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Cryptococcus neoformans var. grubii is the most frequent cause of AIDS-associated cryptococcosis worldwide, while Cryptococcus gat-
tii usually infects immunocompetent people. To understand the mechanisms which cause differential susceptibility to these cryptococ-
cal species in HIV infection, we established and characterized a model of cryptococcosis in CD4C/HIVMutA transgenic (Tg) mice ex-
pressing gene products of HIV-1 and developing an AIDS-like disease. Tg mice infected intranasally with C. neoformans var. grubii
strain H99 or C23 consistently displayed reduced survival compared to non-Tg mice at three graded inocula, while shortened survival
of Tg mice infected with C. gattii strain R265 or R272 was restricted to a single high inoculum. HIV-1 transgene expression selectively
augmented systemic dissemination to the liver and spleen for strains H99 and C23 but not strains R265 and R272. Histopathologic ex-
amination of lungs of Tg mice revealed large numbers of widely scattered H99 cells, with a minimal inflammatory cell response, while
in the non-Tg mice H99 was almost completely embedded within extensive mixed inflammatory cell infiltrates. In contrast to H99,
R265 was dispersed throughout the lung parenchyma and failed to induce a strong inflammatory response in both Tg and non-Tg
mice. HIV-1 transgene expression reduced pulmonary production of CCL2 and CCL5 after infection with H99 or R265, and produc-
tion of these two chemokines was lower after infection with R265. These results indicate that an altered immune response in these Tg
mice markedly enhances C. neoformans but not C. gattii infection. This model therefore provides a powerful new tool to further inves-
tigate the immunopathogenesis of cryptococcosis.

Cryptococcal meningitis is one of the most important HIV-
related opportunistic infections worldwide, especially in sub-

Saharan Africa (1). Globally, approximately 957,900 cases occur
each year, resulting in 624,700 deaths among persons living with
HIV/AIDS (1). Although cryptococcosis can occur in apparently
healthy hosts, most infections are observed in HIV-infected pa-
tients, who are particularly susceptible to this life-threatening fun-
gal infection (1). Inhalation of basidiospores or yeast cells of Cryp-
tococcus from the environment results in pulmonary infection and
preferential dissemination to the central nervous system, causing
meningoencephalitis. Cryptococcus neoformans var. grubii (sero-
type A) is by far the most frequent cause of AIDS-associated cryp-
tococcosis worldwide, with fewer cases caused by Cryptococcus
neoformans var. neoformans (serotype D), Cryptococcus gattii (se-
rotypes B and C) (2–7), or, exceptionally, a C. neoformans var.
grubii serotype A � C. gattii serotype B hybrid (8, 9). In contrast to
C. neoformans var. grubii, C. gattii usually infects immunocompe-
tent people (10) and is only occasionally found in patients with
HIV/AIDS (2–6). In a survey from South Africa, however, al-
though only 2.4% of all Cryptococcus isolates were confirmed to be
C. gattii, 24 of these cases occurred in HIV-infected patients, and
only a single case involved an HIV-uninfected person (6). Accord-
ingly, although HIV/AIDS may potentially augment susceptibility
to C. gattii infection in specific circumstances combining both
environmental exposure in an area of endemicity and limited ac-
cess to antiretroviral therapy, most of the enhanced burden of
cryptococcal infection in HIV/AIDS is caused by the ubiquitous C.
neoformans var. grubii (6).

A major endemic outbreak of C. gattii infection that began on

Vancouver Island in 1999 led to 239 reported cases and at least 19
deaths by the end of 2008 (10–12; www.BCCDC.ca), and it has
now spread to mainland British Columbia and the Pacific North-
west in the United States (10, 13–15). Consistent with the epide-
miology of C. gattii infections in Australia and New Zealand (7,
16), these infections in the British Columbia outbreak occurred
mainly in immunocompetent people, and only 6.2% of confirmed
C. gattii-infected patients were infected with HIV (12).

The mechanisms underlying the differential ability of C. gattii
and C. neoformans var. grubii to cause disease in healthy persons or
patients with HIV/AIDS are largely unknown. As a first step to-
ward understanding the ability of C. gattii to cause disease in im-
munocompetent hosts, a previous study revealed reduced levels of
neutrophil infiltration and reduced inflammatory cytokine pro-
duction in the lungs of C57BL/6 mice infected with C. gattii com-

Received 26 November 2012 Returned for modification 15 December 2012
Accepted 12 January 2013

Published ahead of print 22 January 2013

Editor: G. S. Deepe, Jr.

Address correspondence to Louis de Repentigny,
louis.de.repentigny@umontreal.ca.

K.L. and V.C.-C. contributed equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IAI.01339-12.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/IAI.01339-12

1100 iai.asm.org Infection and Immunity p. 1100–1113 April 2013 Volume 81 Number 4

http://www.BCCDC.ca
http://dx.doi.org/10.1128/IAI.01339-12
http://dx.doi.org/10.1128/IAI.01339-12
http://dx.doi.org/10.1128/IAI.01339-12
http://iai.asm.org


pared to those of mice infected with C. neoformans var. grubii (17).
However, a comprehensive analysis of virulence and host immune
cell responses to these Cryptococcus species would be facilitated
greatly by the availability of a relevant animal model of cryptococ-
cosis in HIV infection. We previously devised a novel model of
mucosal candidiasis in CD4C/HIV transgenic (Tg) mice express-
ing gene products of HIV-1 in immune cells and developing an
AIDS-like disease (18). These CD4C/HIV Tg mice are immuno-
deficient and exhibit severe atrophy and fibrosis of lymphoid or-
gans and a preferential depletion of CD4� T cells, with altered
CD4� T-cell proliferation in vitro, loss of CD4� T-cell help, CD4�

T-cell and B-cell activation, and impaired dendritic cell (DC)
function (19–23). In addition, diseases of the lung (lymphocytic
interstitial pneumonitis), heart (myocytolysis and myocarditis),
and kidney (tubulointerstitial nephritis, segmental glomerulo-
sclerosis, and microcystic dilatation) develop in these Tg mice (19,
24). Mucosal Candida infection in these Tg mice closely mimics
the clinical and pathological features of candidal infection in hu-
man HIV infection (18, 25) and has allowed us to perform con-
trolled studies on the immunopathogenesis of mucosal candidia-
sis in HIV infection (26–28).

