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B-Glucans Are Masked but Contribute to Pulmonary
Inflammation During Pneumocystis Pneumonia
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B-glucans, which can activate innate immune responses, are a major component in the cell wall of the cyst form of Pneumocystis. In
the current study, we examined whether B-1,3-glucans are masked by surface proteins in Pneumocystis and what role B-glucans play
in Pneumocystis-associated inflammation. For 3 species, including Pneumocystis jirovecii, which causes Pneumocystis pneumonia in
humans, Pneumocystis carinii, and Pneumocystis murina, B-1,3-glucans were masked in most organisms, as demonstrated by in-
creased exposure following trypsin treatment. Using quantitative polymerase chain reaction and microarray techniques, we demon-
strated in a mouse model of Pneumocystis pneumonia that treatment with caspofungin, an inhibitor of B-1,3-glucan synthesis, for 21
days decreased expression of a broad panel of inflammatory markers, including interferon y, tumor necrosis factor o, interleukin 1,
interleukin 6, and multiple chemokines/chemokine ligands. Thus, B-glucans in Prneumocystis cysts are largely masked, which likely
decreases innate immune activation; this mechanism presumably was developed for interactions with immunocompetent hosts, in
whom organism loads are substantially lower. In immunosuppressed hosts with a high organism burden, organism death and release

of glucans appears to be an important contributor to deleterious host inflammatory responses.
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Pneumocystis jirovecii is a pathogen that causes life-threatening
pneumonia (Pneumocystis pneumonia [PCP]) in patients with
AIDS and other immunocompromised patients [1,2]. Members
of the genus Pneumocystis can uniquely infect different mam-
malian hosts, with Pneumocystis jirovecii infecting humans,
Pneumocystis carinii infecting rats, and Pneumocystis murina
infecting mice [3-5]. There are 2 major forms, trophic forms
and cysts, in the Pneumocystis life cycle. B-glucans are major
components of the Pneumocystis cyst cell wall but are absent
in the trophic form [6, 7].

B-Glucans can activate host innate immune responses
through interactions with dectin-1, a B-1,3-glucan receptor
found on dendritic cells, macrophages, and other cells [8-11],
which induces phagocytosis and proinflammatory cytokine re-
lease [9, 12]. Given our recent demonstration that Pneumocystis
lacks enzymes needed for chitin synthesis or high mannosy-
lation of glycoproteins, B-glucans may be primary activators
of innate immunity following infection [13]. Pneumocystis
B-glucans have been shown to induce release of proinflamma-
tory cytokines and chemokines in vitro [14-18], and recent
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studies suggest that B-glucans are exposed on the surface of
cysts in vivo [6, 19, 20]. Echinocandins such as caspofungin
are antifungal drugs that inhibit the synthesis of B-1,3 glucan.
Echinocandin treatment depletes cysts in rodent models
of PCP [6, 7, 21] and can lead to decreased inflammation in
Pneumocystis-infected animals during immune reconstitution
[22].

Some pathogens, such as Candida and Aspergillus, mask
B-glucan by a dense layer of mannoproteins to evade activation
of host innate immune responses [23-25]. The most abundant
surface protein of Pneumocystis is the major surface glycopro-
tein (Msg), which is encoded by a multicopy gene family and
may play an important role in evading adaptive immune
responses [26, 27]. Msg is present on both the cyst and trophic
forms of Pneumocystis; while its life cycle is unknown, trophic
forms have been postulated to undergo binary fission or to con-
jugate and undergo meiosis, leading to the development of cysts
with up to 8 intracystic bodies, which subsequently are released
as new trophic forms. Given the potentially important role of
B-glucans in activating host immunity, we undertook the cur-
rent investigation to determine whether Pneumocystis p-glucans
are masked by Msg and other surface proteins and, further,
to determine the effects of caspofungin treatment on modulat-
ing host inflammatory responses in immunodeficient animals
with PCP, specifically in the absence of immune reconstitution,
as a model of human disease in persistently immunodeficient
hosts.
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MATERIALS AND METHODS

Pneumocystis and Yeast Preparations
P. carinii or P. murina organisms were isolated from the lungs
of immunosuppressed rats or from scid or CD40L-KO mice, re-
spectively, by Ficoll-Hypaque density gradient centrifugation
[28]. P. jirovecii-infected lung was obtained at autopsy from a
patient with Pneumocystis pneumonia. Animal and human sub-
ject experimentation guidelines of the National Institutes of
Health were followed in the conduct of these studies.
Saccharomyces cerevisiae strain YPH 499 was obtained from
Stratagene (Santa Clara, California) and was grown in YPDA
medium (0.0075% L-adenine hemisulfate salt, 1% yeast extract,
2% Bacto peptone, and 2% dextrose) at 30°C.

