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Both interleukin (IL)-4- and IL-13-dependent Th2-me-
diated immune mechanisms exacerbate murine Cryp-
tococcus mneoformans-induced bronchopulmonary
disease. To study the roles of IL-4 and IL-13 in cerebral
cryptococcosis, IL-4 receptor a-deficient (IL-4Ra™"7),
IL-4-deficient (IL-4~/7), IL-13-deficient (IL-13777),
IL-13 transgenic (IL-13"%), and wild-type mice were
infected intranasally. IL-13"* mice displayed a
higher fungal brain burden than wild-type mice,
whereas the brain burdens of IL-4Ra~’~, IL-4~/~, and
IL-137/~ mice were significantly lower as compared
with wild-type mice. On infection, 68% of wild-type
mice and 88% of IL-13-overexpressing IL-13"/* mice
developed significant cerebral lesions. In contrast,
only a few IL-4Ra™" ", IL-4~/~, and IL-13™/~ mice had
small lesions in their brains. Furthermore, IL-13%/*
mice harbored large pseudocystic lesions in the cen-
tral nervous system parenchyma, bordered by volu-
minous foamy alternatively activated macrophages
(aaMphs) that contained intracellular cryptococci,
without significant microglial activation. In wild-type
mice, aaMphs tightly bordered pseudocystic lesions
as well, and these mice, in addition, showed micro-
glial cell activation. Interestingly, in resistant IL-4~/~,
IL-137/7, and IL-4Ra™’~ mice, no aaMphs were dis-

486

cernible. Microglial cells of all mouse genotypes nei-
ther internalized cryptococci nor expressed markers
of alternative activation, although they displayed sim-
ilar IL-4Ra expression levels as macrophages. These
data provide the first evidence of the development of
aaMphs in a central nervous system infectious disease
model, pointing to distinct roles of macrophages
versus microglial cells in the central nervous sys-
tem immune response against C. neoformans. (Amj
Pathol 2009, 174:486—496; DOI: 10.2353/ajpath.2009.080598)

The opportunistic pathogenic yeast Cryptococcus neofor-
mans causes life-threatening fungal infections of most
internal organs including the central nervous system
(CNS), primarily in patients affected by immunodefi-
ciency syndromes such as AIDS." The pathogenesis of
cryptococcosis is not fully understood, however, espe-
cially in cases of different levels of immunocompetence.
It is generally accepted that the fungus first invades the
respiratory system, where it leads to relatively mild or
asymptomatic bronchopneumonia in the immunocompe-
tent.2~> Fungemia with generalization of the infection may
result from reduced immunological control mecha-
nisms.®~® Invasion of the CNS with subsequent develop-
ment of meningoencephalitis is the major cause of death
during cryptococcosis.'© "

The precise reaction pattern of recruited inflammatory
cells, especially monocytes/macrophages, due to fungal
invasion of the CNS parenchyma has been addressed
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mainly via analysis of helper T cell (Th)1 responses.'? In
this context, in addition to protective Th1-driven immune
responses, the role of Th2 cytokines has gained interest
recently.’® The major Th2 cytokines interleukin (IL)-4 and
IL-13 act via the IL-4Ra chain together with the . chain
or the IL-13Ra1/2 chains, and regulate macrophage
functional status.™ IL-4 has been shown to be detrimen-
tal in murine models of systemic and pulmonary crypto-
coccosis,® '8 and we have recently illustrated the role
of IL-13 in inducing the formation of alternatively acti-
vated macrophages (aaMphs) in murine pulmonary
cryptococcosis. '®

The activation phenotype of macrophages may criti-
cally influence the regulatory mechanisms by which in-
flammation and infection in the CNS are controlled. Ac-
cording to the current paradigm, classically activated
macrophages are primed by interferon-y and produce
tumor necrosis factor, IL-1, oxygen and nitrogen radi-
cals,?° thereby producing proinflammatory cytokines that
regulate the Th1 immune response. In contrast, aaMph?’
develop in response to Th2 cytokine stimulation such as
IL-4 and IL-13 and are characterized by expression of
genes associated with endocytosis and tissue repair
such as arginase-1, mannose receptor (CD206), found-
in-inflammatory-zone (FIZZ), and chitinase 3-like 3 (YM1)
and largely fail to produce nitric oxide (NO) due to their
induction of arginase.?® As such, they are thought to be
involved in tissue repair and remodeling,?*2® in protec-
tion against diet-induced obesity,*?® and schistosomia-
sis,?® but they may also elicit adverse tissue processes
such as pulmonary or liver fibrosis.?” 2" In particular, their
development renders the host vulnerable to infection with
pathogens where macrophage activation and Kkilling
functions are required.®?

In murine models of pulmonary C. neoformans infec-
tion, aaMph have been shown to be associated with
uncontrolled lung infection.®'° The role of aaMph versus
classically activated macrophage in the CNS due to pul-
monary infection with the neurotropic pathogen C. neo-
formans has not been defined yet. In this study, we aimed
to characterize the morphology and functional status of
CNS macrophages in cerebral cryptococcosis following
intranasal infection of susceptible wild-type and IL-13-
transgenic BALB/c mice. Moreover, using mice unable to
produce IL-4 or IL-13 or respond to both (IL-4Ra '~ mice),
we show that abrogation of CNS aaMph development is
associated with controlled infection.

Materials and Methods
Mice

Six to ten-week-old female wild-type, IL-4Ra ™/~ 23 L4/~ 34
IL-137/7,%% as well as IL-13"* *® mice on BALB/c back-
ground were maintained in an IVC-Caging system under
specific pathogen-free conditions and in accordance
with the guidelines approved by the Animal Care and
Usage Committee of the ‘Regierungsprasidium Leipzig.’
Sterile food and water were given ad libitum. The mice
were tested periodically for pathogens in accordance
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with the recommendations for health monitoring of mice
provided by the Federation of European Laboratory
Animal Science Associations (FELASA) accreditation
board. All mice were tested negative for pinworms and
other endo- and ectoparasites.

