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Abstract

We examined gene expression levels of multiple chemokines and chemokine receptors during
Pneumocystis murina infection in wild-type and immunosuppressed mice, using microarrays and
gPCR. In wild-type mice, expression of chemokines that are ligands for Ccr2, Cxcr3, Cxcrg, and
Cxcr2 increased at days 32 to 41 post-infection, with a return to baseline by day 75 to 150.
Concomitant increases were seen in Ccr2 ,Cxcr3, and Cxcr6, but not in Cxcr2 expression.
Induction of these same factors also occurred in CD40-ligand and CD40 knockout mice but only
at a much later time-point, during uncontrolled Pneumocystis pneumonia (PCP). Expression of
CD4 Th1 markers was increased in wild-type mice during clearance of infection. Ccr2 and Cx3crl
knockout mice cleared Pneumocystis infection with kinetics similar to wild-type mice, and all
animals developed anti-Pneumocystis antibodies. Upregulation of Ccr2, Cxcr3, and Cxcr6 and
their ligands supports an important role for T helper cells and mononuclear phagocytes in the
clearance of Pneumocystis infection. However, based on the current and prior studies, no single
chemokine receptor appears to be critical to the clearance of Pneumocystis.
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1. Introduction

Pneumocystis is an opportunistic fungal pathogen that causes severe pneumonia in
immunocompromised hosts [1]. Healthy individuals may become infected with
Pneumocystis, but infection is rapidly cleared by a robust immune response [2, 3]. A better
understanding of the immune response to Pneumocystis in immunocompetent hosts should
lead to a better understanding of disease in immunocompromised hosts.

Chemokines and chemokine receptors play an important role in host responses to infections,
functioning to coordinate leukocyte trafficking, as well as modulating several other cellular
biological processes such as survival, proliferation, differentiation, and anti-microbial
activity [4]. The potential role of chemokines in Pneumocystis infection has been examined
in a number of in vitro and in vivo studies [5-16]. In vitro studies have demonstrated an
increase in Cxcr2 ligands [6, 17], while in vivo studies, which were primarily performed in
immunosuppressed mice, have shown increased expression of Ccr2, Ccr5, and Cxcr3
ligands [9-11, 14, 15, 18]. However, no study to date has comprehensively examined
chemokine and chemokine receptor responses in immunocompetent hosts.

In a prior microarray study we identified a robust immune response to Pneumocystis
infection in immunocompetent mice that was biphasic in nature, the second phase of which
coincided with clearance of infection [19]. In contrast, CD40-ligand knockout mice
(CD40L-KO), which are highly susceptible to Pneumocystis infection, showed a much more
muted response during the same time period. Notably, a large number of chemokines and
chemokine receptors were upregulated during the second phase in immunocompetent but not
CDA40L-KO mice.

The current study was undertaken to better understand the role of chemokines and
chemokine receptors in host responses to Pneumocystis in both wild-type and CD40L-KO
mice over time, through examination of RNA expression as determined by microarray
analysis as well as by real-time quantitative polymerase chain reaction (PCR). To gain
insight into cell-specific determinants of anti-Pneumocystis pulmonary immunity, we also
used microarray analysis to examine RNA expression in purified lung CD4 cells and
alveolar macrophages. We further examined the role in clearance of Pneumocystis infection
of two chemokine receptors, Ccr2 and Cx3crl, which are characteristically expressed on
inflammatory and resident monocytes/macrophages, respectively, using Ccr2-KO and
Cx3crl-KO mice [20].

2. Methods

2.1 Animals

Healthy C57 black (C57BL/6) mice were obtained from the National Cancer Institute, CD40
ligand knock-out (CD40L-KO, strain B6, 129S-Tnfsf5™M1ImX) and CD40 knock-out (CD40-
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KO, strain B6, 129P2-Cd40™1Kik/3) mice were obtained from Jackson Laboratory. Ccr2
knock-out (B6.12954-Ccr2tM!Ifc/3) mice [21] were kindly provided by Dr. Joshua Farber and
Cx3crl (B6.129-Cx3cr1tm1Zm) knock-out mice were obtained from Taconic. All mouse
strains were subsequently bred at the NIH. Mice were housed in microisolator cages and
kept in ventilated racks. All animal work was performed under a Clinical Center Animal
Care and Use Committee-approved protocol.