Expression of Recombinant Factor G and Dectin-Fc

Partial complementary DNA (cDNA) sequence (base pairs
754-2004; GB# AB547712.1) encoding the clotting factor G
o subunit of Limulus polyphemus [29], which binds to B-1,3-
glucan [30], was optimized for bacterial expression, synthesized,
and cloned into pET28 vector (GenScript USA, Piscataway,
New Jersey); 4 amino acids (Met, Ala, Leu, and Cys) were
added to the N-terminus, and 3 human influenza virus hemag-
glutinin tags were added to the C-terminus. The construct was
transformed into Escherichia coli strain BL21-CodonPlus
(DE3)-RIL (Agilent Technologies, Santa Clara, California)
and expressed as a histidine-tagged fusion protein; sodium

dodecyl sulfate polyacrylamide gel electrophoresis (Figure 1A)
showed a prominent band denoting an approximately 52-kDa
protein. Recombinant protein was purified using HisPur Cobalt
Purification Kit (Thermo Scientific, Rockford, Illinois; Fig-
ure 1A) and biotinylated using the Lightning-Link Biotin con-
jugation kit (type A; Innova Biosciences, Cambridge, United
Kingdom) or labeled with Alexa Fluor 594 by using the Light-
ning-Link Rapid FluoProbes 594 kit (Innova Biosciences).
Dectin-Fc construct encoding a chimeric protein containing the
extracellular domain of the murine dectin-1 receptor [8] and the Fc
fragment of murine immunoglobulin G1 (IgG1) in pSecTag 2 vec-
tor (provided by Dr Chad Steele) [19] were transfected into Cosl
cells, using Fugene 6 (Roche Applied Bioscience, Indianapolis,
Indiana). After 48 hours, the culture medium was collected and
centrifuged to remove cells before immunofluorescence analysis.

Immunofluorescence Analysis

Pneumocystis-infected lung homogenate or partially purified
organisms in phosphate-buffered saline (PBS) were added to in-
dividual wells of 8-well slides, heat fixed, and blocked with 3%
bovine serum albumin (BSA; Jackson Immunoresearch labora-
tories, West Grove, Pennsylvania) or 10% donkey serum
(Sigma-Aldrich, St. Louis, Missouri) at 37°C for 30 minutes.
A mouse anti-B-1,3-glucan monoclonal antibody (Biosupplies
Australia, Bundoora, Australia) or, alternately, recombinant
dectin-Fc fusion protein or Alexa Fluor 594-conjugated or
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Figure 1.

A, Expression of recombinant factor G. Partial complementary DNA sequence encoding the clotting factor G o subunit of Limulus polyphemus was cloned into Pet

28 b vector and was expressed as histidine (His)-tagged fusion protein. Sodium dodecy! sulfate polyacrylamide gel electrophoresis analysis of the bacterial cells expressing
recombinant protein showed a band of the expected size (approximately 52 kDa; arrow) when stained with Coomassie Blue (lane 1, crude preparation; lane 2, purified protein),
and Western blotting with His-tagged antibody revealed immunoreactivity (lane 3). B, Inmunofluorescence microscopy of B-glucan. Methods to detect B-glucan were developed
using Saccharomyces cerevisiae. Yeast cells showed immunofluorescence when labeled with biotinylated recombinant factor G and Alexa Fluor 488—conjugated streptavidin
(top left), dectin-Fc recombinant protein and Alexa Fluor 488—labeled donkey anti-mouse immunoglobulin G (IgG; top right), or mouse B-1,3-glucan monoclonal antibody and
FITC-conjugated goat anti-mouse IgG (bottom). All images are 1000x original magnification. Bar, 10 pm.
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biotinylated recombinant factor G were used for detection of B-
1,3-glucan (demonstrated with S. cerevisiae in Figure 1B). For
Msg detection, monoclonal antibody RA-E7, which recognizes
P. carinii Msg (provided by Drs Peter Walzer and Michael
Linke) [31], a mouse antiserum produced against recombinant
P. murina Msg protein [32], and monoclonal antibody 6B8,
which reacts with P. jirovecii Msg [33], were used. FITC-conju-
gated goat anti-mouse IgG (Santa Cruz Biotechnology, Santa
Cruz, California) or Alexa Fluor 488- or 594—conjugated donkey
anti-mouse IgG (Invitrogen) were used as secondary antibodies.
Alexa Fluor 488-conjugated streptavidin (Invitrogen) was used
for the detection of biotinylated factor G. All detection reagents
were incubated in 1% BSA in Tris-buffered saline at 37°C for 1
hour. The images were collected using a fluorescence microscope.
To quantitate the proportion of cysts with exposed B-1,3-
glucan, parallel slides were prepared from lung homogenates.
One slide was treated with trypsin (10 ng/uL, Promega) for 1.5
hours, and the other was incubated with 40 mM ammonium bi-
carbonate buffer alone, followed by staining as described above
to detect cysts. The total number of cysts in 10 random fields at
400x original magnification were counted, and the ratio of the
untreated to trypsin-treated cyst counts was determined.

