some precipitating factor alters the balance in favor of
the fungus. Unfortunately, precipitating factors such as immu-
nosuppressive therapies and diseases involving down-regula-
tion of the immune system, including AIDS, are becoming
more prevalent. Thus, serious forms of candidiasis are on the
increase, and a vaccine capable of stimulating immunity in
patients prior to the institution of immunosuppressive thera-
pies could be of considerable value.

A rational approach to the development of a vaccine is
problematic because the specific immune system mechanisms
responsible for protective immunity have not been defined
clearly. Moreover, candidiasis is a multifaceted disease which
may manifest itself at multiple levels, including mucocutaneous
tissue and internal organs. To complicate the issue further, the
protective mechanisms associated with different tissues appear
to be different. For example, cellular immunity appears to be
critical for the defense of mucocutaneous tissue (1) but does
not appear to be the sole critical factor in systemic defense (5).
T lymphocytes appear to be important for the development of
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acquired immunity (7, 25, 44), but a specific role for T cells has
not been established. It is not known, for example, whether T
cells are critical for antibody production, for the development
of cellular immune system phenomena, or for the production
of cytokines that alter the activity of non-(antigen)-specific
phagocytic cells. In fact, antibody, cellular immunity, and in-
nate immunity as a composite may be responsible for the
protection observed following immunization with the organ-
ism. Since life-threatening forms of candidiasis occur at the
systemic level, and since the precise protective mechanisms at
that level are ill defined, the development of a vaccine for the
disease must be empirical.

In addition to our lack of knowledge about the compo-
nent(s) of the immune system most responsible for acquired
immunity at the systemic level, the nature of the immunogen(s)
that stimulates a protective responses is also largely unknown.
The best protective effects observed to date have been stimu-
lated by immunization with viable cells from virulent (26, 40)
or avirulent (3) strains of C. albicans. Killed cells or subcellular
components have been moderately successful (2, 20, 35, 39,
49). Although some evidence has accumulated that antibody
to specific immunogens, e.g., hsp90 (38), hsp75, or non-hsp96
(13), is protective systemically, much of the evidence is circum-
stantial.

With the advent of newer adjuvants and protocols for im-
munization, it seems timely to revisit the issue of immunization
against C. albicans. An approach that has been explored re-
cently involves mucosal immunization with inactivated organ-
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isms or purified immunogenic components derived from viru-
lent organisms, delivered in combination with a mucosal
adjuvant (17, 21).

Cholera toxin (CT) produced by various strains of Vibrio
cholerae and heat-labile enterotoxin (LT) produced by some
enterotoxigenic strains of Escherichia coli (10, 22, 36, 53, 54)
are the two bacterial products with the greatest potential to
function as mucosal adjuvants. Recent studies have examined
the potential of CT and LT as mucosal adjuvants against a
variety of bacterial and viral pathogens in vaccines containing
whole killed organisms or purified subunits of relevant viru-
lence determinants from these organisms. Representative ex-
amples include tetanus toxoid (52-54), inactivated influenza
virus (28, 31), recombinant urease from Helicobacter spp. (34,
50), pneumococcal surface protein A from Streptococcus pneu-
moniae (51), Norwalk virus capsid protein (37), synthetic pep-
tides from measles virus (29), and the human immunodefi-
ciency virus type 1 C4/V3 peptide TISP10 MN(A) (48). There
are many other examples, and it is clear that both LT and CT
have significant potential for use as adjuvants for mucosally
administered antigens (see references 17 and 21 for recent
reviews). However, the fact that these two proteins are toxic
for humans and animals, even at low doses, precludes their
practical use in vaccines.

A series of mutants of LT and CT have been developed in an
effort to dissociate the adjuvant properties of these molecules
from their toxic effects. One of these LT mutants, designated
LT(R192G), was constructed by using site-directed mutagen-
esis to create a single amino acid substitution in the biologically
active domain (A subunit). This mutation rendered the toxin
insensitive to trypsin activation and consequently greatly di-
minished its toxicity without altering the intrinsic adjuvanticity
characteristic of the native molecule (16). A number of reports
published recently have evaluated the efficacy of LT(R192G)
as an effective mucosal adjuvant (8, 32, 41).

