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ABSTRACT Pneumocystis remains an important pathogen of immunosuppressed pa-
tients, causing a potentially life-threatening pneumonia. Despite its medical impor-
tance, the immune responses required to control infection, including the role of
interleukin-17 (IL-17), which is important in controlling other fungal infections, have
not been clearly defined. Using flow cytometry and intracellular cytokine staining af-
ter stimulation with phorbol myristate acetate and ionomycin, we examined gamma
interferon (IFN-�), IL-4, IL-5, and IL-17 production by lung lymphocytes in immuno-
competent C57BL/6 mice over time following infection with Pneumocystis murina.
We also examined the clearance of Pneumocystis infection in IL-17A-deficient mice.
The production of both IFN-� and IL-17 by pulmonary lymphocytes increased during
infection, with maximum production at approximately days 35 to 40, coinciding with
peak Pneumocystis levels in the lungs, while minimal changes were seen in IL-4- and
IL-5-positive cells. The proportion of cells producing IFN-� was consistently higher
than for cells producing IL-17, with peak levels of �25 to 30% of CD3� T cells for
the former compared to �15% for the latter. Both CD4� T cells and �� T cells pro-
duced IL-17. Administration of anti-IFN-� antibody led to a decrease in IFN-�-positive
cells, and an increase in IL-5-positive cells, but did not impact clearance of Pneumo-
cystis infection. Despite the increases in IL-17 production during infection, IL-17A-
deficient mice cleared Pneumocystis infection with kinetics similar to C57BL/6 mice.
Thus, while IL-17 production in the lungs is increased during Pneumocystis infection
in immunocompetent mice, IL-17A is not required for control of Pneumocystis infec-
tion.
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Pneumocystis is an opportunistic fungus that causes pneumonia in immunocompro-
mised hosts and infection, but not clinically significant disease, in healthy hosts.

Host defense against Pneumocystis infection is critically dependent upon CD4� T cells,
with depletion of CD4� T cells in animal models resulting in susceptibility to Pneumo-
cystis pneumonia (1–6). CD8� cells are not required for clearance of Pneumocystis but
appear to play a role in decreasing CD4-dependent inflammation (5, 7, 8).

Interleukin-17 (IL-17) is a proinflammatory cytokine secreted by a variety of cells,
including CD4� Th17 cells, �� T cells, NK and NKT cells, and ILC3 cells (9, 10). IL-23 is a
cytokine secreted by antigen-presenting cells that promotes the secretion of IL-17 and
maintenance of Th17 cells (11–13). IL-17 induces production of chemokines and cyto-
kines, as well as antibacterial peptides that are important primarily in controlling
extracellular bacterial and fungal pathogens (12). IL-17 appears critical to controlling
mucocutaneous Candida infections, which are a major manifestation of IL-17 related
genetic defects in humans (9, 14).

Although IL-17 plays a role in the control of a variety of fungal infections, the role
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of IL-17 and CD4� Th17 cells in immunity to Pneumocystis has not been clearly defined.
In one study, IL-23 knockout (KO) mice had higher peak organism loads, as did animals
given anti-IL-17 or anti-IL-23p19 neutralizing antibodies, although all mice ultimately
cleared infection (15). In another study, mice with defective NF-�B signaling in alveolar
epithelial cells showed delayed clearance of Pneumocystis infection and decreased
pulmonary Th17 cells (16). However, gamma interferon (IFN-�) knockout (KO) nude mice
had higher organism levels than nude mice, despite higher levels of IL-17 and greater
numbers of Th17 cells in bronchoalveolar lavage (BAL) fluid samples (17).

The present study was undertaken to examine the kinetics of Th17 cells, as well as
Th1 and Th2 cells, in the lungs of immunocompetent mice infected with Pneumocystis
and to clarify the role of IL-17 in control of Pneumocystis infection by utilizing IL-17A KO
mice. We also examined the impact of anti-IFN-� antibody on the different Th subsets,
as well as on the clearance of Pneumocystis infection. In these studies, we utilized a
cohousing model of infection rather than the transtracheal model used in most of the
previous studies because the bolus of organisms and host products used in the latter
may induce inflammatory and immune responses that are not representative of those
that occur during natural infection.