Animal Treatment Studies

CDA40L knockout mice (B6;12982-Tnfsf5"""*/J), which are
highly susceptible to Pneumocystis infection [34], were obtained
from Jackson Laboratory (Bar Harbor, Maine) and bred at the
National Institutes of Health. In a series of studies summarized
in Supplementary Table 1, mice with PCP were treated with low
(30 ug/kg/d) or high (10 mg/kg/d) doses of caspofungin admin-
istered intraperitoneally for varying periods, to examine the ef-
fect of Pneumocystis B-glucans on the host inflammatory
response. For high-dose (10 mg/kg/d) studies, caspofungin
was administered 5 days per week. Untreated mice with PCP
and uninfected mice served as controls. Pneumocystis infection
was transmitted via the respiratory route by cohousing study
mice with a P. murina-infected seeder mouse, to mimic the nat-
ural mode of transmission; mice in each study were cohoused in
a single cage. After animals were euthanized, the lungs were re-
moved, and lung sections were placed in PBS, for quantitation
of the Pneumocystis burden; in RNALater (Qiagen, Valencia,
California), for gene expression studies; and in HistoChoice fix-
ative with 20% ethanol (Amresco, Solon, Ohio), for immunoflu-
orescence and immunohistochemical studies. In some studies,
Pneumocystis organisms were partially purified by Ficoll-
Hypaque density gradient centrifugation [28].

Microarray Hybridization and Analysis

Processing of samples for microarray analysis was performed as
previously described [34, 35]. Detailed information is provided
in Supplementary Methods. The microarray data used in the
analysis, including CEL files, have been deposited in the Gene
Expression Omnibus Database (available at: http:/www.ncbi.

nlm.nih.gov/gds) and are available under accession number
GSE79079.

Quantitative Polymerase Chain Reaction (qPCR) Analysis

c¢DNA was reverse transcribed from total RNA extracted from
lung samples, using the High Capacity RNA to cDNA kit (Ap-
plied Biosystems). Differential expression of 3 panels of genes
was examined by using predesigned Tagman probes and prim-
ers from Applied Biosystems. Panel 1 included Ccl2, Ccl5, Ccr2,
CD19, CD3e, CD68, CD86, Ctla4, Cxcr3, Gzmb, Icos, IFNYy, IL-
10, IL-12b, IL-13, IL-17a, IL-1B, IL-4, IL-6, Tgfpl, TNFo, and
Tnfrsf18. Panel 2 included Ccl5, IL-6, IENYy, TNFo, CD4, CD7,
CD14, CD83, CD180, Cxcl2, Ccl17, Osm, CD80, Treml, IL-1a,
Tnfsfl5, Ccl4, Ccl22, IL-1f, Tnfrsf9, Nlrp3, Tbx21, C7, Gzma,
and TIr11. Panel 3 included Clec7a, Emrl, IL-17a, Cxcl16, Ccr6,
Cxcll5, Cxcl9, IL-21, IFNarl, IL-23a, Clec4n, IL-10, IL-4,
Cxcr6, and IL-2. Real-time PCR was performed using Tagman
gene expression master mix and the ViiA 7 Real-Time PCR
system (Applied Biosystems) according to the manufacturer’s
instructions. Change in gene expression was calculated by the
relative quantification (AACT) method, standardized to mouse
18S ribosomal RNA levels [36].

Quantitation of Pneumocystis Organisms

Organism load was determined by qPCR as previously de-
scribed, using the single-copy dhfr gene of P. murina as the tar-
get [37]; results are expressed as dhfr copies per milligram of
lung tissue.

Immunohistochemical Staining

P. murina-infected and uninfected lung tissue sections were la-
beled for macrophage analysis with rat anti-mouse F4/80 as de-
scribed in the Supplementary Methods.

Statistical Analysis

For cyst and macrophage counts and qPCR studies, groups were
compared using unpaired Student ¢ tests. P values of <.05 were
considered significant. Although this study was exploratory, for
the qPCR studies we also report results with Bonferroni adjust-
ment for multiple comparisons [38]. For the microarray study,
selection criteria for the comparison of infected animals to un-
infected controls included an absolute log fold change (base 2)
of >1.0, and for comparison of caspofungin-treated to untreated
Pneumocystis-infected animals an absolute log fold change
(base 2) of >0.5 was used, with P values of <.05 for both.
Gene Ontology (GO) term enrichment analysis was performed
using DAVID (available at: http://david.abcc.ncifcrf.gov/) [39,
40] with default parameters, default mouse background, and
the functional annotation chart report tool.

