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It is widely held that exposure to pathogens such as fungi can be an
agent of comorbidity, such as exacerbation of asthma or chronic
obstructive pulmonary disease. Although many studies have exam-
ined allergic responses to fungi and their effects on pulmonary
function, the possible pathologic implications of the early innate
responses to fungal pathogens have not been explored. We exam-
ined early responses to the atypical fungus Pneumocystis in two com-
mon strains of mice in terms of overall immunological response and
relatedpathology, such as cell damage and airwayhyperresponsive-
ness (AHR). We found a strong strain-specific response in BALB/c
mice that included recruitment of neutrophils, NK, NKT, and CD4
T cells. This response was accompanied by elevated indicators of
lung damage (bronchoalveolar lavage fluid albumin and LDH) and
profound AHR. This early response was absent in C57BL/6 mice, al-
though both strains exhibited a later response associated with the
clearance of Pneumocystis. We found that this AHR could not be at-
tributed exclusively to the presence of recruited neutrophils, NKT,
NK, or CD4 cells or to the actions of IFN-g or IL-4. However, in the
absence of STAT6 signaling, AHR and inflammatory cell recruitment
were virtually absent. Gene expression analysis indicated that this
early response included activation of several transcription factors
that could be involved in pulmonary remodeling. These results show
that exposure to a fungus such as Pneumocystis can elicit pulmonary
responses thatmay contribute tomorbidity, evenwithout prior sen-
sitization, in the context of certain genetic backgrounds.
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The immunological response to respiratory pathogens is nor-
mally calibrated to eliminate an infection without causing overt
collateral damage to the respiratory tissue. In spite of this, an
overexuberant or misdirected immune response can have path-
ological outcomes. This can range from phenomena that are
transient and typically moderate, such as elevated airway hyper-
responsiveness (AHR), to those that are permanent and progres-
sive, such as pulmonary fibrosis. The health effects of these
immunological responses depend on the context of the infection;
those that are comorbid with other acute or chronic pulmonary
conditions may incite serious respiratory distress in that context
when otherwise they might have little noticeable effect.

One area in which the effects of comorbid respiratory illnesses
are especially relevant is that of exacerbation of preexisting asthma
or chronic obstructive pulmonary disease (COPD).Many potential

pathogens have been implicated as causing exacerbation; the most
well known are various viruses, including rhinovirus, metapneumo-
virus, and respiratory syncytial virus (1). Several respiratory bac-
teria, most notably the atypical bacteria Mycoplasma pneumoniae
and Chlamydia pneumoniae, have also been implicated in the
exacerbation of asthma symptoms (2). Common fungi have also
been widely implicated in the perpetuation or exacerbation of
asthma, including Aspergillus and Alternaria (reviewed in Refer-
ence 3). Although less widely studied, the atypical fungus Pneu-
mocystis is strongly associated with the pathogenesis of COPD
(4), and there are scattered reports of acute Pneumocystis pneu-
monia presenting as asthma (5, 6), although in the latter example
no mechanistic associations have been implicated.

Themajority of the studies that examinewhether fungi or other
pathogens can act as agents of exacerbation have focused on al-
lergic asthmamodels, wherein an underlying asthmatic phenotype
is perturbed by exposure to a fungus to which the host has been
previously sensitized. In contrast, very little is known about the
early innate response to pathogens that may be commonly en-
countered but for which no sensitization has occurred. There is
some evidence that the early response to a viral infection can have
these types of effects. For example, infection of respiratory epithe-
lium by viral pathogens results in the rapid production of inflam-
matory cytokines that can induce AHR, such as IL-1 (7) and the
IL-1–related cytokine IL-33 (8). In addition, viral-induced IL-8
production by epithelial cells results in the recruitment of neu-
trophils into the airways, and clinical correlations have been re-
ported with asthma exacerbations and high sputum neutrophil
percentages (9). Much less is known about possible innate im-
mune responses to fungi that may be involved in exacerbation, in
spite of the widely held belief that exposure to molds and other
fungi can sometimes initiate symptoms of respiratory distress.