RESULTS

To better understand the cellular responses to Pneumocystis infection in healthy
animals, we examined cell populations in the lungs of immunocompetent C57BL/6
mice over time following exposure. We initially characterized the frequency of NK cells,
NKT cells, and �� T cells because our prior microarray studies in immunocompetent
animals had suggested a potential role for these cells in early infection (maximum at
�14 days) (18). In three separate experiments, we analyzed these cell populations in
animals that had been exposed for 7 to 24 days. Although there was some variability
in the cell numbers over time, especially for NK cells, we observed no consistent
increase in the percentages of any of these cell populations compared to control
animals (data not shown).

Given the importance of adaptive immunity in the clearance of Pneumocystis and
our prior identification by microarray studies of a large number of genes related to
adaptive immunity that showed increased expression that peaked at days 35 to 42 after
exposure (18), we next focused on characterizing cell number and function during this
period.

We performed three separate experiments overlapping this period. As shown in Fig.
1, there was a significant increase in CD3� T lymphocytes in the lungs of immuno-
competent animals infected with Pneumocystis that was first seen at days 32 to 35, with
a gradual decline to normal levels after day 40. Although there was in general no
increase in the proportion of CD3� T cells that were CD4� (Fig. 1), this does represent
an increase given the overall increase in CD3� T cells. �� T cells also showed an
increase, with kinetics similar to that seen for CD3� T cells, although at lower levels (Fig.
1). Consistent with the CD3� T cell increase, there was a concomitant decrease in the
proportion of CD19� B cells (data not shown). We did not initially analyze CD8� T cells
in these studies, due to limitations in the number of fluorochromes that could be
measured in one tube at the time the studies were performed and the limited cell
numbers.

To determine whether Pneumocystis infection in these mice was associated with
increases in cells producing IFN-� and IL-17, we utilized intracellular staining following
in vitro stimulation with phorbol myristate acetate (PMA) and ionomycin. As shown in
Fig. 2, CD3� T cells producing both IFN-� and IL-17 were increased with similar kinetics,
peaking at �35 to 40 days. Of note, the proportion of IFN-�� cells was consistently
higher than IL-17� cells, with a peak of �25 to 30% of CD3� T cells for the former
compared to �15% for the latter. The kinetics of these cytokine-producing cells also
generally tracked the Pneumocystis organism load in the lungs (Fig. 2).

Flow cytometry was used to further characterize the cells producing IFN-� and IL-17.
As shown in Fig. 3A and C, both CD4� and �� T cells produced IL-17. Interferon-� was
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produced by both CD4� and CD4� T cells (Fig. 3B; IFN-� staining was not performed
in the same tube as staining for �� T cells). Among CD4 cells, IL-17 production and IFN-�
production were largely mutually exclusive, which is consistent with a Th1 and Th17

lineage for these cells (Fig. 3D).
We next examined the parameters described above in CD40L KO mice at 36 to 45

days of cohousing to determine whether IFN-� and IL-17 were produced in animals that
are highly susceptible to Pneumocystis infection. Despite active Pneumocystis infection
with organism loads of �105/mg of lung tissue, the percentages of CD3�, CD4�, and
�� T cells and the proportions of cells producing IFN-� and IL-17 in the lungs of these
animals were unchanged compared to uninfected control CD40L KO mice (Fig. 4).

To better characterize the CD4� T cell subsets responding to Pneumocystis infection,
we performed additional studies; we simultaneously examined the effects of anti-IFN-�
antibody on these subsets. These more limited studies focused on days 35 and 42, the
days of peak responses, as well as day 63, to determine whether anti-IFN-� antibody
interfered with clearance of Pneumocystis. Figure 5A shows representative flow histo-
grams of these analyses. As shown in Fig. 5B, CD4� T cell responses in control infected
mice were primarily Th1, peaking at 19.6%, and to a lesser extent Th17 (peak, 10.4%),
with minimal Th2 responses, as defined by IL-4 (peak, 4.4%) or IL-5 (peak, 1.9%)
production. T regulatory cells (Tregs) also showed a modest increase (peak, 2.9%). The

