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Mice immunized with two different cryptococcal antigen preparations, one a soluble culture filtrate antigen
(CneF) in complete Freund’s adjuvant (CFA) and the other heat-killed Cryptococcus neoformans cells (HKC),
develop two different profiles of activated T cells. CneF-CFA induces CD41 T cells responsible for delayed-type
hypersensitivity (DTH) reactivity and for amplification of the anticryptococcal DTH response, whereas HKC
induce CD41 and CD81 T cells involved in anticryptococcal DTH reactivity and activated T cells which directly
kill C. neoformans cells. The main purpose of this study was to assess the level of protection afforded by each
of the two different T-cell profiles against challenge with viable C. neoformans cells, thereby identifying which
activated T-cell profile provides better protection. CBA/J mice immunized with CneF-CFA had significantly
better protective responses, based on better clearance of C. neoformans from tissues, on longer survival times,
and on fewer and smaller lesions in the brain, than HKC-immunized mice or control mice similarly infected
with C. neoformans. Both immunization protocols induced an anticryptococcal DTH response, but neither
induced serum antibodies to glucuronoxylmannan, so the protection observed in the CneF-CFA immunized
mice was due to the activated T-cell profile induced by that protocol. HKC-immunized mice, which displayed
no greater protection than controls, did not have the amplifier cells. Based on our findings, we propose that
the protective anticryptococcal T cells are the CD41 T cells which have been shown to be responsible for DTH
reactivity and/or the CD41 T cells which amplify the DTH response and which have been previously shown to
produce high levels of gamma interferon and interleukin 2. Our results imply that there are protective and
nonprotective cell-mediated immune responses and highlight the complexity of the immune response to C.
neoformans antigens.

Cryptococcosis is a disease in which immunomodulatory or
immunoreplacement therapy could be of great value. Crypto-
coccosis occurs more frequently in individuals with reduced
T-lymphocyte function such as patients with AIDS or malig-
nancies or those on immunosuppressive drugs (26). Further-
more, in immunodeficient individuals, cryptococcosis is often
life threatening even when antifungal drugs are administered
(41, 43). These findings stress the importance of T-cell func-
tions in protection against Cryptococcus neoformans. At the
present time, the component or combination of components of
the T-cell-dependent host immune responses necessary for
protection against C. neoformans are not sufficiently under-
stood to develop immunotherapies.

Cell-mediated immune (CMI) responses against C. neofor-
mans have been induced in mice by infecting the animals with
the organism or by subcutaneous (s.c.) immunization with non-
replicating immunogens such as a soluble cryptococcal culture
filtrate antigen (CneF) in complete Freund’s adjuvant (CFA)
and heat-killed C. neoformans cells (HKC) (3, 22, 27, 32–34,
36, 38, 40). The T-cell responses to the two protocols using the
nonreplicating antigens have been the focus of several inves-
tigations, and it is clear that different T-cell populations are
induced by the two different immunization protocols (3, 22, 27,
32–34, 36, 38, 40). Immunization with CneF in CFA induces
two functionally different CD41 T-cell populations (3, 13, 14,

22, 27, 32–34, 36, 38, 40). One CD41 population will transfer
anticryptococcal delayed-type hypersensitivity (DTH) reactiv-
ity to naive recipient mice and is referred to as the TDH cell
population (13, 14, 22). The other population is designated the
Tamp cell population because it amplifies the anticryptococcal
DTH response when transferred to mice at the time of their
immunization with CneF-CFA (13, 14). Two additional T-cell
populations known to be upregulated by other immunization
protocols are CD81 T cells that are involved in the anticryp-
tococcal DTH response and the unconventional (major histo-
compatibility complex-nonrestricted) cytotoxic T cells, which
can directly kill C. neoformans (27, 40). Neither of the last two
T-cell populations is induced by immunization with the soluble
cryptococcal antigen CneF (27, 40). When stimulated with
cryptococcal antigen(s), activated CD41 T cells induced by
CneF-CFA display a predominant Th1 lymphokine profile (in-
terleukin 2 [IL-2] and gamma interferon [IFN-g]), and T-cell
populations containing the Tamp cells produce significantly
more of these two cytokines than do T-cell populations that
lack Tamp cells (33). In contrast to immunization with CneF-
CFA, s.c. immunization with HKC induces both CD41 and
CD81 T cells, which are involved in the anticryptococcal DTH
response (27). In addition, the direct anticryptococcal activity
of an unconventional cytotoxic T cell is augmented by immu-
nization with HKC either alone or in CFA (27, 39, 40).

In the present study, we assessed the abilities of these two
immunization protocols, which induce different cellular com-
ponents, to protect mice from infection with C. neoformans.
After finding that CneF-CFA immunization afforded a signif-
icant level of protection, whereas HKC immunization did not,
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we analyzed the ability of the HKC immunization to induce
Tamp cells, which are responsible for augmented IFN-g pro-
duction (5, 33). We found that HKC immunization did not
induce Tamp cells, suggesting that Tamp cells may be important
in the mechanism of clearance of C. neoformans.

