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Cell-mediated immunity is the major protective mechanism against Cryptococcus neoformans. Delayed swell-
ing reactions, i.e., delayed-type hypersensitivity (DTH), in response to an intradermal injection of specific
antigen are used as a means of detecting a cell-mediated immune (CMI) response to the antigen. We have
found previously that the presence of an anticryptococcal DTH response in mice is not always indicative of
protection against a cryptococcal infection. Using one immunogen that induces a protective anticryptococcal
CMI response and one that induces a nonprotective response, we have shown that mice immunized with the
protective immunogen undergo a classical DTH response characterized by mononuclear cell and neutrophil
infiltrates and the presence of gamma interferon and NO. In contrast, immunization with the nonprotective
immunogen results in an influx of primarily neutrophils and production of tumor necrosis factor alpha
(TNF-�) at the DTH reaction site. Even when the anticryptococcal DTH response was augmented by blocking
the down-regulator, CTLA-4 (CD152), on T cells in the mice given the nonprotective immunogen, the main
leukocyte population infiltrating the DTH reaction site is the neutrophil. Although TNF-� is increased at the
DTH reaction site in mice immunized with the nonprotective immunogen, it is unlikely that TNF-� activates
the neutrophils, because the density of TNF receptors on the neutrophils is reduced below control levels.
Uncoupling of DTH reactivity and protection has been demonstrated in other infectious-disease models;
however, the mechanisms differ from our model. These findings stress the importance of defining the cascade
of events occurring in response to various immunogens and establishing the relationships between protection
and DTH reactions.

Cell-mediated immunity is a very important protective
mechanism against a number of microbial pathogens, including
the fungus Cryptococcus neoformans (26, 39). A standard
means of assessing a cell-mediated immune (CMI) response is
to perform a delayed-type hypersensitivity (DTH) test, which is
done by injecting the antigen of interest intradermally and then
determining if there is a delayed induration or swelling reac-
tion at the site (11, 54). The level of DTH reactivity is deter-
mined in humans and guinea pigs by the diameter of indura-
tion 48 h after antigen injection or in mice by the amount of ear
or footpad swelling 24 h after antigen injection. From a histo-
logical viewpoint, classical DTH reactions have been defined as
having predominantly mononuclear cell infiltrates 24 to 48 h
after antigen injection (11, 54). In the mouse model, DTH
reaction sites generally have significant numbers of neutrophils
in addition to the mononuclear cells (11). T helper 1 (Th1)
cells or activated CD4� T cells are considered to be the pivotal
cellular component of CMI responses (10) and thus drive the
DTH reaction. The activated CD4� Th1 cells specifically rec-
ognize the inducing antigen presented on antigen-presenting
cells and respond by producing interleukin 2 (IL-2) and gamma
interferon (IFN-�) (3, 38). DTH reactions are considered to be
reliable in vivo correlates of CMI responses to the antigen(s)

used to elicit the reaction; however, in several infectious-dis-
ease models, such as listeriosis, tuberculosis, and cryptococco-
sis, investigators have found that DTH reactivity can occur
without being associated with protection against the infectious
agent (9, 10, 24, 31, 42, 46, 47, 53).

We have previously shown that anticryptococcal CMI re-
sponses as measured by DTH reactivity to a cryptococcal cul-
ture filtrate antigen, CneF, can be induced in the mouse by two
different cryptococcal immunogens (4, 42). The anticryptococ-
cal DTH reactivity stimulated by subcutaneous immunization
with CneF in complete Freund’s adjuvant (CneF-CFA) is as-
sociated with protection against a challenge infection with C.
neoformans. In contrast, the anticryptococcal DTH reactivity
induced by another immunogen, heat-killed C. neoformans
cells in CFA (HKC-CFA) or HKC alone, given by the same
route as CneF-CFA is not associated with any protection
against a challenge with viable cryptococci (4, 33, 42). Neither
HKC-CFA nor CneF-CFA induces demonstrable anticrypto-
coccal antibodies (42).

The protective immunogen induces activated CD4� T cells
that can be demonstrated in the lymph nodes draining the
immunization site during the afferent phase of the immune
response 18 h after immunization (4). When CneF is injected
into a surrogate DTH reaction site (a gelatin sponge implanted
in the mouse back) in mice immunized with CneF-CFA, a
classical DTH reaction ensues by 24 to 36 h after challenge (6,
15, 16). The cellular infiltrate consists of CD4� T cells with an
activated phenotype (CD45RBlow), neutrophils, and macro-
phages (4, 5). Increased levels of the chemokines MIP-1� and
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TCA-3 and of the cytokines IL-2, IFN-�, and tumor necrosis
factor alpha (TNF-�) are present at the DTH reaction site in
mice immunized with the protective immunogen (7, 15, 16).
CD8� T cells do not play a role in the anticryptococcal DTH
response induced by immunization with CneF-CFA (35; J. W.
Murphy, unpublished data).

In contrast to the immune response induced by CneF-CFA,
the immune response induced by HKC-CFA or HKC alone has
a different T-cell profile (35, 42, 44). HKC-CFA or HKC in-
duces both CD4� and CD8� T cells that are associated with
anticryptococcal DTH reactivity of the mice (35). In addition,
unconventional T cells that can directly bind to and kill C.
neoformans cells in vitro are increased by immunization with
HKC-CFA or HKC (43, 44).

Protection or clearance of the organism results from the
cellular and molecular events at the site of the organism in the
tissue, and in the cryptococcosis model, those events generally
are similar to the events occurring at the site of a DTH reac-
tion (1, 5, 6, 15, 16, 20–23, 28, 29). Consequently, by studying
the events at a DTH reaction site, we can obtain data that are
predictive of the happenings at the site of infection. It is es-
sential to understand the protective and nonprotective mech-
anisms in order to develop effective immunoreplacement or
immunoaugmenting therapies or vaccines. Considering that
activated CD4� T cells and IFN-� production are required for
protection against C. neoformans and are key elements of a
classical DTH reaction (1, 4, 7, 18, 20, 21, 27, 28, 36, 40, 50, 55),
we hypothesized that HKC-CFA immunization, which induces
delayed footpad swelling responses but no protection, does not
stimulate a CMI response that results in classical DTH reac-
tivity. To test this hypothesis, we have used the gelatin sponge
implantation model to compare the components at the DTH
reaction site in the mice that are protected against C. neofor-
mans with the components at the DTH reaction site in mice
immunized with the nonprotective immunogen, HKC-CFA.