FIG 1 Kinetics of cell subsets in the lungs of Pneumocystis-infected C57BL/6 mice. The percentage of CD3� T cells and �� T cells as a percentage of total
lymphocytes and of CD4� T cells as a percentage of CD3 cells isolated from the lungs of Pneumocystis-infected mice over time in three separate studies that
cover the period from initial exposure to clearance of infection (days 8 to 76 following start of cohousing with a seeder) was determined. Each row represents
the same experiment. The results represent the means and standard deviations for mice from all cages within a single experiment at a given time point.
Controls, indicated at the left of each panel, are the mean for uninfected animals from the same experiment that were processed at the same time as the
exposed animals. The cells were isolated from lungs at the indicated time points (x axis) after the start of cohousing with Pneumocystis-infected seeders and
analyzed by flow cytometry. Due to the limitations in the number of animals that could be housed per cage, two to four exposed animals were studied at each
time point per experiment, except as indicated by the absence of error bars, when only one animal was available for analysis. Six to ten controls were included
in each experiment. Significant differences compared to uninfected controls are indicated by symbols: *, P � 0.05; †, P � 0.01; and ‡, P � 0.001.
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administration of anti-IFN-� antibody was associated with a shift from a Th1 phenotype
(peak, 14.9%) to a trend to a greater Th17 (peak, 19.1%) and Th2 (peak, 7.1% for IL-4 and
8.9% for IL-5) phenotype and a further increase in Tregs (peak, 6.9%). Of note, CD8� T
cells also showed increased and high levels of production of IFN-� (peak, �40%) but
decreased levels of IL-4, and this was not impacted by anti-IFN-� antibody (Fig. 5B). The
levels of IL-5- and IL-17-producing CD8� T cells were low (mean � 1 to 2%) in both
unexposed controls and infected animals.

Previous studies have demonstrated that IFN-� KO mice can clear Pneumocystis
infection with kinetics similar to that in immunocompetent mice (19); consistent with
these data, animals that received anti-IFN-� antibody were clearing Pneumocystis
infection by day 63.

There are limited data on the role of IL-17 in clearance of Pneumocystis. Thus, we
undertook studies with IL-17A KO mice to determine their susceptibility to infection.
We undertook two studies to look at the kinetics of clearance over 85 days in these
animals compared to immunocompetent C57BL/6 mice, using our cohousing model. In
both studies, IL-17A KO mice cleared Pneumocystis with kinetics similar to those for
wild-type mice (Fig. 6A). Moreover, splenocyte proliferation assays and antibody de-
tection by enzyme-linked immunosorbent assay (ELISA) also showed responses similar
to those for wild-type animals (Fig. 6B and C), demonstrating that the cellular and

FIG 2 Kinetics of cytokine-producing cells in the lungs of Pneumocystis-infected C57BL/6 mice. The percentage of CD3� T cells that produce either IFN-� or IL-17
(two left sets of panels) and the Pneumocystis burden (right panels) for the same studies are presented as described for Fig. 1. Each row represents the same
experiment. The results represent the means and standard deviations for mice from all cages within a single experiment at a given time point. Controls,
indicated at the left of each panel, are the means for uninfected animals from the same experiment that were processed at the same time as the exposed
animals. The cells were isolated from lungs at the indicated time points (x axis) after the start of cohousing with Pneumocystis-infected seeders and were
stimulated in vitro for 4 h with PMA and ionomycin prior to analysis. For Pneumocystis burden analysis, quantitation of the P. murina dihydrofolate reductase
gene (dhfr) was performed by real-time PCR. Due to the limitations in the number of animals that could be housed per cage, two to four exposed animals were
studied at each time point per experiment, except as indicated by the absence of error bars, when only one animal was available for analysis. Six to ten controls
were included in each experiment. Significant differences compared to uninfected controls are indicated by symbols: *, P � 0.05; †, P � 0.01; and ‡, P � 0.001.
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antibody responses to Pneumocystis were intact in these animals. The presence of
detectable antibodies also confirms that these animals were in fact infected with
Pneumocystis.