2.2 P. murinainfection

Wild-type C57BL/6 and CD40L-KO mice were exposed to P. murina infected seeder mice
for 2 weeks, 5 weeks or 6 weeks as described in a previous study; results of immunostaining
and limited Western blot analysis of lung homogenates of these wild-type animals have been
previously reported [19]. CD40L-KO and CD40-KO mice, and, as controls, CD40L +/-,
which were littermates of the CD40L-KO mice, were exposed to P. murina infected seeder
mice for 5 months. Lung tissue was collected and placed in RNAlater (Qiagen) for RNA
extraction and in PBS for DNA extraction. P. murina infection was confirmed by
quantitative real-time PCR as described below.

Ccr2-KO mice were exposed to P. murina infected seeder mice and were sacrificed after 5,
6, 9 and 11 weeks of exposure. Uninfected Ccr2-KO mice were used as controls. Cx3crl-
KO mice and C57BL/6 wild-type mice (as controls in each cage) were exposed to P. murina
infected seeder mice in 2 experimental cages. Mice were sacrificed after 5, 9 (Cx3cr1-KO
only), and 15 weeks of exposure. Lungs were collected for quantitation of P. murina
organisms by quantitative real-time PCR, blood was collected to obtain serum for antibody
analysis and spleens were collected at weeks 9 and 11 to measure spleen cell proliferation
responses following in vitro stimulation with Pneumocystis antigens [22].

2.3 Microarray studies

Microarray analysis of control and CD40L-KO mice through day 75 after Pneumocystis
infection have been previously reported [19]. Additional microarray analysis of control
(CDA40L +/-), CD40L-KO, and CD40-KO mice at ~5 months following exposure, at a point
when they were heavily infected with Pneumocystis, were performed as previously reported
[19] using the Mouse Genome 430 2.0 Array (Affymetrix). To examine responses in lung
CDA4 cells and alveolar macrophages, microarray analysis using the Mouse Gene 2.0 ST
Array (Affymetrix) was performed using bead purified CD4 cells (Miltenyi) and alveolar
macrophages that were purified by adherence to plastic for ~4 hours. Cells were obtained
from whole lung preparations (CD4) or bronchoalveolar lavage (macrophage) from
C57BL/6 mice (expressing either CD45.1 or CD45.2) at 35 days following exposure to a
seeder mouse, as well as from unexposed mice. Due to the small number of cells recovered,
cells from 5 animals were combined in 4 separate pools and each pool was analyzed
separately. Because the RNA yield from macrophages was low even after combining cells,
RNA was amplified by the Ovation Pico WTA System V2 (NuGen) prior to processing for
microarray analysis. The new microarray data discussed in this publication have been
deposited in the National Center for Biotechnology Information (NCBI; U.S. National
Library of Medicine, Bethesda, MD, USA) Gene Expression Omnibus (GEO; http://
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www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series Accession Number
GSM1654761-92.

2.4 Real-time quantitative PCR of gene expression

RNA was extracted using RNeasy Mini Kit (Qiagen), and quantified using a NanoDrop
spectrophotometer. cDNA was synthesized from 2 pg RNA using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Real-time PCR was performed on an ABI
Prism 7900 sequence detection system using Power Sybr Green Master Mix (Applied
Biosystems) or iTaq Universal SYBR Green Supermix (Bio-Rad) to measure relative levels
of gene expression of the following chemokines and receptors: Cxcl9 (monokine induced by
gamma interferon, (MIG)), Cxcl10 (interferon gamma-induced protein 10 (IP-10)), Cx3cl1
(fractalkine), Ccl2 (monocyte chemotactic protein 1 (MCP-1)), Ccl7 (monocyte chemotactic
protein 3 (MCP-3)), Ccl17 (thymus and activation regulated chemokine (TARC)), Ccl22
(macrophage-derived chemokine (MDC)), Cxcl16, Ccr2, Ccr4, Ccr5, Ccr6, Cxcr2, Cxcr3,
Cxcr6, and Cx3crl. Ct values were normalized to GAPDH and gene expression is reported
as fold change as compared to unexposed animals using the comparative Ct method.

2.5 Quantitation of P. murina Organisms and Preparation of P. murina antigens

DNA was extracted from mouse lung tissue using QlAamp DNA Mini Kit (Qiagen) and
Pneumocystis organisms were quantified using a quantitative PCR of the P. murina dhfr
gene, a single copy gene, as previously described [3]. Results are reported as dhfr copies per
mg lung tissue.