MATERIALS AND METHODS

Mice. Female inbred CBA/J mice were purchased from The Jackson Labora-
tory (Bar Harbor, Maine) and maintained in the animal facility at the University
of Oklahoma Health Sciences Center. Three mice per group at 7 to 12 weeks of
age were used for each experiment.

Maintenance of endotoxin-free conditions. All experiments were performed
under conditions that minimized endotoxin. Only purchased endotoxin-free plas-
ticware or glassware baked for 3 h at 180°C was used. All reagents used in the
experiments were tested for endotoxin and were not used if the endotoxin level
was detectable by the Limulus amebocyte chromogenic assay (Whittaker Bio-
products Inc., Walkerville, Md.) (the minimal detectable level of endotoxin was
0.01 ng of endotoxin/ml).

Cryptococcal antigens. The cryptococcal culture filtrate antigen (CneF) used
for immunization and injection of footpads and sponges was prepared from C.
neoformans isolate 184A as described previously (5). Briefly, a defined growth
medium was inoculated with 109 yeast cells/liter of medium, and the culture was
incubated for 5 days at 30°C. The supernatant from the culture was collected with
a Millipore (Bedford, Mass.) OM-141 Pellicon tangential-flow system and a
0.45-�m-pore-size cassette. The culture filtrate was passed over a 30,000-molec-
ular-weight-cutoff cassette in a Pellicon system, and the retentate was washed
extensively with sterile endotoxin-free physiologic saline solution (saline) and
concentrated 10-fold. The concentrated retentate, designated CneF, was filter
sterilized and stored at �20°C until it was used. The CneF preparation used in
these studies had a protein concentration of 0.106 mg/ml as determined by the
bicinchoninic acid assay (Pierce Chemical Co., Rockford, Ill.) and a carbohydrate
concentration of 6.9 mg/ml as determined by the phenol-sulfuric acid assay (17).
HKC were prepared by heating isolate 184A for 1 h at 60°C. HKC were washed

three times in saline before being used to immunize mice. The washed HKC were
assessed for viability by plating them on Sabouraud’s agar.

Immunization to induce anticryptococcal CMI responses. Induction of the
anticryptococcal CMI response was performed by immunizing CBA/J mice with
CneF or HKC emulsified in CFA or HKC alone in saline (35, 42, 44). Briefly, 0.1
ml of a 1:1 emulsion of CneF in CFA or HKC in CFA was injected subcutane-
ously (s.c.) at each of two sites at the base of the tail. Thus, each mouse given
CneF-CFA received 10.6 �g of protein and 690 �g of carbohydrate from CneF.
We have previously found, using 10-fold-increasing numbers of HKC, that in-
jection by the s.c. route of 107 HKC into otherwise-untreated mice induces the
maximal level of footpad swelling when the mice are footpad tested with CneF
(Murphy, unpublished). Consequently, each animal in the HKC-CFA- and HKC-
immunized groups received a total of 107 HKC. For negative control animals,
mice were injected with saline-CFA or saline and otherwise were treated the
same as the immunized mice.

Assessment of the anticryptococcal DTH response. Seven days after immuni-
zation, the left hind footpad was injected with 30 �l of saline and the right hind
footpad was injected with 30 �l of CneF (3.18 �g of protein and 207 �g of
carbohydrate). The footpads were measured with a spring-loaded caliper before
injection and 24 h after injection of saline or CneF. The increase in footpad
swelling was calculated by subtracting the difference in swelling between the 0-
and 24-h measurements of the saline-injected footpads from the difference in
swelling between the 0- and 24-h measurements of the CneF-injected footpads.

Anti-CTLA-4 antibody treatment. To boost the DTH response of immunized
mice, the animals were injected intraperitoneally with 100 �g of hamster anti-
mouse CTLA-4 immunoglobulin G (IgG; clone UC10-4F10-11) in 0.4 ml of
saline on the day before immunization or saline-CFA or saline treatment (33).
As controls, mice in each group were injected with hamster IgG (Cappel, Wes-
chester, Pa.) in place of the anti-CTLA-4 IgG. The anti-CTLA-4 IgG or control
IgG treatment was continued every day after initiation until 0.7 mg of anti-
CTLA-4 IgG or control IgG was given. On the second day of anti-CTLA-4 IgG
or IgG treatment, the mice were immunized with either 107 HKC or CneF-CFA
or given saline-CFA or saline as described above. Sponges were implanted in the
mice, removed, and processed as described below. Single-cell suspensions made
from the sponges were stained for flow cytometry as described below.

Sponge implantation and injection with antigen. Gelatin sponges (Gelfoam
sterile absorbable gelatin sponge; Upjohn, Kalamazoo, Mich.) were surgically
implanted under aseptic conditions (5). Briefly, the sponges were cut into 17- by
18- by 10-mm blocks before being rehydrated with sterile Hank’s balanced salt
solution (HBSS) containing 100 U of penicillin/ml and 100 mg of streptomycin/
ml. Three days after immunization or control treatment, the mice were anesthe-
tized, and two sponges per animal were implanted s.c. through an incision on the
animal’s shaved back. On day 4 after implantation, one sponge in each mouse
was injected with 0.1 ml of CneF and the other was injected with 0.1 ml of saline.

Sponge removal and disaggregation. The mice were euthanized before the
sponges were removed. Fluid was expressed from the sponges and stored at
�70°C until it was used for cytokine and nitrite analysis. Individual sponges were
placed into Stomacher bags (Tekmar, Cincinnati, Ohio) with an enzyme solution
(400 U of collagenase/ml; Sigma, St. Louis, Mo.) and then homogenized with
three 10-s pulses on a Stomacher 80 Lab Blender (Tekmar) at 15-min intervals
(14, 15). During the 15-min intervals, the sponge homogenates were incubated at
37°C. After the sponges were disaggregated, the sponge homogenates were
filtered through 390-�m-pore-size nylon screens followed by passage through
140-�m-pore-size nylon screens and washed extensively with HBSS. Red blood
cells in the cell preparations were lysed by treatment with Tris-NH4Cl (17 mM
Tris, 139.7 mM NH4Cl), and the remaining sponge cells were washed with HBSS.
Viable cells were counted with a hemacytometer using the trypan blue dye
exclusion method.