In this paper, we report the effectiveness of a vaccine com-
posed of heat-inactivated C. albicans and LT(R192G) to po-
tentiate a protective immune response against intravenous
(i.v.) challenge with live, virulent C. albicans.

MATERIALS AND METHODS

Mice. Male CBA/J mice, 6 to 8 weeks of age, obtained from Jackson Labora-
tory (Bar Harbor, Maine) were housed in bioclean hoods and provided with food
and water ad lib. All mice were allowed a 1-week acclimatization period before
the experiments were begun.

Vaccine preparation. C. albicans 20A, a serotype A isolate originally obtained
from Errol Reiss at the Centers for Disease Control and Prevention, was used for
all experiments. This strain was maintained at 4°C with monthly transfer on
Sabouraud dextrose agar. Live C. albicans used for challenge and for intradermal
(i.d.) inoculations was prepared as follows. Cultures of C. albicans were incu-
bated for 24 h on slants of Sabouraud dextrose agar at 37°C, inoculated into
Trypticase soy dialysate broth (43), and incubated at 37°C on a gyratory shaker
operating at 165 rpm. The cells were harvested after 18 h and washed three times
in nonpyrogenic saline (NPS). The final pellet was resuspended in NPS, and the
cells were counted in a hemocytometer and diluted to the appropriate concen-
tration in NPS. The viability of the culture was determined by plate count. C.
albicans used for immunization was prepared as described above, except that the
cell suspension was heated at 60°C for 2 h. The lack of viability of this prepara-
tion was confirmed by plating 10° cells on Sabouraud dextrose agar and incu-
bating them at 37°C overnight. Heat-killed C. albicans is designated HK-CA
below.

The mucosal adjuvant, LT(R192G), used in this study has been described
previously and was purified in our laboratory by published procedures (9, 16).
This adjuvant is a genetically detoxified mutant of LT, derived from enterotoxi-
genic E. coli, that is no longer sensitive to trypsin activation but retains the
immunologic and adjuvant properties characteristic of the native LT molecule.

Immunization procedures and method. Two types of experiments were per-
formed. For intranasal (i.n.) immunizations, the mice were lightly anesthetized
with Metofane (Pitman-Moore, Mundelein, I1l.) and the inoculum was delivered
as two applications of 5 pl to each nostril for a total volume of 20 wl per dose.

The first set of experiments was carried out to determine whether vaccination
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as above protected immunized animals against C. albicans challenge. Three
groups of 7 to 12 animals each were immunized i.n. on three occasions at weekly
intervals with 2 X 107 HK-CA in conjunction with 10 pg of LT(R192G) per dose
or with either 10 pg of LT(R192G) or NPS alone. Some experiments also
included animals that were immunized twice i.d. with 2 X 10° viable C. albicans
or once intragastrically (i.g.) with 2 X 107 viable C. albicans followed by a single
i.d. inoculation with 2 X 10° viable organisms as described previously (18, 25). In
one experiment, a group of animals was immunized twice with 2 X 107 HK-CA
administered intragastrically. Two weeks after the last immunization, all the
animals were challenged i.v. via the lateral tail vein with 10%, 10°, or 10° viable
C. albicans. Studies to determine protection following i.v. challenge were con-
ducted three times. In the first two experiments, protection was assessed by
culturing the kidneys and brains of surviving animals for the presence of viable
C. albicans 4 weeks after challenge with 10 live C. albicans. In the third exper-
iment, protection was assessed by monitoring survival for 100 days after chal-
lenge with 10° or 10° live C. albicans. At the end of this period, all the surviving
animals were sacrificed and blood was collected for serological analysis.

