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Inflammation is a major cause of respiratory impairment during Pneumocystis pneumonia. Studies support a significant role for
cell wall �-glucans in stimulating inflammatory responses. Fungal �-glucans are comprised of D-glucose homopolymers con-
taining �-1,3-linked glucose backbones with �-1,6-linked glucose side chains. Prior studies in Pneumocystis carinii have charac-
terized �-1,3 glucan components of the organism. However, recent investigations in other organisms support important roles
for �-1,6 glucans, predominantly in mediating host cellular activation. Accordingly, we sought to characterize �-1,6 glucans in
the cell wall of Pneumocystis and to establish their activity in lung cell inflammation. Immune staining revealed specific �-1,6
localization in P. carinii cyst walls. Homology-based cloning facilitated characterization of a functional P. carinii kre6 (Pckre6)
�-1,6 glucan synthase in Pneumocystis that, when expressed in kre6-deficient Saccharomyces cerevisiae, restored cell wall stabil-
ity. Recently synthesized �-1,6 glucan synthase inhibitors decreased the ability of isolated P. carinii preparations to generate
�-1,6 carbohydrate. In addition, isolated �-1,6 glucan fractions from Pneumocystis elicited vigorous tumor necrosis factor alpha
(TNF-�) responses from macrophages. These inflammatory responses were significantly dampened by inhibition of host cell
plasma membrane microdomain function. Together, these studies indicate that �-1,6 glucans are present in the P. carinii cell
wall and contribute to lung cell inflammatory activation during infection.

Pneumocystis organisms are opportunistic fungi that produce
significant morbidity and mortality in immunocompromised

hosts, with infection-related fatalities ranging between 10% and
45% (1). Pneumocystis jirovecii is the species known to infect hu-
mans, while Pneumocystis carinii represents the parallel species
studied widely in rodents (2). Pneumocystis pneumonia remains a
significant cause of mortality during AIDS, despite highly active
antiretroviral therapy (3–5). Severe Pneumocystis pneumonia is
characterized by intense lung inflammation involving CD8� cells
and neutrophils, impairing gas exchange (6–9).

The P. carinii cell walls contain abundant �-glucan molecules
(10). Fungal cell wall �-glucans are homopolymers of D-glucose
consisting of �-1,3 core chains with variable numbers of �-1,6
glucose side chains. The variable inflammatory activities of differ-
ent glucan preparations have been postulated to be related to the
relative amounts and configurations of these two major structures
(�-1,3 versus �-1,6) (11). Almost all of the initial studies in fungi
have largely focused on unfractionated glucans (10). In fact, all
prior studies in P. carinii previously utilized only unfractionated
�-1,3/�-1,6 glucans. Interestingly, recent investigations in Sac-
charomyces cerevisiae indicate major roles for �-1,6 glucans in
strongly mediating cellular activation and inflammation (11). Our
investigations of unfractionated P. carinii �-glucans indicate that
innate recognition of these cell wall components is an important
factor driving lung inflammation during Pneumocystis pneumo-
nia (10, 12–16).

The roles of �-1,6 glucan components in mediating lung in-
flammation have remained unknown. In fact, due to larger
amounts of �-1,3 glucans in many fungi, the �-1,3 components
have been presumed, perhaps incorrectly, to be responsible for
most �-glucan effects (11, 17). However, recent studies using S.
cerevisiae-derived cell wall components have shown that �-1,6
(rather than �-1,3) glucans trigger cell activation (11). The extent
to which �-1,6 glucans participate in lung inflammatory re-

sponses during Pneumocystis challenge remains unknown. Our
studies further revealed that lung cell membrane microdomains
on lung cells containing lactosylceramide participate in the re-
sponse to Pneumocystis �-glucans (10, 12–16). It also has not yet
been determined whether �-1,6 glucans further interact with lac-
tosylceramide in host membrane microdomains.

These studies were undertaken to investigate whether P. carinii
organisms indeed contain �-1,6 glucans and whether P. carinii
expresses the related enzymatic machinery necessary to synthesize
�-1,6 glucan carbohydrates. Once it was established that P. carinii
does express �-1,6 glucans on its surface, we next tested novel
�-1,6 glucan synthase inhibitors against P. carinii preparations.
We further isolated a �-1,6 glucan-enriched P. carinii cell wall frac-
tion and evaluated its activity in activating inflammatory activity in
macrophages. Here, we provide the first evidence of the presence of
�-1,6 glucans in P. carinii and demonstrate activity of this cell wall
component in triggering host cell inflammatory responses.

MATERIALS AND METHODS
Reagents and strains. Unless otherwise specified, all reagents were from
Sigma-Aldrich (St. Louis, MO). Standard yeast molecular techniques
were implemented to generate the strains and plasmids. P. carinii organ-
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isms were obtained from the American Type Culture Collection (ATCC)
(Manassas, VA) (18). All animal studies were reviewed and approved by
the Mayo Clinic Institutional Animal Care and Usage Committee. P. cari-
nii was propagated for 8 to 10 weeks in immunosuppressed, corticoste-
roid-treated rats, as we reported previously (14, 19). Whole populations
of P. carinii containing both trophic forms and cysts were purified from
chronically infected rat lungs by homogenization and filtration through
10-�m filters and further fractionated into enriched populations of
trophic forms (99.5% pure) and cysts (�40-fold enriched) by differential
filtration through 3-�m filters (20). To exclude the presence of other
infectious organisms in the P. carinii isolates, the preparations were stained
(Diff Quick Modified Wright-Giemsa stain; Dade Diagnostics, Aguada, PR)
and examined to exclude concurrent infection with bacteria or fungi. Isolates
with significant contamination by other microorganisms were discarded
(10). Small test quantities of the �-1,6 glucan synthase inhibitors D75-4590
and compound 16b were kindly provided by Akihiro Kitamura and Junichi
Kuroyanagi, Daiichi Sankyo Co., Ltd., Tokyo, Japan.

Reference �-1,6 glucan isolate. As a reference source of �-1,6 glucan,
pustulan (EMD Millipore, Billerica, MA) was used in this study. Pustulan is
derived from the lichen Umbilicaria pustulata. Hydrolysis and fractionation
techniques used routinely to determine the polysaccharide content of the
sugar of interest have demonstrated that not even trace amounts of di-, tri-, or
tetrasaccharides are observed in pustulan, indicating that the molecule is lin-
ear in nature and contains exclusive �-1,6 glucan linkages (21). Other re-
searchers have routinely used pustulan to study �-1,6 glucan–C-type lectin
receptor (CLR) interactions and yeast �-1,6 glucan cell wall biology (22–26).