Differential analysis of sponge-infiltrating cells. After the sponge cells were
counted and resuspended in RPMI 1640 medium plus 10% fetal bovine serum to
1.5 � 105 cells/ml, 0.2 ml of the cell suspension was cytocentrifuged onto clean
glass slides. The cells were stained with Harleco Wright Stain (EM Diagnostic
Systems, Gibbstown, N.Y.) followed with Diff-Quick solutions I and II (Baxter,
Miami, Fla.) and visualized by light microscopy. To determine the percentage of
neutrophils, macrophages, and lymphocytes present in the sponges in each treat-
ment group, each leukocyte subset was counted in at least 200 cells per sample.

Flow cytometric analyses of surface markers on sponge-infiltrating cells. To
determine the type of leukocytes infiltrating the sponges 24 h after sponge
injection, cells were either double-stained with anti-CD4-fluorescein isothiocya-
nate (FITC; Caltag) and anti-CD45RB-phycoerythrin (PE; Caltag) or with flu-
orochrome-labeled, isotype-matched controls to detect activated T lymphocytes
(30, 32); triple-stained with CD4-PE (Caltag), F4/80-TriColor (Caltag), and
GR-1-FITC (Caltag) or with the fluorochrome-labeled isotype-matched control
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antibodies to detect CD4� lymphocytes, macrophages (F4/80� cells), and gran-
ulocytes (GR-1� cells); or triple-stained with GR-1-APC (B-D Pharmingen, San
Diego, Calif.), TNF receptor I (TNFRI) monoclonal antibody (B-D Pharmin-
gen) followed by anti-hamster IgG labeled with TriColor (Caltag), and TNF-
RII-PE (Caltag) to detect granulocytes expressing TNFRI or TNFRII. After
disaggregation of the sponges, cells from each sponge were counted and resus-
pended in HBSS at approximately 107/ml. One hundred microliters of the cell
suspension was plated into wells of U-bottom 96-well microtiter plates. Cells
collected from the sponges were treated with anti-CD16/32 (HB197; American
Type Culture Collection, Manassas, Va.) for 30 min on ice to block Fc receptors.
The cells were then washed in wash buffer (phosphate-buffered saline, 0.1%
NaN3, and 0.1% bovine serum albumin). After the wash buffer was removed,
fluorochrome-labeled antibodies were added to the cells, and the mixture was
incubated for 30 min on ice in the dark. The labeled cells were washed twice with
wash buffer and fixed with 1% paraformaldehyde in phosphate-buffered saline
plus 0.1% NaN3. After being fixed and filtered through an 80-�m-pore-size nylon
screen, 50,000 to 100,000 cells were analyzed with a FACSCalibur flow cytometer
and WinMDI 2.8 software. The percentage of fluorochrome-positive cells in each
sponge was multiplied by the total number of cells recovered from the sponge to
get the total number of fluorochrome-positive cells.

RNase protection assay. To measure the relative amounts of IFN-� or TNF-�
mRNA in the sponges, the sponges were removed from the immunized mice 18 h
after injection of CneF or saline into the sponges. Total RNA was isolated from
each sponge using TriReagent (Molecular Research Center, Cincinnati, Ohio)
and frozen at �70°C until it was assayed. The RNase protection assay (Ribo-
Quant Multi Probe RNase Protection Assay; PharMingen, San Diego, Calif.) was
performed according to the manufacturer’s instructions. Briefly, 10 �g of total
RNA was hybridized for 12 to 16 h at 56°C with [32P]UTP-labeled riboprobes
generated from a murine template, CK-3b (PharMingen). Unhybridized RNA
was digested with RNase A and T1. The RNases were then digested by protein-
ase K treatment. Protected RNA (RNA to which the probe bound) was isolated
by phenol-chloroform extraction and sodium acetate-ethanol precipitation. Sam-
ples were electrophoresed on a 6% acrylamide–7 M urea gel. The densities of
bands were quantified using a PhosphorImager (Storm 840; Molecular Dynam-
ics, Sunnyvale, Calif.) and analyzed using ImageQuant 4.0 software. The sponge
RNA was normalized to L32 (ribosomal subunit protein) RNA.

IFN-� ELISA. The levels of IFN-� in fluid obtained from sponges were
determined by enzyme-linked immunosorbent assay (ELISA) using commer-
cially available paired monoclonal antibodies for IFN-� (PharMingen) according
to our previously described method (40). As a standard and positive control,
dilutions of recombinant mouse IFN-� (Genzyme, Cambridge, Mass.) were used.
The minimal detectable limit for the assay was 128 pg/ml, and the upper limit of
detection was 4,000 pg/ml.

NO assessment with the nitrite assay. The levels of nitrite as an indicator of
the NO concentrations in the sponge fluids were measured according to the
protocol of Ding et al. (13) as modified by Moshage et al. (37). Initially, we
measured nitrite in the sponge fluid with and without nitrate reductase in the
assay, and we found no differences in the results. Consequently, in all subsequent
assays with sponge fluid, we did not include nitrate reductase. Briefly, the assay
was done as follows: zinc sulfate (1 M) was added to fluid obtained from the
sponges to equal a 1/20 (vol/vol) ratio of zinc sulfate to sponge fluid to precipitate
the protein. After centrifugation at 1,000 � g for 15 min at room temperature, 50
�l of the supernatant that contained the nitrite was removed and added to the
reaction tube. To the 50 �l of supernatant was added 50 �l of Griess reagent (a
1:1 mixture of 2% sulfanilamide and 5% H3PO4 solution to 0.2% naphthyleth-
ylenediamine dihydrochloride solution). The samples were incubated for 10 to 20
min at room temperature and read at 570 nm on a spectrophotometer. Sodium
nitrite (Mallinckrodt Chemical Works, St. Louis, Mo.) was used as a standard.
The assay had a minimal detectable limit of 1.56 �M nitrite. Supernatants from
lipopolysaccharide-stimulated RAW 264.7 macrophages served as a positive
control for the assay.