A second set of experiments was performed to analyze the levels of delayed-
type hypersensitivity (DTH) and antibody responses 2 weeks following the com-
pletion of the immunization protocol, i.e., at the time when i.v. challenge was
performed in the experiments described above. In these experiments, groups of
five or six mice were immunized with HK-CA plus adjuvant or with HK-CA,
adjuvant, or NPS alone, as described above. A control group was inoculated
intradermally twice with 10° live C. albicans. These animals were then footpad
tested to detect DTH and subsequently bled to determine antibody responses.

DTH. The development of DTH in response to each immunization regimen
was determined by the footpad assay as described previously (12, 14). Footpad
thickness was measured 24 and 48 h after the antigen (mannan) was injected, and
the mean thickness was calculated by subtracting preinjection measurements
from postinjection measurements. Each mouse was inoculated in the footpad
with 5 pg of C. albicans mannan as described previously (24).

Serological analysis. All the animals were sacrificed by CO, inhalation, and
blood was immediately collected by cardiac puncture. Serum samples were sep-
arated by centrifugation in Microtainer tubes (Becton Dickinson & Co., Franklin
Lakes, N.J.) and stored at —20°C until analyzed. Each serum sample was indi-
vidually analyzed by enzyme-linked immunosorbent assays (ELISA). For all
ELISAs, 96-well plates were coated with 5 pg of soluble cytoplasmic substances
(SCS) per well prepared from viable C. albicans as described previously (19) or
with a dithiothreitol extract (DTTE) from cell walls (42) and incubated overnight
at 4°C. All subsequent steps were carried out at room temperature. After block-
ing nonspecific sites with 1% bovine serum albumin, twofold serial dilutions of
serum from the experimental animals were added. Alkaline phosphatase-conju-
gated rabbit anti-mouse immunoglobulin G (IgG) or anti-mouse IgA (Sigma
Chemical Co., St. Louis, Mo.) was used for determination of the total concen-
tration of IgG or IgA in serum. Biotinylated anti-mouse IgG1, IgG2a, IgG2b, or
IgG3 (PharMingen, San Diego, Calif.) followed by alkaline phosphatase-conju-
gated streptavidin (Southern Biotechnology Associates, Birmingham, Ala.) was
used to quantify antibody isotypes. The optical density at 405 nm was determined
with an ELISA reader (Bio-Tek Instruments, Inc., Winooski, Vt.) after addition
of 100 wl of a 1-mg/ml solution of p-nitrophenyl phosphate (Sigma).

Western blot analyses were carried out essentially as described previously (23)
by sodium dodecyl sulfate-gel electrophoresis on a 10% NuPage Bis-Tris gel run
on an XCELL II mini-cell and blot module (Novex Experimental Technologies,
San Diego, Calif.). The antigens for electrophoresis were prepared as follows. A
5-mg aliquot of SCS was dissolved in 1 ml of NPS, and 20 pl of this solution was
added to 5 pl of sample buffer containing reducing agent. The molecular mass
markers used were MultiMarkTM multi-colored standard (Novex Experimental
Technologies), which ranged from 3 to 185 kDa. The samples were electropho-
resed for 1.75 h at 100 V. Following protein transfer to nitrocellulose sheets, the
membranes were blocked with 3% skim milk, and the strips of nitrocellulose
were incubated with individual mouse sera diluted 1:100. The antigen-antibody
reactions were detected with anti-mouse IgG (whole molecule) conjugated to
alkaline phosphatase (Sigma) diluted 1:500, followed by a brief incubation in
5-bromo-4-chloro-3-indolyl phosphate—nitroblue tetrazolium substrate (Sigma).

Statistical analysis. The total colony-forming units per organ were determined
by standard dilution calculations and expressed as logarithmic numbers. There-
after, logarithmic numbers for the respective groups were averaged to obtain
geometric means. Since there is no logarithmic value for zero, it was assumed
that a single organism could have been missed in the manipulations of the
homogenates. Consequently, we used 0.4, the logarithmic value for 1, for the
animals that were negative by culture. The Mann-Whitney test was used to
determine statistical significance for culture and footpad data. P = 0.05 were
considered significant.