Generation of a polyclonal antibody recognizing �-1,6 glucan. An
anti-�-1,6 glucan antibody was generated in rabbits (Bethyl Laboratories)
by immunizing them with purified �-1,6 glucan (pustulan) conjugated to
keyhole limpet hemocyanin (KLH) (Solulink, Inc., San Diego, CA) (27).
The pustulan-KLH conjugate (2 mg) was used to immunize rabbits
(Bethyl Laboratories, Inc., Montgomery, TX) to generate antiserum to
�-1,6 glucan. IgG was purified from the antiserum with protein A-Sep-
harose. The polyclonal antibody was tested against �-1,3 glucan, as well as
mannan and related sugars, and showed no cross-reactivity.

Immune localization of �-1,6 and �-1,3 glucans in P. carinii cyst
walls. To initially evaluate the surface expression of P. carinii �-1,6 and
�-1,3 glucans, freshly isolated P. carinii organisms were fixed for 90 min in
4% formaldehyde without detergent permeabilization, specifically to de-
tect surface-expressed carbohydrate antigens (28, 29). The fixed cells were
washed three times with 0.1 M KH2PO4, pH 6.5. The cells were then
resuspended in 1.2 M sorbitol, 0.12 M KH2PO4, 33 mM citric acid, pH 5.9.
The cells were then washed three times in sorbitol buffer and applied to
poly-L-lysine-coated slides for 15 min. To initially detect �-1,6 glucan
epitopes, we used a rabbit polyclonal antibody that was the kind gift of
Frans Klis, University of Amsterdam (30). In subsequent experiments, we
used our own polyclonal anti-�-1,6 glucan antibody generated in rabbits
(Bethyl Laboratories). To contrast the localization of �-1,3 glucans, we
next employed a mouse monoclonal antibody from Biosupplies Australia
(Victoria, Australia) (30, 31). The slides were incubated with a 1:1,000
dilution (of a 1.0-mg/ml stock) of the primary anti-�-1,6 glucan antibody
or with a 1:2,500 dilution (of a 1.0-mg/ml stock) of the primary anti-�-1,3
glucan antibody for 2 h at room temperature. The slides were then washed
three times in 3% bovine serum albumin (BSA)-1� phosphate-buffered
saline (PBS) for 5 min. An anti-rabbit IgG-fluorescein isothiocyanate
(FITC) antibody produced in goat (1:32 dilution; Sigma, St. Louis, MO)
and conjugated with FITC or a donkey anti-mouse antibody (1:32 dilu-
tion; Sigma-Aldrich, St. Louis, MO) conjugated with Texas Red was added
to the slides and incubated for an additional 1 h. The slides were again
washed as described above and visualized and photographed under oil
immersion using an Olympus IX70 microscope with phase contrast and
filters for FITC and Texas Red detection.

To further determine the ultrastructural localization of �-1,6 glucan
carbohydrates in Pneumocystis organisms, immune electron microscopy
was utilized. To prepare these samples, P. carinii cysts and trophic forms

were fixed in buffer containing 4% formaldehyde and 2% glutaraldehyde
in phosphate-buffered saline. Electron microscopy was performed using
the �-1,6 glucan antibody at the Mayo electron microscopy core facility
(Rochester, MN) using methods we reported previously (32).

Cloning and characterization of a Pckre6 �-1,6 glucan synthase in P.
carinii. A partial, though incomplete, DNA sequence of a gene homolo-
gous to a yeast kre6 �-1,6 glucan-synthetic gene was obtained by analysis
of the Pneumocystis Genome Project Database (http://pgp.cchmc.org/).
Primers for P. carinii kre6 (Pckre6) were synthesized, and the rapid ampli-
fication of cDNA ends (RACE) technique (GeneRacer kit; Life Technolo-
gies, Carlsbad, CA) was used to generate full-length cDNA sequences. We
originally cloned the Pckre6 gene a number of years ago, but it was not
until recently that we were able to fully characterize the gene and report its
activity in generation of the P. carinii cell wall. The predicted amino acid
sequence of PcKre6 was compared with the amino acid sequences of S.
cerevisiae ScKre6 and Schizosaccharomyces pombe SpKre6, respectively, by
employing the ClustalW2 tool (http://www.ebi.ac.uk/Tools/msa/clustalw
2/) to derive sequence alignments.

Southern hybridization of Pckre6. P. carinii genomic DNA was de-
rived from heavily infected rats with P. carinii pneumonia using TRIzol
reagent (Life Technologies). Genomic DNA was also extracted from the
lungs of uninfected rats. Both rat DNA and P. carinii DNA were digested
with HindIII, XbaI, and XhoI incubated at 37°C overnight. The digested
products were separated by agarose gel electrophoresis and transferred to
nitrocellulose. To generate radiolabeled probes, amplicons from PCR
were labeled with Amersham [�-32P]dATP (GE Healthcare, Piscataway,
NJ) according to the RadPrime DNA Labeling System protocol (Life
Technologies). Quick Spin columns (Roche, Indianapolis, IN) were used
to remove unincorporated [�-32P]dATP. The radiolabeled probes and the
nitrocellulose membranes were used for Southern hybridization. The ni-
trocellulose membranes were air dried and exposed to X-ray films at
�70°C for 48 h.

Relative expression of Pckre6 in isolated life cycle forms of the or-
ganism. Our previous studies demonstrated that certain Pneumocystis cell
wall-regulatory genes are differentially expressed under conditions of
varying pH (33, 34). Accordingly, the pH-regulated expression of P. cari-
nii was evaluated by Northern blotting. P. carinii organisms were main-
tained for 2 h under various pH conditions, and total RNA was isolated.
Equal amounts of RNA (5.0 �g) were separated through a 1.0% agarose
gel in the presence of 2.2 M formaldehyde, transferred to nitrocellulose,
and hybridized with a 90-bp probe labeled with [�-32P]dATP (Amer-
sham, Inc., Piscataway, NJ). After hybridization, the membranes were
washed and visualized by autoradiography.