DISCUSSION

In this study we have shown that both IFN-� and IL-17 are produced by pulmonary
lymphocytes in response to Pneumocystis infection in immunocompetent C57BL/6 mice
but not in immunodeficient CD40L KO mice. These responses were temporally associ-
ated with the Pneumocystis organism load and peaked at approximately the same time
as robust immune responses were detected by our earlier microarray studies (18). Of
note, a higher proportion of cells produce IFN-� compared to IL-17, with the former
accounting for �25 to 30% of CD3� T cells compared to �15% for the latter. Consistent
with their importance in controlling Pneumocystis infection, CD4� T cells accounted for
a substantial proportion of the T cells producing these cytokines. Despite the temporal
increase in Th17 and other IL-17-producing cells during Pneumocystis infection, IL-17A
is not critical to the clearance of Pneumocystis in otherwise immunocompetent mice, as
demonstrated by clearance of infection in IL-17A KO mice with kinetics similar to those
of wild-type mice.

IL-17 plays a role in immunity to mucosal or skin infections with bacteria such as
Staphylococcus aureus, Klebsiella pneumonia, and Pseudomonas aeruginosa (20–22).
IL-17 is also a critical cytokine in controlling mucocutaneous Candida infections based
on studies in animal models, as well as in humans with genetic defects (23). Indeed,
chronic mucocutaneous candidiasis is a hallmark of patients with decreased IL-17,
including IL-17A, production or function (9, 24), whereas, consistent with our studies,
Pneumocystis pneumonia is rarely seen in this population (25). IL-17 is important in
control of Aspergillus pulmonary infection in a dectin-1-dependent manner (26). In

FIG 3 Characterization of cells producing IL-17 and IFN-� in Pneumocystis-infected lungs. Representative dot plot panels of cells from
the lungs of uninfected (control) and Pneumocystis-infected (day 36) mice show the percentages of CD3� cell subsets that produce
IL-17 or IFN-�. Panels A to C are gated on CD3� cells, while panel D is gated on CD3� CD4� cells. Panels A and C show that both CD4�

cells and �� T cells produce IL-17, while panel B shows production of IFN-� by CD4� and CD4� T cells. As shown in panel D,
cytokine-producing CD4� T cells are positive for either IL-17 or IFN-�, but rarely both. The numbers within the quadrants indicate the
percentages of cells in each quadrant. The mean (standard deviation) day 36 value for IFN-� production by CD4� cells was 5.2% (4.8)
of CD3� T cells, while the corresponding values for IL-17 production by CD4� cells and �� T cells were, respectively, 3.7% (2.7) and
4.2% (2.4) of CD3� T cells.
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animal models of vaccination against endemic fungi (Coccidioides, Histoplasma, and
Blastomyces species) (27), IL-17A is necessary for development of vaccine-induced
resistance, and is dependent on Myd88 rather than dectin-1. We and others have
shown that Myd88 is not required for the control of Pneumocystis infection, and
although dectin-1 deficiency leads to transient increases in organism load, dectin-1 KO
mice are able to clear Pneumocystis infection, further highlighting that IL-17 expression
mediated by these pathways is not necessary for anti-Pneumocystis immunity (28–30).
Although it is possible that other IL-17 family members may be playing a role in the
control of Pneumocystis infection, unpublished data discussed in a review of IL-17
indicate that IL-17 receptor-deficient mice cleared infection similarly to wild-type mice,
further supporting our observations (31).

Although the role of CD4� cells in controlling Pneumocystis infection is well docu-
mented, it remains unclear whether any CD4� Th cell subset is absolutely necessary for
this control. In previous microarray studies of CD4� T cells isolated from the lungs of
immunocompetent mice, we have identified increases in expression of genes associ-
ated with Th1 cells, including IFN-�, the Th1-specific transcription factor Tbet (Tbx21),
and Cxcr3, whereas no or limited increases were seen in Th2- or Th17-specific cytokines
or transcription factors (32). The present study supports a predominant Th1 and, to a
lesser extent, Th17 response to Pneumocystis infection in immunocompetent animals,
with a minimal Th2 response, although it is possible that a more sensitive assay for IL-4,
such as the enzyme-linked immunosorbent spot assay, would have detected Th2

responses. In contrast, other studies have suggested that Th2 or Th17 cells may play an
important role, although in some studies this is reflected by a transient increase in
organism load in KO mice targeting specific pathways, with ultimate clearance of
organisms (6, 15, 16, 33, 34). Of note, a previous study has shown that IFN-� is also