RESULTS

B-Glucans in the Cell Wall of Pneumocystis Are Masked by Proteins
To determine whether the B-glucans in the cell wall of Pneumo-
cystis are exposed or masked, we examined partially purified
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Immunofluorescence microscopy of B-1,3-glucan and Msg in Pneumocystis organisms before and after trypsin treatment. Partially purified Pneumocystis carinii

organisms were labeled with mouse B-1,3-glucan monoclonal antibody or Msg monoclonal antibody RA-E7 and FITC-conjugated goat anti-mouse immunoglobulin G (lgG; top
row). Partially purified Pneumocystis murina organisms were labeled with Dectin-Fc recombinant protein or Msg antibody and FITC-conjugated goat anti-mouse IgG (middle
row). Pneumocystis jirovecii organisms in human lung homogenate were labeled with Alexa Fluor 594—conjugated factor G recombinant protein or Msg monoclonal antibody
6B8 and Alexa Fluor 594—labeled donkey anti-mouse IgG (bottom row). The left 2 panels show labeling for B-1,3-glucan, and the right 2 panels show labeling for Msg. For all 3
Pneumocystis species, the number of cysts with detectable B-1,3-glucan increased after trypsinization, which also removed all detectable Msg. All images for P. carinii and
P murina are 1000x original magnification, and all images for . jirovecii are 600x original magnification. Bars, 10 pm.

P. carinii organisms untreated or treated with trypsin for glucan
exposure, using a mouse anti-p-1,3-glucan monoclonal anti-
body. As shown in Figure 2, only a small number of cysts in un-
treated samples were labeled with a B-1,3-glucan antibody,
while staining with an anti-Msg antibody labeled a large num-
ber of organisms. In contrast, trypsin treatment exposed B-1,3-
glucans on a large number of cysts. The absence of immunore-
activity with the anti-Msg antibody after trypsin digestion dem-
onstrates that this treatment completely removed Msg and
presumably other proteins from the surface of the organisms.
Similar results were seen when using P. murina— and P. jirove-
cii-infected lung tissue (Figure 2). We quantitated the number
of cysts in 10 microscopic fields for each sample; for all 3 species,
the cyst numbers after trypsin treatment were significantly higher
than in untreated samples (Table 1). The percentage of exposed
cysts in untreated samples were 0.9% for P. carinii, 7.2% for
P. murina, and 17.2% for P. jirovecii. For P. jirovecii, the infected
lung was an autopsy sample obtained after a patient did not re-
spond to prolonged anti-Pneumocystis therapy, and thus greater
glucan exposure may be a consequence of prior treatment.

Effect of Caspofungin on Inflammatory Gene Expression
We used caspofungin, a potent inhibitor of B-1,3-glucan syn-
thase, to examine the role that B-1,3-glucans play in inducing

an inflammatory response during PCP. We initially treated in-
fected mice with a low dose of caspofungin (30 pg/kg) once
daily for 3 days in 2 studies (experiments 1 and 2); infected un-
treated mice served as controls. This low dose was previously
used in studies to unmask B-glucans in Aspergillus and Candida
[25]. Caspofungin treatment appeared to increase B-1,3-glucan

Table 1. Percentage of Pneumocystis Organisms in Which the Glucans
Are Masked, Based on Unmasking Following Trypsin Treatment

Pneumocystis Species, Cysts, No./HPF, Percentage
Treatment Mean + SD? Exposed® PValue
P. carinii
None 35+23 0.9 <.0001
Trypsin 403.5 +93.1
P. murina
None 1.1+1.1 7.2 <.0001
Trypsin 156.3+3.2
P. jirovecii
None 45+22 17.2 .0006
Trypsin 26.2+135

? Data are from 10 random high-power fields (HPFs; 400x original magnification) that were
examined for each organism following labeling for B-1,3-glucans, as described in “Materials
and Methods"” section.

° Data represent the ratio of counts for untreated samples to those for trypsin-treated
samples.
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Trypsin treatment

Immunofluorescence microscopy of B-1,3-glucan in Pneumocystis murina organisms following caspofungin treatment. Mice infected with P. murina were untreated

(top), treated with caspofungin 30 pg/kg for 9 days (middle), or treated with caspofungin 10 mg/kg for 21 days (5 days per week; bottom). Partially purified P. murina organisms
were evaluated for B-1,3-glucan exposure, using Alexa Fluor 594—conjugated factor G. Untreated controls showed only rare labeling of cysts without trypsin treatment, while the
group treated with caspofungin for 9 days showed labeling of many cysts prior to trypsin treatment. Both groups had large numbers of labeled cysts after trypsinization.
Following 21 days of caspofungin treatment, very few cysts were detected either prior to or following trypsin treatment. All large panels, 400x original magnification. Insets
show high-power (1000x original magnification) magnification of cysts to demonstrate the altered cyst structure associated with caspofungin treatment. Bar, 20 pm.

exposure and to change the cyst structure as previously reported
(Figure 3) [6]. Using a proinflammatory qPCR kit targeting 22
genes (qPCR; panel 1), we found significant upregulation of
CD68, IFN-y, and Tnfrsf18 (Gitr) and significant downregula-
tion of IL-6 in caspofungin-treated mice as compared to un-
treated mice, suggesting that this low dose had led to T-cell
activation but decreased inflammation (Figure 4).