With the recognition that a cause-and-effect analysis of the
immunopathogenesis of cryptococcosis and the virulence of
Cryptococcus species could potentially be achieved with these Tg
mice, the present study was undertaken to establish and charac-
terize a novel model of cryptococcosis in these animals and to
examine the infections caused by C. neoformans var. grubii and C.
gattii, using survival assays, organ fungal burdens, histopathology,
and assessments of the host immune response during a time
course of infection.

MATERIALS AND METHODS
Strains. C. neoformans var. grubii strains H99 and C23 and C. gattii strains
R265 and R272 were used in this study. Clinical strains H99 and C23, both
of molecular type VNI (29), were obtained from Joseph Heitman and
Thomas Mitchell (Duke University Medical Center). R265 and R272 were
both isolated in 2001 from the bronchial washings of immunocompetent
patients infected during the outbreak on Vancouver Island and belong to
the major VGIIa and less frequent VGIIb molecular types of C. gattii
causing this outbreak, respectively (11).

Infection of Tg mice expressing HIV-1. CD4C/HIVMutA Tg mice
have been described elsewhere (19). CD4C/HIVMutA mutant DNA har-
bors mouse CD4 enhancer and human CD4 promoter elements to drive
expression of the nef, env, and rev genes of HIV-1 in CD4� CD8� and
CD4� thymocytes, peripheral CD4� T cells, macrophages, and DCs. The
founder mouse F21388 was bred on the C3H background. Animals from
this line express moderate levels of the transgene, with 50% survival at 3
months (19). Several HIV-1 genes (gag, pol, vif, vpr, tat, and vpu) are
mutated in the CD4C/HIVMutA DNA, whereas nef, env, and rev are intact.
Specific-pathogen-free male and female Tg mice and non-Tg littermates
were housed in sterilized individual cages equipped with filter hoods,
supplied with sterile water, and fed with sterile mouse chow. All animal
experiments were approved by the animal care committee of the Univer-
sity of Montreal.

Cryptococcus strains were grown in yeast extract-peptone-dextrose
(YPD) medium for 24 h at 30°C, washed twice with phosphate-buffered
saline (PBS), counted in a hemacytometer, and resuspended in PBS at a
density of 2.5 � 106 or 2.5 � 105 yeast cells/ml. Intranasal inoculation of
the mice was performed as described previously (17). For the survival
assay, animals reaching predetermined morbidity endpoints (�20%
weight loss, immobile, no response when stimulated, or irregular/labored
abdominal respiration) were designated premortem and euthanized with
a lethal dose of ketamine and xylazine (18). For all other assays, mice were

euthanized on the indicated days. Quantification of Cryptococcus in inter-
nal organs, histopathology, and determination of Cryptococcus cell body
diameters and capsule thicknesses in mucicarmine-stained tissue sections
were done using methods described elsewhere (17, 18, 30).

Flow cytometry analysis of lung immune cell populations. Groups of
five CD4C/HIVMutA Tg and non-Tg littermates (42 to 69 days old) were
infected intranasally with 1.25 � 104 CFU of C. neoformans H99 or 1.25 �
105 CFU of C. gattii R265 and assessed at 7 and 14 days postinfection.
Uninfected control mice received intranasal PBS alone. Independent ex-
periments were conducted by pooling cells from all mice within each
group. Mice were anesthetized with a mixture of ketamine and xylazine
and then exsanguinated with 0.9% NaCl. Single-cell suspensions of lung
tissue were prepared by mechanical disruption in a mortar containing 3
ml of PBS and incubation at 37°C for 1 h with 1% collagenase type IV
(Sigma) in RPMI 1640 medium (Wisent Inc., St. Bruno, Canada) supple-
mented with 5% heat-inactivated fetal bovine serum (FBS; Wisent), 100
U/ml penicillin-streptomycin, and 50 �g/ml gentamicin. Cells were fil-
tered through a sterile nylon mesh (pore size, 80 �m) to obtain a homo-
geneous suspension. Cells were surface stained with anti-mouse anti-
CD45, anti-CD11b, anti-CD11c, and anti-F4/80 fluorescence-labeled
monoclonal antibodies and their respective isotype controls (all from Bio-
Legend, San Diego, CA) for quantitation of interstitial (CD45� CD11b�

CD11c� F4/80�) and alveolar (CD45� CD11b� CD11c� F4/80�) mac-
rophages and dendritic cells (CD45� CD11b� CD11c� F4/80�); with
anti-CD45, anti-CD3, and anti-Gr-1 to quantitate Gr-1� cells (CD45�

CD3� Gr-1�); and with anti-CD45, anti-CD4, and anti-CD8 to quanti-
tate CD4� (CD45� CD4� CD8�) and CD8� (CD45� CD4� CD8�)
T-cell populations. Red blood cells were removed with FACS lysing solu-
tion (BD Biosciences), and the remaining total extracted cells were
counted using a hemacytometer. Cell surface marker analysis was con-
ducted on a FACSCalibur flow cytometer (BD Biosciences) equipped with
CellQuest software. Data were acquired for 30,000 events by gating on
CD45� cells. Results for each immune cell population were calculated as
both the percentage of CD45� cells and the absolute number of cells
extracted from the lungs of a single mouse.