We report here that the early innate immune response to the fun-
gal pathogen Pneumocystis can cause inflammation and AHR but
that this is highly variable between two common strains of immu-
nocompetent mice. In the C57BL/6 mouse strain, the immune re-
sponse is gradual and leads to an acquired immune response that
leads to the elimination of the fungus within 21 days. This same
response occurs in BALB/c mice, but it is preceded by a strong but
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CLINICAL COMMENTARY

Fungal pathogens have long been believed to exacerbate
airway and pulmonary pathology, although this has only
been conclusively shown in the case of ongoing allergies to
specific fungi. We show here that significant airway and
pulmonary pathology can result from initial exposure to the
fungus Pneumocystis due only to components of the innate
immune response. We also show that there is a probable
genetic predisposition of this response related to the reg-
ulatory molecule STAT6, which could facilitate identifica-
tion of susceptible populations.
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transient innate immune response that results in profound AHR
and inflammation, which does not occur in C57BL/6 mice. We also
show that this response is STAT6 dependent and results in broad
and significant gene transcriptional changes that are suggestive of
other long-term changes in the respiratory environment.

MATERIALS AND METHODS

Animals

BALB/c mice and C57BL/6 mice were purchased from Charles River
(Wilmington, MA). CD12/2 mice and STAT62/2 mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME). IL-4 receptor
knockout mice, IFN-g knockout mice, CXCR2 knockout mice, and
C.B17 scid mice were bred at Montana State University from stock
obtained from Jackson. Mice were judged to be free of prior exposure
to Pneumocystis by periodic screening for anti-Pneumocystis antibodies
and absence of infection in immunosuppressed sentinel mice (10).

Infection with Pneumocystis murina

Experimental mice were infected with 107 Pneumocystis via intratra-
cheal inoculation as described (11). Additional details are provided in
the online supplement.

Respiratory Measurements

AHR was assessed using unrestrained whole-body plethysmography
(Buxco, Wilmington, NC) to measure the Penh respiratory parameter
(12). Penh values do not always correlate with airway diameters;

however, they are a useful noninvasive measurement of respiratory
responses (13). Successive aerosol exposures to methacholine (Sigma
Chemical, St. Louis, MO) at concentrations of 0, 2.5, 5, 10, and 20 mg/ml
(or 30 mg/ml for C57BL/6 mice) were made, allowing for recovery to
baseline Penh values between successive doses.

Cell and Tissue Collection

After respiratory measurements, mice were killed, serum was col-
lected, bronchoalveolar lavage (BAL) was performed, and cells
and BAL fluid (BALF) were collected as previously described (10).
After lavage, right lung lobes were homogenized for enumeration
of Pneumocystis, and the left lobe was instilled with PBS/formalin
and embedded in paraffin for histological analysis (10). Tissue sec-
tions were processed for hematoxylin and eosin staining, and in some
cases Gomori methenamine silver staining, using standard histological
techniques.

Flow Cytometry

BAL cells were stained with antibodies against typical surface discrim-
ination markers (10). Complete details are provided in the online
supplement.

Cytokine and Antibody Analysis

Concentrations of cytokines were measured in BALF using flow cyto-
metric bead array kits from Becton Dickinson (Mountain View, CA)
or commercial ELISAs (eBioscience, San Diego, CA) in the case of
IL-13. Pneumocystis-specific IgG antibody titers were measured in se-
rum samples by ELISA against a P. murina protein preparation (14).

RNA Collection and Analysis

Total RNA was collected from lungs using the Qiagen (Valencia, CA)
Maxi-Kit procedure. RNA of sufficient quality was amplified, biotin
labeled, and hybridized to Affymetrix GeneChip Mouse 430A 2.0
(Affymetrix, Santa Clara, CA) and used for gene expression analysis.
Complete details are given in the online supplement.

Statistical Analysis

GraphPad Prism (San Diego, CA) was used for statistical analysis. One-
way ANOVA analysis, followed by Tukey’s pairwise comparisons, was
performed when more than two groups were compared; otherwise,
two-sided t tests were used.