While the life cycle of Pneumocystis remains incompletely understood,
it involves both smaller trophic forms, which strongly adhere to alveolar
epithelial cells, and the larger cystic forms that are believed to be the
transmissible form of the organism. Therefore, to gain initial insights into
potential activity of Pckre6 during the life cycle of the organism, we next
evaluated the relative expression of Pckre6 in isolated life cycle forms of the
organism. To accomplish this, P. carinii organisms were separated into
cystic and trophic forms by differential filtration. P. carinii-infected rats
were sacrificed after 8 weeks of immunosuppression. The P. carinii organ-
isms were purified by homogenization and filtration through 10-�m fil-
ters that retained lung cells but allowed passage of P. carinii. The P. carinii
filtrates were centrifuged (1,500 � g for 30 min), and the pellets were
resuspended in Hanks’ balanced salt solution. Next, differential filtration
was used to separate P. carinii cysts and trophic forms. In brief, P. carinii
cysts were retained by a 3-�m Nuclepore filter and resuspended after
exhaustive washing. P. carinii trophic forms passed through the filter and
were recovered by centrifugation. This separation procedure yielded
trophic form populations containing 99.5% trophic forms, with the re-
mainder representing nonviable host cell fragments. The trophic prepa-
rations were essentially devoid of cysts. The cyst preparations were 	90%
enriched for cysts. Any residual trophic form that might have carried over
into the cyst fractions would act only to reduce any observed magnitude of
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differential expression in Pckre6 between the two populations. RNA from
the separated P. carinii populations was extracted from the separated
forms using TRIzol reagent (Life Technologies), and an equal amount of
RNA (5.0 �g) was separated by electrophoresis through 1.2% agarose in
the presence of 2.2 M formaldehyde. The separated RNA was transferred
to nitrocellulose and hybridized with a 90-bp probe as described above,
using the ExpressHyb protocol (Clontech, Inc., Mountain View, CA).
Densitometry of the hybridization was performed on a GS-800 calibrated
densitometer (Bio-Rad) with Quantity One 1-D analysis software, and the
relative density abundance of the Pckre6 mRNA was compared to that of
P. carinii actin in the cyst and trophic form blots.

Functional activity of Pckre6 in mediating fungal cell wall integrity.
Strains of S. cerevisiae with deletions of kre6 exhibit defects in cell wall
integrity and, hence, have impaired growth in the presence of calcofluor
white M2R (35). We therefore studied the growth of the BY4741 kre6
 S.
cerevisiae strain transformed with either a control vector (pYES2.1/V5-
His/lacZ) or pYES2.1 containing the in-frame full-length Pckre6 cDNA
(pYES2.1/Pckre6/V5/6XHis). Cells were grown overnight in synthetic
complete medium containing 2% galactose and supplemented with ap-
propriate amino acids but lacking uracil to select and maintain the plas-
mids. Colony morphology studies were conducted by plating wild-type S.
cerevisiae with a control vector or the S. cerevisiae kre6
 (kre6-deficient) or
Pckre6-complemented S. cerevisiae kre6
 strain on synthetic complete
medium without uracil and containing calcofluor white M2R (100 �g/
ml). Colonies were observed after growing the strains for 3 days at 30°C
(36).

Isolation of a �-1,6 glucan-enriched cell wall component from P.
carinii. A �-glucan-rich cell wall fraction from P. carinii containing
mixed �-1,3/�-1,6 glucans was prepared as we previously reported (10,
37). P. carinii organisms were isolated from the lungs of heavily infected
animals by homogenization and filtration through 10-�m filters. The or-
ganisms (	30 g [wet weight]) were autoclaved (120°C; 20 min), and the
glucans were isolated by NaOH digestion and characterized as previously
detailed (10). The alkali-insoluble cell wall fraction was neutralized with
10 mM phosphate buffer, pH 6.8, before digestion with Zymolyase 100T
(predominantly containing a �-1,3 glucanase; Seikagaku Corp., Tokyo,
Japan) at 37°C for 18 h with rotation to liberate soluble �-1,6 glucans (38).
The digestion was stopped after 24 h by incubation for 15 min at 75°C, and
undigested glucans were collected by centrifugation. The soluble �-1,6
glucan-enriched fraction contained in the supernatant was dialyzed
against sterile water in Spectra/Por (Spectrum Laboratories, Inc., Rancho
Dominguez, CA) tubing with a molecular mass cutoff of 6 to 8 kDa for 24
h and then lyophilized. Extensive measures were employed to ensure that
the fractions were free of endotoxin that might have been carried over
from the lungs of rats with P. carinii pneumonia. Prior to use in studies,
the Pneumocystis �-1,6 glucan fractions were treated with polymyxin B-
agarose (Sigma) and then separated from the agarose by centrifugation.
The final preparation was assayed for endotoxin with the Limulus amebo-
cyte lysate assay (Associates of Cape Cod, East Falmouth, MA) and found
to consistently contain �0.125 units of endotoxin.

Competitive dot blot assay for P. carinii �-1,6 glucans. To verify the
�-1,6 glucan contents of the carbohydrates contained in the P. carinii cell
wall isolates, competitive dot blot assays were performed (39). Serial di-
lutions of P. carinii cell wall preparations (CWP) isolated as described
above were spotted (2 �l) onto Hybond-C nitrocellulose (Amersham)
and air dried. The membranes were blocked with 3% BSA in 1� Tris-
buffered saline (TBS) with 0.1% (vol/vol) Tween 20 (TBST). The �-1,6
glucan antibody used in the dot blot assay, as well as in the inhibition
enzyme immunoassay (IEIA) described below, was generated in rabbits
(Bethyl Laboratories) as detailed above. The anti-�-1,6 glucan antibody
working solution (1:5,000 in TBST) was mixed with various soluble com-
peting carbohydrates, including diluent alone (no competing carbohy-
drate) or pustulan (soluble �-1,6 glucan), laminarin (soluble �-1,3 glu-
cans), or yeast mannan (soluble mannoproteins), and rocked at 25°C for
1 h prior to addition of the mixture to the spotted membrane (39). Each

competing carbohydrate was present at a concentration of 5 �g/ml. The
membranes were subsequently probed for 1 h at 25°C, washed, and then
incubated with goat anti-rabbit-horseradish peroxidase (HRP) (1:10,000
in TBST) for 1 h at 25°C. The blots were developed with ECL detection
reagent (Amersham).

�-1,6 Glucanase digestion of P. carinii cell wall isolates. The P. cari-
nii cell wall isolates were further treated with a specific Trichoderma har-
zianum �-1,6 glucanase that was expressed in S. cerevisiae and purified
from the transformed yeast (40). To accomplish this, T. harzianum
(ATCC) was cultured on potato dextrose agar (PDA) at 30°C for 48 h, and
the mycelia were collected. The cell walls were disrupted with 0.5-mm
glass beads in the provided buffer from the RNAeasy kit, and the RNA was
isolated using an RNeasy kit (Qiagen, Madison, WI). Next, cDNA was
synthesized from 100 ng of RNA using a Superscript III First Strand cDNA
synthesis kit and oligo(dT) primers (Life Technologies) according to the
kit recommendations. The full-length coding sequence of the bgn16.2
gene was amplified using oligonucleotides 5=-ATGAAGTACTCCATCGT
TGCTC-3= and 5=-CCTGTATCCAGAGCAGACATC-3= (0.3 �M), de-
signed using MacVector software (Cary, NC). The PCR conditions were as
follows: 94°C for 2 min for 1 cycle (hot start), followed by 94°C for 30 s,
62°C for 30 s, and 72°C for 2 min for 35 cycles, with a final extension at
72°C for 10 min, using Platinum Taq DNA polymerase (Life Technolo-
gies). The product was cloned into pYES2.1/V5-His-TOPO TA (Life
Technologies), and the plasmid sequences were verified and compared to
the published sequence (GenBank accession no. X79196.1) and subse-
quently subcloned into S. cerevisiae strain BY4741 (ATCC). The expressed
�-1,6 glucanase enzyme was purified from approximately 1 liter of trans-
formed yeast cultured in 2% galactose minimal medium after the cell walls
had been disrupted using a French press cell disruptor before passing over
a Y-PER-His affinity column (Pierce Chemical, Rockford, IL) according
to the manufacturer’s instructions. The purified protein fractions were
dialyzed overnight in Slide-A-Lyzer dialysis cassettes with a molecular
mass cutoff of 10 kDa (Pierce) against a bath of 50 mM potassium acetate
plus 10% glycerol, pH 5.5. The various P. carinii cell wall isolates were
digested with the purified �-1,6 glucanase at 45°C overnight in the same
buffer and then submitted to dot blot assay with the �-1,6 glucan antibody
as detailed above.