MATERIALS AND METHODS

Mice. Inbred, female CBA/J mice (H-2k) were purchased from Jackson Lab-
oratory, Bar Harbor, Maine. The mice were maintained in the animal facility of
the University of Oklahoma Health Sciences Center from 5 weeks of age until
they were used at 8 to 12 weeks of age.

Organisms. Serotype A C. neoformans strain 184A was used for immunization
and infection. The organism was maintained and grown on modified Sabouraud
dextrose agar. HKC for immunization were prepared by heating C. neoformans
184A cells for 1 h at 60°C (39). Viable C. neoformans cells for infection were
collected from a 3-day culture, washed three times in endotoxin-free sterile
physiological saline solution (SPSS), counted, and diluted to the appropriate
concentration in SPSS. The numbers of viable C. neoformans cells in the chal-
lenge preparations were confirmed by diluting and plating the cryptococci on
Sabouraud dextrose agar.

Maintenance of endotoxin-free conditions. Endotoxin-free experimental con-
ditions were maintained by using commercial endotoxin-free plasticware and
heating all glassware for 3 h at 180°C. All reagents used in the experiments
contained less than 8 pg of endotoxin/ml (minimal detectable level) when tested
with the Limulus assay (Whittaker Bioproducts, Inc., Walkersville, Md.).

Preparation of CneF-CFA or CneF in IFA. CneF was prepared as previously
described (3). Briefly, a defined medium was inoculated with 109 C. neoformans
cells/liter and incubated for 5 days at 30°C before the cryptococci were killed with
2% Formalin. At 24 h after the addition of Formalin, the culture supernatant was
removed with a OM-141 Pellicon tangential-flow system and a 0.45-mm-pore-size
cassette (Millipore, Bedford, Mass.). The culture supernatant was washed exten-
sively with SPSS and concentrated 10-fold with a 30,000-molecular-weight cutoff
cassette in the Pellicon system. The concentrated CneF was filter sterilized and
stored at 220°C until used. The CneF preparation used here had a protein
concentration of 0.268 mg/ml as determined by the bicinchoninic acid assay
(BCA protein assay; Pierce Chemical Co., Rockford, Ill.) and a carbohydrate
concentration of 5.8 mg/ml as determined by the phenol-sulfuric acid assay (12).
CneF-CFA was prepared by emulsifying 1 part CneF with 1 part CFA (Difco
Laboratories, Detroit, Mich.) (vol/vol) (36), and CneF-incomplete Freund’s ad-
juvant (IFA) was prepared similarly by using IFA (Sigma Chemical Co., St.
Louis, Mo.) in place of CFA.

Immunization with HKC, HKC-CFA, CneF-CFA, or CneF-IFA. Two different
sources of C. neoformans antigens were used for immunization, one the heat-
killed (1 h at 60°C) whole organism in saline or CFA and the other a soluble
culture filtrate antigen (CneF) in either CFA or IFA. These two different im-
munization protocols were selected for this study because the T-cell profile that
each induces has been well characterized. Immunization with HKC or HKC-
CFA was done as previously described by injecting mice s.c. at two sites on the
lower abdomen with 107 184A HKC suspended in SPSS or CFA (40). Controls
for HKC or HKC-CFA immunization were mice injected at similar sites with the
same volume of SPSS or SPSS-CFA, respectively.

Immunization with CneF-CFA or CneF-IFA was done as previously described
(3). Briefly, mice were injected s.c. at two sites at the base of the tail with 0.1 ml
of CneF-CFA or CneF-IFA at each site. Controls for the CneF-CFA or CneF-
IFA immunization protocol were mice injected at two sites at the base of the tail
with 0.1 ml of SPSS-CFA or SPSS-IFA, respectively, at each site (3).

Eight days after immunization, a time when the activated T cells are present
(27, 40), five mice from each group were challenged by footpad injection to
demonstrate the efficacy of immunization (3), and the remaining mice were
infected with viable C. neoformans 184A cells. In each experiment at 24 h after
CneF injection into the footpad, the mean increase in footpad thickness in mice
immunized with CneF-CFA or CneF-IFA was approximately twice that of HKC-
or HKC-CFA-immunized mice. These results demonstrate that the mice were
responding immunologically as expected (40).

Infection with C. neoformans. Mice were injected intravenously with 104, 105,
or 106 viable C. neoformans cells in 0.2 ml of SPSS. At designated times after
inoculation, mice were killed and lungs, livers, spleens, and brains were removed
for cryptococcal CFU determinations (10). Five mice per group were used for the
CFU studies, and 10 mice per group were used for the survival studies.