FIG 4 Kinetics of cell subsets and cytokine-producing cells in the lungs of Pneumocystis-infected CD40L-KO mice. The percentage of CD3� T cells and �� T cells
as a percentage of total lymphocytes and CD4� T cells as a percentage of CD3 cells (top row) and the percentage of CD3� T cells that produce either IFN-�
or IL-17 (bottom row left and middle panels) that were isolated from lungs of Pneumocystis-infected mice over time in one experiment were determined. The
Pneumocystis burden from the same animals is shown in the bottom right panel. The results represent the means and standard deviations of mice from all cages
within a single experiment at a given time point. The time points studied (days 36 to 45 after start of cohousing with a seeder) are those during which responses
in C57BL/6 mice were maximal. Due to the limitations in the number of animals that could be housed per cage, two exposed animals were studied at each
time point per experiment, except as indicated by the absence of error bars, when only one animal was available for analysis. Three controls were included
in the study. There were no significant differences in any of the cell populations compared to uninfected controls at any time point.
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FIG 5 CD4� and CD8� T cell subsets during Pneumocystis infection. (A) Representative dot plot panels of lymphocytes from the lungs of
three Pneumocystis-infected and uninfected animals showing the percentage of CD4� (left three columns of panels) and CD8� (right
column of panels) T cell subsets that are producing IFN-�, IL-17, IL-4, or IL-5 or are Tregs (CD25�/Foxp3�). The top row is from an untreated
Pneumocystis-infected animal (day 35), the middle row is from a Pneumocystis-infected animal (day 35) that received anti-IFN-� antibody
twice weekly starting at the beginning of exposure to a Pneumocystis-infected seeder mouse, and the bottom row is from an uninfected
control. Numbers within the quadrants indicate the percentage of cells in each quadrant. (B) Mean percent expression of the indicated
parameter over time, combining animals from three experiments. CD4 and CD8 cell numbers were gated on CD3� cells; other parameters
were gated on CD4� or CD8� T cells. The red line indicates untreated Pneumocystis-infected animals, the blue line indicates anti-IFN-�
antibody treated Pneumocystis-infected animals, and the green square indicates uninfected control animals. Error bars represent standard
deviations. Days 35 and 36 were combined for this analysis. P values are indicated as follows: p1, uninfected versus untreated
Pneumocystis-infected animals; p2, uninfected versus anti-IFN-� antibody-treated Pneumocystis-infected animals; p3, untreated versus

(Continued on next page)
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unnecessary for host immunity: IFN-��/� mice cleared Pneumocystis infection as quickly
as IFN-��/� mice (19). Our observations in mice administered anti-IFN-� antibody are
consistent with this finding: although there was a shift away from Th1 toward Th2 and
Th17 cells, consistent with the role of IFN-� in augmenting Th1 cells (35), the clearance
of Pneumocystis infection was not impacted. It is plausible that there are redundant
mechanisms involving multiple Th cells and that the loss of one subclass of Th cells is
compensated for by the other subclasses.

An important difference in the studies examining this issue is the animal model
used. Most of the studies suggesting Th2-related protection have utilized an intratra-
cheal inoculation model in which a bolus of organisms (together with residual host
lung products, which possibly include inflammatory mediators) are intratracheally
inoculated to induce infection. This is clearly different from naturally acquired infection
which is transmitted via the respiratory route with presumably a very small number of
organisms, and the transmission of infection is most closely mimicked by cohousing,
the approach we utilized in our studies. Intratracheal inoculation leads to a sudden
exposure to high levels of potentially immune-activating Pneumocystis products such as

FIG 5 Legend (Continued)
anti-IFN-� antibody-treated Pneumocystis-infected animals from the same time point. Significant differences are indicated as follows: *, P �
0.05; †, P � 0.01; and ‡, P � 0.001. Pneumocystis organism load as determined by Q-PCR was not significantly different between the
untreated and anti-IFN-� antibody treated groups at any time point. The mean log10 (standard deviation) dhfr copies/mg of lung tissue
for untreated and anti-IFN-� antibody-treated animals, respectively, were as follows: days 35 to 36, 3.73 (0.32) and 4.04 (0.25); day 42, 2.79
(1.37) and 3.33 (1.35); and day 63, 2.82 (1.87) and 1.36 (0.39). By day 63, one animal in each group had cleared infection, and all animals
in both groups had developed antibody responses as determined by ELISA. Two animals with markedly enlarged lungs were excluded
from the analysis due to a concern that they were coinfected with another pathogen; inclusion of these animals did not change the results
of the statistical analyses.