Intranasal Infection of Mice with C. neoformans

Encapsulated C. neoformans, strain 1841, serotype D
was kept as a frozen stock in skim milk and was grown in
Sabouraud dextrose medium (2% glucose, 1% peptone,
Sigma, Deisenhofen, Germany) overnight on a shaker at
30°C. Cells were washed twice in sterile PBS, resus-
pended in PBS, and counted in a hematocytometer. In-
ocula were diluted in PBS to a concentration of 2.5 X
10%/ml for intranasal (i.n.) injections. Mice were infected
by i.n. application of 10 wl volumes per nostril containing
a total of 500 colony-forming units. For the intranasal
infection, mice were anesthetized i.p. with a 1:1 mixture of
10% ketamine (100 mg/ml; Ceva Tiergesundheit, DUssel-
dorf, Germany) and 2% xylazine (20 mg/ml; Ceva
Tiergesundheit).

Determination of Survival Rate and CNS Fungal
Burden

Infected mice were monitored daily for survival and mor-
bidity. Fungal burden was determined after sterile re-
moval of the CNS from sacrificed mice and homogeniza-
tion in 1 ml PBS with an Ultra-Turrax (T8; IKA-Werke,
Staufen, Germany). Serial dilutions of the homogenates
were plated on Sabouraud dextrose agar plates and
colonies were counted after an incubation period of 72
hours at 30°C.

CNS Tissue Processing for Immunohistological
Analysis and Electron Microscopy

On the indicated days post infection (p.i.), C. neoformans-
infected wild-type, IL-4Ra™/~, IL-4~/~, IL-137/7, and IL-
13"*, or uninfected mice, were perfused intra-cardially
with 0.9% saline under CO, asphyxia. The brains of the
animals were sterilely removed, mounted on thick filter
paper with Tissue Tek optimal cutting temperature com-
pound (Miles Scientific, Naperville, IL), snap-frozen in
isopentane (Fluka, Neu-Ulm, Germay) pre-cooled on dry
ice, and stored at —80°C.

For immunohistochemistry, 10-um frozen sections
were prepared in a serial fashion (30 transversal sections
on six consecutive levels per CNS). The following rat
anti-mouse monoclonal antibodies, obtained as hybri-
domas from the ATCC (Manassas, VA), were used for
staining procedures: CD4 (clone G.K.1.5), CD8 (clone
2.43), CD45 (LCA, clone M1/9.3.4.HL.2), F4/80 (F4/80),
MHC class Il (I-AP%9 haplotypes, clone M5.114.15.2),
and Ly6-G (GRT1; clone RB6-8C5). Additionally, CD206
(mannose receptor) rat anti-mouse antibody (Serono, Un-
terschleiBheim, Germany) and YM1 (ECF-L) goat anti-
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mouse antibody (R&D Systems, Minneapolis, MN) were
used for staining of alternatively activated macrophages.

Immunohistochemistry was performed by use of the
Vectastain Elite ABC-Kit (Vector, Burlingame, CA) with
appropriate biotinylated secondary antibodies. The per-
oxidase reaction product was visualized using 3,3’-dia-
minobenzidine (Sigma) as chromogene and H,0, as co-
substrate. Negative controls, without application of the
primary antibody, confirmed the specificity of the reac-
tions. Glucuronoxylomannan (GXM) immunostaining was
performed using mab 18B7 (kindly provided by Dr. Arturo
Casadevall, Albert Einstein College of Medicine, New
York, NY), and the Vector MOM Fluoresceine KIT (Vec-
tor). Histopathological alterations were microscopically
evaluated on H&E-stained, and immunostained horizon-
tal brain sections. The samples prepared for electron
microscopy analysis were fixed in 2.5% cacodylate-buff-
ered glutaraldehyde (pH 7.35). Following postfixation in
phosphate-buffered 1.3% osmium tetroxide, the tissues
were rinsed in buffer, dehydrated in graded alcohols and
processed into polymerized blocks of Epon resin. Sec-
tions for initial light microscopy to determine tissue quality
and architecture suitable for ultrastructure were cut at 0.5
pum and stained with toluidine blue. For electron micros-
copy, thin sections were cut with a diamond knife,
mounted on copper grids, stained with alkaline lead ci-
trate and 8% uranyl acetate, and examined using a Phil-
ips EM 208 electron microscope (Philips, Eindhoven, The
Netherlands) operating at 80 kV. Photography was per-
formed with a Morada digital camera (Olympus SIS, Mun-
ster, Germany).

RNA Extraction

Total RNA was extracted from brain tissue samples of the
respective time points using the trizol/chloroform method
according to the manufacturer’s instruction (Invitrogen
Carlsbad, CA), and resuspended in 60 ul DEPC-treated
water. The concentration of total RNA was determined
using the Qubit fluorometer according to the manufactur-
er's protocol (Invitrogen, Eugene, OR).