Histology. Mice were treated as indicated above with SPSS-CFA, CneF-CFA,
HKC-CFA, HKC, or saline, and 8 days later they were infected with 105 C.
neoformans cells intravenously (i.v.). On day 7 of infection, brains were collected
and fixed in 10% neutral buffered Formalin. Each brain was sectioned coronally
at three levels: (i) at the olfactory tubercle showing the caudate nucleus and the
nonolfactory telencephalic neocortex; (ii) at the posterior to the optic chiasm
showing the olfactory cortex including the hippocampus, the pyriform cortex, and
the entorhinal cortex, as well as the basal ganglia and thalamus (diencephalon);
and (iii) at the flocculonodular lobe of the cerebellum and the brain stem. All
sections were stained with hematoxylin and eosin. The total number of crypto-
coccal lesions seen in all fields of four sections from the different regions of the

brain (the telencephalic neocortex, the diencephalon, the diencephalon/meten-
cephalon, and the metencephalon) were counted and summed. The sum of the
lesions from each brain of seven SPSS-CFA-treated, eight CneF-CFA-immu-
nized, three HKC-CFA-immunized, four HKC-immunized, and four SPSS-
treated mice were used to determine the mean number of lesions for each group.

Detection of Tamp cells. Spleen cells were harvested at 8 days after treatment
of the mice with SPSS-CFA, CneF-CFA, HKC-CFA, HKC, or SPSS. Spleen cells
(108 per mouse) from mice in the designated treatment group were transferred
to five naive mice, and then the mice were immediately immunized with CneF-
CFA. Six days after transfer of the spleen cells and immunization with CneF-
CFA, the mice were tested for DTH reactivity by footpad injection (13, 14).

Assay for anticryptococcal antibody. Serum immunoglobulin M (IgM) and
IgG antibody levels to glucuronoxylmannan (GXM) were measured by enzyme-
linked immunosorbent assay (ELISA) as described previously (8). Briefly,
ELISA plates were prepared by applying 50 ml of a 1.0-mg/ml solution of strain
184A GXM in phosphate-buffered saline (PBS; pH 7.6) to each well of the
96-well flat-bottom polystyrene ELISA plates (no. 25801, Corning Glass Works,
Corning, N.Y.), incubating the plates overnight at room temperature, and block-
ing the contents of each well for nonspecific binding with 1% bovine serum
albumin in PBS. Preliminary experiments revealed that strain 184A GXM bound
to polystyrene. Mouse sera were serially diluted across ELISA plates, and the
presence of antibody binding was detected by incubation with alkaline phos-
phatase-labeled goat anti-mouse IgM or IgG (Southern Biotechnology Associ-
ates Inc., Birmingham, Ala.) followed by the addition of the phosphatase sub-
strate, p-nitrophenyl phosphate (1 mg/ml in 1.0 mM MgCl2–50 mM Na2CO3 [pH
9.8]). Plates were washed three to five times at each step with a solution of 0.05%
Tween-20 (polyoxyethylenesorbitan monolaurate) in PBS with a Titertek Micro-
plate washer 120 (Flow Laboratories). The r-nitrophenyl substrate was added
prior to reading the optical density of each well at 405 nm on a Ceres 900
microtiter ELISA reader (Bio-Tek Instruments, Inc., Wisnooski, Vt.). IgM levels
relative to those of IgM murine monoclonal antibody (MAb) 2D10 were calcu-
lated (6).

Detection of serum antigen levels. Serum GXM levels were determined by
antigen capture ELISA as described previously (7, 31). The antigen capture
ELISA used MAb 2D10 (IgM) for capture and MAb 2H1 (IgG1) for detection
of GXM. Prior to the assay, serum samples were diluted in PBS, incubated with
100 mg of proteinase K (Boehringer Mannheim) per ml overnight, and then
boiled for 30 min. After the color in the ELISA developed, the optical density of
each well was measured on a Ceres 900 microtiter ELISA reader at 405 nm.
GXM levels were measured relative to those for strain 184A GXM standards,
which were also treated with proteinase and heat as described above.

Statistical analysis. Means, standard errors of the means (SEM), and un-
paired Student’s t test results were used to analyze the DTH, CFU, ELISA, and
brain lesion data. When comparing two groups, we used a P value of 0.05 or less
to define a significant difference. Survival data were analyzed with Kaplan-Meier
survival plots followed by the log-rank test (JMP Software, SAS Institute, Cary,
N.C.) on an Apple Macintosh computer. To analyze the serum GXM data, the
Kruskal-Wallis procedure was used, followed by the Newman-Keuls method for
multiple comparisons.

RESULTS

Clearance of C. neoformans from tissues of immunized mice
after an i.v. infection with 104 viable C. neoformans cells. In an
initial experiment, we compared the levels of clearance of C.
neoformans from lungs, livers, spleens, and brains on days 3, 5,
and 7 after an i.v. infection with 104 viable organisms in mice
immunized with either HKC or CneF-CFA and in their respec-
tive controls (Fig. 1). When the data for the 3-day time period
after infection were compared, significant differences among
the groups were noted. For instance at 3 days, mice immunized
with CneF-CFA had significantly fewer cryptococcal CFU in
lungs (2.5 6 2.5) and brains (3,300 6 559) than mice immu-
nized with HKC (65 6 1.5 [P , 0.001] and 55,250 6 3,677 [P ,
0.0001], respectively). The fungal burden in lungs of HKC-
immunized mice was comparable to that in the lungs of SPSS-
CFA- (51 6 9 CFU) and SPSS-treated (45 6 10 CFU) control
mice. In the brains of HKC-immunized mice at day 3 of infec-
tion the fungal load was similar to that in the brains of mice
given SPSS (60,100 6 4,975 CFU) but surprisingly higher than
the burden in brains of mice treated with SPSS-CFA (23,312 6
1,567 CFU; P , 0.0001). A comparison of the numbers of CFU
recovered from the spleens at 3 days did not reveal significant
differences among the four groups. Livers from HKC-immu-
nized mice had significantly greater numbers of CFU than
livers from CneF-CFA-immunized mice or from mice treated
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with SPSS-CFA or SPSS and infected 3 days before CFU
determinations (P , 0.02).