To explore this further, we used microarray techniques to an-
alyze changes in gene expression following 9 days of once-daily
treatment with caspofungin (30 pg/kg) in mice with PCP, com-
pared with untreated infected mice and uninfected mice (exper-
iment 3). As previously reported, there were robust differences
between uninfected and infected animals, with 1621 and 1485
genes in the untreated and caspofungin-treated groups, respec-
tively, that were differentially expressed, many of which are re-
lated to host inflammatory and immune responses (data not
shown) [34, 35]. In comparing mice treated with caspofungin
for 9 days to infected untreated mice, 151 differentially ex-
pressed genes were identified by use of less stringent criteria

(Figure 5 and Supplementary Table 2). Among the significantly
downregulated genes were markers of neutrophil, lymphocyte,
and macrophage activation, including the neutrophil chemoat-
tractants Cxcll and Cxcl2; Ccl4, a ligand of the T-helper type 1
(Th1) chemokine receptor Ccr5; Ccll7 and Ccl22, which are li-
gands for the Th2 chemokine receptor Ccr4; IL-33, which
drives Th2 cytokine production; CD14, a macrophage marker;
and the inflammatory cytokines IL-1a, IL-1B, and IL-6. Consis-
tent with the initial QPCR findings, Th1 cell markers IFN-y and
Tbx21 were upregulated. Th17-associated genes (eg, Ccr6,
IL-17a, and IL-17Ra) were not differentially expressed between
treated and untreated animals.

Based on findings of the microarray data and those from ear-
lier studies, we developed a custom qPCR panel (panel 2) to fur-
ther explore the effects of caspofungin in this setting. As shown
in Figure 4, qPCR results for the same samples largely con-
firmed the microarray findings, with concordance between
the two for 21 of 25 genes in the panel, again suggesting an in-
crease in Thl responses but a decrease in other inflammatory
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Panel 1

[=-F3 Cals Ccrz  CD19 CD3e CD68 CDB6 Ctla4 Cxcrd Gzmb  Icos Ifng

Caspofungin, 30 ug/kg x 3 days (n=8 per group)

CaspofPcP 082 214 144 104 158 164 118 154 148 149 134 183

IL-10 IL-12b IL-13 IL-17a IL-1b IL-4 IL-6 Tgfbl Tnfa Tofrsf18

175 104 092 081 066 149 037 094 112 155

Panel 2

Ccls -6 IFNg TNFa (=2 co7 CD14 CD83 CD180 Cxcl2 Cdi? osM

Caspofungin, 30 ug/kg x 3 days (n=12-15 per group)

Caspo/fpce 186 087 142 099 121 129 082 086 121 071 058 076

Caspo/Ctrl  3.99

Caspofungin, 30 ug/kg x 9 days (n=3-4 per group)

Caspo/PCP 1.89 0.44 191 071 1.49 151 0.50 0.58 1.30 0.29 023 0.43
CaspofCtrl 386 2385 1733 2810 550 117 1473 322 302 6668 376 461
908 3946 369 078 2949 555 232 22921 1610 1066

PCP/Ctrl 2.05 5461

Caspofungin, 10 mg/kg x 9 days (n=4-5 per group)

caspefece  0.91 115 135 122 116 128 129 124 145 080 093 134
caspofcl 182 2053 1261 2711 344 065 1067 242 243 7251 352 385
Pep/Ctrl 200 17.87 933 2222 286 050 827 195 168 8057 377 288

Caspofungin, 10 mg/kg x 21 days (n=4-5 per group)

1490 1671 4769 564 138 2424 321 287 10462 805 5.88
PCP/Ctrl 215 17.15 1180 4836 468 1.07 2638 374 237 14730 1380 779

CDB0 TREM1 1IL-1a Tnfsfi5 Ccl4 Cd22 IL-1b Tnfrsf@ Nirp3 TBX-21 c7 GIMA TLR-11

082 100 08 087 07 068 094 0% 091 122 058 236 100
1194 742 1340 2.07 3020 3.02 1289 6457 798 205 017 119 630
1451 708 1575 237 3974 445 1372 6712 878 169 029 050 627

