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Little is known about the role of the cytokine interleukin-12 (IL-12) in Pneumocystis pneumonia or its
potential use as immunotherapy. We asked whether release of IL-12 is part of the normal host response to this
infection and whether local treatment with IL-12 or gene transfer of IL-12 could accelerate clearance of
infection. IL-12 was assayed by enzyme-linked immunosorbent assay in normal mice and in mice deficient in
IL-12 after inoculation of Pneumocystis carinii. P. carinii-infected mice were treated with local instillation of
IL-12 and gene transfer of the IL-12 gene. Inoculation of P. carinii into normal mice evoked a brisk release
of IL-12 into lung tissue, and IL-12 P35-deficient mice showed delayed clearance of infection measured by PCR
for P. carinii rRNA. In control mice, intranasal recombinant IL-12 accelerated clearance of infection, and this
was associated with increased recruitment of inflammatory cells into lavage fluid and increased release of
tumor necrosis factor alpha, IL-12, and gamma interferon. Similar results were observed in infected mice
depleted of CD4� lymphocytes by using in vivo transfer of the IL-12 gene in a replication-deficient adenoviral
vector. IL-12 is part of the normal host response to infection with P. carinii. IL-12 therapy can enhance host
resistance to infection in both normal mice and mice depleted of CD4� T lymphocytes. A treatment effect of
IL-12 is mediated through enhanced inflammatory cell recruitment into lung tissue and increased tissue
concentrations of proinflammatory cytokines.

Pulmonary infection with the fungal pathogen Pneumocystis
jirovecii was one of the first recognized complications of human
immunodeficiency virus (HIV) infection (35). With antimicro-
bial prophylaxis and the advent of highly active antiretroviral
therapy, the incidence of Pneumocystis pneumonia has de-
clined (40). However, infection with Pneumocystis remains a
serious clinical problem among HIV-infected persons and is
often the first manifestation of otherwise unrecognized HIV
infection (32). Furthermore, recent epidemiologic data indi-
cate an increasing prevalence of Pneumocystis isolates with
mutations in genes associated with sulfa antibiotic resistance
(25, 38). The clinical relevance of these mutations is unclear,
but they correlate with an increased need for mechanical ven-
tilation and mortality from Pneumocystis pneumonia (10). The
emergence of Pneumocystis strains potentially resistant to com-
monly used antibiotics highlights the limitations of conven-
tional antibiotic therapy of infection and underscores the need
for new modes of therapy.

Our laboratory has a long-standing interest in strategies to
augment host defense mechanisms naturally operative against
Pneumocystis infection. In a murine model of infection with
Pneumocystis carinii f. sp. muris (hereafter referred to as Pneu-
mocystis carinii), we have shown that aerosol delivery of the
cytokine and gamma interferon (IFN-�) (2) or pulmonary de-
livery of the IFN-� gene in vivo (30) can restore host defenses
against this infection, even in immunosuppressed mice de-

pleted of CD4� T lymphocytes. The therapeutic effect of cy-
tokine therapy with IFN-� is associated with increased recruit-
ment into lung tissue of inflammatory cells, particularly CD8�

T lymphocytes (30).
Production of IFN-� is critically dependent upon another

cytokine, interleukin-12 (IL-12). IL-12 has been shown to stim-
ulate the development of lymphocytes of the Th1 class (34) and
to induce the production of IFN-� from mouse Th1 clones (21)
and from natural killer (NK) cells (31). IL-12 synergizes with
IL-18 to enhance production of IFN-�, in part through in-
creased expression of the IL-18 receptor (41). There is little
information available regarding the role of IL-12 in host de-
fense against Pneumocystis. The link between IL-12 and IFN-�
also stimulated our interest in IL-12 as a possible therapy for
Pneumocystis infection. Treatment with IL-12 has been em-
ployed by other investigators to enhance immune responses to
a variety of infectious pathogens (7, 17, 23, 24, 26, 28), not
including P. carinii.

In this paper, we investigate IL-12 as part of the host response
to murine Pneumocystis pneumonia and as a potential immuno-
adjuvant therapy. Specifically, we asked whether release of IL-12
in lung tissue is part of the normal host response to this infection,
whether local treatment with IL-12 can accelerate clearance of
infection in normal mice, and whether gene transfer of IL-12 can
restore clearance of infection in immunosuppressed mice.

(Data were presented in part at the International Conference
of the American Thoracic Society, Seattle, WA, May 2003.)

MATERIALS AND METHODS

Animals. Specific-pathogen-free female BALB/c, IL-12 P40 knockout (KO),
IL-12 P35 KO, and scid/NCr (BALB/c background) mice were purchased at 5 to
6 weeks of age from Jackson Laboratory, Bar Harbor, ME. All animals were
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housed in filter-topped cages in an isolation room at the LSUHSC animal care
facility. All caging procedures and surgical manipulations were done under a
laminar flow hood. Mice were fed autoclaved chow and water ad libitum. The
animals were kept in the facility for at least 2 days before any treatment was
begun. These experiments were approved by the Institutional Animal Care and
Use Committee for LSUHSC (protocol no. 2536).