RESULTS

Protective immunity following immunization. The first set
of experiments was designed to determine whether i.n. ad-
ministration of nonviable C. albicans in conjunction with LT
(R192G) would stimulate protective immunity. Animals immu-
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FIG. 1. Demonstration of protective immunity by culture of kidneys 4 weeks following i.v. challenge with 10* viable C. albicans. Animals were immunized i.n. with
HK-CA (2 X 107 organisms) with or without 10 pg of the adjuvant LT(R192G), adjuvant alone, or NPS on the same schedule. Other control groups included animals
immunized by i.d. exposure to 2 X 10° viable C. albicans, animals vaccinated i.g. with 2 X 107 HK-CA, and animals given an i.g. immunization followed by an i.d.
inoculation with live C. albicans as described in Materials and Methods. An i.v. challenge was performed 2 weeks following the last exposure to antigen. There were

seven or eight animals per group.

nized i.n. with HK-CA in conjunction with LT(R192G), as well
as those immunized with HK-CA, LT(R192G), or NPS alone,
were challenged i.v. with 10* viable C. albicans 2 weeks follow-
ing the last application of immunogen. Survival was monitored
over a 28-day period, and then the animals were sacrificed and
their kidneys and brains were cultured quantitatively. Animals
immunized by previously proven methods of immunization,
i.e., byi.g. and/or i.d. inoculations of viable C. albicans (18, 26),
were included as controls.

As seen in Fig. 1, the results of two independent experiments
demonstrate clearly that animals vaccinated i.n. with HK-CA
plus LT(R192G) were able to eradicate C. albicans completely
from their kidneys. Some of the animals immunized i.n. with
HK-CA alone displayed reduced numbers of C. albicans in
their kidneys the first time the experiment was performed;
however, this observation was not a reproducible phenomenon
in subsequent experiments. Animals immunized by i.g. fol-
lowed by i.d. inoculation of viable C. albicans also had signif-
icantly (P = 0.05) reduced levels of the yeast in their kidneys,

but the reductions were not nearly as dramatic as those ob-
served in animals immunized i.n. with HK-CA in conjunction
with LT(R192G). The levels in the i.g.-i.d. group of animals
were consistent with those previously demonstrated for this
type of immunization (18, 26). As expected, control animals
immunized i.n. with LT(R192G) alone or NPS alone had dis-
seminated candidiasis, as indicated by the presence of large
numbers of C. albicans in their kidneys. Moreover, as demon-
strated in the experiment Fig. 1A, animals immunized i.g. with
nonviable C. albicans did not develop protective responses.
The inability of inactivated Candida to induce protection when
administered i.g. has been previously observed in our labora-
tory. Consequently, i.g. immunization was not included the
second experiment. The brains of all immunized and chal-
lenged animals were also cultured. Tissues from animals im-
munized in. with HK-CA plus adjuvant were negative,
whereas the average levels of C. albicans found in the brains of
animals in all the other groups were not significantly different
(P = 0.05) from those in the NPS controls (data not shown).
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FIG. 2. Survival of mice immunized with HK-CA plus LT(R192G), LT(R192G) alone, or NPS and challenged i.v. with 10° or 10° viable C. albicans 2 weeks following

the last exposure to antigen. There were 7 to 12 animals per group.