RESULTS

Time Course of AHR in BALB/c versus C57BL/6 Mice

When BALB/c mice were inoculated with Pneumocystis, they
exhibited a biphasic response of AHR such that Penh values
were strongly elevated between 4 and 7 days after inoculation,
declined slightly by 10 days, and reached a second peak near 21
days after infection, after which there was a gradual decline
until Penh values returned to near baseline values after 30 days
(Figure 1). C57BL/6 mice tend to have a reduced AHR re-
sponse in comparison to BALB/c mice (15, 16), and this was
the case in response to Pneumocystis as well. The C57BL/6 mice
we tested required a higher dose of methacholine than did
BALB/c mice (30 versus 20 mg/ml aerosolization) to reach sig-
nificantly elevated Penh values. Furthermore, C57BL/6 mice
lacked an early AHR response to Pneumocystis and only
exhibited the later (z 20 d) elevation in Penh values (Figure
1). These kinetics are only statistically relevant with the applied
dosage (107 organisms) of Pneumocystis (see Figure E1 in the
online supplement). At lower doses, AHR is not significantly
elevated at 7 days, although there is a trend toward a dose-
response function. It is possible that when a smaller inoculum
is given, the immune response is muted until a threshold level of

Figure 1. Airway hyperresponsiveness (Penh) values during a metha-
choline (Mch) challenge consisting of successive exposures to (A) 0,

2.5, 5, 10, and 20 mg/ml Mch for BALB/c mice or (B) 0, 3.75, 7.5, 15,

and 30 mg/ml Mch for C57BL/6 mice at the indicated day after intra-
tracheal Pneumocystis inoculation. Mock-infected mice were given

intratracheal inoculation of lung homogenates from uninfected SCID

mice, and had significantly lower Penh values at the highest dose (*P ,
0.05). Values are means 6 SEM, n ¼ 4–5, representative of three or
more independent experiments.
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organisms has grown, and the same response would occur at
a later time, but this is not clear at this time.

The General Immune Response to Pneumocystis Is

Strain Specific

This strain difference in AHR responses to Pneumocystis inoc-
ulation is strongly reflected in the inflammatory responses that
we observed. BALB/c and C57BL/6 mice developed a robust
inflammatory response at 14 to 21 days after inoculation (Fig-
ure 2), and in both cases there were increased numbers of

eosinophils in the BALF, which has been implicated in the
induction of increased AHR in mouse experimental models
(17, 18). This time period is also when an adaptive immune
response is mounted to clear the Pneumocystis, and this is re-
flected by increased numbers of CD4 and CD8 T cells in the
BALF and elevated titers of anti-Pneumocystis antibodies in
circulating blood. In contrast to these similarities, the 4- to 7-
day postinoculation inflammatory response is distinctly differ-
ent between BALB/c and C57BL/6 mice. This early response in
BALB/c mice is characterized by a very strong innate immune
response, with large numbers of neutrophils and NK cells being

Figure 3. Early inflammatory cytokine response to Pneu-

mocystis inoculation in BALB/c and C57BL/6 mice. Cyto-

kines were measured in BALF at the indicated day after

Pneumocystis inoculation. Values are means 6 SEM, n ¼
4–5, representative of three independent experiments.

Significant difference as in Figure 2.

Figure 2. Early inflammatory response to Pneumocystis in BALB/c and C57BL/6 mice. Inflammatory cell numbers are those found in bronchoalveolar

lavage fluid (BALF), while anti-Pneumocystis IgG values are those in serum. All values are means 6 SEM, n ¼ 4–5. Strain difference significance is

***P < 0.001, **P < 0.01, *P < 0.05. Representative of three independent experiments.
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recruited to the alveolar compartment as well as smaller num-
bers of NKT, CD8, and CD4 cells (Figure 2). This response is
mostly absent in C57BL/6 mice, with the exception of a moder-
ate increase in NKT cell numbers. Levels of inflammatory
cytokines in the BALF also reflect a different response to Pneu-
mocystis in the two types of mice. Although both strains reflect
the secretion of cytokines that will set the stage for the response
that clears the Pneumocystis, BALB/c mice also exhibit an early
secretion of IFN-g and TNF-a that is absent in C57BL/6 mice
(Figure 3). The C57BL/6 mice, which are often reported to have
more of a Th1 bias as compared with the Th2 bias of BALB/c
mice (19, 20), have higher levels of IL-5 and IL-13 (Figure 3) in
the BALF, which is followed by higher numbers of eosinophils
later in the inflammatory response. Nerve growth factor, al-
though not strictly a cytokine, has been proposed as a mediator
of AHR in airway tissue (21, 22). We found that it was sharply
elevated in the 14- to 24-day time period after inoculation in both
strains of mice (Figure 4A), which may imply a role in the later
onset of AHR. However, the fact that levels of this molecule
were quite low in the 4- to 7-day period in BALB/c mice (al-
though they were slightly elevated in C57BL/6 mice at this time)
suggests it is not involved in the early AHR response. This early

immune response in BALB/c mice does not bring about more
rapid clearance of Pneumocystis and might slightly retard this
process because C57BL/6 completely cleared the infection sooner
than BALB/c mice (Figure E2).