Quantitative Real-Time PCR

The RNA was reverse transcribed using the High-Capac-
ity cDNA Archive Kit (Applied Biosystems, Foster City,
CA) according to the manufacturer’s protocol using 1 ng
total RNA per sample as described.®” Briefly, the expres-
sion level of arginase-1, YM1, and the endogenous con-
trol gene, hypoxanthin-guanine-phosphoribosyl-trans-
ferase (hprt), in the specimens was analyzed by real-time
quantitative reverse transcriptase (RT)-PCR using the
5’-nuclease technology on an ABI PRISM 7300HT
Sequence Detection System and the Mouse TagMan
pre-developed assay reagents (both: Applied Biosys-
tems). The assay identification numbers are as follows:
IL-4, MmM00445259_m1; IL-13, Mm00434204_m1; Argi-
nase-1, Mm01190441_g1; YM1, Mm00657889_mH, and
hypoxanthine-guanine-phosphoribosyl-transferase (HPRT),
Mm00446968_m1. PCR reactions were prepared in a final

volume of 20 ul, with final concentrations of 1x TagMan
Universal PCR Master Mix (Applied Biosystems), and a
cDNA equivalent of 5 ng RNA. All analyses were performed
in triplicate, and the threshold cycle (C,) was determined.
Gene expression was concomitantly measured in naive
(non infected) murine brain as calibrator, to allow compar-
ison between five different samples of wild-type, IL-4Ra ™/,
IL-4~"~, IL-1377, and IL-13"" mice, using the AAC-
method.3®

Cytokine and Antibody Analysis

Cytokine concentrations were determined by sandwich
enzyme-linked immunosorbent assay systems with unla-
beled capture antibodies (Abs), and labeled detection
Abs. To determine the concentration of IL-4, mAb 11B11
was used as the capture Ab and biotin-labeled BVD6-
24G2 (BD Pharmingen) was used as the detection Ab
followed by incubation with peroxidase-labeled strepta-
vidin. The concentration of IL-13 was detected with the
R&D Systems Duoset Kit.

Flow Cytometry

Cerebral leukocytes were isolated from brains after per-
fusion with 0.9% NaCl. Brain tissue was minced through
a 100 uwm-mesh sieve Becton-Dickcinson (BD), leuko-
cytes were separated by Percoll gradient centrifugation
(Amersham-Pharmacia, Freiburg, Germany),3® and brain-
derived leukocytes were subjected to double or triple
immunofluorescence staining followed by flow cytometry
as described.®”*° Macrophages were distinguished from
microglial cells according to their higher levels of
CD45.4" Neutrophils, which were LCAM9"Gr-1"9" could
be distinguished from macrophages (LCA"9"Gr-1~ and
LCANS"Gr-19m) The expression level of IL-4Ra on cells
was analyzed by using a biotinylated antibody against
murine CD124 (clone mIL4R-M1; BD), combined with
streptavidin-allophycocyanine. Brains of 5 mice were cut
into halves, while 1 ml of each 5 halves were pooled and
subjected to flow cytometry, the other 5 halves were
cryopreserved individually. Before pooling these halves,
1 ml of the homogenized brain tissue (each half was
passed through a 100 um sieve [BD] and suspended in
2 ml of PBS) was subjected to colony forming units
analysis.

Statistical Evaluation

The one-tailed Mann-Whitney test was performed to de-
termine the significance of differences in the intracerebral
fungal load, and the two-tailed Mann-Whitney test for the
number of intracerebral leukocytes between wild-type,
IL-4Ra™/~, IL-47/~, IL-187/7, and IL-13"* mice, and
quantitative differences in mRNA transcripts. Data are
presented as means = SD. The level of confidence for
significance was P < 0.05. All experiments were per-
formed in triplicate. A representative experiment is
shown in each figure.
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Figure 1. [L-4/IL-13 expression leads to elevated intracerebral fungal load in mice infected i.n. with C. neoformans for 60 days. A: The intracerebral fungal load
of wild-type (WT), IL-4Re ", IL-4~/~, IL-137/", and IL-13"" mice was counted after sterile removal of the brain (72 = 5 animals/genotype) and data from four
experiments were pooled. Data represent the median of 15 animals per group. Statistical analysis between wild-type, IL-4Ra~"~, IL-4~/~, IL-137/", and IL-13"/*

fragments can be found within a pseudocystic lesion. In IL-13"" mice, a large pseudocystic lesion, harboring densely packed masses of small yeast fragments,
and large grouped intact yeasts are shown. Day 60 p.i.; Anti-GXM immunostaining magnification = original X400.

Results

Elevated Cerebral Fungal Load in the Presence
of IL-4 and IL-13 in Mice Infected Intranasally
with C. neoformans for 60 Days

Following pulmonary infection of wild-type and the type 2
cytokine mutant mice, IL-4Ra/~, IL-47/~ IL-137/~, and
IL-13"* mice, with the highly virulent strain C. neoformans
1841, dissemination to the CNS becomes detectable af-
ter about 40 to 50 days of infection. At 60 dpi the expres-
sion of IL-4 or IL-13 in wild-type mice is associated with
high organ burdens of C. neoformans within the CNS, and
over-expression of IL-13 in IL-13"* mice leads to even
higher levels of cryptococci (Figure 1A). In contrast, brain
infection was undetectable in almost all of the intranasally
infected IL-4Ra/~, IL-4~/~, and IL-13™/~ mice, indicat-
ing protection from cerebral cryptococcosis in the ab-
sence of IL-4/IL-13 signaling (Figure 1A).

As shown in Figure 1B, deposition of the polysaccha-
ride GXM associated with the capsule of C. neoformans
was found abundantly in wild-type and IL-13"* mice. In
wild-type mice (Figure 1B), GXM-positive cryptococci
were mostly found intact at the border of the lesion and
fragmented within the center of the lesion. In IL-137/*
mice (Figure 1B), intense GXM immunostaining revealed
a fragmented pattern with only a few intact yeasts. How-
ever, GXM immunoreactivity was absent in resistant
IL-4Ra "/~ mice, highly restricted to local lesions in (2
out of 25) IL-4™/~ mice, and minimal in one (out of 25)
IL-137/~ mouse (data not shown).