To determine if the protection against a challenge with 10*
viable C. albicans could be demonstrated with higher and more
rapidly lethal doses of C. albicans, animals were immunized
with either HK-CA plus LT(R192G) or LT(R192G) alone or
were mock vaccinated with NPS. All the animals were subse-
quently challenged i.v. with 10° or 10° viable C. albicans 2
weeks following the last i.n. dose. Survival was monitored for
100 days. From preliminary experiments (data not shown), it
was known that challenge of unimmunized animals with 10° or
10° organisms resulted in disease that was rapidly fatal; i.e., all
animals receiving 10° organisms died within 48 h of inoculation
and those given 10° organisms died within 3 weeks. Figure 2
shows the mortality pattern observed after i.v. challenge. At 18
days after the challenge with 10° C. albicans, there were no
surviving mice in the LT(R192G) and the NPS control groups.
In contrast, 90% of the animals in the group that received
HK-CA plus LT(R192G) survived for the entire length of the
experiment (100 days postchallenge) and had no detectable
numbers of C. albicans in their kidneys at the time of sacrifice.

A less dramatic but no less significant effect was observed
when mice were challenged with 10° viable C. albicans. All
the animals in the groups that were vaccinated with either LT
(R192G) or NPS died within 72 h postchallenge. A greater
survival rate was initially observed for animals immunized with
HK-CA plus LT(R192G) (60% survival after 5 days); however,
by day 15, only 20% of the animals were alive. Clearly, i.n.
immunization with killed whole C. albicans in conjunction with
the mucosal adjuvant LT(R192G) stimulated significant levels
of protective immunity, even when the animals were chal-
lenged with doses of C. albicans which were rapidly fatal for
unimmunized mice.

Cellular immunity in immunized animals. As an initial step
to examining the nature of the protective immune response in
vaccinated animals, groups of five or six mice were studied for
the antibody and cellular immune responses developed after
vaccination but prior to challenge. DTH was assessed by the
footpad assay 2 weeks following the last of three immuniza-
tions with the fungus-adjuvant mixture. These mice were not
challenged with live Candida at any point. The results depicted

in Fig. 3 indicate that mice immunized with adjuvant alone
developed no DTH response whereas those immunized with
HK-CA alone developed minimal responses. Those responses
were not statistically significant. In contrast, animals immu-
nized with HK-CA plus LT(R192G) developed substantial and
highly significant DTH reactions. The responses of the latter
animals were comparable to those detected in animals inocu-
lated i.d. or i.g.-i.d. with live C. albicans (18, 26). The immu-
nological reactivity observed in the group immunized with
HK-CA plus LT(R192G) indicates the development of a vig-
orous antigen-specific T-cell response, which correlated with
protection and was elicited marginally by inactivated C. albi-
cans in the absence of the mucosal adjuvant.

Humoral immunity in immunized animals. The levels of spe-
cific anti-Candida antibodies in serum were determined follow-
ing i.n. immunization with the LT(R192G)-containing vaccine
in animals treated in two different ways. First, footpad-tested
animals from the previous experiment were sacrificed and bled
3 days after footpad testing. Footpad testing as described
above was performed 2 weeks after the last of three applica-
tions of the vaccine. Thus, this first group of animals had not
been challenged i.v. No antibody was detected in these an-
imals, and when their responses were compared to those of
unchallenged animals immunized i.g.-i.d., only two of eight
animals in the latter group had demonstrable serum anti-Can-
dida 1gG 2 weeks following the second exposure to viable
C. albicans (data not shown).

The second group of animals analyzed was that containing
the mice that had been challenged i.v. with 10* viable C. albi-
cans 2 weeks after the last application of vaccine and then
sacrificed 4 weeks after the iv. challenge. A control group,
consisting of animals immunized i.g.-i.d. with viable Candida
and challenged i.v. with viable C. albicans, as indicated above,
was included in these assays. C. albicans-specific antibodies
were measured by ELISA with anti-IgG whole molecule or
sera specific for IgG1, IgG2a, IgG2b, 1gG3, or IgA. Antibody
detection was assessed with either the cytoplasmic extract,
SCS, or the cell wall extract, DTTE.
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FIG. 3. DTH to C. albicans mannan in mice immunized i.n. with HK-CA plus LT(R192G), HK-CA alone, NPS, LT(R192G) alone, or 10° viable C. albicans
administered i.d. Footpad testing was performed on animals 2 weeks following the last exposure to HK-CA plus LT(R192G), HK-CA, LT(R192G), or NPS or 1 week
following the last i.d. exposure to viable C. albicans. There were five or six animals per group. SEM, standard error of the mean.