Effects of Inflammation on Cell and Barrier Integrity

The strong early innate response to Pneumocystis in BALB/c
mice appears to temporally affect the integrity of the lung epi-
thelial barrier because BALF levels of serum albumin were
strongly elevated at 4 days after inoculation (Figure 4B). Addi-
tional pulmonary pathology in BALB/c mice at this time
was indicated by a sharp increase in BALF LDH (Figure 4C),
suggesting that the strong immune response was causing destruc-
tion of some host cells. For the most part, histological appearance
of the lung tissue was similar in both strains of mice. An early
pulmonary response to Pneumocystis inoculation seems to
involve the airway epithelium in both strains because marked
hypertrophy of these cells is present at 4 and especially at 7 days
after infection (Figures 5A–5F). However, it is apparent that the
functional response of epithelial cells is also strain specific
because silver-stained sections indicate significant activation
of mucus-secreting cells in BALB/c mice but not in C57BL/6 mice
at 4 days after inoculation (Figures 5G and 5H). Both strains
exhibit some positive staining for mucus at later time points, but
this is less than the early exuberant response in BALB/c mice (not
shown). There was also some perivascular inflammation present,
although generally more so in the BALB/c mice. Therefore, just
as the early recruitment of inflammatory cells is significantly en-
hanced in BALB/c mice only, the functional response of the air-
way epithelium appears to be as well. There were no strain
differences in the apparent distribution of Pneumocystis organ-
isms of infected mice; positively stained cysts were widely scat-
tered in the lungs of both strains and tended to occur in small
clusters in smaller alveoli (Figures 5I and 5J).

Gene Expression Differences in BALB/c versus

C57BL/6 Mice

The profound difference in the early innate immune response
between these two strains of mice was also evident at the tran-
scriptional level. We analyzed gene expression data to compare
genes that exhibited a change in expression that was greater than
2-fold, of which there were 574, and then grouped genes into
simplified gene ontology clusters to simplify comparisons. The
breadth of the early response to Pneumocystis exhibited by
BALB/c mice is evident in the observation that, in most of these
gene ontology clusters, there is a greater number of regulated
genes in BALB/c mice than in C57BL/6 mice (Figure 6). When
we applied more specific analysis, we found a large number of
genes that were differentially regulated in BALB/c mice 7 days
after Pneumocystis inoculation that were not comparably regu-
lated in C57BL/6 mice. Using a minimum cutoff point of at least
2-fold up- or down-regulation, we found 116 genes that were
uniquely up-regulated and 91 genes that were uniquely down-
regulated. Investigation into the potential functions of these
regulated genes indicated that, in addition to immune response
genes, there were several genes that could be categorized as
important in growth regulation, tissue remodeling, extracellular
matrix, and transcription regulation (Table 1).

Investigation of Essential Factors in the Early

Inflammatory Response

The broadness of this differential response in BALB/c mice
suggested many potential cellular and cytokine candidates as

Figure 4. Indicators of pulmonary damage in BALF in BALB/c and
C57BL/6 mice at the indicated days after Pneumocystis inoculation.

Values are means6 SEM, n ¼ 4–5, representative of three independent

experiments. Significant difference between the two strains as in

Figure 2.
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being mechanistically responsible for the strain-specific AHR
that we observed. We performed a number of experiments with
mouse knockout models and antibody-mediated depletions
to find specific factors implicated with the observed increase
in AHR. Most of these experiments produced negative or am-
biguous results. Although the presence of large numbers of
neutrophils suggested a possible role in AHR, CXCR2 KO
mice, in which recruitment of neutrophils to the alveolar com-
partment during Pneumocystis infection is blocked (23), still had
elevated Penh values 4 to 7 days after Pneumocystis inoculation,
as did BALB/c mice, in which circulating neutrophils were de-
pleted with an anti-Gr1 antibody before and during the Pneumo-
cystis infection (Table 2). Furthermore, although NKT cells have
been implicated as a causal agent in elevated AHR (24), when we
infected CD1 KO mice, which lack functional NKT cells, they
still demonstrated AHR as high or higher than wild-type BALB/c
mice (Table 2).