0.53 0.46 0.45 055 054 0.58 0.44 0.65 0.64 216 311 187 164
7.87 504 784 168 1948 245 836 4365 521 225 016 066 574
1471 1080 1750 3.06 3592 423 1891 6697 809 104 005 035 351

131 108 127 130 157 124 139 102 097 122 183 102 107
722 411 915 134 2332 174 769 3960 340 085 012 023 349
554 380 718 103 148 141 553 3900 350 070 007 023 328

caspofec’  0.56 006 033 012 081 081 | 021 050 078 012 018 026 030 013 017 057 006 051 019 017 029 068 350 103 151
Caspofcl  0.62 161 179 439 252 056 295 168 113 2008 113 152 2.8 078 19 113 166 126 219 580 177 069 059 029 471
PeP/Ctrl 112 2858 542 3526 309 069 | 1401 335 144 16995 617 | 58 944 607 1124 198 2727 245 | 1179 3420 611 101 017 028 313
Panel 3

CLEC7a Emrl IL-17a Cxell6 Cer6 Cxell5 Cxel9 IL-21 IFNarl IL-23a CLEC4n IL-10

Caspofungin, 30 ug/kg x 9 days (n=3-4 per group)

caspofece 078 104 107 083 127 082 161 202 100 052 080 093

CaspofCtel 1401 415 NC 5.62 0.78 099 79489 NC 1.28 8394 16.12
PCP/Ctr 17.97  4.00 NC 6.77 062 120 493.80 WNC 128  17.34 2013

Caspofungin, 10 mg/kg x 9 days (n=4-5 per group)

Caspo/PCP 184 159 1.09 132 167 17 102 1.66 1.26 1.08 169
Caspo/Ctsl 1334 552 NC 584 092 102 84514 NC 146 710 1801
PCR/Ctrl 724 348 NC 4.44 0.55 0.60 82553 NC 118 658 10.69

Caspofungin, 10 mg/kg x 21 days (n=4-5 per group)

Caspo/PcP 045 098 NC 0.59 151 071 042 075 075 020 042 049

Caspo/Ctsl 292 147 NC 168 097 0J0 10455 NC 098 217 602
pep/curd 656 149  NC 283 064 098 24729 NC 130 1093 1430

IL-4  Cxer6  IL-2

050 140 NE
124 5.14 NC
270 3.67 NE

NC 1797 NC
NC 888 NC
NC 501 nNC

0.80 0.74 1.65
057 246 221
071 330 134

Figure 4. Relative expression of select immune response genes as determined by quantitative polymerase chain reaction. Three panels of genes were examined. Panel 1 was used
to evaluate the lungs of animals treated with a low dose of caspofungin (30 ug/kg once daily for 3 days); panel 2 examined animals treated with low or high (10 mg/kg once daily)
doses for 3-21 days; panel 3 examined animals treated with low or high doses treated for 921 days. Specific dose and duration are indicated in the figure for each group of animals.
For animals receiving high-dose caspofungin, the drug was administered 5 days per week. Data are shown as the fold change comparing caspofungin-treated animals to untreated
infected animals (Caspo/PCP), caspofungin-treated animals to uninfected animals (Caspo/Ctrl), and untreated infected animals to uninfected animals (PCP/Ctrl). The following coding
is used to represent significant Pvalues, as follows: underlined, .05 > P> .01; bolded, .01 > P> .001; and shaded, P<.001. All the shaded values, as well as IL-23a for Caspo/Ctrl,
remained significant after applying Bonferroni correction for multiple comparisons (corrected P< .002—.003). Standard abbreviations are used for the individual genes. Abbreviation:

NC, not calculable.

markers. These studies thus suggest that even low-dose caspo-
fungin can lead to a decrease in the inflammatory response to
Pneumocystis in heavily infected animals.

We also reevaluated the initial studies by using a 3-day regi-
men of low-dose caspofungin, combined with a third study that
used the same dose and duration (experiment 4). Among the
selected genes, C7 and Gzma were downregulated in infected
animals as compared to uninfected controls, while all the re-
maining genes, with the exception of CD7, were significantly
upregulated in infected animals, in some cases to extremely
high levels (for some genes, >30-100-fold; Figure 4). In com-
paring caspofungin-treated to untreated infected animals, no
genes showed significantly increased expression; Ccll17 and
Ccl22, both ligands of Ccr4, a Th2 marker, were significantly
downregulated. Expression of Ccl5, IFN-y, and Tbx21 was in-
creased, although not significantly.