As shown in Fig. 4A, the highest levels of IgG in serum
against SCS were found in animals that had been immunized
with HK-CA in conjunction with LT(R192G) and then chal-
lenged i.v. with viable C. albicans. These animals had the high-
est level of protection of any of the vaccine groups examined.
There were detectable levels of 1gG2a and I1gG2b (data not
shown) but no detectable IgG3 antibodies to SCS in these
mice. Animals immunized with HK-CA alone and then chal-
lenged i.v. with viable C. albicans also developed antibodies to
SCS, but the levels were much lower than those in animals that
received HK-CA plus LT(R192G), and two of the animals had
low levels of IgG1 antibodies specific for the SCS. No antibod-
ies were detected in the negative control animals, i.e., animals
given only adjuvant or NPS as the immunogen and then chal-
lenged i.v. with viable C. albicans. No IgG antibodies were
detected against the cell wall antigen, DTTE, in any of the
groups of mice, and none of the immunized and challenged
animals had detectable IgA antibodies in serum specific for
SCS (data not shown). Interestingly, the positive control group,

i.e., the animals immunized by the i.g. and i.d. routes with
viable C. albicans and then challenged i.v. with viable C. albi-
cans, had lower total IgG levels but higher IgG1 levels com-
pared to the group that received HK-CA plus LT(R192G).
In the above experiment, animals immunized with HK-CA
without LT(R192G) had approximately the same level of anti-
SCS IgG2a as did animals immunized with HK-CA in conjunc-
tion with LT(R192G) and both groups of animals survived
challenge with 10* viable C. albicans. To further explore the
role of IgG1 and IgG2a in protection against lethal challenge,
isotype levels were analyzed in animals immunized with HK-
CA plus LT(R192G) that survived challenge with a 10-fold-
higher dose (10°) of viable C. albicans. It should be noted that
in the 10° challenge group, control groups immunized with
adjuvant alone or NPS succumbed to infection (Fig. 2), and
consequently their sera were not available for analysis. As seen
in Fig. 4, animals immunized with HK-CA plus LT(R192G)
and challenged with 10° viable C. albicans had significant in-
creases in anti-SCS total IgG levels. This increase was mostly
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FIG. 4. ELISA analyses for total IgG (A) or IgG subclasses (B) specific for cytoplasmic antigens (SCS) of C. albicans in sera from animals immunized i.n. with
HK-CA alone, HK-CA plus LT(R192G), LT(R192G) alone, or NPS or with viable C. albicans administered i.g.-i.d. Sera were obtained at the time of sacrifice for
culture, i.e., 4 weeks following i.v. challenge of immunized animals with 10* viable C. albicans (solid circles) or 100 days following i.v. challenge of immunized animals

with 10° viable C. albicans (open circles). There were 7 to 12 animals per group.

due to a dramatic shift in the levels of anti-SCS IgG2a (Fig.
4B).

Since several investigators have suggested that antibody to
specific antigens is protective against systemic candidiasis (27,
38), preliminary Western blot experiments were done to ex-
amine the total IgG response to cytoplasmic (SCS) and cell
wall (DTTE) extracts in animals immunized in various ways.
The Western blot analysis of a representative sample of the
sera tested against SCS is shown in Fig. 5. The most interesting
observation was that all of the animals immunized with HK-
CA plus adjuvant (lanes 2 to 9) developed an antibody re-
sponse to a number of SCS antigens. As seen in Fig. 5, a strong
antibody response in these animals was directed against an
antigen with a molecular mass of approximately 29 kDa. These
were the animals that were completely protected against col-
onization of the kidneys and lethal iv. challenge. Animals
immunized with HK-CA alone (lanes 10 to 15), LT(R192G)
alone (data not shown), or NPS (data not shown) prior to i.v.
challenge developed no antibody responses to the cytoplasmic
extract, as detected by Western blotting (Fig. 5), and were not
protected against colonization following i.v. challenge. None of
the animals immunized with HK-CA, with or without LT
(R192G), exhibited an antibody response to the DTTE on
Western blot analysis, although sera taken from mice immu-
nized i.d. with viable C. albicans prior to i.v. challenge did have
antibodies demonstrable to components of DTTE (not shown).