Production of cytokines. To assay the production of cytokines, lungs
were harvested from CD4C/HIVMutA Tg mice and non-Tg littermates 7 or
14 days after intranasal infection with 1.25 � 104 CFU of C. neoformans
H99 or 1.25 � 105 CFU of C. gattii R265. Uninfected control mice re-
ceived intranasal PBS. Lungs were mechanically disrupted in a mortar
containing 2 ml of PBS. Lung homogenates were centrifuged, and super-
natants were stored at �80°C. Cytokines in supernatants were assayed
using a BD Flex cytometric bead array set (BD Biosciences) according to
the manufacturer’s protocol on a FACSCalibur flow cytometer equipped
with BD CellQuest software. Data analysis was performed using BD FCAP
array software 3.0.

Statistical analysis. Kaplan-Meier modeling and a log rank (Mantel-
Cox) test were used to compare survival of C. neoformans var. grubii- and
C. gattii-infected Tg and non-Tg mice. Organ burdens of Cryptococcus
were compared using the Kruskal-Wallis test, and significant interactions
were further analyzed by use of the Mann-Whitney test. Cryptococcus cell
body diameters and capsule thicknesses, lung immune cell populations,
and cytokine production were analyzed with SPSS, version 19, software
(SPSS, Chicago, IL), using analysis of variance. Differences were consid-
ered significant if the P value was �0.05.

RESULTS
Enhanced susceptibility to cryptococcosis in Tg mice. Tg and
non-Tg mice were infected intranasally with three graded inocula
of C. neoformans (strain H99 or C23) or C. gattii (strain R265 or
R272) and then assessed for survival and organ burdens. Survival
of both Tg and non-Tg mice was inversely correlated with the
inoculum size of C. neoformans and C. gattii, with the single ex-
ception of Tg mice infected with strain R265 (Fig. 1A). Although
C. neoformans strain C23 was less virulent than C. neoformans
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strain H99 in Tg and non-Tg mice at all three inocula (P � 0.03),
Tg mice infected with these two C. neoformans strains consistently
displayed reduced survival compared to non-Tg mice infected at
the same three inocula. The enhanced susceptibility to cryptococ-
cosis in the Tg mice was especially prominent in animals infected
with the low inoculum of 1.25 � 104 CFU of C. neoformans H99,
none of which survived, in comparison to the 70% survival of the
non-Tg animals (Fig. 1A). Likewise, the mortality of Tg mice in-
fected with C. neoformans C23 at this inoculum was 90%, com-
pared to 10% for the non-Tg mice (Fig. 1A). In contrast to the C.
neoformans infections, shortened survival of Tg mice infected with
C. gattii strain R265 or R272 was restricted to a single higher in-
oculum (1.25 � 105 or 1.25 � 106, respectively) (Fig. 1A). Lungs
harvested at necropsy from Tg and non-Tg mice infected with C.
neoformans H99 or C. gattii R265 were macroscopically indistin-
guishable. All showed multiple hemorrhagic and abscess-like sur-
face lesions (Fig. 1B and C). Taken together, the results of these
survival studies clearly demonstrated that HIV-1 transgene ex-
pression markedly and consistently enhanced susceptibility to C.
neoformans, independent of the inoculum, while this effect was
discernible only at a single inoculum with C. gattii.

Organ burdens of euthanized mice premortem, determined as
CFU/g (Tables 1 and 2), demonstrated a close correlation with
survival of Tg and non-Tg mice infected with C. neoformans or C.
gattii. In non-Tg mice, organ burdens in the liver and spleen in-
creased significantly with the inoculum size of the two C. neofor-
mans strains (P � 0.001), but not the two C. gattii strains (P �
0.05), but in Tg mice, inoculum size had no significant effect on
organ burdens of either C. neoformans or C. gattii (P � 0.05). The
two C. neoformans strains produced comparable burdens in the
liver and spleen within the Tg and non-Tg groups of mice (P �
0.05), but both sets of burdens were greater than those produced
by the two C. gattii strains (P � 0.03), which did not differ signif-
icantly from each other (P � 0.05). Interestingly, the reduced
survival of Tg mice infected with C. neoformans compared to in-
fected non-Tg animals was correlated with strikingly enhanced
systemic dissemination to the liver and spleen of strains H99 and
C23 at the two lowest inocula (1.25 � 104 and 1.25 � 105 CFU)
(P � 0.03) (Table 1). In contrast, burdens of C. gattii strains R265
and R272 in these organs were comparable at all three inocula in
Tg and non-Tg mice (P � 0.05) (Table 2), demonstrating that
HIV-1 transgene expression selectively augments systemic dis-

FIG 1 (A) Survival of Tg and non-Tg mice infected with Cryptococcus neoformans (strain H99 or C23) or Cryptococcus gattii (strain R265 or R272). Ten mice were
infected intranasally at each of the indicated inocula. Significant differences are indicated as follows: *, P � 0.01 versus mice infected with the same strain at an
inoculum of 1.25 � 106 CFU; and **, P � 0.01 for Tg versus non-Tg mice infected with identical inocula of the same strain. (B and C) Lungs harvested at necropsy
from Tg and non-Tg mice infected with C. neoformans H99 or C. gattii R265 all showed multiple hemorrhagic (filled arrowhead) and abscess-like (open
arrowhead) surface lesions. Representative examples are shown for a non-Tg mouse infected with C. neoformans H99 (B) and a Tg mouse infected with C. gattii
R265 (C).
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semination to the liver and spleen for C. neoformans but not C.
gattii. However, enhanced burdens in brains of Tg compared to
non-Tg mice were observed at the two lowest inocula with C.
neoformans strain C23 only (P � 0.002), not strain H99 (P � 0.05)
or the two C. gattii strains (P � 0.05) (Tables 1 and 2), showing
that HIV-1 transgene-mediated augmentation of C. neoformans
dissemination to the brain may be strain dependent.