P. murina antigens for cell proliferation assays were prepared from lungs heavily infected
with P. murina (as determined by Diff Quik staining) or from uninfected wild-type lungs by
homogenization in PBS (0.25 g/mL) using a TissueLyser (Qiagen) or Polytron (Omni
International) followed by sonication and centrifugation; the collected supernatant was
utilized as the antigen preparation [22]. P. murina antigens for ELISA were similarly
prepared from partially purified Pneumocystis organisms.

2.6 Measurement of anti-P. murina antibodies

Anti-P. murina serum antibodies were measured by ELISA using a crude P. murina lysate
as previously described [22].

2.7 Splenocyte proliferation

Splenocyte proliferation was measured as previously described [22]. Mouse spleen cells
were cultured in 96 well plates (100,000 cells per well) with concanavalin A (2.5 pg/ml) for
4 days as a positive control, and with P. murina antigens (100 pg/ml), normal mouse lung
antigens (100 pg/ml) or no antigen for 5 days. Cell proliferation was measured using
CellTiter-Glo Luminescent Cell Viability Assay (Promega) according to the manufacturer’s
instructions and luminescence was read on a Centro LB 960 luminometer (Berthold
Technologies). Results are presented as stimulation index, which represents the fold-change
following incubation with P. murina antigens compared to normal mouse lung antigens.
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2.8 Statistical analysis

For chemokine expression from the microarray data, P values were determined using
Student’s t-test , comparing exposed to unexposed animals. The Q-PCR studies utilized
Student’s t-test to compare day 0 results to the various time-points following exposure. Gene
selection for the CD4 and macrophage microarray studies utilized ANOVA with two factors
(treatment and mouse donor) and thresholds of P<0.05 and absolute change in expression
>0.6. Gene Ontology (GO) term enrichment analysis was carried out using DAVID (http://
david.abcc.ncifcrf.gov/) [23, 24] with default parameters, default mouse background, and
the functional annotation chart report tool.

3. Results

3.1 Lung chemokine gene expression analysis

In a previous microarray study of Pneumocystis infection in wild-type and CD40L-KO mice,
we identified a number of immune response genes, including chemokines and chemokine
receptors, that were significantly upregulated in the lungs of wild-type but not CD40L-KO
mice, at ~days 32 to 41 following Pneumocystis infection that was transmitted by co-
housing with infected seeder mice [19]. We utilize this model because it better mimics
natural infection and subsequent immune responses than a transtracheal inoculation model
which introduces a large number of Pneumocystis organisms, some of which may be non-
viable, and which may produce a skewed immune response. Naturally infected wild-type
mice typically become infected after 2-3 weeks of exposure, with a peak of infection at ~5 to
6 weeks and clearance after ~7 to 9 weeks [3]. CD40L-KO mice infected with Pneumocystis
show similar growth kinetics initially, but are not able to clear the infection and have a
progressively increasing organism burden.

Fig. 1 presents the fold-change in expression of chemokine and chemokine receptor genes
from our prior microarray study over time, for both C57BL/6 and CD40L-KO, grouped by
chemokine/primary receptor. We have included these data because our prior analysis
examined immune responses globally but did not focus specifically on chemokine
responses. Also shown are additional microarray data from new experiments that examined
expression in CD40L-KO and CD40-KO, both of which are highly susceptible to PCP, at
approximately 5 months after infection, together with results for heterozygous (CD40L +/-)
littermates with which they were co-housed, and which served as controls. We chose 5
months because we were interested in determining if chemokine networks might be
contributing to the severe inflammation that can be seen at this time-point, when both
knock-out strains had a very high organism burden (ranging from 10%7 to 108 dhfr copies
per mg lung tissue), while the controls had all cleared infection.

For wild-type mice, there is increased expression of multiple chemokines that are ligands for
Ccr2, Ccr4, Cxcr2, and Cxcr3 at days 32 to 41, with a return to baseline by day 75.
However, while Ccr2 and Cxcr3 expression are also increased at the same time-points, Ccr4
and Cxcr2 expression are notably unchanged. Moreover, Ccr5 expression is also increased,
though its ligands are minimally induced. In contrast, CD40L-KO mice do not show similar
increases in expression at the same time-points, though individual chemokines such as Ccl8
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and Cxcl9 have increased expression at day 39 that further increases at day 75. It is
noteworthy that many of the same chemokines that were elevated in healthy mice at ~day
35-40 show increased expression in immunodeficient mice at later time-points (day 150)
when they are heavily infected with Pneumocystis.