FIG 6 Clearance of Pneumocystis infection in IL-17A KO mice. IL-17A KO and C57BL/6 mice were cohoused with a seeder
mouse, and animals from each group were sacrificed at the indicated time points (days 35, days 56 to 58, and days 84 to 86
after the start of cohousing with an infected seeder). The results represent the means and standard deviations for mice from
all cages within a single experiment at a given time point. (A) Pneumocystis organism load (as log10 dhfr copies/mg of lung
tissue); (B) proliferative responses (indicated as the stimulation index) to crude Pneumocystis antigens; (C) anti-Pneumocystis
antibodies (presented as the optical density) detected by ELISA using a crude Pneumocystis antigen preparation. Pneumocystis
infection in the lung tissue was quantitated by Q-PCR using the single-copy dhfr gene as the target. There were no significant
differences between C57BL/6 and IL-17A KO mice at any time point for any of the parameters.
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�-glucans and may lead to the activation of different pathways from that seen with
inhalation of very small numbers of organisms in which, for example, the �-glucans in
large part are masked (36).

Although CD8� T cells are not critical to clearance of Pneumocystis, we found that
a high proportion of pulmonary CD8� T cells secrete IFN-� during Pneumocystis
infection and that this was unaffected by anti-IFN-� antibody. Since Pneumocystis is not
an intracellular pathogen, it is unlikely that this is the result of classic major histocom-
patibility complex class I antigen presentation, but it may be due to nonspecific
activation of CD8� T cells following the secretion of chemokines and cytokines in
response to infection or to the cross-presentation of antigen by dendritic cells. It is also
possible that not all of the cells we measured, especially CD8 cells, are within the lung
parenchyma, since we did not stain in vivo with an anti-CD45 antibody, and such
staining can distinguish between intravascular and parenchymal cells (37, 38). The
modest increase in Tregs observed here is consistent with a prior report in which Tregs
were shown to dampen inflammation in Pneumocystis mouse models (39).

Our study has also confirmed that �� T cells increase during Pneumocystis infection,
with kinetics similar to total CD3� T cells, and that these cells can produce IL-17.
Previous studies showed that �� T cells are elevated in the blood and BAL fluid of
individuals with AIDS and Pneumocystis pneumonia (PCP) (40). A recent study exam-
ining the role of these cells during Pneumocystis infection, using an intratracheal
inoculation model, showed that �� T cell KO mice actually clear infection more quickly
and that �� T cells appear to reduce excessive tissue inflammation and lung injury
during infection through interactions with pulmonary CD8� T cells and IFN-� produc-
tion (41). We also found using the cohousing model that �� T cell-deficient mice are
able to clear infection with kinetics similar to those of wild-type mice (data not
shown) (5).

Among the genetic defects that have been studied to date in mouse models that do
not lead to global loss of cell populations (e.g., Rag-deficient or scid mice), only the
CD40-CD40L interaction has been shown to be absolutely required for ultimate control
of Pneumocystis infection, since KO mice deficient in either CD40 or CD40L are highly
susceptible to severe infection (18, 32, 42). Further studies are clearly needed to define
the critical pathways required for immunity to Pneumocystis infection.

MATERIALS AND METHODS
Animals. Healthy 8- to 10-week-old, female C57BL/6 mice were obtained from the National Institutes

of Health (NIH; Bethesda, MD), The Jackson Laboratory (Bar Harbor, ME), or Envigo RMS, Inc. (Indianapolis,
IN). IL-17A KO mice (Il17atm1Yiw) on a B6 background were obtained from Rachel Caspi, NEI, NIH, with the
permission of Yoichiro Iwakura, Tokyo University (43); genotypes of animals used in susceptibility studies
were confirmed by PCR. CD40L-KO mice (B6;129S2-Tnfsf5tm1Imx/J), which are highly susceptible to
Pneumocystis infection (18), were obtained from The Jackson Laboratory. Mice were subsequently bred
at the NIH. All studies were carried out under protocols approved by the NIH Clinical Center Animal Care
and Use Committee.