Enhanced cryptococcal burdens and more frequent dissemina-
tion to the liver and spleen were also found in Tg compared to
non-Tg mice euthanized at the fixed time of 14 days after infection
with the lowest inoculum (1.25 � 104 CFU) of C. neoformans H99
(P � 0.05) (Table 3). Seven days after infection, however, no sys-
temic dissemination had yet occurred, and pulmonary burdens
were comparatively lower than those at day 14 (P � 0.02) and were
not significantly different (P � 0.05) in Tg and non-Tg mice (Ta-
ble 3). In contrast to the case with C. neoformans H99, however,

lung burdens were comparable at days 7 and 14 (P � 0.05), the
frequency of systemic dissemination remained low, and crypto-
coccal burdens in the liver and spleen were comparable in Tg and
non-Tg mice 14 days after infection with an intermediate inocu-
lum (1.25 � 105 CFU) of C. gattii strain R265 (P � 0.05) (Table 3).

Defective inflammatory cell response to Cryptococcus in Tg
mice. Histopathologic examination of lungs was conducted on
days 7 and 14 after infection and premortem to identify the na-
ture, location, and extent of the inflammatory cell response to C.
neoformans strain H99 and C. gattii strain R265 (Fig. 2; see Fig. S1
to S3 in the supplemental material). The pulmonary inflamma-
tory responses to C. neoformans were strikingly and consistently
different in Tg and non-Tg mice. Seven days after infection of the
Tg mice, numerous C. neoformans cells were located in the bron-
chioles and formed cysts or were individually dispersed through-
out the lung parenchyma, with a minimal scattered mononuclear

TABLE 3 Viable CFU in organs of CD4C/HIVMutA Tg mice inoculated intranasally with Cryptococcus spp.

Strain (inoculum) and variable

Valuea

Tg mice Control non-Tg mice

Cryptococcus neoformans H99 (1.25 � 104 CFU)
Days after inoculation 7 14 7 14
No. of inoculated mice 6 6 6 6
Variables for organs culture positive for C. neoformans

Brain
No. of mice 0 4 0 2
C. neoformans count (CFU/g) NA 2.5 � 106 NA 6.9 � 106

Range of counts NA 4.4 � 104-8.5 � 106 NA 3.8 � 105-1.4 � 107

Lungs
No. of mice 6 6 6 6
C. neoformans count (CFU/g) 1.1 � 108 6.1 � 108 6.7 � 107 2.0 � 108

Range of counts 3.3 � 107-3.9 � 108 4.6 � 107-1.1 � 109 3.6 � 107-1.0 � 108 1.0 � 108-3.1 � 108

Liver
No. of mice 0 4 2 1
C. neoformans count (CFU/g) NA 4.1 � 104 9.6 � 103 6.5 � 103

Range of counts NA 2.3 � 104-5.8 � 104 7.9 � 103-1.1 � 104 NA
Spleen

No. of mice 0 4 0 1
C. neoformans count (CFU/g) NA 2.7 � 105 NA 1.8 � 104

Range of counts NA 1.6 � 105-4.2 � 105 NA NA

Cryptococcus gattii R265 (1.25 � 105 CFU)
Days after inoculation 7 14 7 14
No. of inoculated mice 6 6 6 6
Variables for organs culture positive for C. gattii

Brain
No. of mice 0 1 4 0
C. gattii count (CFU/g) NA 3.5 � 105 2.4 � 104 NA
Range of counts NA NA 1.3 � 104-5.9 � 104 NA

Lungs
No. of mice 6 6 6 6
C. gattii count (CFU/g) 1.7 � 108 1.9 � 108 1.6 � 108 2.5 � 108

Range of counts 3.9 � 107-2.4 � 108 1.0 � 108-3.6 � 108 4.0 � 107-2.6 � 108 1.8 � 108-3.3 � 108

Liver
No. of mice 0 2 1 1
C. gattii count (CFU/g) NA 6.0 � 103 3.7 � 103 5.7 � 104

Range of counts NA 4.2 � 103-7.8 � 103 NA NA
Spleen

No. of mice 0 0 0 0
C. gattii count (CFU/g) NA NA NA NA
Range of counts NA NA NA NA

a Mice studied included Tg and control non-Tg offspring derived from the founder mouse F21388. NA, not applicable.
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cell infiltrate (see Fig. S2L1 and S3L2). In contrast, the non-Tg
mice displayed dense bronchovascular infiltrates containing
mononuclear cells and polymorphonuclear leukocytes (PMNs)
completely enclosing C. neoformans (see Fig. S2K1). Fourteen

days after infection of the Tg mice, much larger numbers of C.
neoformans cells were widely scattered in the lung tissue, with a
minimal inflammatory cell response, and were rarely observed
within discrete bronchovascular infiltrates containing mostly