Recombinant IL-12. Recombinant mouse IL-12 was purchased from R&D
Systems, Minneapolis, MN (catalog no. 419ML/CF).

Adenoviral vectors. An adenoviral vector containing both the p35 and p40
subunit cDNA of murine IL-12 was generously provided by Zhou Xing of
McMaster University. This vector has been shown to produce functional het-
erodimeric IL-12 when administered to mice (6). A control adenoviral vector
encoding luciferase was prepared by the LSU Health Sciences Center Vector
Core.

P. carinii inoculation. P. carinii organisms for inoculation were isolated from
lung homogenates from chronically infected scid/NCr (BALB/c background)
mice as previously described (49). In brief, lungs were aseptically removed and
frozen in 1 ml phosphate-buffered saline (PBS) at �70°C. Frozen lungs were
homogenized in 10 ml of PBS, forced through a sterile cell strainer, and pelleted
at 500 g for 10 min at 4°C. The pellet was then diluted 1:4 with PBS, and the
number of Giemsa-stained P. carinii cyst forms quantified microscopically. Re-
cipient mice were anesthetized with ketamine-xylazine and injected intratrache-
ally (IT) with 2 � 105 organisms.

Bronchoalveolar lavage (BAL). Mice were sacrificed at serial intervals after
challenge with P. carinii. After a lethal dose of ketamine-xylazine, mice were
exsanguinated by aortic transection. The trachea was exposed through a midline
incision and cannulated with a polyethylene catheter. The lungs were lavaged
with 0.5-ml aliquots of sterile, calcium- and magnesium-free PBS (Gibco/BRL,
Gaithersburg, MD) containing 0.6 mM EDTA up to a total of 10 ml. Recovered
lavage fluid was centrifuged at 500 � g for 10 min. Supernatants from the first 1
ml of recovered lavage fluid were collected and stored at �80°F for cytokine
assay. Cellular assays were performed on cells recovered from the entire 10-ml
lavage effluent.

Lavage cell total and differential cell counts. Lavaged cells were collected by
centrifugation at 500 � g for 10 min. The cells were then washed with PBS,
counted in a hemocytometer, and then centrifuged onto glass slides at 500 rpm
for 5 min and stained with Diff-Quik (Dade Behring, Inc.) for cell differential
counting.

Flow cytometry analysis of T lymphocytes from lavage fluid. Lymphocyte
phenotypes within lavaged cells were identified by flow cytometry. Lavaged cells
were suspended at 1 � 107 to 2 � 107 cells/ml in Dulbecco’s modified Eagle’s
medium (Sigma) containing 0.1% sodium azide (Malinckrodt Chemicals, St.
Louis, MO) and 25 mM HEPES (Sigma). Aliquots of 25 �l were stained with 50
�l of monoclonal antibody (all from BD Biosciences, San Jose, CA) against CD4
or CD8 (CyChrome conjugated), CD45RB (fluorescein isothiocyanate conju-
gated), CD44 (phycoerythrin conjugated), or CD62L (antigen-presenting cell
conjugated) for 45 min at 4°C. Isotype control antibody staining was used to assist
in gating. After cells were washed three times with PBS-sodium azide, cells were
fixed with 0.05% paraformaldehyde in PBS-sodium azide. The surface expression
of these molecules was determined using a FACSAria cytofluorometer (BD
Biosciences). We identified lymphocytes among BAL cells by comparing for-
ward- and side-scatter characteristics to those of splenic lymphocytes analyzed in
the same experiment. Flow cytometry data are expressed as absolute numbers of
lymphocyte phenotypes per mouse in lavage samples. We determined these
numbers as the product of the total cell count (by hemocytometer), the percent-
age of lymphocytes (by differential cell counts of cytocentrifuged preparations),
and the percentage of each lymphocyte subpopulation (by flow cytometry).
Effector memory lymphocytes were defined as CD4� or CD8� cells that were
CD44 (hi), CD45RB (lo), and CD62L (negative) (33).

Preparation of lung homogenates. In some experiments, the left lung was
placed in 1 ml of PBS, homogenized, and then stored at �80°F for a cytokine
assay. Our previous experience has shown no differences in inflammatory re-
sponses between the right and left lungs in this experimental model.

Cytokine assays. The first 1 ml of cell-free lung lavage fluids was assayed for
macrophage inflammatory protein 2 (MIP-2), tumor necrosis factor alpha (TNF-
�), IFN-�, and IL-12 by using a sandwich-type enzyme-linked immunosorbent
assay (ELISA) with two immunological steps. Standard ELISA kits for murine
MIP-2, TNF-�, IFN-�, and IL-12 were purchased from R&D Systems, Minne-
apolis, MN. Cytokines in lung homogenates were assayed by multiplex cytokine
analysis (Bio-Plex; Bio-Rad, Hercules, CA).