Data presentation and statistical analysis. Data collected from the saline-
injected footpad or sponge was subtracted from the data collected from the
CneF-injected footpad or sponge for each mouse, and then the means and
standard errors of the means (SEM) were determined for each group. Analysis
of variance with a Newman-Keuls posttest was used to analyze the data. A P
value of �0.05 was considered to be significant.

RESULTS

Footpad swelling responses and cellular infiltrates into
sponges in mice immunized with the protective immunogen or

the nonprotective immunogen. Eight days after immunization
with the protective immunogen, CneF-CFA, mice had an av-
erage footpad thickness response of 22 � 10�3 � 1.1 � 10�3

in. to CneF, whereas 8 days after immunization with the non-
protective immunogen, HKC-CFA, mice had an average foot-
pad swelling response of 11 � 10�3 � 1.0 � 10�3 in. to CneF.
Mice treated with saline-CFA as a control had a mean footpad
thickness in response to CneF of 1.0 � 10�3 � 1.0 � 10�3 in.
In previous studies in which we have made similar observa-
tions, the CneF-CFA-immunized mice survived a challenge
infection with C. neoformans significantly longer than did
HKC-CFA- or HKC-immunized mice or saline-CFA- or sa-
line-treated mice (4, 33, 42). The reduced level of footpad
swelling in response to CneF in mice immunized with HKC
compared to that in mice immunized with CneF-CFA was not
the cause of the lack of protection against a C. neoformans
challenge infection (33). The footpad swelling responses in-
duced by HKC could be augmented to the level of footpad
swelling responses in the CneF-CFA-immunized mice by treat-
ing the HKC-immunized mice with anti-CTLA-4, yet the mice
with elevated responses were no more protected against a C.
neoformans infection than saline- or saline-CFA-treated mice
(33). The leukocyte populations infiltrating into C. neofor-
mans-infected tissues are the cells responsible for eliminating
the cryptococci, and those leukocytes would be expected to be
similar to the leukocyte populations infiltrating into CneF-
injected sponges. Considering that CneF-CFA induces a pro-
tective response and HKC-CFA or HKC does not (4, 33, 41),
we predicted that the leukocyte numbers and populations in-
filtrating the DTH-reactive sponges in the mice given the pro-
tective immunogen, CneF-CFA, and the nonprotective im-
munogen, HKC-CFA or HKC, would differ. We found that the
total number of leukocytes infiltrating the DTH-reactive
sponges in the mice immunized with the protective immuno-
gen, CneF-CFA, were significantly greater than the total num-
bers of leukocytes infiltrating the DTH-reactive sponges in the
mice immunized with the nonprotective immunogen, HKC-
CFA, or infiltrating the CneF-injected sponges in mice treated
with saline-CFA (P 	 0.001) (Fig. 1A). The numbers of leu-
kocytes in the sponges in the HKC-CFA- and saline-CFA-
treated mice were not significantly different from one another
at the 95% confidence level, even though we routinely ob-
served a higher mean number of cells in the CneF-injected
sponges from the HKC-CFA-immunized mice than in antigen-
injected sponges from the saline-CFA-treated mice.

It is well established that classical DTH reactions in other
antigen systems contain predominately mononuclear cells con-
sisting of activated CD4� T cells, naive T lymphocytes, and
macrophages (49). In the mouse model, it is common to ob-
serve neutrophils in addition at DTH reaction sites (11). Al-
though we have previously shown by differential counts that
lymphocytes, monocytes, and neutrophils are significantly in-
creased in CneF-injected sponges in mice immunized with
CneF-CFA compared to equivalent cell populations in control
sponges (4, 6, 15, 16), we have not evaluated the subpopula-
tions of leukocytes in sponges in HKC-CFA-immunized mice.

Considering that activated CD4� T cells are pivotal cells in
classical DTH responses (10), we first determined the numbers
of T cells that were CD4� and that had a phenotypic marker
characteristic of activated T cells. The density of CD45RB is
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known to be low on activated CD4� T cells (30, 32), so we
assessed the numbers of CD45RBlow CD4� cells as an indica-
tor of activated cells. We found that the mean number of
activated CD4� T cells in the DTH-reactive sponges in CneF-
CFA-immunized mice was significantly greater than in the
antigen-injected sponges of saline-CFA- or HKC-CFA-immu-
nized mice (P 	 0.001) (Fig. 1B). The numbers of activated
CD4� T cells in the antigen-injected sponges in HKC-CFA-
immunized mice were not significantly different from the num-
bers of activated CD4� T cells in antigen-injected sponges in
saline-CFA-treated mice (Fig. 1B).

Macrophages, determined by differential analysis, in the
DTH-reactive sponges from mice immunized with CneF-CFA
were present in significantly greater numbers than in the sa-
line-CFA- or the HKC-CFA-treated groups (P 	 0.05) (Fig.
1C). DTH-reactive sponges in the mice immunized with HKC-
CFA did not contain significantly more macrophages than the
antigen-injected sponges in the control mice (Fig. 1C).

As we had observed before in CneF-CFA-immunized mice
24 h after injection of sponges with CneF (5, 6, 15, 16), neu-
trophils, enumerated by differential analysis, were significantly

increased in DTH-reactive sponges over the numbers of neu-
trophils in sponges in saline-CFA-immunized control mice (P
	 0.001) (Fig. 1D). Neutrophil populations were significantly
increased in the CneF-injected sponges in the HKC-CFA-im-
munized mice over the neutrophil numbers in the CneF-in-
jected sponges in mice treated with saline-CFA (P 	 0.05);
however, the neutrophil numbers in the CneF-injected sponges
in HKC-CFA-immunized mice were significantly lower than in
the DTH-reactive sponges in mice immunized with CneF-CFA
(P 	 0.001) (Fig. 1D).