FIG 2 Histopathology of lungs from Tg and non-Tg mice, either uninfected or assessed on day 14 or premortem after intranasal infection with 1.25 � 104 CFU
of Cryptococcus neoformans H99 or 1.25 � 105 CFU of Cryptococcus gattii R265. Tissues were stained with hematoxylin phloxine saffron (HPS). Fourteen days
after infection of non-Tg mice (C1), C. neoformans was present in great numbers and was almost entirely embedded within extensive mixed inflammatory
infiltrates comprised of macrophages (filled arrowheads) and polymorphonuclear leukocytes (open arrowheads) (C1, enlarged inset) and only rarely observed
in the remaining lung parenchyma, in marked contrast to the case with Tg mice, which displayed predominantly innumerable and widely scattered C. neoformans
cells, with a minimal inflammatory cell response (D1) and only rarely enclosed within discrete bronchovascular infiltrates (enlarged inset). Premortem non-Tg
mice displayed necrotizing granulomas containing epithelioid cells (filled arrowhead) and Langhans-type giant cells (open arrowhead) (E1), in contrast to Tg
mice, which showed no granulomas but numerous macrophages (filled arrowhead) and polymorphonuclear leukocytes (open arrowhead) and wide areas of lung
parenchyma containing numerous C. neoformans cells but no inflammatory response (F1). C. gattii was widely dispersed throughout the lung tissue and induced
only a modest and localized inflammatory response comprised of macrophages (filled arrowheads) and polymorphonuclear leukocytes (open arrowhead) in Tg
and non-Tg mice (G1 to J1). BR, bronchiole; BV, blood vessel. Images are representative of 2 (A1 and B1) or 6 (C1 to J1) mice per group, with consistent results.
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PMNs and a few mononuclear cells (Fig. 2D1; see Fig. S1D2). In
striking contrast, in non-Tg mice, C. neoformans cells were almost
entirely embedded within far more extensive mixed inflammatory
infiltrates comprised of PMNs and macrophages and were seldom
observed in the remaining lung parenchyma, which was devoid of
inflammatory cells (Fig. 2C1). Finally, premortem non-Tg mice
again displayed a widespread inflammatory response, with the
added appearance at this late time point of necrotizing granulo-
mas containing epithelioid cells and Langhans-type giant cells
(Fig. 2E1). This was in contrast to the Tg mice, which displayed
more limited inflammatory foci containing abundant macro-
phages and PMNs but no granulomas, as well as broad areas of
lung parenchyma containing numerous C. neoformans cells but
no inflammatory response (Fig. 2F1).

In sharp contrast to the case for infection with C. neoformans,
numerous C. gattii cells were widely dispersed throughout the
lung tissue and induced only a sparse inflammatory response on
days 7 and 14 after infection in both Tg and non-Tg mice (Fig. 2G1
and H1; see Fig. S1 to S3 in the supplemental material). A modest
and circumscribed inflammatory response comprised of macro-
phages and PMNs appeared only in premortem animals and was
independent of HIV-1 transgene expression (Fig. 2I1 and J1).

Interestingly, macrophages in lung tissue sections from Tg and
non-Tg mice infected with C. neoformans or C. gattii often dis-
played the distinctive appearance of “hueco” cells filled with ves-
icles containing capsular polysaccharide (31, 32). These cells were
observed beginning on day 14 after infection and became more
abundant in mice assessed premortem.

Histopathologic examination of the brains of Tg and non-Tg
mice on day 7 after infection with C. neoformans showed that the
brains were entirely normal, in accordance with the absence of
systemic dissemination to this organ at this early time point (Table
3). On day 14 after infection, however, histopathology revealed C.
neoformans in the brain parenchyma of a single non-Tg mouse
which displayed culture evidence of dissemination to this organ,
but not in the other animals, which were either culture positive or
negative (Table 3). Taken together with the organ burdens, these
results indicated that the onset of dissemination to the brain for C.
neoformans was detectable more than 7 days after infection in both
Tg and non-Tg mice and did not occur earlier in the Tg mice,
despite their enhanced frequency of systemic dissemination (Ta-
bles 1 and 2). Examination of the brains of Tg and non-Tg mice 7
and 14 days after infection with C. gattii did not show histopatho-
logic evidence of the fungus, in accordance with lower burdens of
C. gattii than of C. neoformans in this organ (Table 3).

Cell body diameters and capsule thicknesses of 100 randomly
selected C. neoformans or C. gattii cells were determined in lung
tissue sections from Tg and non-Tg mice 7 or 14 days after infec-
tion. For both C. neoformans and C. gattii, cell body diameters and
capsule thicknesses increased significantly from day 7 to day 14
after infection of non-Tg mice (P � 0.001) but not Tg mice (P �
0.05), and both measurements were greater in non-Tg than in Tg
mice on day 14 after infection with these two species (P � 0.001)
(Table 4). However, cell body diameters and capsule thicknesses
of C. neoformans H99 were markedly greater than those of C. gattii
R265 both 7 and 14 days after infection of both Tg and non-Tg
mice (P � 0.001), showing that the dimensions of these two spe-
cies consistently differ in vivo, irrespective of time after infection
or HIV-1 transgene expression (Table 4). Interestingly, using a cell
body diameter threshold of 15 �m, 22 to 53% of C. neoformans

H99 cells comprised giant (titan) cells (33), but these cells were
seen less frequently (3 to 12% of cells) in tissue sections from mice
infected with C. gattii 265.

Altered lung immune cell populations in response to Crypto-
coccus in Tg mice. To quantitatively assess the impact of HIV-1
transgene expression on lung immune cell populations, multipara-
metric flow cytometry analysis was conducted on CD4C/HIVMutA Tg
mice and non-Tg littermates 7 and 14 days after infection or no in-
fection with C. neoformans H99 or C. gattii R265. On both days, trans-
gene expression independently caused striking reductions in the
percentages of CD4� and CD8� T cells (P � 0.001) (Fig. 3). Further-
more, on day 14, total numbers of extracted pulmonary cells were
significantly lower in Tg mice than in non-Tg mice (P � 0.002),
correlating with the defective inflammatory cell response to Crypto-
coccus observed on histopathology. Independent of cryptococcal in-
fection, percentages of alveolar macrophages were significantly in-
creased (P � 0.05) in Tg compared to non-Tg mice on days 7 and 14
(Fig. 3). Similar findings were observed with Gr-1� cells, but they
reached statistical significance only on day 7 (Fig. 3). In addition,
from day 7 to day 14, in both Tg and non-Tg mice, the percentages of
dendritic cells, alveolar macrophages, and Gr-1� cells were signifi-
cantly increased in animals infected with either C. neoformans or C.
gattii (P � 0.02), while a similar increase in interstitial macrophages
during the same interval was restricted to C. gattii (P � 0.001). We
cannot formally exclude the possibility that in addition to PMNs,
plasmacytoid dendritic cells and inflammatory monocytes, express-
ing Ly6C but not CD3, may have been recognized by the anti-Gr-1
antibody. Finally, absolute numbers of CD4� and CD8� cells, but
not the other cell populations, were significantly diminished (P �
0.05) in the Tg compared to non-Tg mice on days 7 and 14 after
infection or no infection with C. neoformans or C. gattii (data not
shown).