IL-4 and IL-13 Profoundly Impact Lesion
Development within the CNS Induced by C.
neoformans

Eighty-eight percent (ie, 22 out of 25) of IL-13"* mice
and 68% (ie, 17 out of 25) of wild-type mice showed
intracerebral lesions, while only in 4% (ie, 1 out of 25) of
IL-4Ra~'~ mice, 8% (ie, 2 out of 25) of IL-4~/~ mice, and
4% (ie, 1 out of 25) of IL-137/~ mice focal CNS lesions

were detectable. The morphological reaction pattern of
intracerebral inflammation by C. neoformans differed fun-
damentally in the different mouse strains. IL-137* mice
harbored larger lesions, which were less well demar-
cated and contained more fungi or fungal fragments in
their brains as compared with wild-type mice (Figure 2, E
versus A). In comparing the susceptible genotypes with
the resistant genotypes, the lesions had a pseudocystic
morphology (Figure 2, A and E). These pseudocystic
lesions, harboring fungal accumulations, were diffusely
disseminated in all regions of the CNS, including the

Figure 2. Development of pseudocystic lesion in large scale in the brains of
susceptible C. neoformans-infected wild-type and I1L-13"* mice, but the
absence of 1L-4/—13 is associated with occasional formation of microglial
nodules, granulomas, or only small pseudocystic lesions. Shown are repre-
sentative micrographs (see supplemental figures). A—E: Day 60 pi; H&E
staining of the brain of wild-type (WT), IL-4Ra™/~, IL-4~/7, IL-137/~, and
IL-13"" mice; magnification = original X400. In wild-type and IL-13"/"
mice large foamy macrophages bordering pseudocystic lesions filled with
cryptococci (white arrows) could be found, whereas the brain parenchyma
of IL-4Ra/ ™, IL-4~/~, and IL-13"/~ mice is unremarkable.
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supratentorial lobes, the basal ganglia and the cerebel-
lum in IL-13"*" mice. In contrast to IL-13"* mice, in
wild-type mice the semioval center white matter was ex-
clusively affected. The CNS parenchyma of IL-4Ra/~
mice, IL-4~/~ mice, and IL-137/~ mice was largely unre-
markable (Figure 2, B-D). Two small microglial nodules
were detected in the left frontal white matter in a single
IL-4Ra /" mouse, but fungal masses or fragments were
consistently absent (supplemental Figure S1A, see http://
ajp.amjpathol.org). In contrast, in two IL-4~/~ mice (sup-
plemental Figures S1B and S1C, see http.//ajp.amjpathol.
org), the lesion morphology was characterized by typical
granuloma formation with significant accumulations of
compact macrophages, with partial epitheloid appear-
ance, and lymphocytes (supplemental Figure S1B, see
http.//ajp.amjpathol.org). Yeast accumulated focally in the
center of the lesion but not in the cytoplasm of macro-
phages (supplemental Figure S1C, see htip.//ajp.
amjpathol.org). In a single IL-137/~ mouse, a minor ac-
cumulation of C. neoformans within a small pseudocystic
lesion was detected (supplemental Figure S1D, see
http.//ajp.amjpathol.org), while all of the other IL-137/~
mice did not show any inflammatory foci. C. neoformans
mainly localized to the cytoplasm of macrophages situ-
ated at the border between CNS parenchyma and cen-
trally pseudocystic lesion of wild-type and IL-13"* mice
(Figure 2, A and E). In comparison with the lung, where
large encapsulated cryptococcal yeasts are detectable
mainly extracellularly (Stenzel and Koéhler, unpublished
observation), huge masses of fungi and fungal fragments
with variable size were apparently localized within the
macrophages of the CNS in wild-type and IL-13"* mice.
Thus, expression of IL-4 and IL-13 correlates with loss of
fungal control, and a specific reaction pattern of the CNS
parenchyma leading to large pseudocystic lesions bor-
dered by voluminous foamy macrophages filled with
yeast. While the absence of IL-4 may rarely enable for-
mation of granulomas, loss of IL-13 is associated with
appearance of small pseudocystic lesions in rare cases,
and concomitant loss of IL-4 and IL-13 signaling (ie,
IL-4Ra deficiency) apparently suppresses cryptococcal
invasion very effectively, with only scarce formation of
microglial nodules.

In the Presence of IL-4 and IL-13, Elevated
Numbers of Macrophages Rather than
Microglial Cells in the Brain following Intranasal
Infection with C. neoformans

Macrophages are central effector cells in cryptococco-
sis.*® Quantitative analysis of brains by flow cytometry at
day 60 p.i., revealed that CD11b*CD45"9" macro-
phages, and also Gr-1"CD11b*CD45"9" neutrophils
(data not shown), were found at the highest numbers in
susceptible genotypes (ie, IL-13"", and wild-type mice),
whereas only low numbers of these cell types were found
in IL-4Ra™/~, IL-47/~, and IL-137/~ mice (Figure 3A).
Following infection of mice with C. neoformans, it was
specifically the number of macrophages that increased in
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Figure 3. High numbers of macrophages infiltrate the CNS in the presence of
IL-4/1L-13 following i.n. infection with C. neoformans. For fluorescence-
activated cell sorting analysis of intracerebral leukocytes, brains of five mice
per genotype were pooled following i.n. infection with C. neoformans in
BALB/c wild-type (WT), IL-4Ra™/", TL-4/~, 1L-137/7, and IL-137" mice
(A). Three similar experiments from infected mice and one experiment from
naive mice are shown. Cells were isolated, stained for Gr-1, CD11b, CD45,
and analyzed by flow cytometry. Data are expressed as numbers of cells of
the respective cell type per brain. Numbers of the respective cell types of
naive mice are shown in open bars. In (B) the x-fold increase of macro-
phages and microglial cells during cryptococcosis (60 dpi) in comparison
with naive mice is shown.

brains of wild-type and IL-13"* mice 15- and 24-fold,
respectively. In contrast, there was only a relatively small
increase in microglial cells (Figure 3B). Together, in sus-
ceptible IL-4 and IL-13 expressing wild-type and IL-137*
mice, development of high cryptococcal burdens in the
brain is associated with greatly enhanced numbers of
macrophages but to a lesser degree with microglial cells.