To explore the chemokine responses further, we performed real-time RT-PCR using RNA
from the lungs of an additional set of animals, targeting expression of select chemokine/
chemokine receptor families during periods of active infection in immunocompetent animals
(Fig. 2). Among wild-type mice, 2 of 6 C57BL/6 mice were infected with a low number of
organisms (15 and 13 dhfr copies/mg lung tissue) following 2 weeks exposure to P. murina,
while all C57BL/6 mice were infected after 5 (n=6) and 6 (n=6) weeks exposure (<1,000
dhfr copies/mg lung tissue). In parallel we examined CD40L-KO mice from a separate
study; 8 of 8 animals were infected at 2 weeks (mean, 399 dhfr copies/mg lung tissue) as
well as at 5 weeks (4/4 animals), with a higher organism load (mean, 93,248 dhfr copies/mg
lung tissue).

Consistent with our initial microarray results, QPCR (Fig. 2) also demonstrated >10-fold
increase in expression of Cxcl9 and Cxcl10 in C57BL/6 mice, while their receptor, Cxcr3,
showed a low-level increase that reached significance only at 6 weeks. Similarly, Ccl2 and
Ccl7 showed an approximately 5-fold increase in expression, while their receptor, Ccr2,
showed low-level increases. In contrast, Ccl17 and Ccl22 showed approximately 2-fold
increases, while their receptor, Ccr4, increased 3 to 4-fold. Ccr5 and Ccr6 expression were
significantly elevated, though in general with low-level increases, at all 3 time-points tested.
In contrast, Cxcr2 was significantly induced only at 2 weeks, consistent with microarray
results. For Cx3cll and its receptor, Cx3crl, there were no significant changes from
baseline. Those chemokines that had increased expression at 2 weeks tended to have
substantially greater expression at weeks 5 and 6, while receptors showed more limited
increases. Cxcr2 is the only chemokine or receptor that showed a significant increase at
week 2 followed by a return to approximately baseline levels at 5 weeks. As previously
reported, CD4+ T cells, CD19+ B cells, and CD68+ macrophages were present in increased
numbers in the lung tissue of wild-type mice during P. murina infection [19].

In contrast to the generally robust responses seen in immunocompetent mice, CD40L-KO
mice showed significant increases only in expression of Cxcr3 and its ligands Cxcl9 and
Cxcl10, with levels for the ligands well below those seen in C57BL/6 mice (Figure 2).

To gain insight into which immune cell populations may be contributing to immune
responses to Pneumocystis infection, we utilized the microarray data to examine changes in
expression of genes that are markers for CD4 cell subsets as well as macrophages and
neutrophils. As shown in Fig. 3, among CD4 cells, Th1 markers were induced in healthy
mice, especially at days 32 to 34, while in CD40L-KO mice they were increased only at day
150. Th2 and Th17 cells showed minimal changes during the same time period. Macrophage
markers showed a pattern similar to Th1 cells, while neutrophil markers showed an increase
only at day 150 in CD40L-KO mice.
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3.2 CD4 and macrophage microarray analysis

To better understand gene expression changes in individual cell populations, we performed
microarray analysis of purified CD4 cells and macrophages from the infected lung at day 35
after exposure to Pneumocystis. All exposed animals were infected with P. murina, as
determined by Q-PCR, with an average of ~8,200 dhfr copies/mg lung tissue. Cells from 5
animals were pooled because of the low numbers of cells available from a single animal. For
CDA4 cells, 987 gene probes were differentially expressed, of which 121 were upregulated
and 866 were down-regulated (Appendix 1). For alveolar macrophages, 512 gene probes
were differentially expressed, of which 209 were upregulated and 303 were down-regulated
(Appendix 2). Fig. 4 lists the gene ontology terms associated with each category. For both
cell types, upregulated genes as analyzed by DAVID were primarily related to immune
activation and proliferation, while down-regulated genes represented more diverse
processes, including cell membrane generation, vasculature development, cell adhesion, and
lipid-related metabolic processes.

We again examined expression of genes characteristic of CD4 subsets in the CD4-specific
microarray results. As seen in Fig. 5A, while a number of Thl-associated genes, including
Cxcr3, interferon-gamma, and T-bet were significantly upregulated, only chemokine
receptor genes of Th2 cells, and none associated with Th17 cells, were upregulated. Of note,
Cxcr6, which was not included in the chip used for the initial microarray studies, was the
most significantly upregulated chemotactic factor (p=0.0008). To explore this finding
further, we utilized Q-PCR to examine expression of Cxcr6 as well as it’s sole ligand,
Cxcl16, in the same animals that were tested in Fig. 2. As seen in Fig. 5B, Cxcr6 was
significantly upregulated at week 6, and Cxcl16 at weeks 5 and 6, in C57BL/6 mice. While
neither gene was upregulated at early time-points in CD40L-KO mice, both genes were
significantly upregulated in CD40L-KO as well as CD40-KO mice at 5 months based on the
microarray studies, with fold-changes (log,) of 2.3 (p<0.0007) and 1.4 (p<0.0009) for
Cxcr6, and 1.8 (p<2.5x107°) and 1.9 (p<4.5x1079) for Cxcl16, respectively.