We next determined whether a higher dose of caspofungin
(10 mg/kg), which can markedly decrease the number of cysts
in an infected lung, would influence the inflammatory response
in heavily infected animals even in the absence of immune recon-
stitution. While we found no significant differences between cas-
pofungin-treated and untreated Pneumocystis-infected animals in

any of the genes examined by qPCR after 9 days of treatment,
other than an increase toward normal levels of C7 (experiment
5), by day 21 there were significant declines in levels of all of
the genes examined other than C7, which significantly increased
toward normal levels, and Gzma and TIr11, which showed non-
significant changes (experiment 6). At that time point, 8 genes,
including IFN-y, IL-6, Ccl17, and Ccl22, were expressed at levels
comparable to those in uninfected control animals, with a sub-
stantial reduction in TNF-a, IL-1B, Cxcl2, and CD14 expression
(Figure 4). The Pneumocystis organism load, as determined by
qPCR, had concomitantly decreased by approximately 1.5 logs
in caspofungin-treated mice, compared with untreated mice, al-
though they were still heavily infected (Supplementary Table 1).
Similar downregulation of most genes was seen in a replicate ex-
periment, although all 5 control animals and 2 of 5 caspofungin-
treated animals were euthanized before completion of the 21-day
study because of progressive PCP (data not shown).

We used 1 additional panel (QPCR panel 3) to examine the
changes in additional immune-related genes for a subset of
the studies (Figure 4). In the 9-day studies (involving both
low and high doses of caspofungin), many of these genes
were again upregulated when either caspofungin-treated or
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Figure 5.

Differentially expressed immune response genes in caspofungin-treated mice. A, Heat map of microarray analysis showing genes that were selected on the basis of

differential expression in the lungs of caspofungin-treated Pneumocystis murina—infected mice (30 pg/kg once daily for 9 days), compared with untreated infected mice. Red indicates
increased expressed as compared to that for uninfected controls, while green indicates decreased expression. Numbers under the columns represent individual animals. Color coding on
the left indicates 4 clusters of selected genes with similar expression patterns. Examples of immune-related genes identified in cluster A (downregulated in caspofungin-treated
animals relative to animals with Pneumocystis pneumonia [PCP]) and cluster C (upregulated in caspofungin-treated animals relative to those with PCP) are listed in the boxes.

untreated infected animals were compared to uninfected con-
trols. Especially prominent were increases in Cxcl9 expression,
as previously shown [35], and smaller but still substantial in-
creases in dectin-1 (CLEC7a) and dectin-2 (CLEC4n) expres-
sion. As previously shown in healthy animals, there was also
an increase in expression of Cxcr6 and its ligand, Cxcl16 [35].
Again, most of the upregulated genes were significantly down-
regulated following 3 weeks of high-dose caspofungin treat-
ment, compared with findings for infected controls.

Immunohistochemical Staining

To see whether the decreased expression of inflammatory genes
seen after caspofungin treatment was associated with a decrease
in macrophages, we labeled lung samples with an anti-F4/80 an-
tibody (Figure 6). The number of F4/80" macrophages was sig-
nificantly greater in untreated infected lungs (n = 3) than in
caspofungin-treated lungs (n = 3; 242 vs 71 cells/high-power
field; P=.0001) and uninfected lungs (n = 2; 242 vs 39 cells/
high-power field; P =.0006) but was not significantly different
between caspofungin-treated and uninfected lungs (71 vs 39
cells/high-power field; P = .09).

DISCUSSION

In the current study, we have demonstrated that, in the vast ma-
jority of organisms, B-1,3-glucans present in the Pneumocystis cyst

cell wall are not exposed on the organism cell surface but rather
are masked by Msg and/or other surface proteins. We have also
shown that treatment of P. murina-infected mice with high
doses of caspofungin, an inhibitor of B-1,3-glucan synthesis, re-
sults in significant decreases in the expression of multiple genes
related to immune and inflammatory responses, suggesting that
B-glucans play a critical role in inflammation during PCP.

Our findings provide important insights into the inflamma-
tory responses induced by Pneumocystis. Inmune responses to
microbes can be initiated by recognition of microbial patho-
gen-associated molecular patterns by host pattern-recognition
receptors such as dectin-1, dectin-2, and macrophage mannose
receptor [24]. Characteristic fungal pathogen-associated molec-
ular patterns include mannans, glucans, and chitin. We have
recently demonstrated that Pneumocystis cannot synthesize ei-
ther chitin, or mannans beyond their core structure, thus elim-
inating 2 potential triggers of pattern-recognition receptors
[13]. The masking of B-glucans by trypsin-sensitive molecules,
presumably surface proteins such as Msg, potentially further
minimizes activation of immune responses. Previous studies
have found that B-glucans are exposed on the surface of
cysts, but they did not investigate what proportion of cysts
had B-glucans exposed [6, 19, 20]. We also found that B-glucans
were exposed, but only in a minority of cysts. The highest levels
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Immunohistochemical labeling of mouse lungs for macrophages. To examine the differences in macrophage presence and distribution in lungs from untreated