Determination of �-1,6 glucan synthase activity in P. carinii. Pneu-
mocystis organisms were isolated from the lungs of heavily infected rats
(approximately 1 g), and cell wall fractions were isolated as previously
described (20, 41). Purified P. carinii organisms were sonicated on ice in
50 mM Tris-HCl, 150 mM NaCl buffer with 1 mM EDTA three times for
30 s each sonication, with 1 min on ice between sonications. The sonica-
tions were performed at 35% maximal power. The preparations were then
centrifuged at 2,000 � g for 5 min at 4°C to remove cellular debris. The
supernatant was then centrifuged at 100,000 � g for 45 min at 4°C. The
resulting pellet was washed gently with cold 50 mM Tris-HCl buffer con-
taining 1 mM EDTA and 1 mM mercaptoethanol (pH 7.5; buffer A) and
finally resuspended in buffer A containing 33% glycerol. The protein con-
tent of the cell wall isolate was determined by a bicinchoninic acid (BCA)
assay (Pierce). The 40-�l assay mixture contained 30 to 60 �g isolated cell
wall protein, 2.5 mM UDP–D-glucose (Sigma), 150 �M GTP (Sigma), 1.3
mM EDTA-Na, 0.75% (wt/vol) BSA, 4.1% (vol/vol) glycerol, and 100 mM
2-(N-morpholino)ethanesulfonic acid (MES)–Na, pH 6.5 (Sigma). The
assay mixture was incubated for 4 h at 30°C, and the assay was stopped by
incubation at 75°C for 15 min. Detection of �-1,6 glucose products was
performed using a competitive enzyme immunoassay (41, 42). The wells
of a 96-well Nunc Maxi-Sorb plate (eBioscience, San Diego, CA) were
coated by adding 200 �l at 2 �g/ml of purified �-1,6 glucan (pustulan;
EMD Millipore, Billerica, MA) in 0.5 M sodium bicarbonate-sodium car-
bonate buffer, pH 9.6, and stored overnight at 4°C. Newly synthesized
�-1,6 glucans from the P. carinii preparations were boiled extensively
prior to testing to completely dissolve the material. The plates were
washed 4 times with 1� PBS containing 0.05% (vol/vol) Tween 20 (PBT)
and then blocked with 200 �l 1% BSA (Pierce) in PBT (PBTB) for 1 h at
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room temperature. Pustulan (�-1,6 glucan) standards (12 dilutions; 1,000
to 9.7 ng/ml in PBTB) or P. carinii �-1,6 glucan assay preps were mixed
with an equal volume of anti-�-1,6 glucan antibody diluted 1:100,000 in
PBTB, which were preincubated for 20 min at 37°C with rotation. After
washing the wells 4 times with PBT, 100 �l of the glucan samples or
standards-plus-antibody mixture was applied to the �-1,6 glucan (pustu-
lan)-coated wells and incubated for 1 h at room temperature. The wells
were washed before adding 100 �l of the secondary goat anti-rabbit HRP-
conjugated antibody (Southern Biotechnology, Birmingham, AL) diluted
1:20,000 in PBTB and incubated for 1 h at room temperature. The wells
were washed 6 times before adding 100 �l of 1� TMB substrate (eBiosci-
ence). After 5 min, the reaction was terminated by adding 50 �l 2N
H2SO4. The absorbance at 450 nm was measured in a VersaMax plate
reader (Molecular Devices, Sunnyvale, CA), and standards were plotted
using the 4-parameter curve-fitting setting of the SoftMax Pro software.
Additional assays were performed in the presence of newly described
�-1,6 glucan synthase inhibitors (0.06 �g/ml each) that inhibit �-1,6 glu-
can synthesis in yeast and Candida albicans (41–45).

Activity of the P. carinii �-1,6 glucan-enriched cell wall fraction in
stimulating host cell inflammatory responses. We further sought to de-
termine whether the P. carinii �-1,6 glucan-enriched cell wall fraction
possessed activity to stimulate host cell inflammatory responses. To ac-
complish this, we coated 10-�m latex beads with the P. carinii �-1,6 glu-
can-enriched cell wall fraction dissolved in 0.1 M NaHCO3 buffer accord-
ing to the manufacturer’s protocol (Polysciences, Inc., Warrington, PA).
These 10-�m beads were used to mimic the size of intact P. carinii cysts.
Bead coating was assessed by the orcinol-sulfuric acid method (46). Either
P. carinii �-1,6 glucan-coated or uncoated beads were incubated at the
indicated concentrations with RAW 264.7 mouse macrophages (ATCC)
overnight, and tumor necrosis factor alpha (TNF-�) release into the me-
dia was determined by enzyme-linked immunosorbent assay (ELISA)
(eBiosciences, Inc., San Diego, CA). In addition, since our prior work had
indicated that whole P. carinii organisms and unfractionated P. carinii
�-1,6 glucans mediate cell inflammatory activation through glycosphin-
golipids present in host cell membrane microdomains (13), we further
examined TNF-� release in the presence of the glucosylceramide synthesis
inhibitor D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-
propanol·HCl (PDMP) at the indicated concentrations.

Statistical analysis. All the data shown are expressed as the means and
standard errors of the mean (SEM) derived from multiple experimental
runs. Statistical differences between various data groups were first deter-

mined using analysis of variance (ANOVA) and Student’s t test, as indi-
cated. The corresponding nonparametric statistics were applied when the
data were not distributed in a Gaussian fashion. Statistical testing was
performed using GraphPad Prism version 5.0b software, and statistical
differences were considered to be significant at a P value of �0.05.