Blockade of CTLA-4 in HKC-immunized mice did not in-
duce an increase in protection even though it boosted the
footpad reactivity to CneF (33). To evaluate whether blockade
of CTLA-4 changed the leukocyte populations infiltrating into
the CneF-injected sponges, we treated mice with anti-CTLA-4
IgG or hamster IgG as a control during the induction phase of
the anticryptococcal immune response in mice treated with
HKC or CneF-CFA. Groups of control mice injected with
either saline or saline-CFA in place of the immunogen and
treated with anti-CTLA-4 IgG or hamster IgG were included.
In this experiment, and as we have previously published (33),

FIG. 1. CneF-injected sponges in mice immunized with the protective immunogen, CneF-CFA, contained significantly higher numbers of
leukocytes (A), activated CD4� T cells (B), macrophages (C), and neutrophils (D) than CneF-injected sponges in mice immunized with the
nonprotective immunogen, HKC-CFA. On day 0, mice were immunized with CneF-CFA (protective immunogen), saline-CFA (control immuno-
gen), or HKC-CFA (nonprotective immunogen). Two sponges were implanted s.c. into the back of each mouse on day 3. On day 7, one sponge
was injected with saline and the other was injected with CneF. Sponge cells were recovered 24 h after injection, and the total number of viable
leukocytes per sponge (A) was determined by hemacytometer counts using trypan blue dye exclusion. The number of activated CD4� T cells
(B) was determined by flow cytometric analysis, and the numbers of macrophages (C) and neutrophils (D) were determined by differential counts.
The data shown were derived by subtracting the number of cells in the saline-injected sponge from the number of cells in the CneF-injected sponge
for each animal and calculating the mean of the difference in cells and the SEM for each group of mice. Data from two independent experiments
were combined, with three mice per group per experiment. Where there are significant differences, the bars indicate the groups compared. P values
are shown above the bars.
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blocking of CTLA-4 boosted the DTH responses compared to
those in the IgG-treated mice (data not shown), but anti-
CTLA-4 IgG treatment compared to IgG treatment of mice
had no effect on the numbers of CD4� cells or F4/80� cells
(mainly macrophages) that infiltrated into the CneF-injected
sponges in mice immunized with HKC (data not shown). In
contrast, the numbers of granulocytes (GR-1� cells) that infil-
trated the CneF-injected sponges in the HKC-immunized mice
treated with anti-CTLA-4 IgG were significantly increased
compared to the numbers of granulocytes that infiltrated the
CneF-injected sponges in mice immunized with HKC and
treated with control IgG (P 
 0.009) (Fig. 2). Blockade of
CTLA-4 had a different effect on the numbers of granulocytes
infiltrating the DTH-reactive sponges in CneF-CFA-immu-
nized mice. The numbers were reduced from control levels in
the DTH-reactive sponges in the mice that were given the
protective immunogen (P 
 0.04) (Fig. 2). We have previously
shown that CneF-CFA-immunized mice treated with anti-
CTLA-4 IgG display increased protection against a challenge
with viable C. neoformans compared to the IgG-treated, CneF-
CFA-immunized controls (33).

IFN-� levels in DTH-reactive sponges in mice immunized
with the protective or the nonprotective immunogen. When
activated T cells encounter the antigen that induced them, they
are stimulated to produce cytokines, such as IL-2 and IFN-� (3,
38). Having found that we had large numbers of activated
CD4� T cells in the DTH-reactive sponges in the CneF-CFA-
immunized mice compared to the numbers in the DTH-reac-
tive sponges in the HKC-CFA-immunized mice, we predicted
that the IFN-� levels in the antigen-injected sponges from the
two different treatment groups would be different. To assess
this, we measured both the level of IFN-� mRNA in the
sponge cells 18 h after antigen or saline injection into the
sponges and the concentration of IFN-� protein in fluid taken
from the sponges 24 h after injection of the sponges with
antigen or saline. As we predicted, the DTH-reactive sponges

in the mice given the protective immunogen, CneF-CFA, had
significantly higher levels of IFN-� mRNA (P 	 0.001) and
protein (P 	 0.01) than those found in the DTH-reactive
sponges in HKC-CFA-immunized mice or the CneF-injected
sponges in the saline-CFA-treated mice (Fig. 3).

TNF-� mRNA levels in DTH-reactive sponges in mice im-
munized with the protective or nonprotective immunogens.
IFN-� and TNF-� have been shown to activate the cytotoxicity
of neutrophils (51, 52), so we also assessed the level of mRNA
for TNF-� in the sponges. RNase protection studies of the
RNA samples from the sponges showed as expected that DTH-
reactive sponges from the mice immunized with the protective
immunogen contained significantly more message for TNF-�
than the CneF-injected sponges from saline-CFA-treated mice
(P 	 0.001) (Fig. 4). Although TNF-� mRNA levels in the
DTH-reactive sponges in the CneF-CFA-immunized mice

FIG. 2. Blockade of CTLA-4 at the time of immunization with
HKC results in a significant increase in the numbers of neutrophils that
infiltrate the CneF-injected sponges. The experimental design is sim-
ilar to that described in the legend to Fig. 1, but the mice in this
experiment were treated intraperitoneally with either anti-CTLA-4
IgG or control IgG 1 day before immunization, the day of immuniza-
tion, and days 1 through 5 after immunization with HKC, CneF-CFA,
or saline-CFA. Cells were collected from the sponges and stained with
GR-1-FITC 24 h after injection of the sponges with saline or CneF.
Flow cytometric analysis was done on the cells collected from the
sponges.