Because different experimental models have implicated Th1
(25, 26) and Th2 (27, 28) factors as being important in the
development of AHR, we also tested whether IFN-g KO mice

(deficient in Th1 responses) and IL-4 receptor KO mice (defi-
cient in Th2 responses) would develop AHR after Pneumocystis
inoculation. In both mouse knockouts, however, AHR was only
slightly, but not significantly, reduced from that seen in wild-
type BALB/c mice. Therefore, although each of these factors
may have affected the early AHR response to Pneumocystis,
neither was exclusively responsible. In addition, IFN-g KOmice
exhibited only approximately 10% of the large increase in
NK cell recruitment after Pneumocystis inoculation compared
with wild-type mice, which suggests that these cell types were
not a major factor in the development of early AHR.

In contrast to all of these more obvious candidates, when we
inoculated mice that were of a BALB/c background but deficient
in the transcription factor STAT6, Penh values in the 4- to 7-day
period were not significantly elevated above control, uninfected
mice (Figure 7). In fact, most of the factors that we observed as
part of the strong early innate immune response to Pneumocystis
inoculation were sharply reduced, if not eliminated, in STAT6
KO mice, including neutrophils, NK cells, and CD4 and CD8
T cells (Table 3), indicating that most of the inflammatory and

Figure 5. Histologic appearance of pulmonary tissue (A and B) before, and (C, D, G, and H) 4 and (E, F, I, and J) 7 days after Pneumocystis inoculation

in (A, C, E, G, and I ) BALB/c mice and (B, D, F, H, and J ) C57BL/6 mice. Stain is standard hematoxylin and eosin in A–F, Gomori silver stain in G–J.

Total magnification: 3200 (except for I and J: 3600).
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pathological responses we observed in BALB/c mice were de-
pendent on the STAT6-associated pathways.

DISCUSSION

Inoculation of Pneumocystis into the lungs of BALB/c mice
initiates a profoundly different early immune response in BALB/c
mice than it does in C57BL/6 mice. This difference is broadly
based and is evident at the transcriptional, protein expression,
and cellular recruitment levels of the immune response. Differ-
ential strain-specific responses to fungal pathogens are not un-
common and have been reported for Cryptococcus neoformans
(29), Stachybotrys chartarum (30), andAspergillus fumigatus (31).

Unlike many of these examples, however, the differential re-
sponse to Pneumocystis that we describe does not affect clear-
ance of the fungus, as any immunocompetent host strain will
easily clear a Pneumocystis infection once an adaptive immune
response has been mounted. In that respect, the immune re-
sponse to Pneumocystis that occurs at 10 to 21 days after in-
oculation is similar in quality and effectiveness in BALB/c and
C57BL/6 mice, although it is somewhat more robust in the
latter strain and consists of the recruitment of CD4, CD8, and
B-lymphocytes and the initiation of the production of anti-
Pneumocystis antibody. In contrast, the early innate response
unique to BALB/c mice is characterized by the recruitment of
neutrophils and NK cells and secretion of cytokines such as
TNF-a and IFN-g and may not be necessary for the clearance
of Pneumocystis. In fact, this early response seems excessive and
aberrant in that it generates pathology in the host in the form of
leakage of serum components into the alveolar space, limited
host cell death, and elevated AHR.