In the Presence of IL-4 and IL-13, Large Foamy
Macrophages Appear in the CNS after
Cryptococcal Infection and Are, in Contrast to
Microglial Cells, aaMphs

The CNS immune response to C. neoformans is primarily
monocytic.'®*3 Moreover, in recent years classical ver-
sus alternative activation of macrophages have been
shown to crucially affect the type of ensuing immune
responses after infection.?*?* In C. neoformans infection
of the lung, development of aaMphs leads to increased
mortality due to excessive immunopathology.'®4445 In
light of elevated numbers of brain macrophages ob-
served (Figure 3, A and B), we were interested in char-
acterizing their activation status. Strikingly, in susceptible
wild-type and IL-13"* mice, large foamy macrophages
strongly expressing CD206 and YM1 appeared (Figures
4 and 5). In parallel, expression of YM1, and less impor-
tantly arginase-1, mRNA was significantly elevated in the
brains of infected wild-type and IL-13"" mice (Figure 6).
Numerous activated (ie, enlarged and ramified, see white
arrow heads in Figure 4A) MHC class Il microglial cells
were detected in the vicinity of large pseudocystic le-
sions of wild-type mice. However, microglial cells were
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Figure 4. In the presence of IL-4 and IL-13, macrophages but not microglial cells expressing markers of alternative activation are detected in the brains of
susceptible BALB/c wild-type mice at 60 d.p.i. A: Wild-type (WT) mice show that large pseudocystic lesion, harboring many small yeasts and yeast fragments,
is bordered by inflammatory leukocytes, consisting mainly of large rounded foamy macrophages (black arrowheads). H&E staining, magnification = original
X600. The large foamy rounded cells are identified as MHC class 11" macrophages tightly bordering the lesion. Activated MHC class 11" ramified microglial cells
(white arrowheads) are demonstrated in the outer vicinity of the lesion. Anti-MHC class II immunostaining, magnification = original X600. Large round cells
strongly express the CD206 antibody, whereas the antibody against the mannose receptor did not detect ramified microglial cells. Anti-CD206 immunostaining;
magnification = original X600. Many round cells, but not microglial cells, bordering the lesion strongly express the YM1 antibody. Anti-YM1 immunostaining;
magnification = original X600. B: Upper panel: Ultrastructural analysis of the identified type of macrophages reveals that they harbor yeasts and yeast fragments
within their cytoplasm, and that they also contain numerous small vacuoles corresponding to their ‘foamy’ appearance, which are phagolysosomes. Lower panel:
The ultrastructural analysis of microglial cells identifies a cell with dense-staining nucleus and marginated chromatin free of cryptococci or vacuolated lysosomes.

Electron microscopy; magnification = original X3000.

not found to express markers of alternative activation in
this specific localization, indicating that the development
of alternatively activated cells is restricted to macro-
phages but not microglial cells. The particular morphol-
ogy of the large foamy macrophages was further char-
acterized by electron microscopy of typical lesions found
in wild-type mice (Figure 4B, upper panel). The electron
micrograph demonstrates a giant foamy macrophage
with intracellular yeasts also containing intracellular vacu-
oles. In contrast, microglial cells of the same animal are
not rounded and do not contain yeast, yeast fragments,
intracellular vacuoles, or phagolysosomes (Figure 4B,
lower panel). Since microglial cells did not express mark-
ers of alternative activation, we wished to determine
whether they express IL-4Ra, which is essential for alter-
native activation of macrophages (Figure 5).2° To ap-
proach this question, CD11b*CD45"S" macrophages
and CD11b*CD45%™ microglial cells of wild-type ani-
mals were stained for the presence of the IL-4Ra chain on
their surface. Wild-type macrophages and microglial
cells exhibited a median fluorescence intensity of 65.1,
and 35.3, respectively. However, in IL-4Ra"/~ macro-
phages and microglial cells used as negative controls,
background median fluorescence intensity levels of 14.6
and 4.4, respectively, were found (data not shown).
These results indicate that both cell types found in brains
of infected susceptible wild-type mice express the IL-4R«a

and, thus both cell types could be responsive to IL-4/IL-
13. However, we did not detect any IL-4 and IL-13 protein
in the brains of the mice of different genotypes examined
by enzyme-linked immunosorbent assay (data not
shown). Brain IL-4 production was also not detected by
real-time PCR (Figure 6), while IL-13 was only detected at
significant levels in the CNS of IL-13™* mice. Since these
cytokines were clearly expressed in the lungs of Crypto-
coccus-infected mice as shown previously,'® we there-
fore conclude that macrophages are alternatively acti-
vated in the periphery (ie, lung), and enter the CNS
subsequently. This cascade would explain why only mac-
rophages, and not microglial cells, show an alternative
activation status following i.n. infection of mice with C. neo-
formans. These data provide evidence in brains of mice for
IL-4/IL-13-dependent alternatively activated macrophages,
which are associated with uncontrolled infection.