From day 3 to day 7 of infection, the numbers of cryptococ-
cal CFU increased in all tissues of the HKC- and SPSS-treated
groups (Fig. 1). In contrast, mice immunized with CneF-CFA
did not show an increase in CFU in any tissues assessed except
liver tissues until day 5, after which the CneF-CFA-immunized
mice gained control of the infection in the livers as well (Fig.
1). The generalized protection provided by CneF-CFA was not
evident in the HKC-immunized group, which showed only lim-
ited protection in the lungs at day 7 after infection (Fig. 1;
compare day 7 lungs of HKC-treated and SPSS-treated mice;
P 5 0.015). Each tissue from the CneF-CFA-immunized mice
at day 7 after infection had significantly fewer CFU than the
corresponding control tissue from the SPSS-CFA-treated mice
(P , 0.01), indicating that CneF-CFA immunization provided
a greater overall level of protection than the CFA control. It is
worth noting, however, that CFA emulsified with saline af-
forded a measurable level of protection in lungs, spleens, and
brains compared to SPSS and HKC (Fig. 1; P , 0.02).

A comparison of the levels of protection against C. neofor-
mans afforded by immunization protocols that induce two dif-
ferent activated T-cell profiles. Having observed that CneF-
CFA provided significant protection and that SPSS-CFA
induced some protection, as measured by tissue CFU counts of
C. neoformans, we were interested in whether or not the pro-
tective effects would also be evident in survival studies. Even
though in previous studies we had shown that CFA added to
HKC did not alter the immune responses induced (40), we
were interested in whether or not CFA added to HKC altered
protection. Consequently, in the next series of experiments, an
HKC-CFA-immunized group was included. Mice immunized
with CneF-CFA, HKC-CFA, or HKC and mice treated with
SPSS-CFA or SPSS alone were infected i.v. with 105 viable C.
neoformans cells on day 8 after immunization, and their sur-
vival was monitored over a 30-day period (Fig. 2). CneF-CFA-
immunized mice survived significantly longer (mean survival
time 5 18.7 6 1.3 days) than all other groups of mice (SPSS-
CFA- and SPSS-treated group mean survival times 5 13.7 6
0.5 and 13.6 6 0.5 days, respectively; HKC- and HKC-CFA-

treated group mean survival times 5 12.4 6 0.6 and 13.4 6 0.5
days, respectively; P , 0.0001). Mice immunized with HKC
either alone or with CFA were not protected against challenge.

Histological studies of brains from immunized and control
mice infected with 105 C. neoformans cells. At 7 days into the
infection, brains from mice immunized with CneF-CFA had
fewer numbers of cryptococcal lesions and smaller lesions (Fig.
3C and D) than brains from mice treated with SPSS-CFA or
HKC-CFA (Fig. 3A and B and 3E and F, respectively). The
appearance of the lesions in brains from mice treated with
HKC or saline was similar to that in brains from mice treated
with SPSS-CFA (data not shown). When the total numbers of
lesions were determined and summed for representative sec-
tions from different regions of the brain including the nonol-
factory telencephalic neocortex, olfactory cortex (including the
hippocampus, pyriform cortex, and entorhinal cortex), and the
diencephalon (including basal ganglia and thalamus), as well as
the cerebellum and brain stem, it was evident that significantly
fewer cryptococcal lesions were observed in brains of CneF-
CFA-immunized mice than in brains from SPSS-CFA-immu-

FIG. 1. Mean numbers of cryptococcal CFU in lungs, spleens, livers, and brains from immune and control mice at 3, 5, and 7 days after i.v. challenge with 104 viable
C. neoformans cells. Mice were treated on day 0 with the designated preparation and were infected on day 8. Error bars represent the standard error of the mean (SEM).
The data are from one of two experiments which produced similar results.

FIG. 2. Percent survival of CneF-CFA-, HKC-CFA-, and HKC-immunized
and control mice after challenging the mice with 105 viable C. neoformans cells
on day 8 after treatment. The data are from one of two experiments which
produced similar results.
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nized (P 5 0.00004), HKC-CFA-immunized (P 5 0.0006), HKC-
immunized (P 5 0.0003), and SPSS-treated (P 5 0.00009)
mice (Fig. 3G).