The dependence of most of the components of this response,
including AHR, on STAT6 signaling is not surprising, consid-
ering the strong connection between STAT6 and AHR and the
Th2-associated airway inflammation that has been found in
multiple studies of allergic asthma (32–34). The association
of the inflammatory response we describe here in BALB/c
mice with STAT6 is more complex than a simple Th2 differ-
entiation decision. For example, the common description in
the literature is that BALB/c mice tend to have a Th2-biased
response, whereas C57BL/6 mice have a Th1 bias (35). In the
early response to Pneumocystis infection, this Th1-Th2 dis-
crepancy would seem to be not true because the C57BL/6 mice
exhibit higher expression of IL-5 and IL-13, equal secretion
of IL-4, and reduced secretion of IFN-g, as compared with
BALB/c mice, followed by greater numbers of eosinophils in
the BALF. Besides the well known Th2 involvement, STAT6
has been shown to be involved in very early responses to patho-
gens. The most relevant of these is the observation that ele-
vated AHR by direct stimulation (such as with IL-13) in the
absence of a polarized Th2 phenotype is STAT6 depen-
dent (36). What is notable here is that not only AHR but also
almost all of the increases in inflammatory cell responses that
were present in the BALB/c mice were absent in the STAT6
KO mice. Furthermore, in some cases the effect of the STAT6
KO was opposite that of the same KO in a Th2 asthma model.
For example, although the early response to Pneumocystis in
STAT6 KO mice was characterized by sharply reduced BALF
neutrophils, in ova-induced allergic inflammation, BALF neutro-
phils are elevated in the absence of STAT6 signaling (37). This
demonstrates that, besides implementing many aspects of Th2
differentiation, the STAT6 pathway is instrumental in many
of the early innate responses to pathogens, such as fungi (e.g.,
Pneumocystis), at least in certain host strains. This strain spec-
ificity and STAT6 dependence is intriguing in light of the re-
ported incidence of the association of human genetic variability
in STAT6 with some asthma-associated pulmonary phenotypes,
such as elevated IgE levels (38, 39), AHR (40), and eosinophilia
(41). However, these studies primarily examined Th2-related
phenotypes associated with established allergic asthma, and little
is known of any possible associations of STAT6 variability with
early innate response to pathogenic stimuli and pulmonary symp-
tomatology and exacerbation of other lung conditions.

The possible presence and effects of potentially pathological
early responses to Pneumocystis in humans are only specula-
tions at this time. Although we demonstrate a clear and dis-
tinct murine strain–specific pathological pulmonary response
to Pneumocystis, more work is needed to determine the de-
tailed mechanism and the potential human implications of these

Figure 6. Differential gene transcription in BALB/c (open bars) versus

C57BL/6 (solid bars) mice at 7 days after Pneumocystis inoculation. Bars
represent gene numbers in each simplified gene ontology (GO) group

that were regulated up or down as compared to control mice at a level

of < 2-fold. NP indicates no genes present in the indicated group that
met the level of up- or down-regulation.
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findings. Although it is clear, for example, that STAT6 is essen-
tial in this response, we do not know if the strain difference is
due to polymorphisms in that molecule itself, to upstream dif-
ferences in the numbers or types of receptor molecules that
initiate the responses to Pneumocystis, or to differences in
downstream elements, such as transcription factors. Our results
indicate a surprising number of strain-specific regulated genes in
the early response to Pneumocystis; this helps to explain the
intensity of the innate response and raises questions about pos-
sible consequences of this response. Several transcription fac-
tors are up-regulated in these mice, which may in turn initiate
multiple downstream responses. Examples of these are EGR-1
(42), Runx1 (43, 44), and possibly factors like Mga and Sox11.

Genes with more specific functions that may be involved in this
early response and pathology are also up-regulated, such as
chemokines, metalloproteases, and immune cell receptors, or
down-regulated, such as peptidase inhibitors. The gene for
one of the antioxidant proteins, peroxiredoxin, was one of the
most strongly up-regulated genes in Pneumocystis-infected
BALB/c mice. Although this might act as a protective agent in
the presence of oxidants, peroxiredoxins also are implicated in
the modification of immune cells function (45) as well as the
onset of AHR in mice (46). Another interesting gene on this list
is CD38. CD38 has potent effects on cellular Ca21 signaling
in the cell (47); CD38 is also present on airway smooth mus-
cle cells and has been shown to be required for the maximal

TABLE 1. DIFFERENTIALLY EXPRESSED GENES IN PNEUMOCYSTIS-INFECTED BALB/c MICE

Symbol Subset/Gene Name vs. CON vs. C57BL/6

Transcription Factors

Egr1 Early growth response 1 2.63 ↑ 2.62 ↑
Sox11 SRY-box containing gene 11 3.39 ↑ 4.13 ↑
Runx1 Runt related transcription factor 1 10.48 ↑ 6.42 ↑

Growth Factors

Mga MAX gene associated 12.01 ↑ 12.82 ↑
Nov Nephroblastoma overexpressed gene 2.35 ↑ 2.19 ↑
Fos FBJ osteosarcoma oncogene 2.51 ↑ 2.28 ↑
Areg Amphiregulin 2.31 ↑ 2.75 ↑

Extracellular Matrix

Spon2 Spondin 2; extracellular matrix protein 4.37 ↑ 2.21 ↑
Spon1 Spondin 1, (f-spondin) extracellular matrix protein 19.57 ↓ 18.21 ↓
Fn1 Fibronectin 1 2.36 ↓ 2.14 ↓