Loss of Fungal Control in Mice Expressing IL-4
and IL-13 Is Associated with Development of
aaMph

The development of aaMph has been shown to depend
on IL-4 or IL-13.22 To analyze whether aaMph found in

susceptible wild-type mice (Figure 4) correlated with the
presence of IL-4/IL-13, wild-type and Th2 mutant mice
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Figure 5. Alternatively activated macrophages develop in the CNS of sus-
ceptible wild-type, and IL-13"* mice after i.n. infection with C. neoformans.
A-E: Mannose receptor (CD206) expression as a marker for alternative
activation of macrophages in the brain (60 dpi). In wild-type (WT) and
IL-13"" mice, macrophages show a strong expression of CD206, whereas
the receptor is absent on cells of IL-4Ra™/~ (B), IL-4~/~ (C), and IL-137/~
(D) mice. In no case were microglial cells CD206 positive. Anti-CD206
immunostaining, magnification = original X400. F=J: Chitinase YM1 expres-
sion as a marker for alternative activation of myeloid leukocytes in the brain
(60 dpi). In wild-type and TL-13"* mice, macrophages show a strong ex-
pression of YM1, whereas the molecule is absent in cells of IL-4Ra™"~ (G),
IL-4~/~ (H), and IL-137/~ (D) mice. In no case microglial cells were YM1
positive. Anti-YM1 immunostaining; magnification = original X400.

were compared for expression of CD206 and YM1. In
wild-type mice large focal cystic lesions were tightly bor-
dered by vacuolated voluminous macrophages, while in
IL-13"* mice these voluminous macrophages spread
more diffusely into the adjacent CNS parenchyma (Fig-
ures 2A and 7A versus Figures 2E and 7E). In wild-type
and IL-13"* mice, these macrophages (Figure 7, A and
E) express markers for aaMph, CD206, and YM1 (Figure
5, A, E, F, J). In contrast, in IL-4Ra™/", IL-47/~, and
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Figure 6. Differential transcription of IL-4, IL-13, YM1, and arginase-1 in
wild-type, IL-4Ra™/~, TL-4"/7, IL-137/7, and IL-13"" mice after i.n. infec-
tion with C. neoformans. YM1 mRNA expression in the brains of wild-type
(WT) and IL-13"* mice (60 dpi) was significantly elevated as compared with
non-susceptible Th2 mutant mice. Arginase-1 mRNA expression in the brains
of IL-13"* mice (60 dpi) was significantly elevated as compared with
non-susceptible Th2 mutant mice. No IL-4 expression was detected in the
CNS of all genotypes. IL-13 expression was not detected in all genotypes
except for IL-13"" mice. Surprisingly, we detected some mRNA in IL-13
mutant mice using the primers described above, which results from the use
of the IL-13 KO targeting vector.®” Data from 8 to 12 representative mice per
genotype are shown in the graph. Statistical analysis between wild-type,
IL-4Ra/~, IL-4 /7, IL-13/~, and 1L-13"* mice was performed by use of
the Mann-Whitney-U Test, with: *P < 0.05; **P < 0.01, **P < 0.001.

IL-137/~ mice (Figure 7, B-D), cells expressing YM1 or
CD206, markers indicating IL-4/IL-13-dependent devel-
opment of aaMph (Figure 5, B-D and G-I) were lacking.
Further, microglial cells did not show markers of alterna-
tive activation in any of these genotypes. In the single
mice that showed inflammatory foci among the resistant
IL-4Ra™~, IL-4~/~, IL-137/~ mice, no markers of alterna-
tive activation were detected either (supplemental Figure
S2, A-F, see http.//ajp.amjpathol.org).

Additional analysis of the alternative versus classical
macrophage activation involved the detection of YM1
and arginase-1 mRNA by real-time PCR. In accordance
with the immunohistochemical data showing cell-specific
expression of high levels of YM1 at the protein level,
significantly higher levels of YM1 mRNA were expressed
in wild-type and IL-13"* mice as compared with the
non-susceptible genotypes. Arginase-1 mRNA was ex-
pressed at significantly higher levels in brains of infected
IL-13"* mice than in resistant mice. Low or no levels of
YM1 and arginase-1 mRNA were expressed in IL-
4Ra™'", IL-47/~, or IL-137/~ mice (Figure 6).

Microglial Cells Become Activated on Infection
with C. neoformans but, in Contrast to
Macrophages, Do Not Contain Intracellular C.
neoformans

In the CNS, macrophages recruited from the periphery
are important effector cells in cerebral C. neoformans
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Figure 7. Innate cellular immune reaction pattern in wild-type, IL-4Ra™"",

IL-47/7, IL-137/7, and IL-13"* mice after i.n. infection with C. neoformans.
A-E: In a BALB/c wild-type (WT) mouse (A), foamy rounded MHC class 11"
macrophages harboring yeast fragments are tightly bordering the lesion. In
an IL-13"" mice (E), voluminous macrophages harboring yeast fragments
within their cytoplasm are demonstrated at the border of a pseudocystic
lesion. In comparison with the wild-type (A), the lesion is less well demar-
cated by macrophages, which rather diffusely infiltrate the parenchyma.
Microglial activation is a less prominent feature in an IL-13"" mice, as
compared with the wild-type (A). MHC class 11" cells are generally absent in
the CNS of IL-4R™/7, IL-4~/~, and IL-137/~ mice (B-D). Day 60 p.i.; Anti-
MHC class II immunostaining; magnification = original X400. F=J: In a
BALB/c wild-type mouse (F), Gr-1* granulocytes are detected at the border
and in the center of the lesion. Granulocytes also dissociate the vessel wall,
which is localized at the upper left. In an 1-13"" mice (J), many Gr-1*
granulocytes are stained in the center and at the border of the lesion. Gr-1*
cells are generally absent in the CNS of IL-4R ™7, IL-4~/~, and IL-13"/~ mice
(G-D. FJ: Day 60 p.i.; Anti-Gr-1 immunostaining; magnification = original
X400.