3.3 Ccr2 and Cx3crl knockout mouse studies

Knockout mice can provide insights into the role of targeted genes in immunity to
Pneumocystis. Chemokine receptors in general provide a better target given that there
appears to be greater redundancy among ligands than receptors. While the ligands of Ccr2,
Cxcr3, and Cxcr2 showed the greatest increases in expression levels, previous studies with
Cxcr3-KO mice that were otherwise immunocompetent demonstrated no impairment in
clearance of Pneumocystis [9], and studies with Cxcr2-KO mice that were CD4-depleted
showed no change in organism burden compared to CD4-depleted control mice [25]. Based
on these studies neither Cxcr3 nor Cxcr2 are critical to control of Pneumocystis infection. To
determine whether Ccr2 is required, we examined clearance of Pneumocystis infection
following exposure of Ccr2-KO mice to P. murina by co-housing with an infected seeder
mouse. After 5 to 6 weeks exposure, Pneumocystis organisms were detected in the lungs of
Ccr2-KO mice and after 9 to 11 weeks exposure the organisms had been cleared (Fig. 6A).
The course of P. murina infection and clearance seen in the Ccr2-KO mice was similar to
the course of infection seen in wild-type mice [3]. Following exposure, Ccr2-KO mice
produce anti-P. murina antibodies and showed splenocytes proliferation when re-stimulated
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invitro with P. murina antigens (Fig. 6B and C), consistent with B and T cell responses to
Pneumocystis.

Macrophages are felt to be the effector cells that actually kill and clear Pneumocystis from
infected lungs [26]. Since inflammatory Ccr2+ mononuclear phagocytes are not essential for
clearing Pneumocystis in the healthy host we next examined Pneumocystis infection in
Cx3crl-KO mice. Although Cx3crl is expressed at low levels on inflammatory
macrophages, it is expressed at much higher levels on resident mononuclear phagocytes
[27]. Cx3crl was recently shown to mediate killing of another fungal pathogen, Candida
albicans, by resident renal macrophages [20]. To determine if Cx3crl is required to clear
Pneumocystis infection, we exposed Cx3crl-KO mice to P. murina infected-seeder mice by
cohousing for 5, 9, and 15 weeks in 2 experimental cages. As controls, wild-type C57BL/6
mice were cohoused in the same cages. Similar to the Ccr2-KO mice, Cx3crl1-KO mice were
infected with Pneumocystis after 5 weeks of exposure, cleared the organisms after 9 weeks
and remained clear of infection after 15 weeks (Fig. 6D). Co-housed wild-type mice showed
a similar pattern of infection. All exposed animals in both groups had developed anti-P.
murina antibodies following 9 and 15 weeks exposure (Fig. 6E).

We examined gene expression levels in both Ccr2-KO and Cx3cr1-KO mice for the same
chemokines and receptors as in Fig. 2 using RT-PCR. Although the time-points differed and
the number of animals examined during peak infection were limited, since we were focusing
on the ability to clear infection in these strains, in general the expression levels were similar
to those found in the C57BL/6 mice, with the following exceptions: in Ccr2-KO mice, Ccr2
message levels did not increase (0.8 and 1.3 fold increases above baseline at weeks 5 and 6
respectively for this non-functional message), and Ccl2 levels showed smaller increases (2.3
and 2.8 fold increases at weeks 5 and 6 respectively), while Cx3crl levels showed a slight
increase (1.5 and 1.9 fold increases at weeks 5 and 6 respectively); in Cx3cr1-KO there was
no increase in Ccr6 (0.9 fold increases at week 5).