Nucleotide sequence accession number. The complete sequence of
Pckre6 was analyzed and deposited in GenBank under accession number
AY371293.1.

RESULTS
The P. carinii cell wall contains both �-1,3 and �-1,6 glucans, as
determined by fluorescence and immune electron microscopy.
Isolated P. carinii cyst preparations contain significant quantities
of both �-1,3 and �-1,6 carbohydrates. We first assessed the pres-
ence of these carbohydrates in freshly isolated P. carinii cyst forms
with immunofluorescence (Fig. 1). Similar to S. cerevisiae, S.
pombe, and Histoplasma capsulatum, P. carinii cysts appear to have
relatively homogeneous deposition of �-1,3 glucan in the cell wall
outside the plasma membrane (Fig. 1B) (31, 47, 48). Interestingly,
�-1,6 staining was also noted widely in the P. carinii cyst life form,
but rather than being present as a continuous layer of the polysac-
charide in the cell wall, the sugar appeared to be distributed dis-
continuously in the P. carinii cell wall, with greater amounts in
some regions than others, as demonstrated by a punctate staining
pattern (Fig. 1C). Furthermore, as the merged image reveals (Fig.
1D), �-1,6 glucans overlap some of the �-1,3 glucan, but not con-
tinuously throughout the cyst wall. Immune electron microscopy
of P. carinii cyst forms further verified the presence of �-1,6 glucan
on the outside of the plasma membrane in the P. carinii cyst wall
(Fig. 1E). These results are consistent with studies in yeast that
document that �-1,6 glucan represents a less abundant compo-
nent of the overall cell wall by mass (49).

P. carinii contains a kre6 �-1,6 glucan synthase gene. Inter-
rogation of the P. carinii genome revealed a partial sequence for a
kre6-like gene. Using the RACE technique described above to un-
cover full-length P. carinii reading frames (33, 50), we isolated the
remaining portion of the Pckre6 gene. The predicted PcKre6 pro-
tein has a theoretical molecular mass of 	79 kDa and a pI of 5.93.

FIG 1 �-1,3 and �-1,6 glucans are present in the outer cell wall layer of P. carinii. (A) Phase-contrast microscopy image of P. carinii cyst forms. (B and C) P. carinii
cysts were fixed, and antibodies specific for �-1,3 glucan (B) and �-1,6 glucan (C) were used to localize the respective carbohydrates. (D) Merged �-1,3 glucan
and �-1,6 glucan localization. (E) Representative transmission immune electron micrograph (n � 20) utilizing 18-nm gold particles showing labeling of �-1,6
glucans in the P. carinii cyst wall (arrows).
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Alignment of protein sequences demonstrated that the amino acid
sequence of the predicted protein has significant homology to
proteins from S. pombe (64% homology by BLASTX) and S.
cerevisiae (62% homology by BLASTX) (Fig. 2A). The specific
region of amino acids 299 to 626 of the PcKre6 predicted protein
is a conserved domain related to members of glycosyl hydrolase
family 16. This family includes S. cerevisiae Kre6 (51). Unlike S.
pombe and S. cerevisiae Kre6 proteins, which contain three pre-
dicted transmembrane motifs, PcKre6, in a fashion similar to that
of the pathogen Cryptococcus neoformans �-1,6 glucan synthase, is
predicted to have only one transmembrane-spanning region, as
analyzed by TMpred software (Fig. 2B) (52).

After identifying the complete Pckre6 open reading frame, a cog-
nate 90-bp probe was generated and hybridized to a restriction-di-
gested panel of P. carinii genomic DNA to verify the presence of the
gene in P. carinii organisms (Fig. 3). Strong hybridization of the
Pckre6 probe was noted in HindIII-, XbaI-, and XhoI-digested P.
carinii genomic DNA, but no specific hybridization was demon-
strated in similarly digested rat lung genomic DNA. These data sug-
gest that the Pckre6 gene we amplified in our RACE procedure is
contained within and specific to the P. carinii genome and does not
represent a contaminating rat host DNA fragment.

Pckre6 is expressed at physiological and higher pH and in the
cyst form of the organism. Our laboratory has shown previously
that P. carinii life forms express cell wall-remodeling transcripts
differently based on the environmental conditions that they are
exposed to (33, 34, 53). Therefore, we addressed whether Pckre6
expression was also regulated by environmental pH, examining a
pH range of 4 to 8. Similar to the other three Pneumocystis cell wall
genes tested previously, expression of the Pckre6 transcript was
detected by Northern blotting at pH 	7.0, a pH relevant to the
host lung, where the organism lives (Fig. 4, left). However, some-
what greater expression was also observed at a higher pH of 8.0.

Finally, based on our previous observations that Pcgsc-1, the
major �-1,3 glucan synthase gene of P. carinii organisms, is pre-
dominantly expressed in the cyst life form of the organism (20),
we further investigated whether Pckre6 gene expression was also
regulated over the P. carinii life cycle. Cyst and trophic forms were
separated, and Pckre6 mRNA expression was evaluated by North-
ern analysis (Fig. 4, right). Pckre6 expression was slightly higher in
the P. carinii cyst form than in the trophic forms. Repeated hy-
bridizations with the same blots utilizing specific actin verified
that the abundance of Pckre6 mRNA was not a consequence of
RNA loading. Using densitometry, we observed that Pckre6 rep-
resented 	34% of the density of P. carinii actin for the cystic forms
compared to 	16% for the trophic forms. Hence, there appeared
to be roughly 2-fold greater Pckre6 expression in the cysts than in
the trophic forms. We also observed slightly different relative mi-
gration rates of the Pckre6 transcripts in the trophic forms than in
the cyst form isolates. We have also previously observed slightly
different migration rates of trophic and cyst RNA products for
other genes, with no evidence that they represent splice variants
(33, 34). We believe that this may be related to the fact that the
RNA partially retains secondary structure in the trophic form-
derived compared to the cyst form-derived RNA, causing relative
migration at different rates with the same molecular mass (54).

Pckre6 can rescue cell wall sensitivity to calcofluor in S.
cerevisiae cells lacking kre6. Studies were next performed to de-
termine whether Pckre6 cDNA encoded a fungal Kre6-like pro-
tein. Due to the inability to culture and genetically manipulate P.

carinii in vitro, traditional methods to characterize gene function
in the organism are not possible at this time. To circumvent this,
we used the heterologous expression and complementation of ge-
netic knockouts in tractable fungi, such as Candida glabrata, S.
cerevisiae, or S. pombe, to assess gene function in P. carinii (33, 50,
55, 56). Using this approach, the biological activity of Pckre6 was
determined by assessing the gene’s ability to complement budding
S. cerevisiae kre6
 cells in the presence of calcofluor white M2R, a
compound that binds strongly to cell wall cellulose and chitins
(57). In kre6
 yeast, this reagent can inhibit organism growth by
binding exposed chitin residues due to improper or deficient
�-1,6 glucan cell wall deposition (35). The wild-type parent strain
and kre6
 mutant strains containing the control empty vector,
along with kre6
 yeast cells containing Pckre6 cDNA, were cul-
tured overnight under inducing conditions and were subse-
quently plated on medium containing 2% galactose minimal me-
dium alone (yeast plating control) or medium containing 100
�g/ml calcofluor white M2R. All the plates also lacked uracil for
the maintenance of the respective plasmids. Under these condi-
tions, the presence of Pckre6 cDNA efficiently complemented the
yeast kre6
 strain to levels similar to the growth of wild-type yeast,
further indicating that PcKre6 functions as a �-1,6 glucan syn-
thase protein in the fungus (Fig. 5).