infection.’®46~48 Moreover, expansion and proliferation
of microglial cells is a crucial feature of a number of
neuroinflammatory, traumatic, and neurodegenerative
diseases.”®°2 In addition to F4/80* and MHC-II" mac-
rophages, microglial cells were prominently activated in
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the vicinity of the lesions in Cryptococcus-infected wild-
type mice (Figures 4A, 7A), whereas microglial activation
was not as prominent in IL-13"* mice (Figure 7E). By
contrast, inflammatory leukocytes as stained by MHC
class Il or Gr-1 were generally absent in IL-4Ra ™'~ IL-47/,
or IL-137/~ mice (Figure 7, B-D, and G-I). In a single
IL-4Ra~/~ mouse, small microglial nodules and scarce
Gr-1 positive cells were detected, but no round large or
foamy macrophages were observed (supplemental Fig-
ure S3, A and D, see http.//ajp.amjpathol.org). In two
IL-4~/~ mice, the granuloma consisted of compact F4/
80" and MHC class I macrophages and microglial
cells (supplemental Figure S3B see http.//ajp.amjpathol.
org) as well as Gr-1* cells (supplemental Figure S3E see
http://ajp.amjpathol.org), while multinucleated giant cells
were absent and fibrous tissue as stained by Elastica van
Gieson was not detected either (data not shown). A
small fungal accumulation in a single IL.-137/~ mouse
was bordered by single F4/80" and MHC class II"
macrophages, and discrete microglial cell activation was
detected additionally (supplemental Figure S3C see
http://ajp.amjpathol.org). Thus, microglial activation and
some expansion occur in all of the infected brains follow-
ing C. neoformans infection. However, microglial cells do
not appear to contact and phagocytose cryptococci as
macrophages do.

In agreement with the quantification presented in Fig-
ure 3, the highest numbers of granulocytes were de-
tected in IL13™* mice (Figure 7J). In wild-type mice some
Gr-1" cells bordered the lesion and even infiltrated the
CNS parenchyma (Figure 7F), while in IL-4Ra™/~ and
IL-4~/~ mice that showed cryptococci in the brain, gran-
ulocytes were confined to the inflammatory focus and
appeared at low numbers (supplemental Figure S3, D
and E, see http://ajp.amjpathol.org). In one IL-137/~
mouse that showed cryptococcal infection of the brain,
granulocytes were barely detectable by immunohistochem-
istry (supplemental Figure S3F, see http.//ajp.amjpathol.org),
consistent with the data generated by flow cytometry anal-
ysis (data not shown). Thus, in addition to aaMph, granulo-
cytes are also detectable in the brains of susceptible geno-
types during cryptococcal infection.

Discussion

In the present study, we analyzed the roles of the Th2
cytokines IL-4 and IL-13 in cerebral cryptococcosis fol-
lowing intranasal infection, and found that mice defective
in one or both cytokines were largely resistant to the
infection. These mice harbored low or no fungi within their
brains, and recruited low numbers of leukocytes. In rare
cases of infection of their brains, they developed lesions
characterized by a classical cellular immune response
such as microglial nodules or granuloma formation. In
contrast, susceptible wild-type and IL-13 transgenic
BALB/c mice harbored high fungal burdens leading to
lesion morphology, characterized by a pseudocystic ap-
pearance disseminated throughout the brain paren-
chyma. Most importantly, these inflammatory foci are
characterized by large aaMph expressing CD206, YM1,
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and arginase-1 and containing fungi. These cells appear
in abundance and border the lesions. Activated micro-
glial cells were also found at high numbers, but these
cells did not express markers of alternative activation nor
did they contain fungi. Collectively this shows that devel-
opment of aaMph in the CNS after pulmonary C. neofor-
mans infection and dissemination to the CNS is crucially
dependent on IL-4 and IL-13, and these macrophages
are unable to control cerebral fungal growth. Conversely,
no aaMph developed in the absence of IL-4 and/or IL-13.
Also, neither morphologically resting nor activated micro-
glia did show any expression of markers typical of alter-
native activation (neither CD206 nor YM1).

Cerebral cryptococcosis in C. neoformans-infected
BALB/c mice is characterized by both the production of
Th1 and Th2 cytokines. Th1 cytokines such as interfer-
on-v, IL-12 and tumor necrosis factor have been demon-
strated to be crucially involved in protection from lethal
cryptococcosis.'” 195355 However, in a model of cere-
bral cryptococcosis Maffei et al*® did not describe a
polarization of Th1 or Th2 responses by detecting tran-
scripts of tumor necrosis factor and inducible nitric oxide
synthase in addition to IL-4, and IL-10. Others propose
that Th1 cytokines are of prime importance since expres-
sion of these factors correlates with protection against C.
neoformans in the CNS, whereas Th2 cytokines were not
elevated in a murine model of C. neoformans infection of
the CNS with a prior peripheral immunization.®®5¢
Huffnagle et al stated that the host defense mechanisms
that clear C. neoformans from the CNS appear to be
similar to those in the lungs'” ie, via a Th1 cell-mediated
inflammatory response, and that Th2 type immunity is
ineffective at eliminating the infection in the brain and
results in decreased survival. Extending these results, we
show that Th2 cytokines highly impact the inflammatory
response that develops within the CNS by altering mac-
rophage activation. Overexpression of IL-13 in IL-137*
mice leads to the most severe inflammatory phenotype
with the highest fungal burdens, highest frequency of
CNS involvement following pulmonary infection, largest
inflammatory foci, poor demarcation by macrophages at
the lesion border, and highest numbers of leukocytes
infiltrating the parenchyma. These findings were in con-
trast to Olszewski et al who used the C. neoformans strain
(serotype A) H99 in a model of intratracheal infection in
C57BL/6 x 129 F2 mice."® Olszewski et al showed that
the intracranial inflammatory response after transcapillary
invasion of the fungi was minimal without local leukocyte
accumulation, and only scarce neutrophils were detected
at 4—6 weeks post infection. Interestingly these authors
did not mention any macrophages in their model of
cerebral cryptococcosis. These differences in the im-
mune response of wild-type animals in comparison
with the results presented here may be due to differ-
ences in the cryptococcal strain and also the host
genetic background.