Altered production of pulmonary cytokines in response to
Cryptococcus in Tg mice. To determine if the reduced pulmo-
nary inflammatory response to Cryptococcus observed in the Tg
mice was associated with defective production of cytokines, Tg
and non-Tg mice were assessed 7 or 14 days after infection or
no infection with C. neoformans H99 or C. gattii R265. In com-
parison to the levels in non-Tg mice, HIV-1 transgene expres-

TABLE 4 Cell body diameters and capsule thicknesses of C. neoformans
H99 and C. gattii R265 in mucicarmine-stained lung tissue sections 7 or
14 days after infection of CD4C/HIVMutA Tg or non-Tg mice

Measurement and
strain

Value after infectiona

Tg mice Non-Tg mice

7 days 14 days 7 days 14 days

Cell body diameter
(�m)

C. neoformans H99 11.8 � 4.2b 11.4 � 4.5b 12.4 � 3.6b 15.4 � 3.5b,c,d

C. gattii R265 10.3 � 2.8 9.8 � 2.7 9.5 � 2.9 12.0 � 2.8c,d

Capsule thickness
(�m)

C. neoformans H99 5.0 � 1.9b 5.6 � 2.5b 6.3 � 1.8b 8.2 � 2.0b,c,d

C. gattii R265 4.9 � 1.4 4.7 � 2.3 3.5 � 1.3 6.2 � 2.0c,d

a Data are means � standard deviations for 100 randomly selected cells.
b P � 0.001 compared to C. gattii R265.
c P � 0.001 compared to non-Tg mice at day 7.
d P � 0.001 compared to Tg mice at day 14.
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sion consistently reduced pulmonary production of the CC
chemokines monocyte chemoattractant protein 1 (MCP-1;
CCL2) and RANTES (CCL5) both 7 and 14 days after infection
with C. neoformans or C. gattii (P � 0.01) (Fig. 4), suggesting
that defective production of these chemotactic cytokines may
contribute to the defective inflammatory response to Crypto-
coccus in Tg mice. In addition, in comparison to the case with
C. neoformans, production of these two chemokines was signif-
icantly lower after infection with C. gattii (P � 0.001), which
may partially explain the markedly reduced pulmonary inflam-
matory response to C. gattii in comparison to that to C. neofor-

mans in the non-Tg mice (Fig. 2). Indeed, a wide array of cy-
tokines (interleukin-1	 [IL-1	], tumor necrosis factor alpha
[TNF-
], macrophage inflammatory protein 1	 [MIP-1	], IL-
13, transforming growth factor beta [TGF-	], and IL-4) in-
creased significantly from day 7 to day 14 after infection with C.
neoformans (P � 0.001) but not C. gattii (P � 0.05), and higher
concentrations of TNF-
, MIP-1
, MIP-1	, IL-13, TGF-	,
IL-2, and IL-4 were also found on day 14 after infection with C.
neoformans compared to C. gattii (P � 0.001), independent of
transgene expression. This differential production of cytokines
after infection by the two species was especially prominent in

FIG 3 Flow cytometry analysis of lung immune cell populations in CD4C/HIVMutA Tg and non-Tg mice 7 and 14 days after infection or no infection with C.
neoformans H99 or C. gattii R265. Data are presented as percentages of CD45� cells and are the means � standard errors of the means (SEM) of results from three
or four independent experiments. Significant differences are indicated as follows: *, Tg � non-Tg mice (P � 0.05); and **, Tg � non-Tg mice (P � 0.001).
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the case of gamma interferon (IFN-�), which was produced
exclusively in response to infection with C. neoformans.

In sharp contrast, however, production of IL-6 and IL-10 in-
creased significantly from day 7 to day 14 after infection with
either of the two species (P � 0.05), suggesting that the lower
pulmonary inflammatory response observed after infection with
C. gattii than after infection with C. neoformans was not associated
with a differing production of these two cytokines.

In addition to MCP-1 and RANTES, HIV-1 transgene expres-
sion resulted in decreased production of IL-2 on day 7 after infec-
tion (P � 0.03), a defect previously associated with enhanced sus-
ceptibility to cryptococcosis at this early time point of infection
(34). However, in comparison to non-Tg controls on day 14, Tg
mice infected with C. neoformans unexpectedly had reduced pro-
duction of IL-4 (P � 0.001) and increased production of IL-17A
(P � 0.001), both of which are associated with a protective rather
than nonprotective anticryptococcal host response (35–37).

DISCUSSION

The model which we established recapitulates the hallmark histo-
pathological features of human pulmonary C. neoformans (38, 39)
and C. gattii (40) infections, including a minimal inflammatory
cell infiltrate in transgenic mice infected with C. neoformans that
reproduces the pathological findings in AIDS patients (38). The
present results also clearly establish, for the first time in an animal

model, using controlled conditions with two strains each and
three inocula of C. neoformans and C. gattii, that HIV-1 expression
consistently augments susceptibility to C. neoformans but not that
to C. gattii. This finding provides experimental evidence to support
the results of epidemiological studies of cryptococcosis, which dem-
onstrate that C. neoformans causes the overwhelming majority of in-
fections in the setting of HIV infection, while C. gattii infections occur
mostly in immunocompetent persons (12, 16). The lack of a signifi-
cant transgene effect on mortality at the lowest inoculum of C. gattii
(1.25�104 CFU), in contrast to an inoculum of 1.25�105 CFU, may
have resulted from differing levels of the inflammatory response to C.
gattii at these two inocula.