4. Discussion

This study has demonstrated that a large number of chemokine and chemokine receptor
genes, especially Ccr2 and Cxcr3 together with their ligands, have upregulated expression in
wild-type, immunocompetent mice during acute infection with Pneumocystis, while similar
increases are not seen at the same time-points in CD40L-KO mice, which are highly
susceptible to developing PCP. While this suggests that chemokines may play an important
role in the innate immune response to the infection, it is noteworthy that studies using
knockout mice, including the current study, have found that no single chemokine receptor
examined to date (i.e., Cxcr3, Cxcr2, Ccr2, and Cx3crl) is required for control of
Pneumocystis infection [9, 25]. Thus there appears to be redundancy in the signals provided
by the chemokine network, or alternatively chemokine/receptor upregulation is a byproduct
of the inflammatory/immune response to Pneumocystis but is not critical to clearance of
infection.

Upregulation of Cxcr3, Ccr5, Ccr4, and their ligands suggests that T helper cells are
important for control of Pneumocystis infection. These data are consistent with a critical role
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for CD4 cells in clearing this infection, and the increased susceptibility to PCP in HIV-
infected patients with low CD4 counts [28]. The microarray studies of lung tissue as well as
of purified CD4 cells support this observation, in that primarily Th1-type markers were
upregulated in wild-type animals as they were clearing the infection. While previous studies
have suggested that Th2 or Th17 responses are predominant in clearance of Pneumocystis
infection, these have primarily relied on intratracheal inoculation to transmit infection, or
immune reconstitution of heavily infected animals, methodologies which may skew the
immune responses [29-31, 12, 32, 33]. In contrast, our model utilizes transmission by
natural exposure, which mimics the mode of acquisition of infection in nature.

Our study has identified a potential role for Cxcr6, which was not included in the chips used
for the earlier studies, in the host response to Pneumocystis. In our microarray studies with
CD4 cells purified from Pneumocystis-infected lungs, Cxcr6 was the most significantly
upregulated chemotactic factor, and Q-PCR studies confirmed upregulation of both Cxcr6
and its sole ligand, Cxcl16, in wild-type mice. Cxcr6 has been reported to be a marker of
protective antigen-specific T cells in the lungs of a mouse model of tuberculosis [34].
Intriguingly, polymorphisms in the Cxcr6 gene in African Americans have been associated
with increased mortality in AIDS-related PCP [35]. Therefore, future studies should
examine the in vivo role of the Cxcl16/Cxcr6 axis in anti-Pneumocystis host defense in
mice.

Upregulation of Ccr2 and its ligands supports a role for inflammatory mononuclear
phagocytes in clearance of infection, which is consistent with a study suggesting that
macrophages are effector cells in clearance of Pneumocystis [26], and our prior
demonstration of increased macrophages in healthy mice during acute infection [19].
Monocyte chemoattractant proteins (MCPs), which are Ccr2 ligands, are secreted in the lung
of mice as well as patients infected with Pneumocystis [22, 13, 36, 37] and from an alveolar
epithelial cell line following stimulation with Pneumocystis major surface glycoprotein
(MSG) [38]. However, as demonstrated by our experiments in Ccr2-KO mice, this receptor
is dispensable for efficient clearance of Pneumocystis in vivo. This is in marked contrast to
its role in other fungal infections: Ccr2-KO mice show increased susceptibility to
aspergillus, candida, histoplasma, and cryptococcal infection [39-42].

The marked upregulation of Cxcl9 and to a lesser extent Cxcl10 in the setting of only
modest elevations in their receptor, Cxcr3, raises the possibility of alternative functions of
these chemokines, such as a direct antimicrobial effect. Both chemokines have previously
been shown to have such antimicrobial activity against Staphylococcus aureus and Bacillus
anthracis [43, 44].

Although neither Cx3crl nor its ligand, Cx3cl1 were found to be upregulated in P. murina-
infected mice, this pathway is important in clearing certain fungal infections; a recent study
showed that survival of Cx3crl+ renal macrophages is critical to the control of systemic
Candida albicans infection in mice [20]. The lack of upregulation of Cx3cr1/Cx3cl1 as well
as the absence of any impact on clearance of Pneumocystis in Cx3crl-KO mice suggests
that, unlike for systemic candida infections, this network does not play a role in pulmonary
immunity to Pneumocystis.
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Neutrophils do not appear to play an important role in clearance of Pneumocystis, although a
high neutrophil count in the BAL fluid of HIV patients is a poor prognostic sign [45]. Cxcr2,
an important chemokine receptor for neutrophils, was upregulated only transiently in healthy
mice, and not during the period when Pneumocystis was being cleared, which temporally
was associated with the T helper- and inflammatory monocyte-related responses noted
above.