Tissue burdens of C. neoformans after infecting immunized
and control mice with a higher dose (106 cells) of viable C.
neoformans cells. To determine whether or not the protective
effects of CFA were evident by CFU counts after challenging
mice with a higher number of C. neoformans cells, mice were
immunized with CneF-CFA, HKC-CFA, or HKC or were
treated with SPSS-CFA or SPSS and then infected with 106

viable cryptococci on day 8 after treatment. As with the two

lower challenge doses (104 and 105 cells), mice immunized with
CneF-CFA displayed more protection than mice in the other
groups (Fig. 4). The numbers of CFU cultured from lungs,
spleens, or brains of CneF-CFA-immunized mice at 7 days
after infection were significantly lower than the numbers of
CFU cultured from the respective tissues from SPSS-CFA-
treated mice (Fig. 4; P , 0.004). The numbers of cryptococcal
CFU in the livers were not significantly different among the
groups infected with 106 cryptococci (data not shown). In con-
trast, HKC-immunized mice displayed greater numbers of
CFU in the brains at 7 days after infection than any of the
other groups including the SPSS controls, suggesting that im-
munization with HKC alone may down-regulate some host

FIG. 3. Cryptococcal lesions in the brains of infected mice. Representative
sections illustrate the frequency of lesions (arrows) in the basal ganglia (A, C,
and E) and olfactory cortices (including the hippocampi) (B, D, and F) of mice
treated with SPSS-CFA (A and B), CneF-CFA (C and D), and HKC-CFA (E
and F). Note the relative paucity of cystic lesions in the brains from CneF-CFA-
treated mice. The inset in panel A shows cryptococcal organisms within one of
the cystic lesions. The relative differences in the total numbers of lesions seen in
the brains of mice from each of the treatment groups are illustrated in the bar
graph (G). Magnifications, 328 (A to E) and 314 (F). Each panel (A to F) shows
a brain section from one mouse which is representative of similar sections from
seven or eight mice in the SPSS-CFA and CneF-CFA treatment groups and three
mice in the HKC-CFA group. Brain sections from four mice in each of the HKC
and SPSS treatment groups appeared similar to brain sections shown in panels A
and B. The means 6 SEM of the summed lesions from four different sections of
the brains are shown in panel G. See Materials and Methods for experimental
details.
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protective mechanism (Fig. 4). The protective value of CFA
was evident again with this high challenge dose of 106 C.
neoformans cells by the lower numbers of cryptococcal CFU in
tissues of SPSS-CFA-treated and HKC-CFA-immunized mice
compared to the numbers of CFU in the respective tissue of
mice treated with SPSS or HKC (Fig. 4). These data confirm
that CFA induces some protection against C. neoformans dur-

ing the first week of infection irrespective of the presence or
absence of the intact antigen or organism.

Contribution of CFA to the protection induced by CneF-
CFA. We postulated that the Mycobacterium sp. in the CFA
was responsible for the limited protection that was evident in
the early CFU counts but was not sufficient to change signifi-
cantly the survival times of the animals. To test the protective
role of Mycobacterium in the adjuvant, we immunized mice
with CneF-CFA, which contains Mycobacterium, or CneF-IFA,
which contains no Mycobacterium, and included the appropri-
ate controls (SPSS-CFA or SPSS-IFA). On day 7 after immu-
nization, footpad testing was done, and the DTH responses,
measured as footpad swelling, were the following: CneF-CFA
immunized mice had responses of (18.8 6 1.2) 3 1023 in.,
SPSS-CFA-injected mice had responses of (0.8 6 0.2) 3 1023

in., CneF-IFA-immunized mice had responses of (16.4 6 1.0)
3 1023 in., and SPSS-IFA-injected mice had responses of
(0.8 6 0.2) 3 1023 in. There was no significant difference
between the two groups of mice treated with CneF. For simi-
larly treated mice challenged i.v. with 105 C. neoformans cells
on day 7 after treatment, we compared the numbers of CFU in
lungs, livers, spleens, and brains with those in their respective
controls (Fig. 5). Comparable levels of protection were in-
duced by CneF-CFA and CneF-IFA immunization. Irrespec-
tive of whether or not Mycobacterium was in the adjuvant used
with CneF, the numbers of organisms in the immunized mouse

FIG. 4. Mean numbers of cryptococcal CFU in lungs, spleens, and brains
from immune and control mice at 3, 5, and 7 days after an i.v. challenge with 106

viable C. neoformans cells. Mice were treated on day 0 with the designated
preparation and were infected on day 8. Error bars represent the SEM. The data
are from one of two experiments which produced similar results.

FIG. 5. Mean numbers of cryptococcal CFU in lungs, spleens, livers, and
brains from CneF-CFA- and CneF-IFA-immunized mice and their respective
SPSS controls at day 7 after i.v. infection with 105 viable C. neoformans cells.
Error bars show the SEM. The data are from one of two experiments which
produced similar results.