P. carinii cell wall preparations contain �-1,6 glucans and
can incorporate UDP-glucose into �-1,6 polysaccharide. To de-
termine the presence of �-1,6 glucans in P. carinii, we isolated a
�-1,6 glucan-enriched cell wall fraction and implemented a com-
petitive dot blot assay (39) to verify its �-1,6 glucan content, using
a polyclonal �-1,6 glucan antibody we generated. Similar to what
others have shown with �-1,6 glucans derived from C. neoformans
(39), isolated P. carinii �-1,6 preparations immobilized on the
membrane bound the �-1,6 glucan antibody. Furthermore, the
soluble �-1,6 glucan pustulan was the single polysaccharide that
could significantly compete with the P. carinii �-1,6 glucan im-
mobilized on the membrane (Fig. 6A). To further confirm the
presence of �-1,6 glucans in P. carinii, we digested our P. carinii
�-1,6 glucan samples with recombinant T. harzianum �-1,6 glu-
canase enzyme. The substrate specificity of the enzyme for �-1,6
glucan linkages (pustulan) was confirmed, with no glucanase ac-
tivity noted against �-1,3 glucans, such as laminarin and pachy-
man, or other fungal sugar substrates (40). Similar to the control
�-1,6 glucan pustulan, the P. carinii �-1,6 glucan preparations
were digested with the T. harzianum �-1,6 glucanase and tested
again in the dot blot assay. Digestion of the P. carinii cell wall
preparation with �-1,6 glucanase resulted in significant reduction
in binding of the �-1,6 glucan antibody (Fig. 6B).

Finally, to establish whether P. carinii CWP could actively gen-
erate �-1,6 glucan, we incubated P. carinii membrane preparations
with UDP-glucose, the substrate common to other fungal Kre6-like
proteins, along with appropriate reaction buffer. We subsequently
assayed for the generation of insoluble �-1,6 glucan via IEIA. Over a
4-h incubation period, P. carinii cell wall preparations incorporated
significant UDP-glucose into insoluble �-1,6 glucan, as detected by
IEIA (Fig. 6C) (P � 0.0274) comparing UDP-glucose incorporation
to reaction buffer alone with either no P. carinii cell wall preparation
or heat-killed CWP, reaction buffer without UDP-glucose, and P.
carinii CWP plus UDP-glucose (Fig. 6C).

Inhibition of P. carinii �-1,6 glucan synthase activity with
specific �-1,6 glucan synthase inhibitors. Recent work by others
has identified specific inhibitors that reduce �-1,6 glucan synthase
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FIG 2 (A) Alignment of the predicted PcKre6 amino acid sequence with sequences from other relevant fungal species. PNECA, P. carinii; SCHPO, S. pombe;
YEAST, S. cerevisiae. Multiple-sequence alignments of the fungal Kre6 �-1,6 glucan synthases performed with ClustalW2 (MacVector 8.1.2) demonstrating
significant amino acid homology. The asterisks denote identically conserved amino acid residues. The periods indicate similar charged amino acids, and the
dashes indicate gaps in the protein alignment to allow matching of conserved amino acids. (B) Transmembrane hydrophobicity plot of PcKre6 protein. A value
of 1,000 or above represents a strongly preferred model for transmembrane domain architecture (52).
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activity (43–45). Such agents represent a potential antifungal
strategy capable of inhibiting �-1,6 glucan synthase activity in
vitro, as well as in vivo (43–45). Accordingly, we next sought to
investigate whether the production of �-1,6 glucans by P. carinii
could be suppressed with these recently identified �-1,6 glucan
synthase inhibitors. Two recently described �-1,6 glucan synthase
inhibitors were able to suppress �-1,6 glucan production by iso-
lated P. carinii membrane preparations, with the greatest inhibi-
tion noted with compound 16b, followed by D75-4590 (Fig. 7).
These results further support the idea that P. carinii organisms
assemble �-1,6 glucan through a Kre6-like synthase.

Isolated P. carinii �-1,6 glucans induce vigorous TNF-� re-
sponses that are mediated by host cell glycosphingolipids. Se-
rum-free cultured RAW264.7 mouse macrophages were chal-
lenged for 18 h with P. carinii �-1,6 glucan-coated polystyrene
beads. These beads are approximately 10 �m in size, similar to the
size of P. carinii cyst forms (58). From these studies, we observed
that surface-bound P. carinii �-1,6 glucan elicits significant

TNF-� release from cultured macrophages. Furthermore, similar
to our prior studies performed with whole, unfractionated P. cari-
nii �-1,3/�-1,6 glucans, treatment of the macrophages for 24 h
with the glycosphingolipid synthesis inhibitor PDMP significantly
reduced TNF-� release in a dose-responsive manner (Fig. 8). Re-
sults from the study strongly suggest that P. carinii �-1,6 glucans
participate in inflammatory responses in the host and that reduc-
ing glycosphingolipid synthesis in the host may represent a poten-
tial anti-inflammatory strategy during P. carinii pneumonia.

DISCUSSION

Prior studies indicated that the P. carinii cyst wall is comprised of
�-1,3 glucans, major surface glycoprotein-glycoprotein A (MSG-
gpA), melanin, and potentially also chitin components (20, 59–
64). We have previously shown that �-1,3 glucans comprise a
large portion of the P. carinii cyst wall. In particular, �-1,3 glucans
represent a major carbohydrate present on P. carinii, as deter-
mined by immune electron and fluorescence microscopy (58, 59).
Furthermore, P. carinii �-glucan has been shown to be a signifi-
cant inflammatory stimulant for lung dendritic, epithelial, and
alveolar macrophage cellular responses (13, 14, 65). Finally, a gene
responsible for P. carinii �-1,3 glucan synthesis, termed Pcgsc-1,
was isolated and shown by immunoprecipitation assays to possess
�-1,3 glucan synthase activity, providing direct evidence of �-1,3
glucan machinery in the organism (20).