In contrast to C57BL/6 mice, CD40L-KO mice showed very limited changes in expression
of the chemokines and receptors at days 32 to 41, when healthy mice began to clear
infection. Kinetic studies have shown that Pneumocystis growth continues unchecked in
these animals during this period. It is noteworthy that in CD40L-KO as well as CD40-KO
mice, both of which are highly susceptible to Pneumocystis infection, there is a late
upregulation (day 150) in many of the same chemokines and receptors that are upregulated
in C57BL/6 mice at earlier time-points, though in the C57BL/6 mice the levels have
returned to baseline by this time-point. However, this response in CD40-KO or CD40L-KO
mice is clearly ineffective given the high organism burden seen at that time. This late
upregulation, which presumably occurs through pathways independent of CD40-CD40L
interaction, may be responsible in part for the inflammatory response that is seen in patients
with active PCP, and may contribute to the associated hypoxia that can be life-threatening in
those patients.

Many of the prior studies that have examined chemokine networks during Pneumocystis
infection have utilized immunodeficient animals with advanced PCP or during immune
reconstitution. Consistent with our findings, Cxcl9 and Cxcl10, as well as Ccl2, have
markedly increased expression in SIV-infected macaques with PCP [11, 46]. During
reconstitution of scid mice, a number of chemokines were induced in conjunction with
increased inflammation, including Ccl2, Ccl3, Ccl4, and Ccl5, [14]. Decreases in Cxcl9,
Cxcl10, Ccl3, Ccl4, and Ccl5 were seen in 1L-23p19—/-animals, which showed transient
impaired clearance of Pneumocystis, compared to wild-type animals [12]. In vitro,
Pneumocystis can stimulate production of Ccl2 from murine type Il alveolar epithelial cells
in a JNK-dependent manner [13].

In humans, colonization by Pneumocystis in patients with COPD was associated with an
increased expression of the genes for interferon-gamma as well as the interferon-gamma
inducible Cxcl9, Cxcl10, and Cxcl11 [7]. Ccl3, Ccl4, and Ccl5 were found to be
significantly lower in the BAL of HIV-infected patients with PCP compared to controls
without PCP [8].

Thus, chemokines appear to be an integral part of the host immune response to
Pneumocystis. They likely play a role in the clearance of this organism in healthy hosts,
although the studies with knockout mice to date suggest that there is a functional
redundancy in chemokine/chemokine receptor responses. Additional studies are needed to
better understand the role that chemokines play in control of Pneumocystis infection as well
as the associated inflammation in both immunosuppressed and immunocompetent hosts.
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Fig. 1.

Hgat map showing gene expression levels of chemokines and chemokine receptors, as
determined by microarray analysis, in the lungs of wild-type, CD40L-KO, and CD40-KO
mice following exposure to P. murina at the indicated time-points post-infection (D, day).
The geometric mean P. murina organism burden, as determined by Q-PCR using the single
copy dhfr gene, is indicated in the top row in logyg copies per mg lung tissue. Red indicates
up-regulation, and green, down-regulation, compared to control, uninfected animals. Data
were transformed to log, for the heat-map, and the log-transformed values are indicated
within the boxes. Yellow indicates that data are unavailable. Chemokine ligands were
grouped with their primary chemokine receptor. When a chemokine or receptor is included
in more than one line, the results represent different probe sets for the same gene. Results
are shown by mouse strain and day following start of exposure/co-housing, and represent 3
to 10 animals per time-point per strain. Day 150 control mice were CD40L heterozygotes
that were littermates of the day 150 CD40L-KO mice; all other controls were wild-type
C57BL/6 mice. A subset of the data (days 7, 14, 21, 34, 41, and 75 for controls and days 35,
39, and 75 for CD40L-KO) was included in a previous publication [19]. All values with
P<0.05 are bolded; those with P<0.01 are bolded and italicized, and those with P<0.001,
bolded and underlined.
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Gene expression levels of chemokines and chemokine receptors, as measured by Q-PCR, in
the lungs of wild-type and CD40L-KO mice following exposure to P. murina. Wild-type
and CD40L-KO mice were cohoused with Pneumocystis-infected seeder mice for 2 weeks
(WT n=6, CD40L-KO n=8), 5 weeks (WT n=6, CD40L-KO n=4) and 6 weeks (WT n=6).
Chemokine and chemokine receptor levels were measured in the lungs of these mice by real-

time PCR and are reported as fold-change compared to unexposed animals (WT n=6,

CDA40L-KO n=5) using the comparative Ct method. Note the different Y axis range for
Cxcl9 and Cxcl10. Error bars indicate the standard error. Statistical significance is indicated

by the following symbols: *, p-value < 0.05; t, p-value < 0.01;%, p-value < 0.001.
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Fig. 3.