FIG. 6. Detection of the presence of Tamp cells. Mean increases in footpad
thickness after footpad challenge with CneF at 6 days after the mice were given
the designated spleen cell population and were immunized with CneF-CFA are
shown. Error bars indicate the SEM. The data are from one of two experiments
which produced similar results.

FIG. 7. Serum GXM levels of CneF-CFA- and HKC-immunized and control
mice at the time of infection (day 0) with 105 viable C. neoformans cells or at day
12 of the infection. Mice were immunized with CneF-CFA or HKC or were
treated with SPSS-CFA or SPSS 8 days prior to infecting the animals. Error bars
indicate the standard deviation.
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tissues were similar for the two immunized groups and signif-
icantly lower than those in the respective control tissue (Fig. 5,
P , 0.02 in lungs and , 0.009 in other organs). These results
indicate that CFA-induced protection was not apparent by
CFU counts in mice with an ongoing anticryptococcal CMI
response (Fig. 5; compare CneF in CFA to CneF in IFA). In
contrast, the protective effect of Mycobacterium in the adjuvant
was seen in all tissues except the lung tissue when the antigen
was absent (Fig. 5; compare SPSS-CFA to SPSS-IFA; P 5
0.114 [not significant] for lungs, 0.001 for spleen, 0.00004 for
liver, and 0.009 for brain).

Assessment of anticryptococcal Tamp cells after immuniza-
tion with HKC or HKC-CFA. From previous studies we know
that CneF-CFA induces not only the CD41 T cells responsible
for DTH reactivity but also a CD41 cell population that am-
plifies the DTH response (13, 14). Cell populations containing
Tamp cells make elevated levels of IL-2 and IFN-g in compar-
ison to spleen cell populations, which contain only T cells
responsible for DTH reactivity (TDH cells) (33). Since the Th1
lymphokine, IFN-g, has been associated with protection in-
duced during infection with C. neoformans (1), we thought that
Tamp cells, which have been shown to have an augmented
capacity to produce IFN-g (and IL-2) (5, 33), may be contrib-
uting to the differences in protection seen in mice immunized
with CneF-CFA versus mice immunized with HKC. Since the
presence of Tamp cells in HKC- and HKC-CFA-immunized
mice had not been previously assessed, we did the following
experiment. Spleen cells from mice immunized with HKC,
HKC-CFA, or CneF-CFA or appropriate control spleen cells
were transferred to naive recipient mice at the time of immu-
nization. As expected, spleen cells from CneF-CFA-immu-
nized mice contained Tamp cells as shown by the significantly
amplified DTH response in the recipients of those spleen cells
as compared to mice that had received spleen cells from SPSS-
CFA- or SPSS-treated mice (Fig. 6, compare group 4 to groups
3 and 7; P 5 0.0003). In contrast, the spleen cell populations
from HKC-CFA- and HKC-immunized mice showed no evi-
dence of Tamp cells because the recipients of those spleen cells
had DTH responses equivalent to those of the mice which had
been given spleen cells from SPSS-CFA- or SPSS-treated mice
(Fig. 6; compare groups 5 and 6 to groups 3 and 7).

Levels of anticryptococcal antibody in mice at 8 days after
immunization (the time of infection) and at 12 days after being
given 105 viable C. neoformans cells. Some antibodies to GXM
have been shown to be protective in mice (11, 29), and we were
interested in whether or not anti-GXM antibodies were
present in mice immunized with either CneF-CFA or HKC.
For this assessment, sera were obtained from the mice on the
day of infection and 12 days after infection. A preliminary
experiment utilizing alkaline phosphatase-labeled antisera to
mouse IgM and IgG revealed no significant increases in anti-
GXM antibody titers in immunized mice at day 8 or 20 after
immunization (day 0 or 12 after infection) relative to the con-
trol mice (data not shown). A second experiment was then
performed to measure the anticryptococcal antibody content
of sera from immune and control mice more precisely. The
amount of antibody was quantified relative to IgM MAb 2D10
by ELISA. This antibody was chosen because it has the highest
level of affinity of the available set of anti-Cryptococcus IgM
MAbs (6). The use of a high-affinity-level antibody as a stan-
dard would tend to overestimate the amount of IgM in serum.
Nevertheless, this was deliberately done to identify the possible
upper-end concentrations of antibody in the serum samples.
The levels of anticryptococcal IgM at 8 days after immuniza-
tion (day 0 after infection) and at 20 days after immunization
(day 12 after infection) in sera from mice treated with CneF-

CFA, SPSS-CFA, or HKC were not different than the levels in
sera from naive CBA/J mice.