infected mice and mice treated with caspofungin, Pneumocystis-infected and control mouse lungs were labeled with murine macrophage marker anti-F4/80; representative
sections are shown here. A-D, Left panels are low-power images (100x original magnification), and right panels are high-power images (400x original magnification) of
untreated infected control lung (top row) and caspofungin-treated infected lung (middle row). Macrophages, labeled reddish brown with variable intensity in their membranes
and cytoplasm, are denoted with black arrowheads. Caspofungin-treated mouse lungs contained lesser numbers of macrophages overall and in particular an absence of ag-
gregates of macrophages around larger airways. £ and £, The bottom row shows controls, including uninfected lung (left) and Pneumocystis-infected lung exposed to all
reagents except the primary antibody (right), with both images at high power. Uninfected mouse tissue (E) shows low numbers of macrophages that are normally resident

in mouse lung. Bars, 200 ym (4) and 50 ym (B and E).

were in human Prneumocystis, which we hypothesize is a conse-
quence of high levels of infection and of treatment of PCP,
which can result in the death of organisms and the loss of pro-
tein synthesis, resulting in exposure of B-glucans. Presumably
B-glucan masking evolved for the benefit of organisms infect-
ing immunocompetent hosts, in whom the level of infection is
typically 3-4 logs lower than in immunocompromised hosts
[37]. We hypothesize that the increased inflammation and as-
sociated hypoxia typically seen in patients with PCP 3-4 days
after initiating therapy [41] may be a result of an abrupt in-
crease in B-glucan exposure following treatment-induced
death of organisms.

Our results further suggest that B-glucans are major contribu-
tors to the host inflammatory response seen in heavily infected
immunodeficient animals, even without immune reconstitution.

Linke et al recently demonstrated that echinocandin treatment
in animals undergoing immune reconstitution results in de-
creases in pulmonary lymphocyte counts (both CD4" and CD8"
T cells) and neutrophil counts, as well as decreases in G-CSF,
TNF-a, Cxcl2, IL-6, and IL-17 levels [22]. Of note they found
no differences in IFN-y, IL-2, IL-4, IL-5, or IL-10 levels. Our
microarray analysis suggested that low-dose treatment with cas-
pofungin for 9 days leads to a decrease in expression of genes for
some inflammatory cytokines, such as IL-6, but an increase in
Th1-specific genes, including Tbx21 (T-bet), a primary tran-
scription factor driving Th1 development, as well as interferon
v. Using 2 qPCR panels, we demonstrated decreased expression,
following 3 weeks of high-dose caspofungin treatment, of a
broad range of inflammation-associated genes, with normaliza-
tion of expression levels for a subset of those genes, including
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IFN-y and IL-6. These data support the in vitro studies and
extend the in vivo studies highlighting the role that B-glucans
present in the wall of cysts play in driving inflammation during
PCP. The decrease in organism load of approximately 1.5 logs,
as evaluated by qPCR, during 3 weeks of caspofungin treat-
ment may have contributed to the decreased inflammation
through mechanisms in addition to reduction in cysts. De-
creased Prneumocystis trophic form organism load has been
reported in some but not all prior studies with echinocandins
(6,22, 42]. However, the previously reported decreased inflam-
mation, without an associated decrease in trophic forms, in
mice treated with anidulafungin further supports that p-glucans
are an important contributor to Pneumocystis-associated in-
flammation [6, 22, 42].

We used 3 immunofluorescence methods to detect B-1,3-
glucan in Pneumocystis cyst walls. Initially, we used a highly spe-
cific monoclonal antibody (Biosupplies, Australia); we verified
these results by means of 2 other methods, using a recombinant
dectin-Fc fusion protein or a recombinant factor G protein.
Dectin-Fc fusion protein has previously been shown to bind to
B-1,3-glucan present in Pneumocystis cyst walls [19]. All 3
methods gave similar results. Use of recombinant dectin-Fc or
factor G thus provides a cost-effective way to detect B-1,3-glucan.

Understanding the defense mechanisms by which Preumocys-
tis organisms evade and block the host immune system is impor-
tant for developing effective therapeutic interventions. Currently
corticosteroids are recommended for human immunodeficiency
virus-infected patients with hypoxia, which can be exacerbated
following initiation of anti-Pneumocystis therapy [43, 44]. Our
data and those from other studies suggest that B-glucans are
major contributors to this inflammation. While echinocandins
alone should not be used for treatment of PCP, since they treat
only 1 stage of the life cycle, it is possible that combining echino-
candins with standard anti- Pneumocystis agents such as trimeth-
oprim-sulfamethoxazole may lead to diminished inflammation,
compared with standard therapy alone [42].

Supplementary Data

Supplementary materials are available at http://jid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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