Ci?anges in expression level of genes that are markers for CD4 cell subsets (Th1, Th2, and
Th17), macrophages, and neutrophils following exposure to P. murina. For each cell type,
the average level of expression of the selected genes at each time-point, compared to control
(uninfected) genes, is shown. Expression of genes encoding the following proteins are
included: CD4 Th1l: Ccr5, Cxcr3, IFNG, IL12A, IL12B, IL-2, Statl, Stat4, and IL27RA,;
CD4 Th2: Ccr3, Ccr4, Ccr8, IL3, IL4, IL5, 1L11, 1L13, GATAS and Stat6; CD4 Th17: Ccr6,
IL17A, IL17RA, RORC, TGFB1 and Stat3; macrophages: Ccr2, Ccl2, CD14, CD68,
CSF1R, CTSK, EMR1, FCGR3, MMP12, and ITGAM,; for neutrophils, ELA2, LCN2, LTF,
MPO, S100A8, S100A9, and Cxcr2. The whisker-box plots show the median, 25-75%
range, and extreme values. Statistical significance is indicated by the following symbols: *,
p-value < 0.05; T, p-value < 0.01;, p-value < 0.001.
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Gene ontology term enrichment analysis of genes that were differentially expressed in CD4
cells and macrophages of wild-type mice at day 35 after exposure to Pneumocystis. CD4
cells were purified from lungs, and macrophages from BAL fluid. All exposed animals were
infected with P. murina, as determined by Q-PCR, with an average of 8,200 dhfr copies/mg

lung tissue. Analysis was performed using DAVID (http://david.abcc.ncifcrf.gov/).
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Fig. 5.

Cr?anges in expression levels of select genes in CD4 cells purified from lung tissue at day 35
after exposure to P. murina. A. Fold-change (log »), relative to CD4 cells from unexposed
animals, in genes expressed by Th1, Th2, and Th17 subsets, as well as Cxcr6, which is
expressed by both Thl and Th17 cells. Indicated P values are based on the microarray
analysis as described in the methods; signficiant values (<0.05) are bolded. (B) Gene
expression levels of Cxcr6 and Cxcl16, as measured by Q-PCR, in the lungs of wild-type
and CD40L-KO mice following exposure to P. murina. Animals for this analysis are the
same as in Fig. 2. Error bars indicate the standard error. Statistical significance is indicated
by the following symbols: *, p-value < 0.05; 1, p-value < 0.01.
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Fig. 6.
Ccr2 and Cx3crl KO mice clear P. murina infection. A-C. Ccr2-KO mice were co-housed

with Pneumocystis-infected seeder mice and then sacrificed after 5 (n=2), 6 (n=2), 9 (n=2),
and 11 (n=3) weeks. A. Pneumocystis organisms were detected in the lungs by quantitative
real-time PCR of the dhfr gene of P. murina, and results represent mean logyg dhfr copies
per mg lung tissue. The kinetics of P. murina infection and clearance is similar to that seen
in wild-type mice. B. Ccr2-KO mice produce anti-P. murina antibodies following exposure
to Pneumocystis. Antibody levels were measured by ELISA and results represent mean
optical densities. Anti-P. murina antibodies were present in all exposed animals. C. Ccr2-
KO mice exposed to Pneumocystis for 9 weeks (n=2) and 11 weeks (n=3) show in vitro
spleen cell proliferation in response to P. murina antigen. Results represent the stimulation
index (SI) as compared to proliferation of unexposed control animals. D-E. Cx3cr1-KO and
wild-type control mice were cohoused with Pneumocystis infected seeder mice in 2 cages.
Mice were sacrificed after 5 (Cx3cr1-KO n=4, WT n=2), 9 (Cx3cr1-KO n=6), and 15
(Cx3crl1-KO n=7 WT n=4) weeks exposure. D. Pneumocystis organisms were detected in
the lungs by quantitative real-time PCR of the dhfr gene of P. murina and results represent
mean logq dhfr copies per mg lung tissue. The kinetics of P. murina infection and clearance
is similar in Cx3cr1-KO mice and wild-type mice. E. Anti-P. murina antibody levels are
similar in Cx3cr1-KO mice and wild-type mice following exposure to Pneumocystis.
Antibody levels were measured by ELISA and results represent mean optical densities. Anti-
P. murina antibodies were present in all exposed animals following 9 and 15 weeks
exposure. Error bars indicate the standard error.
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