DISCUSSION

We have shown clearly that i.n. immunization with whole
killed C. albicans mixed with the novel mucosal adjuvant LT
(R192G) stimulated high levels of protection against systemic
challenge with a highly virulent strain of C. albicans. Protective
immunity was associated with substantial levels of DTH and
with high levels of anti-SCS IgG in serum. A predominantly

IgG2a response to soluble cytoplasmic antigens was observed
in animals that survived a challenge with 10° C. albicans, and
there were low levels of IgG1 and IgG2b in most of these mice
as well. Antibody was not detectable to DTTE of the cell wall
of the same strain of C. albicans used to immunize and infect
animals.

The level of protection observed in the animals immunized
with inactivated cells and adjuvant and then challenged with
10° viable C. albicans was remarkable in that 100% of the
adjuvant- or NPS-only animals had died by 18 days whereas
only 1 of 10 mice immunized with the organism plus adjuvant
died over a course of 100 days. Similarly, although 80% of the
immunized animals challenged with 10° organisms died over a
period of 12 days, animals treated with adjuvant or NPS only
were all dead within 2 to 3 days. When the kidneys and brains
of animals immunized with HK-CA plus LT(R192G) were
cultured 28 days following i.v. challenge, none of the animals
examined in either of two independent experiments had any
organisms detectable in the tissue homogenates. In the past,
nonviable C. albicans has not been highly successful as an
immunogen (25, 26, 40, 47). Considerably more success was
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FIG. 5. Western blot analyses of sera from animals immunized i.n. with
HK-CA plus LT(R192G) or HK-CA alone. Lanes: 1, molecular size markers; 2
to 9, sera from mice immunized with HK-CA plus LT(R192G) and challenged
with 10° viable C. albicans (sera were obtained 100 days postchallenge); 10 to 15,
sera from mice immunized with HK-CA alone.
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attained when viable virulent C. albicans (26, 40) or an aviru-
lent strain (3) was used, and there have been three reports of
significant levels of protective immunity stimulated by C. albi-
cans ribosomes (45), a mannoprotein (39), and antibody to an
extracellular candidal protein, p43 (49).

The development of immunization protocols for candidiasis
is complicated further by the fact that the mechanisms respon-
sible for protection at the mucosal level appear to be different
from those operative at the systemic level. In addition, when
exploring protective mechanisms against candidiasis, it is im-
perative to define clearly whether the assessment of protection
to a first exposure to viable C. albicans is being investigated or
whether protection following immunization (acquired immu-
nity) is under consideration. Most people have been exposed to
C. albicans, usually in the gastrointestinal tract, since a high
percentage of the population is colonized with the organism
(11). Mucosal exposure stimulates protective systemic immu-
nity, as demonstrated in an animal model (18) and as evi-
denced by the fact that most humans, despite lifelong coloni-
zation with the organism, never develop systemic disease. T
lymphocytes are clearly involved in protective mechanisms, at
both the mucosal (5) and systemic (7, 26, 46) levels, but the
precise role of these T cells has not been defined.