FIG. 3. CneF-injected sponges in mice immunized with the protec-
tive immunogen, CneF-CFA, contained significantly higher levels of
IFN-� mRNA and significantly higher concentrations of IFN-� protein
than CneF-injected sponges in mice immunized with the nonprotective
immunogen, HKC-CFA. The experimental design was similar to that
described in the Fig. 1 legend. (A) Sponges were removed 18 h after
injection of antigen or saline, and RNA was extracted as described in
Materials and Methods. The bars show the ratio of IFN-� to L32 for
the antigen-injected sponges. The error bars indicate the SEM. The
solid horizontal line shows the mean ratio of IFN-� to L32 for the
saline control sponges, and the dotted lines indicate the SEM.
(B) Sponges were removed 24 h after antigen or saline injection, and
fluid was collected from each sponge for IFN-� protein measurements
by ELISA. The values shown are the mean values derived from each
group by substracting the value of the saline-injected sponge from the
value of the CneF-injected sponge for each mouse in the group and
then calculating the mean. Where there are significant differences,
horizontal bars indicate the groups compared. The P values are shown
above the bars.
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were significantly higher than the TNF-� mRNA levels in the
CneF-injected sponges in mice immunized with the nonpro-
tective immunogen (P 	 0.001), the TNF-� mRNA levels in
the reactive sponges in mice given the nonprotective immuno-
gen were significantly greater than TNF-� mRNA levels in
sponges in saline-CFA-treated control mice (P 	 0.05) (Fig. 4).
The levels of TNF-� protein that we measured by ELISA in
sponges from the three treatment groups of mice (data not
shown) paralleled the TNF-� mRNA levels shown in Fig. 4.

NO in DTH-reactive sponges in mice immunized with the
protective or nonprotective immunogens. IFN-� can stimulate
macrophages to become more active and more effective killers
of microorganisms (26). Macrophages activated with IFN-�
have been shown to kill C. neoformans more effectively than
nonactivated macrophages (18, 36). IFN-�-activated macro-
phages produce more NO than nonactivated macrophages
(13), and NO can kill C. neoformans (2). Consequently, when
IFN-� and macrophages are in the same vicinity, as they are in
the DTH-reactive sponges in mice immunized with CneF-
CFA, one might expect to have activated macrophages that are
capable of producing high levels of NO. In contrast, one would
predict that in the DTH-reactive sponges in HKC-CFA-immu-
nized mice, where macrophage numbers and IFN-� levels are
not significantly increased over controls, the levels of NO
would be equivalent to control levels. To assess whether this
line of reasoning would hold true, we measured nitrite as an
indicator of NO production in the sponge fluids 24 h after
antigen or saline injection. We found, as expected, that the
DTH-reactive sponges (CneF-injected sponges in CneF-CFA-
immunized mice) which also had increased numbers of mac-
rophages and IFN-� levels above control levels (CneF-injected
sponges in saline-CFA-treated mice) had significantly higher
levels of nitrite than the sponges that had lower numbers of
macrophages and lower levels of IFN-� (CneF-injected
sponges in saline-CFA-treated mice or CneF-injected sponges
in HKC-CFA-treated mice) (P 	 0.01) (Fig. 5).

Densities of TNFRI and TNFRII on granulocytes in DTH-
reactive and control sponges in mice immunized with HKC-
CFA. Neutrophils, which make up the major component of the
granulocyte population, can kill C. neoformans (8, 12), and
neutrophils subjected to IFN-� and TNF-� have been shown to
have increased cytotoxicity (51, 52). Considering these facts
and the fact that there is an increase in neutrophils and TNF-�
at the site of antigen injection in mice immunized with HKC-
CFA (Fig. 1D and Fig. 4, respectively), one would expect
clearance of C. neoformans to be enhanced in mice immunized
with HKC-CFA. Yet this was not the case (4, 33, 42). We have
previously found that mice immunized with HKC-CFA show
no better protection against a challenge with viable C. neofor-
mans than saline-CFA-treated control mice, and in some cases,
cryptococcosis in HKC-CFA-immunized mice was exacerbated
compared to that in control mice (4, 33, 42), suggesting the
granulocytes infiltrating into an infection site are not very ac-
tive against C. neoformans. TNF-� would be expected to acti-
vate neutrophils through TNFRI and/or TNFRII; therefore,
we determined the densities of TNFRI and TNFRII on the
GR-1� cells (granulocytes, which in this case are predomi-
nantly neutrophils, as shown by differential analysis) in the
sponges from mice immunized with HKC-CFA and in sponges
from mice treated with saline-CFA. As we had observed in Fig.
1, the only leukocyte population significantly increased over
controls was the granulocyte population (GR-1� cells) (data
not shown). The percentages of TNFRI- or TNFRII-positive
granulocytes (GR-1� cells) in the saline-injected and CneF-
injected sponges were similar; however, the fluorescence in-
tensities of TNFRI and TNFRII on the GR-1� cells were
reduced in the CneF-injected sponges compared to the fluo-
rescence intensities of TNFRI and TNFRII, respectively, on
GR-1� cells in the saline-injected sponges (Fig. 6, top panel
and bottom panel, respectively). Furthermore, the fluores-
cence intensities of TNFRI and TNFRII on GR-1� cells in the
CneF-injected sponges from HKC-CFA-immunized mice were
significantly less than the fluorescence intensities of TNFRI
and TNFRII, respectively, in the CneF-injected sponges from

FIG. 4. CneF-injected sponges in mice immunized with the protec-
tive immunogen, CneF-CFA, contained significantly higher levels of
TNF-� mRNA than CneF-injected sponges in mice immunized with
the nonprotective immunogen, HKC-CFA. The experimental design
was similar to that described in the Fig. 1 legend. The sponges were
removed 18 h after injection of antigen or saline, and RNA was
extracted as described in Materials and Methods. The data are ex-
pressed in the same manner as described in the Fig. 3A legend. Where
there are significant differences, bars indicate the groups compared.
The P values are shown above the bars.

FIG. 5. CneF-injected sponges in mice immunized with the protec-
tive immunogen, CneF-CFA, contain significantly higher concentra-
tions of NO than CneF-injected sponges in mice immunized with the
nonprotective immunogen, HKC-CFA. The experimental design was
the same as that described in the Fig. 1 legend. The sponges were
removed 24 h after injection with CneF or saline, and the fluid was
collected from each sponge for nitrite measurements. Where there are
significant differences, bars indicate the groups compared. The P val-
ues are shown above the bars.
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saline-CFA-treated mice (P 
 0.03 for TNFRI [Fig. 6, top
panel]; P 
 0.016 for TNFRII [Fig. 6, bottom panel]).