Concentrations of cryptococcal GXM in sera from immu-
nized and control infected mice. Patients with disseminated
cryptococcosis typically have cryptococcal polysaccharide in
their body fluids, including serum and spinal fluid (9). Further-
more, the higher the cryptococcal antigen titer at the onset of
therapy, the less likely the patient will respond positively to
therapy (9). Consequently, it was of interest in this study to
correlate the levels of cryptococcal antigen in serum of infected
mice with the severity of disease. The group of mice immu-
nized with CneF-CFA and infected had no rise in serum GXM
at 12 days after infection with C. neoformans, whereas mice
immunized with HKC displayed significant increases in GXM
concentrations in their sera after 12 days of infection compared
to the CneF-CFA-immunized mice (P , 0.05) (Fig. 7). In fact,
at 12 days into the infection, serum GXM levels in HKC-
immunized, infected mice were elevated and were not signifi-
cantly different from the GXM levels in serum from SPSS-
treated mice infected with C. neoformans (Fig. 7). In contrast,
mice given SPSS-CFA had significantly lower concentrations of
cryptococcal GXM in serum than HKC- or SPSS-treated, in-
fected mice (P , 0.05).

DISCUSSION

Our objective was to determine the protective value of two
previously defined immunization protocols which induce anti-
cryptococcal CMI responses with different activated T-cell pro-
files. By comparing the activated T-cell profile of the CMI
response induced by each procedure and relating the profile to
the protective value of each protocol, it is possible to begin to
establish which activated T-cell component(s) of the CMI re-
sponse contributes to protection. The results of these studies
clearly establish that a single s.c. injection with a soluble cul-
ture filtrate antigen of C. neoformans in either CFA or IFA
induces a significantly better protective immune response
against C. neoformans than does a single s.c. injection of HKC
either alone or in CFA. The protective mechanism(s) against
C. neoformans induced by CneF-CFA was evident by reduced
CFU counts in most tissues examined after infecting mice with
three different doses ranging from 104 to 106 C. neoformans
cells. Of the tissues in which CFU were determined, protection
was most evident in the brains from mice immunized with
CneF-CFA or CneF-IFA. The significantly reduced numbers
of C. neoformans CFU in brains of CneF-immunized mice
could have resulted from (i) fewer organisms in extracerebral
tissues thereby limiting the numbers of organisms entering the
bloodstream and the brain and/or (ii) enhanced protective
mechanisms in the brains of the CneF-immunized mice. Pro-
tection was visible in CneF-CFA-immunized mice not only by
CFU counts but also by the significantly extended mean sur-
vival time compared to controls. Our observation that serum
GXM concentrations were significantly lower in the CneF-
CFA-immunized, infected mice than in infected mice previ-
ously immunized with HKC or treated with saline is in keeping
with the observation that GXM concentrations tend to corre-
late with organ CFU counts (30). When one considers that
control mice infected with C. neoformans 184A will mount an
anticryptococcal CMI response that offers some protection,
then the significantly extended survival time we obtained for
the CneF-CFA-immunized mice over that for the controls is
impressive and meaningful. Together, the reduced CFU counts
and increased survival of the CneF-immunized mice show that
the culture filtrate from C. neoformans 184A, which we refer to
as CneF, contains antigens which induce a protective CMI
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response or an appropriate combination of antigens to induce
protective components of the CMI response.

The protection that we observed is not likely to have been
mediated by anticryptococcal antibodies, because the two dif-
ferent nonreplicating immunogens, CneF-CFA and HKC, that
we used do not induce antibody responses to the major surface
component of cryptococci, namely, GXM. Both immunogens
do induce anticryptococcal CMI responses; however, the acti-
vated T-cell profiles that the immunogens induce are different.
Consequently, the protection that we observed in the CneF-
CFA-immunized mice is due to one or more of the anticryp-
tococcal CMI components induced by CneF. The distinct dif-
ferences in protection afforded by these two protocols, along
with the differences in activated T-cell profiles, make these
systems excellent models for sorting the protective CMI mech-
anisms from the nonprotective or potentially exacerbating
CMI responses to C. neoformans.

The CMI profile induced by CneF-CFA and associated with
protection is characterized by activated CD41 T cells which
upon restimulation with cryptococcal antigen make the Th1
cytokines, IL-2 and IFN-g, along with the Th2 cytokine IL-5 (5,
33). The activated CD41 cells can be separated into two func-
tionally different pools, the CD41 cells that transfer DTH
reactivity (TDH cells) and the Tamp cells which amplify the CMI
response and make an abundance of IFN-g and IL-2 (5, 13, 14,
33). DTH responses induced by CneF-CFA are typically more
intense (approximately twofold) than DTH reactions induced
by viable or dead C. neoformans cells alone or in CFA (40).
The activated CD41 cells in the CneF-CFA-immunized mice
are the most likely components responsible for the protection
observed. All things considered, it is probable that both of the
activated CD41 T cells, i.e., the TDH and the Tamp cells, con-
tribute to the protection.