The role of antibody in protection is controversial (6) and
may depend upon whether one is evaluating the response to a
first systemic exposure to viable C. albicans (27), a mucosal
infection such as that in the vagina (15), or development of
antibody to antigens that may actually enhance the infection
(4). In our experiments with HK-CA and LT(R192G), the
animals produced antibody against a number of SCS antigens,
including a small antigen, i.e., approximately 29 kDa. A strong
response to the 29-kDa antigen, in comparison to the other
antigenic components of the SCS, was noted in the animals
immunized with HK-CA plus LT(R192G) that were sacrificed
28 days following i.v. challenge with 10* live C. albicans (data
not shown). Others (30, 33) have noted that patients with
superficial or vaginal candidiasis have antibody responses to
antigens that migrate in this region as well. While the evidence
for involvement of antibodies to this antigen in any kind of
protective mechanism is purely circumstantial, it may be prof-
itable to examine this particular antigen in more detail for a
role in the protective response.

We have shown that LT(R192G) can induce protective im-
munity when coadministered with whole inactivated bacteria
(8) or viruses (32) or subunits of relevant virulence determi-
nants from these pathogens (41). This adjuvant promotes the
development of both humoral (antibody) and cell-mediated
immune responses against the pathogen in both the systemic
and mucosal compartments.

In a recent study by Chong et al. (8), the function of LT
(R192G) in protection against typhoid-like disease was to up-
regulate or enhance the Thl arm of the immune response
against killed organisms. Specifically, mice immunized orally
with killed Salmonella dublin in conjunction with LT(R192G)
were protected against lethal challenge and had higher gamma
interferon (IFN-v) interleukin-2, and IgG responses than did
mice immunized orally with killed S. dublin alone, which were
not protected. Conclusive evidence for an association of IFN-y
with adjuvant-induced protection was provided in the studies
in which neutralization of endogenous IFN-vy with anti-IFN-y
(monoclonal antibody R4-6A2) resulted in loss of protection
against lethal oral challenge.

In the present study, we examined the ability of LT(R192G)
to enhance the humoral and cellular immune responses against
C. albicans and to induce protection against colonization and
lethal i.v. challenge with wild-type C. albicans. Solid protection
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against colonization and lethal i.v. challenge was achieved fol-
lowing i.n. immunization with heat-killed whole organisms in
conjunction with this adjuvant. Both the humoral and cellular
immune responses against C. albicans were enhanced. A strong
DTH response to mannan was observed in animals vaccinated
with the mixture of HK-CA and LT(R192G). Moreover, iso-
type analysis of anti-Candida antibodies in protected animals
revealed a predominance of antibodies of the IgG2a isotype,
suggesting a strong Thl-type cytokine response. Studies to
characterize the cytokine pattern observed in protected ani-
mals, using antigen restimulation studies and reverse transcrip-
tase PCR analyses, are under way.

Currently, there are no vaccines available for human myco-
ses, and there is an urgent need to develop measures of pro-
phylactic immunointervention against fungal pathogens. This
is especially important if one considers a mass prophylactic
treatment for immunocompromised human hosts. On the one
hand, vaccines containing a live, replicating organism are as-
sociated with an inherent risk of infection, even when the
vaccine strain is attenuated or exhibits low virulence. On the
other hand, although subunit vaccines are safer, the cost and
labor involved in the purification process of proteins or immu-
nogenic carbohydrates represent a hindrance to the develop-
ment of such vaccines. The concept of using inactivated C. al-
bicans as a component of a potential anti-Candida vaccine is
attractive because of its safety and the ease and low cost asso-
ciated with the preparation of large numbers of cells of the
inactivated yeast.

In future studies, we intend to determine if the protection
conferred by this vaccine can be passively transferred to naive
and immunocompromised mice and whether immunological
protection supersedes the induction of immunosuppression in
experimental animals. Concomitantly, our studies will deter-
mine if protection can be achieved in animals that are colo-
nized with Candida prior to vaccination and if cross-protection
against other Candida species can be achieved by using this
mucosal immunization strategy. With the information obtained
in the proposed studies, future vaccine strategies can be de-
signed by using similar vaccination procedures for a variety of
fungal pathogens. These are important issues because they
take us beyond the phenomenological observations of “en-
hanced immunity” to a clearer understanding of the mecha-
nisms of protection against Candida and the practical implica-
tions of the development of antifungal vaccines.
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