Chemokines

Cxcl14 Chemokine (C-X-C motif) ligand 14 2.40 ↑ 2.30 ↑
Ccl27 Chemokine (C-C motif) ligand 27 2.76 ↑ 4.24 ↑

Proteases and Inhibitors

Adamts5 A disintegrin and metalloproteinase with thrombospondin motifs 5 2.33 ↑ 3.12 ↑
Mmp3 Matrix metallopeptidase 3 9.26 ↑ 9.24 ↑
Serpina1a Serine (or cysteine) peptidase inhibitor, clade A, member 1a 95.80 ↓ 92.70 ↓
Serpina1b Serine (or cysteine) preptidase inhibitor; clade A; member 1b 89.64 ↓ 85.65 ↓
Serpinb3b Serine (or cysteine) peptidase inhibitor, clade B, member 3B 8.48 ↓ 2.44 ↓

Receptor Type Molecules

Clec11a C-type lectin domain family 11, member a 3.37 ↑ 3.69 ↑
Sdc4 Syndecan 4 3.53 ↑ 2.10 ↑
Klra7 Killer cell lectin-like receptor, subfamily A, member 7 4.57 ↑ 4.26 ↑
Marco Macrophage receptor with collagenous structure 4.32 ↑ 4.83 ↑
Klra14 Killer cell lectin-like receptor subfamily A, member 14 9.91 ↑ 9.52 ↑
Tnfrsf14 Tumor necrosis factor receptor superfamily, member 14 2.18 ↓ 2.95 ↓

Other

Cd38 CD38 antigen 5.39 ↑ 3.34 ↑
Ang Angiogenin, ribonuclease, RNase A family, 5 3.57 ↑ 4.66 ↑
Prdx2 Peroxiredoxin 2 13.46 ↑ 14.70 ↑

Selected genes are shown categorized by simplified gene ontology (GO) groups, as relative expression of the gene in Pneumocystis-infected BALB/c mice at 6

days compared to control noninfected mice (CON) or infected C57BL/6 mice at the same stage of infection. ↑ Indicates relative up-regulation, ↓ indicates relative

down-regulation.

TABLE 2. EFFECT OF CHANGES OF MOUSE PHENOTYPE ON PNEUMOCYSTIS-ASSOCIATED INCREASE IN AHR

Mouse Phenotype Functional Effect Penh @ 20 mg/ml Mch

Wild Type — 5.61 ± 1.96 (4)

RB6 treated Neutrophil depletion 5.05 ± 2.74 (4)

CXCR2-KO Absence of neutrophil recruitment 5.14 ± 2.39 (4)

GK1.5 treated CD4 cell depletion 8.61 ± 2.82 (5)

IFN-g KO Lack of IFN-g and potentially Th1 responses 3.97 ± 0.97 (4)

IL-4r KO Lack of IL-4 signaling and potentially Th2 responses 3.52 ± 2.65 (4)

CD1 KO Absence of the CD1 molecule and functional NKT cells 6.65 ± 1.58 (4)

Control uninfected — 1.34 ± 0.29 (4)

Phenotypes represent the use of specific KO mouse strains on a BALB/c background, or experimental manipulation of wild-type

BALB/c mice with antibody-mediated depletion to remove a specific cell type. Values are Penh at a dose of 20 mg/ml methacholine at

4–7 days after Pneumocystis inoculation [means ± SD (n)].
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development of AHR in response to a variety of stimuli, includ-
ing TNF-a (48), IL-13 (49), and allergen exposure (50). There-
fore, the possibility exists that a number of downstream effectors
may be the proximal mechanisms of the AHR and other events
that we observe.

Although STAT6 signaling is necessary for the development
of early inflammation and AHR after Pneumocystis inocula-
tion, it is likely that the regulation of a number of these other
molecules is required for the complete development of the
phenotype that we observed. We do not know whether there
may be long-term consequences to the host because of this
response. Many of the modulated genes have potential effects
on the remodeling of pulmonary tissue, and the possibility
could exist that continued stimulation of a receptive host with
a fungus like Pneumocystis may promote more long-term pa-
thology than observed here. However, an innate response to
an otherwise innocuous fungus, if a sufficient exposure occurs,
can initiate a significant pulmonary inflammatory event in
a susceptible host even in the absence of allergic response to
the fungus.
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