Theoretically, both the TDH and the Tamp cells have the
ability to contribute to protection. TDH cells recruit leukocytes
into the site of antigen deposition (4), and increased leukocyte
infiltrates into sites of infection would be expected to enhance
clearance of the organism. Tamp cells also could enhance pro-
tection but in a manner different than that of the TDH cells.
Tamp cells do not significantly increase the numbers of leuko-
cytes that infiltrate sites of antigen deposition, but they do
cause more IFN-g and IL-2 to be produced at the DTH reac-
tion site (5). Consequently, we propose that the Tamp cells aid
in protection by producing large amounts of Th1 lymphokines
at the infection site. The Th1 lymphokines can activate mac-
rophages and possibly other natural effector cells to more
aggressively kill C. neoformans (15, 19, 24, 25, 28, 35, 42). This
explanation is in accordance with the findings that cryptococcal
infections are exacerbated when mice are treated with an an-
tibody that neutralizes IFN-g (1). Thus, one would predict that
animals which have small numbers of TDH cells but which lack
Tamp cells, such as mice immunized with HKC, would not be
protected to the same degree as mice with both cell popula-
tions. Indeed, we showed that this is the case; the DTH re-
sponse to CneF injected into the footpads of HKC-immunized
mice is half that of mice immunized with CneF-CFA, and the
former mice lack Tamp cells and display little protection against
C. neoformans.

Mice immunized with HKC with or without CFA have pop-
ulations of T cells not found in the mice immunized with
CneF-CFA. These are CD81 cells which contribute to anti-
cryptococcal DTH reactivity and unconventional cytotoxic T
cells that directly kill C. neoformans (27, 39, 40). Since HKC
immunization induces little to no protection in mice, these two
components do not appear to be playing a role in protection.
This is not to say that these two components may not have

protective capabilities under appropriate conditions; however,
if they provide protection, it was not sufficient in the HKC-
immunized mice to be detectable.

Another observation was that CFA but not IFA introduces a
protective component(s) that can be detected by early CFU
counts but not in survival experiments. The protection afforded
by CFA did not nullify the protection induced by CneF-CFA,
because the protection observed on the basis of either CFU
counts or survival time determinations was significantly greater
in mice immunized with CneF-CFA than in mice immunized
with SPSS-CFA. Survival results after infecting the HKC- and
HKC-CFA-immunized mice with C. neoformans cells did not
indicate there was a difference in the protection afforded by
HKC alone compared to that afforded by HKC in CFA. CFA
added to HKC boosts the protective response of the host in the
same way that the CFA in saline boosts the response, because
the clearance data from those two groups are similar. Our
observation that CFA in the HKC immunization did not in-
crease the survival times of the infected mice is consistent with
our other findings that the addition of CFA to HKC does not
induce Tamp cells or augment the anticryptococcal DTH re-
sponse or the level of direct T-cell cytotoxicity for C. neofor-
mans over that induced by HKC alone (39, 40). The early
protection observed in the mice treated with saline in CFA as
compared to that observed in mice treated with saline-IFA or
saline alone is most likely due to the Mycobacterium in the
CFA inducing an anti-Mycobacterium DTH response (37)
which results in activated macrophages that can eliminate the
cryptococci. In contrast, mice treated with CneF-CFA have
induced both anti-Mycobacterium and anticryptococcal CMI
responses (37). After the infection of mice with C. neoformans,
the anti-cryptococcal CMI response is boosted and continues
to protect the mice, whereas the anti-Mycobacterium CMI re-
sponse is not restimulated and its effectiveness in clearance
fades. This speculation is reasonable since other intracellular
pathogens that induce CMI responses which activate macro-
phages have been shown to enhance the clearance of C. neo-
formans (2, 17).

Our findings that HKC immunization did not induce signif-
icant protection against C. neoformans in CBA/J mice are not
altogether surprising. A number of other workers (16, 18, 20,
21, 23) have immunized mice with HKC; they used different
strains of mice, different isolates of C. neoformans, different
routes of administration, and different numbers of HKC, and
then they challenged the mice with viable cryptococci. In some
studies, little to no protection or even toxic effects were ob-
served (16, 20, 23), whereas in a study in which HKC were
given intratracheally protection was reported (21). In most of
the studies, the immune parameters of the immunized mice
were not fully characterized. In this and previous studies we
and others (27, 40) have shown that s.c. immunization with
HKC induces a different profile of activated T cells than that
induced by the soluble CneF in adjuvant. As mentioned earlier
the lack of protection in HKC-immunized mice is likely due, at
least in part, to the lack of Tamp cells and thus insufficient levels
of lymphokines such as IFN-g and IL-2.

In summary, our results indicate that not all immunization
protocols induce protective CMI responses. CneF-CFA immu-
nization induces an anticryptococcal CMI response profile that
is protective. This protective response is associated with CD41

TDH cells and Tamp cells that make IFN-g and IL-2. In con-
trast, HKC immunization does not offer protection to mice
against a challenge infection with C. neoformans even though it
induces potentially protective anticryptococcal CMI compo-
nents (low levels of CD41 and CD81 TDH cells and uncon-
ventional T cells with elevated direct anticryptococcal killing
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ability). However, the lack of Tamp cell induction by HKC,
either alone or along with the reduced level of TDH-cell induc-
tion, may account for the absence of enhanced protection.
These findings emphasize that at this time one cannot predict
on the basis of DTH reactivity whether or not an immunization
protocol will influence clearance of C. neoformans from tissues.
Furthermore, the results demonstrate the need for continued
investigations to dissect and identify the various mechanisms of
protection and exacerbation in cryptococcosis.
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