Assessments of organ burdens, lung histopathology, immune
cell populations, and cytokine production were conducted at the
fixed time points of 7 and 14 days after infection with 1.25 � 104

CFU of C. neoformans H99 or 1.25 � 105 CFU of C. gattii R265.
These inocula were selected on the basis of the results of the sur-
vival study, which showed the greatest transgene effect on mortal-
ity at these inocula (Fig. 1), and therefore they were most likely to
reveal differences in organ burdens at the fixed time points. Im-
mune response parameters were assessed for the same inocula to
allow a meaningful correlation with organ burden data.

In comparison to C. neoformans, infection of immunocompe-
tent non-Tg C3H mice with C. gattii elicited a markedly reduced
pulmonary inflammatory cell response, as reported previously for

FIG 4 Cytokine production in lungs of CD4C/HIVMutA Tg and non-Tg mice 7 and 14 days after infection or no infection with C. neoformans H99 or C. gattii
R265. IL-12p70 (not shown) was undetectable in all mice. Data are the means � SEM of results from six mice. Significant differences are indicated as follows: *,
Tg � non-Tg mice (P � 0.05); and **, Tg � non-Tg mice (P � 0.05).
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C57BL/6 and A/JCr mice infected with identical inocula of the two
species (17, 41). It is therefore unlikely that the less robust pulmo-
nary inflammatory cell response to C. gattii than that to C. neofor-
mans which we found in the non-Tg mice was caused by the higher
inoculum.

The lower pulmonary inflammatory cell response to C. gattii
was closely correlated with diminished production of several cy-
tokines and chemokines, including MCP-1, RANTES, MIP-1
,
MIP-1	, IL-1	, IL-2, IL-4, IL-13, TNF-
, IFN-�, and TGF-	.
Among these, MCP-1, MIP-1
, TNF-
, and IFN-� all play a role
in leukocyte recruitment to the lungs in response to C. neoformans
infection (42–52). Accordingly, reduced production of these four
cytokines may explain, at least in part, the strikingly sparse inflam-
matory cell response to C. gattii compared to that to C. neoformans
in the non-Tg C3H mice. Interestingly, we found greater capsule
thicknesses of C. neoformans than C. gattii, and it has been re-
ported that increasing capsule thicknesses of C. neoformans aug-
ment the magnitudes of IL-1	 and TNF-
 release by human
PMNs (53). It would be relevant in future work to examine infec-
tion by C. neoformans 145A, which like C. gattii R265 induces a
limited pulmonary inflammatory response (54), to determine if it
behaves similarly to C. gattii in HIV-1-expressing Tg mice.

Despite these strikingly dissimilar host immune responses to
C. neoformans and C. gattii, comparable lung burdens of both
cryptococcal species were found on days 7 and 14 after infection
and premortem. This seemingly paradoxical finding could possi-
bly be explained by the antiphagocytic properties of the crypto-
coccal capsule (55) and the reduced phagocytosis of cryptococcal
giant (titan) cells (33, 56–58), which would allow C. neoformans to
proliferate at a rate comparable to that of C. gattii despite the
enhanced inflammatory cell response. However, in a recent report
(41), C. gattii R265 produced higher lung burdens than those of C.
neoformans H99 after infection of C57BL/6 and BALB/c mice, sug-
gesting that the protective pulmonary immune responses to Cryp-
tococcus of these two mouse strains may differ qualitatively or
quantitatively from those of non-Tg C3H mice. Nevertheless, in
the non-Tg C3H mice, dissemination of C. neoformans to the liver
and spleen at the time of euthanasia largely exceeded that of C.
gattii, demonstrating a greater capacity of C. neoformans for sys-
temic dissemination in the immunocompetent host (41). The
greater capsule thickness of C. neoformans than that of C. gattii,
providing protection against reactive oxygen and nitrogen species
within phagocytes (55), may have facilitated dissemination by a
“Trojan horse” mechanism (59). Despite this enhanced dissemi-
nation, however, the survival of non-Tg C3H mice infected with
the C. neoformans and C. gattii strains did not differ significantly,
suggesting that the variable virulence of strains within each species
outweighs any potentially consistent difference in virulence be-
tween these two cryptococcal species. In fact, previous studies
comparing the virulence of C. neoformans H99 and C. gattii R265
in C57BL/6 and BALB/c mice produced inconsistent results (17,
41), indicating that the virulence of C. neoformans and C. gattii is
likely comparable in many, if not most, strains of immunocom-
petent mice. This interpretation is supported by the balanced up-
regulation in production of protective (IFN-�) and nonprotective
(IL-4 and IL-13) cytokines (36, 51, 52, 60, 61) in non-Tg C3H
mice infected with C. neoformans compared to those infected with
C. gattii. Taken together, the results of our survival studies dem-
onstrate that HIV-1 transgene expression alters the course of cryp-
tococcal infection to a far larger degree than any intrinsic differ-

ences in virulence, systemic dissemination, or host immune
responses between C. neoformans and C. gattii.