More recently, another glucan component of the fungal and
yeast cell walls, termed �-1,6 glucan, has been shown both to
possess relevant cell wall structural activity and to promote host
inflammatory responses and organism virulence (11, 39). �-1,6
Glucan linkages are thought to be involved in anchoring glyco-
phosphatidylinositol (GPI)-linked membrane-associated pro-
teins to �-1,3 glucans (66, 67). Significantly, the P. carinii surface
MSG-gpA mannoprotein complex has been shown to be such a
GPI-anchored protein (68). In yeast, �-1,6 glucans can make up as
much as 20% of the total �-glucan present in the cell wall (69).
Although �-1,6 glucans make up a relatively small percentage of
total �-glucan by mass, their immunological properties impacting
host innate immune response are extremely pronounced (11).
Indeed, when isolated yeast �-1,6 glucans stimulate human neu-
trophils, their effectiveness in eliciting free radicals, phagocytic
ability, and transcription of heat shock protein mRNA are sub-
stantially greater than the responses resulting from �-1,3 glucans
alone (11). Furthermore, when C. albicans �-1,6 glucans are pre-

FIG 3 The Pckre6 homolog is represented in the P. carinii genome. The full-
length Pckre6 cDNA homolog was radiolabeled and hybridized to P. carinii
genomic DNA digested with HindIII, XbaI, and XhoI, as indicated. Pckre6 was
present in one location on each Southern analysis but was not present in
similarly restriction endonuclease-digested host lung DNA.

FIG 4 Pneumocystis Pckre6 is differently expressed in response to pH. Total P.
carinii life forms were isolated and resuspended in Ham’s F-12 medium with
10% fetal calf serum at pH 4.0 to 8.0 at 37°C over 2 h. Steady-state mRNA levels
were detected by Northern hybridization with the 90-bp Pckre6 amplicon.
(Left) Hybridization of Pckre6 to the nylon membrane. Below is a photograph
of the two Pneumocystis major ribosomal subunits, demonstrating equal RNA
loading. (Right) P. carinii Pckre6 is expressed at slightly higher levels in cystic
life forms of P. carinii versus trophic life forms of the organism. (Top) Hybrid-
ization of the Pckre6 probe. (Bottom) Repeat hybridization of the membrane
with P. carinii actin to confirm equal loading.

FIG 5 Pckre6 can restore S. cerevisiae kre6
 sensitivity to calcofluor white
M2R. Wild-type yeast, kre6 mutant yeast, and kre6 mutant yeast transformed
with Pckre6 were cultured in minimal medium to an A600 of 1 and serially
10-fold diluted. Ten microliters of each sample was spotted either onto mini-
mal medium without uracil (URA�) and without calcofluor white M2R or
onto minimal medium without uracil but containing calcofluor white M2R
(100 �g/ml) and incubated at 30°C for 3 days.
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sented to human neutrophils, these polysaccharides can induce
neutrophil migration through nonreceptor sarcoma (Src) ty-
rosine kinase protein signal transduction pathways (70). Not only
are �-1,6 glucans important in inflammatory signaling, they also
have been shown to be important in animal models of virulence.
For example, in C. neoformans, knockout of the �-1,6 glucan syn-
thase genetic machinery renders these cryptococcal strains aviru-
lent in mouse models of systemic infection (39).

With this background in mind, we sought to investigate the
presence of �-1,6 glucans in P. carinii. Our findings are the first
description of this carbohydrate component of the P. carinii cyst

wall. Immune electron and fluorescence microscopy with a spe-
cific �-1,6 glucan-targeted antibody documented the presence of
the carbohydrate predominantly in cystic forms of the fungus.
However, unlike �-1,3 glucan, which is homogeneously distrib-
uted throughout the cyst wall, the �-1,6 glucan linkages appear to

FIG 6 P. carinii contains a �-1,6 glucan cell wall fraction. (A) �-1,6 Glucan dot
blot assay comparing the abilities of various carbohydrates to compete with a
P. carinii �-1,6 glucan-enriched cell wall fraction immobilized onto nitrocel-
lulose for detection with a specific anti-�-1,6 glucan antibody. Cell wall mate-
rial was serially diluted onto the membrane. The primary anti-�-1,6 glucan
antibody was incubated with the competitive polysaccharides before being
applied to the nitrocellulose membrane. The blots were incubated for 1 h,
washed, and incubated with secondary goat anti-rabbit-HRP. Only the known
�-1,6 glucan pustulan successfully competed with the P. carinii cell wall isolate
to eliminate detection by the antibody. (B) The P. carinii �-1,6 glucan cell wall
isolate and pustulan were digested with �-1,6 glucanase overnight. The P.
carinii �-1,6 glucan was largely digested by the �-1,6 glucanase. Pustulan was
also largely (though not completely) digested by the �-1,6 glucanase. (C) Fi-
nally, P. carinii CWP were demonstrated to generate �-1,6 glucan polysaccha-
ride in the presence of UDP-glucose (UDPG), as measured by IEIA. Heat-
killed P. carinii cell wall preparations (HK CWP) did not exhibit significant
�-1,6 glucan synthesis activity (P � 0.05 by one-way ANOVA across all
groups). *, P � 0.05 by unpaired Student’s t test comparing UDPG-driven
�-1,6 glucan synthesis from viable CWP in the presence and absence of UDPG.
The data are expressed as means and standard errors of the mean (SEM)
derived from multiple experimental runs.

FIG 7 P. carinii cell wall preparations incorporate �-1,6 glucans, which can be
inhibited by the �-1,6 glucan synthase inhibitors D75-4590 and compound
16b. To assess whether P. carinii actively incorporates UDP-glucose into insol-
uble �-1,6-containing carbohydrates, P. carinii organisms were purified and
cell wall preparations were generated and reacted with UDPG as described in
Materials and Methods. The resulting derived �-1,6 glucans were assayed by
IEIA. The assays were conducted in the presence of either DMSO diluent alone
(positive control) or D75-4590 or compound 16b (0.06 �g/ml each in DMSO
diluent), which are agents that specifically inhibit �-1,6 glucan synthase-type
proteins. The negative control was P. carinii cell wall preparations alone, with-
out UDPG substrate, which represents the basal �-1,6 glucans already present
in these preparations. The positive control was P. carinii cell wall preparations
incubated in reaction mixtures containing both UDPG and DMSO diluent.
Both D75-4590 and compound 16b significantly inhibited the generation of
new P. carinii �-1,6 glucan compared to positive-control reaction mixtures.
Shown are data derived from three experimental runs, each performed in
duplicate. *, P � 0.05, contrasting �-1,6 glucan generated in the presence of
UPDG and DMSO diluent alone but with no inhibitor (positive control) and
reactions performed with UPDG with inhibitor diluted in DMSO. The data are
expressed as means and SEM derived from multiple experimental runs.