Microglial cell activation and expansion was observed
not only in susceptible genotypes, but also in resistant
IL-4~~ and IL-4Ra™/~ mice, where, although in rare
cases, these hosts showed microglial cell activation and
expansion with a highly specific morphological pattern.

Studying the role of microglial cells in cerebral crypto-
coccosis in vitro, using human fetal microglial cultures,
Lee et al®” showed that microglial cells initially internal-
ized, and contained yeasts within phagolysosomes.
Yeast were observed growing extracellularly 16 to 24
hours after being phagocytosed.®” Based on morpholog-
ical analysis, the authors differentiated between two
types of phagosomes in microglia: spacious phago-
somes and close-fitting phagosomes, and suggest that in
human microglia, C. neoformans survive and replicate
within spacious phagosomes. This study was undertaken
in vitro and with human fetal microglia cells that on stim-
ulation with C. neoformans, may have differentiated into
phagocytes. We believe that this may be the first thor-
ough description of aaMph, and not genuine microglial
cells, in cerebral cryptococcosis, although the concept of
different macrophage activation status®®°° had not been
put forward yet. In vitro and in vivo observations on C.
neoformans interaction with alveolar macrophages were
demonstrated to be critical for containing the infection via
a unique intracellular pathogenic strategy involving cyto-
plasmic accumulation of polysaccharide-containing ves-
icles and intracellular replication leading to the formation
of spacious phagosomes in which multiple cryptococcal
cells are present.®°~62 Reports on the alternative activa-
tion status of these alveolar macrophages in the context
of Th2-mediated immune responses in bronchopulmo-
nary cryptococcosis have pointed out their unique roles
in disease.'®**

Markers of alternative activation have been studied in
CNS diseases only recently. For example, in a mouse
model of Alzheimer disease, YM1 mRNA was reported to
increase, and in the brains of Alzheimer patients chiti-
nase 3-like-1 and -2 mRNA levels were significantly ele-
vated, although the exact cellular source of the increased
transcription of these markers was not determined.®® In
an experimental autoimmune encephalomyelitis model,
microglial cells in the resting and the activated state were
shown to produce YM1 and lacked the production of NO
in an IL-4-dependent manner. Using bone marrow chi-
meras, the authors concluded that macrophages enter-
ing the CNS from the periphery exhibit a dual phenotype
(classical Mph as well as aaMph) since these cells, in
contrast to microglial cells, also produced inducible nitric
oxide synthase.®* Interestingly these authors found YM1
mMRNA in resting microglia, and YM1 expression as mea-
sured by fluorescence-activated cell sorting analysis in
CD45'°% and CD45"9" expressing ‘microglia’ and in pe-
ripheral macrophages. In our study CD11b*CD45"9" ex-
pressing cells were interpreted as macrophages accord-
ing to the original description of this technique,*'® and
we did not detect YM1 expression by immunohistochem-
istry on resting or activated microglial cells in susceptible
mice. Because of the obstacle of differentiating in situ
between blood-derived macrophages entering the in-
flamed CNS and microglial cells solely by immunohisto-
chemical techniques, we have added fluorescence-acti-
vated cell sorting analysis and ultrastructural analysis to
strengthen our findings. In agreement with our results,
Ponomarev et al were unable to detect YM1 expression in
IL-4- or IL-4Ra- deficient mice.®* Since we did not detect



any IL-4 and IL-13 protein or mRNA in the CNS of wild-
type mice infected with C. neoformans, we believe that
macrophages are alternatively activated in the periphery
(ie, the lung), and this may be the reason why only
macrophages, and not microglial cells show an alterna-
tive activation status.

We believe that it is of utmost importance to dissect the
function and morphology of macrophages and microglial
cells in cerebral cryptococcosis in particular in view of
possible differences in immune reactions from individuals
with differing susceptibility. Shibuya et al have examined
the morphological characteristics of macrophages in
bronchopulmonary cryptococcosis in immunocompetent
individuals,®® in patients with AIDS, and in patients un-
dergoing highly active antiretroviral therapy (HAART).
They found that immunodeficiency was associated with
histiocytic, minor lymphocytic and granulocytic re-
sponse, while HAART induces a massive histiocytic and
lymphocytic involvement. In a murine model of cerebral
cryptococcosis using i.v. infection with a human isolate
Chretien et al localized the fungi to mononuclear cells in
cerebrovascular capillaries, in endothelial cells and in
vacuolated macrophages within the CNS parenchyma
in cystic lesions.'® Furthermore, a reaction pattern in
HIV-negative patients similar to mice recovering from
cryptococcosis with a granulomatous pattern was also
described. ' Our results show a strict IL-4- and 1L-13-
dependency of macrophage frequency, morphology,
and functional status leading to distinct lesion morphol-
ogy. Our data in non-susceptible IL-4- and IL-4Ra-
deficient mice also point to a protective granulomatous
reaction pattern, which may be an interesting model to
further study subtle protective genetically determined
effects in cerebral cryptococcosis.
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