DISCUSSION

Our data show that the profile of components at the DTH
reaction site in the mice immunized with the nonprotective
immunogen is different than the profile of components at the
DTH reaction site in mice given the protective immunogen.
Although we obtained a delayed swelling response in antigen-
injected footpads of mice immunized with the nonprotective
immunogen, there was no evidence of the presence of a clas-
sical DTH response in those mice. In support of this statement,
activated CD4� T cells and macrophages, two cell populations
that characterize a classical DTH response, were not elevated
significantly above control levels in the antigen-injected
sponges in the mice immunized with HKC-CFA. Furthermore,
IFN-�, a cytokine that is typically found at the site of a classical
DTH response, was not present at the time of peak respon-
siveness in the antigen-reactive sponges in mice immunized
with the nonprotective immunogen. These results contrast with

the results from the DTH-reactive sponges in mice that re-
ceived the protective immunogen. As we have previously ob-
served and have confirmed here, components of a classical
DTH response, i.e., lymphocytes, macrophages, and IFN-�,
appeared in the DTH-reactive sponges in mice given the pro-
tective immunogen.

The only leukocyte type that was significantly elevated above
control levels in the antigen-reactive sponges in mice immu-
nized with the nonprotective immunogen was the neutrophil
population. Furthermore, when we augmented the HKC-in-
duced anticryptococcal DTH response by blocking the down-
regulator, CTLA-4, on activated T cells, we found that in the
antigen-injected sponges only granulocyte numbers were ele-
vated above control levels. Based on our observations of dif-
ferential slides, neutrophils are by far the predominant leuko-
cyte population in the CneF-injected sponges in HKC- or
HKC-CFA-immunized mice. We used a stain for the differen-
tials that would stain eosinophils; however, the number of
eosinophils observed was low. Although GR-1 stains all gran-
ulocytes, the GR-1� cells in these specimens are almost all
neutrophils by their appearance in differential analysis. The
numbers of infiltrating lymphocytes and macrophages, two cell
populations expected in a classical CMI response, are no
greater in the CneF-injected sponges in HKC-immunized mice
than in the antigen-injected sponges in mice treated with saline
or saline-CFA. The augmented anticryptococcal DTH re-
sponse induced in mice immunized with HKC and treated with
anti-CTLA-4 is not associated with enhanced protection
against C. neoformans (33), so it seems that the elevated num-
bers of neutrophils that would be expected to be at the sites of
cryptococcal antigen or organisms in the HKC-immunized
mice are not sufficiently capable of limiting the growth of the
organism or killing it to affect survival of the animals.

Considering that CTLA-4 is found on T lymphocytes (19), it
seems logical to speculate that CTLA-4� T cells have either a
direct or indirect role in the DTH response in the mice immu-
nized with the nonprotective immunogen. There is also other
evidence that T cells are involved in the anticryptococcal DTH
response in mice immunized with HKC. Mody et al. (35) re-
ported that both CD4� and CD8� T cells contribute to the
DTH response in mice immunized with HKC, and we have
confirmed this (Murphy, unpublished). Muth and Murphy (43,
44) showed that HKC immunization of mice increases the
direct inhibitory activity of T cells against C. neoformans. Re-
sults from studies of the induction phase of the anticryptococ-
cal immune response induced by HKC-CFA show no statisti-
cally significant increases in activated CD4� T cells above
control levels in the lymph nodes draining the HKC-CFA im-
munization site, as well as no statistically significant increases
in CD4� T cells infiltrating the DTH-reactive sponges in mice
immunized with the nonprotective immunogen (4). The latter
was confirmed here (Fig. 1). It is likely that activated T cells are
induced by HKC-CFA or HKC, but their numbers are below
detectable levels. The evidence supporting the involvement of
T cells in the anticryptococcal DTH response in HKC-immu-
nized mice is substantial and leads one to speculate that T cells
do play a role in the immune response in HKC-immunized
mice but that their function differs from that of the activated T
cells detectable in mice immunized with the protective im-
munogen. It seems unlikely that the T cells induced by HKC

FIG. 6. Granulocytes in the CneF-injected sponges in HKC-CFA-
immunized mice have less TNFRI and TNFRII on their surfaces than
do granulocytes in CneF-injected sponges in saline-CFA-treated mice.
The experimental design was similar to that described in the Fig. 1
legend. The sponges were removed 24 h after injection with CneF or
saline. The sponge cells were collected and stained with GR-1-APC,
anti-TNFRII-PE, and hamster anti-TNFRI, followed by anti-hamster
IgG labeled with TriColor. The mean fluorescence intensity of the
label on TNFRI or TNFRII was assessed by flow cytometric analysis.
Where there are significant differences, bars indicate the groups com-
pared. The P values are shown above the bars.
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are Th2 cells, because we have not been able to measure
anticryptococcal antibodies in mice immunized with HKC (42)
and we have not been able to detect Th2 cytokines in the
DTH-reactive sponges (Murphy, unpublished). It is possible
that an undetectably small number of activated T cells infiltrate
into the CneF-injected sponges in the HKC- or HKC-CFA-
immunized mice and that those cells influence the cytokines,
chemokines, and/or vascular adhesion molecules expressed at
the site of antigen. These components could influence the cells
that migrate into the antigen site. Further investigations are
needed to establish and define a role for T cells in this non-
protective response.

The proinflammatory cytokine TNF-� was significantly ele-
vated above control levels in the antigen-injected sponges in
mice that had been immunized with the nonprotective im-
munogen. The elevated numbers of neutrophils with the in-
creased levels of TNF-� would be expected to result in some
protection against C. neoformans, because TNF-� can activate
neutrophils to become more cytotoxic (51, 52), but protection
is not elevated in HKC-immunized mice (4, 33, 42). The reason
for this lack of activation of the neutrophils by TNF-� and thus
the lack of protection in the HKC-CFA-immunized mice is, at
least in part, due to the fact that the densities of TNF recep-
tors, TNFRI and TNFRII, through which TNF-� would stim-
ulate the neutrophils to become activated, were significantly
reduced on the surfaces of the granulocytes in the antigen-
injected sponges in HKC-CFA-immunized mice compared to
granulocytes in control sponges (saline-injected sponges from
the HKC-CFA-immunized mice or antigen-injected sponges
from the saline-CFA-treated mice).