Mouse infection model. To examine the kinetics of cellular responses to Pneumocystis in the lungs
of healthy hosts, infection was transmitted to C57BL/6 mice via the respiratory route by cohousing study
animals with immunosuppressed seeder animals (scid or CD40L-KO) that had active PCP, which was
subsequently verified by a quantitative real-time PCR (Q-PCR) assay; typically the seeders had �106 dhfr
copies/mg lung tissue. Unexposed litter-mates served as controls. This cohousing infection model results
in infection of animals with predictable kinetics; infection of healthy animals peaks at ca. 35 to 42 days
and is cleared by �70 days (18, 44). For each experiment, one to two cages housed exposed mice, and
one cage housed unexposed mice. Because of the limited number of animals that could be housed per
cage, we were unable to conduct a complete kinetic study in a single experiment. Thus, experiments
were designed to have overlapping time frames, with analysis ranging from 8 to 76 days after cohousing
began. Similarly, we examined the cellular and cytokine responses in CD40L-KO mice at time points
comparable to the peak responses in immunocompetent C57BL/6 mice at days 36 to 45 after the start
of cohousing. One to four mice per group were sacrificed at each time point.

In a later series of experiments we undertook to better characterize the relative proportion of Th1,
Th2, and Th17 CD4� T cells, as well as Tregs and CD8 cells, in C57BL/6 mice at limited time points and
to examine the effects of anti-IFN-� antibody on these subsets. In the first experiment, we examined
CD4� T cell subsets at days 35 and 42. In the second and third experiments, three mice per time point
were administered 0.5 mg of anti-IFN-� antibody (clone XMG 1.2; rat IgG1 [kindly provided by George
Deepe]) intraperitoneally twice weekly starting on the first day of exposure to Pneumocystis and for the
duration on the study. Three mice per time point served as controls, two of which were administered 0.5
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mg of rat IgG (Sigma-Aldrich, St. Louis, MO) twice weekly, and one of which was left untreated. The
animals were sacrificed at days 35 and 42 (experiment 2) or at days 36 and 63 (experiment 3). In all of
these studies, the lungs were divided into two portions: one was processed immediately for flow
cytometric analysis, and the other was stored at �20°C or �80°C for quantitation of the organism load
by Q-PCR.

The cohousing model was also used to examine the kinetics of Pneumocystis infection in IL-17A KO
mice. For these studies, approximately equal numbers of IL-17A KO and C57BL/6 mice were cohoused
with an infected seeder and sacrificed at days 35, days 56 to 58, and days 84 to 86, at which time the
lungs, spleen, and serum were collected. Q-PCR was used to quantitate Pneumocystis organism load, and
ELISA and proliferation assays were used to evaluate antibody and cell-mediated responses to Pneumo-
cystis (44, 45). There were 15 animals per strain in experiment 1 and 6 to 7 animals per strain in
experiment 2.

Preparation of lung cells. Two methods were utilized to obtain lung lymphocytes. Initially, the lungs
were perfused with phosphate-buffered saline (PBS), harvested, cut into small pieces, incubated with
stirring at 37°C for 30 min in PBS with 1% EDTA, and then mashed through a 40-�m-pore size cell
strainer. The cells were pelleted and resuspended in 44% Percoll in RPMI, and then 67% Percoll in PBS
was gently underlaid. After centrifugation, the cells at the interface were harvested, washed, and
incubated in ACK (ammonium-chloride-potassium) lysing buffer for 3 to 4 min. After centrifugation, the
pellet was resuspended in RPMI medium containing 10% fetal calf serum (FCS), and 1% penicillin-
streptomycin.

In later experiments, the lungs were minced into small pieces, which were incubated for 30 min at
37°C in 5 ml of lung enzyme cocktail (5 ml of RPMI, 12 mg of collagenase type I [Thermo Fisher Scientific,
Waltham, MA], and 100 �g of DNase [Roche Diagnostics, Indianapolis, IN]), and passed through a
70-�m-pore size cell strainer. The cells were then incubated in ACK lysing buffer and resuspended in
RPMI medium as described above.