Enhanced susceptibility to C. neoformans infection in the Tg
mice was associated with a sharply reduced pulmonary inflamma-
tory cell response and decreased production of the CC chemo-
kines MCP-1 (CCL2) and RANTES (CCL5). The striking deple-
tion of pulmonary CD4� and CD8� T cells in infected or
uninfected Tg mice is congruent with the quantitative reductions
of these cell populations in the oral mucosa, secondary lymphoid
organs, and peripheral blood of these Tg mice (18, 23). The pres-
ent results therefore suggest that the defective pulmonary CD4�

and CD8� T-cell response to C. neoformans infection in Tg mice
resulted from the primary depletion of these cell populations as a
consequence of HIV-1 transgene expression, combined with a
failure of their recruitment as a result of reduced production of the
chemokines MCP-1 and RANTES, which attract activated T cells,
monocytes, and dendritic cells. During pulmonary C. neoformans
infection, upregulation of MCP-1 and MCP-3 (CCL7) production
is required for CCR2-mediated recruitment of T cells, dendritic
cells, and macrophages, formation of bronchovascular cell infil-
trates, and development of protective Th1 immunity (42–48).
Furthermore, SJL/J mice, which are resistant to C. neoformans
infection, show enhanced MCP-1 mRNA expression compared to
susceptible C57BL/6 mice (62). Potential cellular sources of
MCP-1 in the lungs include epithelial cells, endothelial cells, fibro-
blasts, and macrophages (42). Of these specific cell populations,
only macrophages express the HIV-1 transgene (19) and would
thus be susceptible primarily to altered cytokine expression. In
this regard, we have previously shown that F4/80� macrophages
recruited to the gastric submucosa and oral mucosa of HIV-1-
expressing Tg mice in response to Candida albicans infection ex-
press the mannose receptor (CD206) almost uniformly, but
MCP-1 only very infrequently (26), consistent with an alterna-
tively activated (M2) phenotype known to be associated with sus-
ceptibility to cryptococcosis (36, 52). Furthermore, because it has
been shown that experimental depletion of CD4� and CD8� T
cells independently abrogates the appearance of a protective in-
flammatory response to pulmonary C. neoformans infection and
augments systemic dissemination (63–65), it is likely that the de-
pletion of these T-cell populations in the Tg mice contributed to
the reduced pulmonary inflammatory cell response to C. neofor-
mans and the augmented systemic dissemination to the liver and
spleen. Despite the defective pulmonary inflammatory cell re-
sponse to C. neoformans in the Tg mice, pulmonary fungal bur-
dens were remarkably comparable to those in non-Tg mice, sug-
gesting that reduced survival of the Tg mice was caused primarily
by enhanced systemic dissemination rather than increased prolif-
eration of C. neoformans in the lungs (66). Surprisingly, aug-
mented susceptibility of the Tg mice to C. neoformans infection
was associated with diminished pulmonary production of IL-4
and increased production of IL-17A, which result in an alteration
of the Th1-Th2-Th17 balance associated with a protective rather
than a nonprotective host response to C. neoformans (35–37, 55).
The augmented dissemination of C. neoformans to the liver and
spleen in Tg mice, also previously observed in IL-23p19�/� mice
with impaired production of IL-17 (35), was therefore likely
caused by perturbations other than a defective Th17 response.

Capsule thicknesses of C. neoformans and C. gattii in the lungs
increased significantly during the course of infection of non-Tg
mice (30) but not Tg mice. The mechanisms responsible for dif-
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ferences in capsule thickness in vivo are unknown (30) but could
potentially include variations in iron, CO2, and nutrient concen-
trations in host tissues (30, 67). Interestingly, CD4C/HIVNef

transgenic mice display increased circulating ferritin levels due to
Nef-dependent release of ferritin from macrophages, and plasma
ferritin levels are correlated with viral RNA in HIV-1-infected
patients (68). C. neoformans can acquire iron bound to the major
carrier transferrin by a reductive iron uptake pathway (69). Be-
cause growth of C. neoformans at high iron concentrations results
in cells with thinner capsules (30) and lower expression of the
CAP60 gene that is required for capsule production (70), in-
creased availability of iron from the ferritin carrier may have con-
tributed to the lack of capsule thickening during the course of
cryptococcal infection in the Tg mice. However, despite the ab-
sence of capsule thickening during infection by both species, the
capsule thickness of C. neoformans remained greater than that of
C. gattii in the Tg mice and may have contributed to its enhanced
systemic dissemination to the liver and spleen, which was also
observed in the non-Tg mice.

The percentages of pulmonary dendritic cells, alveolar macro-
phages, and Gr-1� cells increased from day 7 to day 14 after infec-
tion of Tg and non-Tg mice with C. neoformans, and absolute
numbers of these cell populations extracted from the lungs were
not significantly diminished in the Tg mice. Dendritic cells in
CD4C/HIVMutA Tg mice have an immature phenotype, with low
expression of major histocompatibility complex (MHC) class II
and costimulatory molecules and a decreased capacity to present
antigen in vitro (20, 27). In view of the defective production of
MCP-1 in the Tg mice, dendritic cells could potentially have failed
to accumulate in the lungs in response to C. neoformans infection
because of defective CCR2-mediated recruitment and differenti-
ation of monocytes (46). Preserved production of other CCR2
agonists, such as MCP-2 and MCP-3, may have compensated for
the defective production of MCP-1. Because dendritic cells and
alveolar macrophages play a critical role in the early innate pro-
tective host response against C. neoformans (71) and are associated
with natural resistance to progressive infection (62), it is likely that
functional defects of these cell populations also contributed to the
increased susceptibility of the Tg mice to C. neoformans infection.
Blood monocytes and alveolar macrophages from HIV-infected
patients have impaired fungistatic activity against C. neoformans
(72–76).

In summary, the present findings clearly demonstrate that
HIV-1 transgene expression consistently augments susceptibility
to C. neoformans but not C. gattii infection, and it reduces the
pulmonary inflammatory cell response by both depletion of im-
mune cells and diminished production of chemokines. In the ab-
sence of this protective host response in Tg mice, the greater cap-
sule thickness of C. neoformans than that of C. gattii in vivo may
become a primary determinant of the host-pathogen interaction
and result in selectively enhanced virulence of C. neoformans, con-
sidering that both species qualitatively share all of the known ma-
jor C. neoformans virulence traits (7, 77).
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