We and others have found that protection against C. neo-
formans is associated with one or more of the following: an
increase in activated CD4� T cells, IFN-� production, TNF-�
production, activated macrophages, and the presence of NO
(1, 2, 4, 7, 18, 20–23, 27–29, 34, 36, 40, 50, 55). In the present
study, we have demonstrated that the DTH reaction site in
mice immunized with CneF-CFA, the protective immunogen,
has all of these components, plus elevated numbers of lympho-
cytes and macrophages, the cell types associated with a classi-
cal DTH response (11, 54). Clearance of cryptococci from
lungs and brain is observed when levels of lymphocytes, mac-
rophages, IFN-�, and NO are increased in those tissues (1, 5,
6, 15, 16, 20–23, 28, 29). Our data on events at the DTH
reaction site combined with data of others from clearance of
cryptococci from lungs and brains suggest that the following
cascade of events occurs in the protective immune response.
For induction of a protective immune response against C.
neoformans, the antigen must stimulate the appropriate popu-
lations of dendritic cells, most likely myeloid dendritic cells, to
migrate to lymph nodes and develop into mature antigen-
presenting cells, which activate CD4� T cells (4). Upon re-
stimulation with cryptococcal antigens, cytokines and chemo-
kines are produced at the site of antigen, and neutrophils,
lymphocytes, and macrophages migrate into the DTH reaction
site (6, 7, 15, 16). The IFN-� and TNF-� that are produced in
large amounts at the DTH reaction site would most likely
activate the macrophages, which would then have a greater
capability to produce reactive nitrogen (NO) and oxygen in-
termediates (26). Neutrophils may also be activated by IFN-�
and TNF-� to kill more effectively (51, 52). The presence of

NO in the sponges indicates that the macrophages in the vi-
cinity were indeed activated. Because C. neoformans is sensi-
tive to NO and oxygen intermediates, the activated neutrophils
and macrophages would reduce the numbers of the organisms,
and the life expectancies of the animals would thus be ex-
tended.

It is clear from our studies and those of others that not all
immunogens that induce a DTH response also induce a pro-
tective immune response (9, 10, 24, 31, 42, 46, 47, 53). An
example of this uncoupling of the DTH response and protec-
tion is evident in the cryptococcosis model with CneF-CFA and
HKC-CFA or HKC alone as immunogens (4, 33, 41). Here, we
show that the infiltrating cells and the levels of cytokines and
reactive nitrogen molecules at the DTH reaction sites are
different in mice immunized with the protective and the non-
protective immunogens, despite the fact that both immunogens
induce a delayed swelling response upon injection of specific
antigen. Our findings emphasize the importance, at least in the
cryptococcosis model, of establishing whether an antigen in-
duces a classical cell-mediated immune response by determin-
ing the cell types and cytokines present at the DTH reaction
site before predicting whether the response is protective. DTH
and protection have been dissociated as well in other infec-
tious-disease systems, such as listeriosis and tuberculosis mod-
els; however the mechanisms behind the dissociation are dif-
ferent in the different models (9, 10, 24, 31, 46, 47, 53). For
example, the uncoupling of DTH and protection in the im-
mune response to Listeria monocytogenes results from the fact
that activated CD4� cells are responsible for the DTH reaction
and CD8� cells mediate protection (45). It is also of interest to
note that the T cells induced by heat-killed Listeria mediate
DTH responses but not protection (31). It might be assumed
that the DTH responses in the animals immunized with heat-
killed Listeria are classical responses, because they are medi-
ated by CD4� cells (31). If that is the case, the nonprotective
DTH response in Listeria would be different than the DTH
response we have induced with HKC. In the Mycobacterium
model, the mechanisms responsible for the uncoupling of the
DTH response and protection are not completely understood
(25). Granuloma formation, which is in many ways equivalent
to DTH reaction development, is not necessary for protection
against Mycobacterium tuberculosis (25). Both anti-M. tubercu-
losis protection and DTH responsiveness require activated
CD4� T cells, but protection differs from DTH responsiveness
in that the former is mediated by IL-12 and IFN-� whereas the
DTH response is mediated by TNF and chemokines (48). Al-
though CD4� T cells are essential to the M. tuberculosis CMI
response, other leukocytes, such as gamma-delta T cells, CD4�

NK cells, and CD8� T cells, play a role in protection (26, 48).
It appears that the protective mechanisms against Listeria and
Mycobacterium, two intracellular bacterial pathogens, have
both similarities and differences from the protective mecha-
nism against C. neoformans, a yeast-like organism that mainly
resides extracellularly. The differences and the fact that DTH
can be dissociated from protection in all three situations, but
for different reasons, emphasize the need to carefully define
the protective and nonprotective responses of the host for each
pathogen before attempting to develop immunoreplacement
or immunomodulatory therapies or vaccines.

In summary, the protective anticryptococcal CMI response

598 NICHOLS ET AL. INFECT. IMMUN.



is associated with a classical DTH response consisting of (i)
increased numbers of activated CD4� T cells with increased
production of IFN-� upon restimulation with antigen and (ii)
increased numbers of macrophages and neutrophils and ele-
vated levels of NO compared to controls. Increased NO at the
DTH reaction site in the mice immunized with the protective
immunogen is a sign of the presence of activated macrophages,
so enhanced killing of the organism would be expected to take
place. In contrast, the nonprotective anticryptococcal DTH
reaction is associated with an influx of granulocytes and ele-
vated TNF-� levels. The granulocytes subjected to TNF-� do
not appear to be activated to reduce the infection, because no
protection is detectable in the mice in which such a reaction
could occur. The lack of activation of the granulocytes by
TNF-� could be due to the fact that granulocytes at the reac-
tion site have reduced densities of TNFRI and TNFRII on
their surfaces. Our results point to the fact that there can be
delayed footpad swelling in response to the inducing antigen in
immunized mice, but swelling is not indicative of a classical
DTH reaction and is not indicative of protection. Furthermore,
our results emphasize the need to define mechanisms of DTH
and protection for each microbe.
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