Flow cytometry. Cells were stained with optimal concentrations of the following fluorochrome-
conjugated antibodies: CD3e Alexa Fluor 488 (clone 145-2C11), NK1.1 PerCP-Cy5.5 (clone PK136), �� T
cell receptor (clone GL3), and CD19APC (clone 1D3) from BD Biosciences, San Jose, CA, and CD3e
PerCP-Vio700 (clone 145-2C11), CD4 APC-Vio770 (clone GK1.5), and CD8a VioGreen (clone 53-6.7) from
Miltenyi Biotec, Inc., San Diego, CA, as well as mCD1d tetramers (unloaded or loaded with PBS-57; NIH
Tetramer Core Facility, Atlanta, GA), for 30 min at room temperature. The cells were then washed two
times with PBS–3% FCS and fixed in formaldehyde. For intracellular cytokine staining, lung cells were
incubated with PMA (Sigma-Aldrich, St. Louis, MO) at 50 ng/ml and ionomycin (Sigma-Aldrich) at 500
ng/ml in the presence of BD Golgi Stop (BD Biosciences) for 4 h. The cells were then stained with the
antibodies described above for 15 min at room temperature, washed two times with PBS–3% FCS, and
fixed and permeabilized with BD Cytofix/Cytoperm (BD Biosciences). After a washing step with BD
Perm/Wash buffer (BD Biosciences), the cells were stained with one or more of the following antibodies:
anti-IL-17 phycoerythrin (PE) (clone TC11-18H10), anti-IFN-� allophycocyanin (APC) or Alexa Fluor 488
(clone XMG1.2), IL-4 PE-Cy7 (clone 11B11), and IL-5 APC (clone TRFK5) from BD Biosciences for 15 to 30
min at room temperature. For Treg staining, unstimulated cells were processed using a transcription
factor buffer set (BD Biosciences) according to the manufacturer’s recommendations and stained with
CD25 PE (clone PC61) and Foxp3 Alexa Fluor 488 (clone MF23) from BD Biosciences. For later experi-
ments, dead cells were excluded using a Live/Dead fixable dead cell stain kit (violet fluorescent reactive
dye; Thermo Fisher Scientific). Samples were acquired using either a FACSCalibur flow cytometer (BD
Pharmingen, San Jose, CA) or a MACSQuant analyzer 10 flow cytometer (Miltenyi Biotec, Inc.), and the
data were analyzed using FlowJo software (Tree Star, Inc., San Carlos, CA).

Q-PCR, ELISA, and cell proliferation assays. DNA extraction from lung homogenates and subse-
quent quantitation of P. murina dihydrofolate reductase gene (dhfr) copies per mg of lung by means of
a real-time PCR were performed as described previously (44). Since dhfr is a single-copy gene, the
number of copies reflects the number of nuclei. The lower limit of the assay is 12 dhfr copies/mg of lung
tissue.

P. murina antigens for ELISA and cell proliferation assays were prepared from partially purified
Pneumocystis organisms or from lungs heavily infected with P. murina (as determined by Diff-Quik
staining) by homogenization in PBS, followed by sonication and centrifugation; the collected supernatant
was utilized as the antigen preparation (45). Uninfected wild-type lungs processed in a similar manner
served as a control antigen. Anti-P. murina serum antibodies were measured by ELISA, and splenocyte
proliferation assays were performed as previously described (45).

Statistical analysis. The flow cytometry results are presented as the mean of exposed animals at a
given time point in each experiment and, for statistical analysis, were compared to unexposed animals
in the same experiment. For the anti-IFN-� antibody studies, animals from the three studies were
combined by day of exposure, and the anti-IFN-� antibody recipients and controls (rat IgG and no
antibody combined) were compared separately to unexposed animals, as well as to each other. For the
IL-17A KO exposure studies, the organism load, ELISA, and proliferation results for the KO mice were
compared to those for C57BL/6 control mice from the same experiment. A Student t test was used for
these comparisons, with P values of �0.05 considered significant.
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