FIG 8 P. carinii �-1,6 glucan immobilized on 10-�m beads stimulates mac-
rophage TNF-� protein production, which is suppressed by inhibition of gly-
cosphingolipid synthesis. RAW 264.7 mouse macrophages were stimulated
with bead-immobilized P. carinii �-1,6 glucan overnight, and macrophage
TNF-� protein production was measured by ELISA in the presence or absence
of the glycosphingolipid inhibitor PDMP. PDMP significantly suppressed gen-
eration of the chemokine in a dose-dependent manner (*, P � 0.05 compared
with the control). The data are expressed as means and SEM derived from
multiple experimental runs.
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be localized in a more discrete, heterogeneous, punctate pattern
on the organism’s surface, with some cyst areas having heavier
deposition than others. Immune electron microscopic analysis
also revealed that the �-1,6 glucans are localized in discrete re-
gions of the cyst wall. These observations are consistent with pre-
vious investigations of this polysaccharide in S. cerevisiae indicat-
ing that the �-1,6 glucan linkages represent a smaller percentage of
total �-glucan in the fungal cell wall (69). We estimate that �-1,6
glucans represent approximately 10% of the total Pneumocystis
cell wall carbohydrate in our preparations. At this time, we have
not yet succeeded in isolating P. carinii �-1,3 glucans entirely free
of �-1,6 glucans. Hence, we cannot determine their relative pro-
inflammatory activity on an equal mass basis. However, studies
with S. cerevisiae glucans indicate that �-1,6 glucans exhibit sub-
stantial proinflammatory activities compared to the �-1,3 glucan
components of the organism’s cell wall (65).

Molecular cloning of the Pckre6 gene predicted a mature pro-
tein with homology to the �-1,6 glucan synthase proteins of other
fungi and possessing at least one transmembrane domain, as de-
termined by Kyte-Doolittle plots, a widely applied analytical tool
for determining the hydrophobic characteristics of a protein. Sim-
ilarly to Pcgsc-1, Pckre6 gene expression seems to be predomi-
nantly restricted to the cyst form of the organism (20). Other
fungi, including other members of the Ascomycota, utilize cell wall
assembly processes continuously throughout the cell cycle (71–
73). Northern blot analysis by our laboratory indicated that Pckre6
gene expression is highest in the P. carinii cyst life form. We also
demonstrated that under conditions of normal lung physiological
pH, high levels of expression of Pckre6 are noted. We have shown
previously that other cell wall-regulating genes, namely, Pccbk1
and Pckre6, are also most highly expressed at lung physiological
pH, further suggesting coordination of P. carinii cell wall-modi-
fying genes in the host lung (33, 34).

We further demonstrated that P. carinii organisms are capable
of generating �-1,6 glucans, as determined using a competitive
enzyme immunoassay. Freshly isolated P. carinii cytoplasmic
membrane preparations exhibited the ability to incorporate UDP-
glucose into soluble �-1,6 carbohydrate, as measured by compet-
itive immunoassay.

Of considerable importance is the concept that mammalian
hosts lack a kre6 homolog equivalent and therefore do not gener-
ate �-1,6 glucans. Accordingly, pharmacological inhibition of
�-1,6 glucan synthesis may represent a highly attractive target for
the treatment of fungal infections. Kitamura and colleagues re-
cently described a novel cell-based assay to screen large numbers
of yeast cell wall component inhibitors, including those that sup-
press �-1,6 glucan synthesis (44). Several pyridobenzimidazole
derivatives with activities against S. cerevisiae kre6 activity were
uncovered (44, 45). These �-1,6 glucan inhibitors were further
demonstrated to possess activity against Candida spp., C. neofor-
mans, and Aspergillus fumigatus (43–45).

Of note, in the current investigation, we report that two such
inhibitors also suppress the generation of �-1,6 carbohydrate by P.
carinii cell wall preparations. Recent whole-genome-sequencing
projects of both P. jirovecii (human pathogen) and Pneumocystis
murina (mouse pathogen) have been published (74, 75). Using
information derived from Pckre6 sequences, we searched the P.
jirovecii and P. murina genomes and demonstrated the presence of
a single conserved Pneumocystis kre6 gene in each Pneumocystis
species. Therefore, this new class of cell wall inhibitors represents

potential new antifungal medications, which may be used either
alone or in conjunction with other antifungal agents. Indeed,
against C. albicans, the �-1,6 glucan inhibitor D11-2040 has been
shown to have synergistic activity when administered along with
other antifungal agents (45).

Exposure of �-1,6 glucans on the surfaces of fungi and yeast
also represents an important mechanism of host recognition and
inflammatory response (11, 70). In whole-blood cultures, �-1,6
glucans were found to be strong inducers of the cytokines inter-
leukin 1� (IL-1�), IL-6, IL-8, and TNF-� (26). Furthermore,
when human monocytes were exposed to �-1,6 glucans from C.
albicans, they differentiated into dendritic cells with altered bio-
logical activity, similar to monocytes exposed to whole, intact C.
albicans organisms, further indicating that the polysaccharide can
have a profound impact on host innate immune responses (76).
Our studies with P. carinii-derived �-1,6 glucan preparations fur-
ther support the proinflammatory activities of these cell wall com-
ponents. Stimulation of cultured macrophages with P. carinii
�-1,6 glucans resulted in a robust TNF-� response. In addition,
the vigorous TNF-� response was dampened by inhibition of gly-
cosphingolipid synthesis (PDMP), in a fashion similar to our ob-
servations using whole, unfractionated �-glucans, suggesting the
importance of host cell membrane glycosphingolipids in mediat-
ing responses to the fungus (37). Vigorous host cell responses to
�-1,6 glucans from rat-derived P. carinii by murine RAW macro-
phages also support cross-reactivity of the fungal surface carbohy-
drates across species. Whether the contents of �-1,6 glucans vary
in Pneumocystis organisms derived from rats, mice, and humans
remains unknown.

In summary, we observed the presence of �-1,6 glucans in P.
carinii and the ability of P. carinii organisms to generate the poly-
saccharide in vitro. A newly discovered class of anti-�-1,6 glucan
agents inhibited this synthetic ability. In addition, we performed
an initial isolation and characterization of the PcKre6-like �-1,6
glucan synthase gene from P. carinii and showed that its transcrip-
tion can be environmentally regulated, with the highest expres-
sion in P. carinii cyst forms. Finally, initial studies with purified P.
carinii �-1,6 glucans support the idea that these components are
highly stimulatory to the host. Due to the importance of �-1,6
glucans in cell wall integrity and the ability to target their genera-
tion with �-1,6 glucan inhibitors, PcKre6 deserves further atten-
tion as an attractive antifungal therapeutic target.
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