RNA isolation and real-time RT-PCR for P. carinii rRNA. At animal sacrifice,
total RNA was isolated from the right lung using TRIzol reagent (Invitrogen,
Carlsbad, CA). cDNAs were synthesized from total lung RNA. As a standard for

the assay, a portion of P. carinii rRNA (GenBank accession no. AF257179) was
cloned into PCR 2.1 vector (Invitrogen, Carlsbad, CA), and PC rRNA was
produced by in vitro transcription using T7 TNA polymerase (Promega, Madi-
son, WI). TaqMan PCR primers for mouse P. carinii rRNA were 5�-ATG AGG
TGA AAA GTC GAAAGG G-3� and 5�-TGA TTG TCT CAG ATG AAA AAC
CTC TT-3�. The probe was labeled with a reporter fluorescent dye, 6-carboxy-
fluorescein (FAM), and the sequence was FAM-AACAGCCCAGAATAATGA
ATAAAGTTCCTCAATTGTTAC-TAMRA (6-carboxytetramethylrhodamine).
Real-time reverse transcription (RT)-PCR was done using a two-step method.
RT reactions were done in a volume of 25 �l containing 5 �l RNA sample, 1�
TaqMan RT buffer, 5.5 mM magnesium chloride, 500 �M of each deoxynucleo-
side triphosphate (dNTP), 2.5 �M random hexamer, 0.4 U/�l RNase inhibitor,
1.25 U/�l MultiScribe reverse transcriptase (no. 808-0234; PE Biosystems, Foster
City, CA). Samples were incubated at 25°C for 10 min, reverse transcribed at
48°C for 30 min, and reverse transcriptase inactivated at 95°C for 5 min. PCRs
were done in a volume of 50 �l containing 5 �l cDNA, 1� TaqMan universal
PCR master mix (PE Biosystems, Foster City, CA), a primer, and a probe. An
initial 2-min incubation was done at 50°C for uracil-N-glycosylase activity to
prevent carryover reaction. The reaction was terminated by heating at 95°C for
5 min. The PCR amplification was performed for 40 cycles, with each cycle at
94°C for 20 s and 60°C for 1 min. Data were converted to rRNA copy number
using a standard curve of known copy P. carinii rRNA and expressed as copy
number per lung.

Treatment with rmIL-12. Mice were administered intranasal (IN) IL-12 ac-
cording to the method of Arulanandam et al. (1). Mice received 0.4 �g recom-
binant murine IL-12 (rmIL-12) or PBS in a 50-�l volume by IN instillation every
3 days beginning 24 h after inoculation of P. carinii.

CD4� T-lymphocyte depletion. Mice were depleted of CD4� T lymphocytes by
intraperitoneal injection of 0.3 mg of anti-CD4� monoclonal antibody (hybrid-
oma GK 1.5; ATCC) in 0.1 ml PBS each week. This treatment produces a
sustained and profound depletion of CD4� lymphocytes from the blood and
spleen, allowing progressive P. carinii pneumonia (49).

Treatment with AdIL-12. Gene transfer of IL-12 was designed as a treatment
protocol in animals with established P. carinii infection. Control mice or CD4-
depleted mice were inoculated with P. carinii as described above. Twelve days
after inoculation, half the mice from each group were administered 2 � 108 PFU
of an adenoviral vector encoding IL-12 (AdIL-12), and the other half were
administered 2 � 108 of an adenoviral vector encoding luciferase (AdLuc). Mice
were then sacrificed 4 weeks after inoculation, and lung tissue was assayed for the
burden of P. carinii.

Statistical analysis. Data are reported as mean � standard deviation (SD) or
standard error of the mean (SEM), as noted. Scalar comparisons were made by
the t test. Data collected at multiple times were corrected for multiple compar-
isons using analysis of variance and Newman-Keuls follow-up testing (56). Sig-
nificance was accepted when the P value was less than 0.05.

RESULTS

Endogenous IL-12 during infection with P. carinii. We first
sought to determine whether IL-12 release was part of the
normal host response to infection with P. carinii. Normal mice
were inoculated with P. carinii, and IL-12 was assayed in lung
homogenate and in BAL fluid. Using this protocol, infection
with P. carinii is self limited with pathogen clearance from lung
tissue by 1 month after inoculation (3). The p40 subunit of
IL-12 was detectable in lung homogenate and lavage fluid by as
early as 7 days after inoculation, peaking at 14 days in both
lung homogenate (Fig. 1A) and BAL fluid (Fig. 1C). When
lung tissue was assayed for the entire p70 complex, IL-12 was
detectable in lung homogenate by day 7 and then persisted to
day 28 (Fig. 1B). IL-12 p70 was not detectable in lavage fluid.
These results indicate that the release of IL-12 is part of the
normal host response to P. carinii.

Clearance of P. carinii in IL-12-deficient mice. To determine
whether endogenous IL-12 is critical to host defense against P.
carinii, we inoculated P. carinii into wild-type mice and mice
deficient in the P35 and P40 subunits of IL-12. Mice were
sacrificed 2 and 4 weeks after inoculation, and P. carinii was
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assayed in lung tissue by real-time PCR. In comparison to
wild-type mice, infection burden in mice deficient in P35 was
significantly increased at 2 weeks (Fig. 2A) and was also in-
creased at 4 weeks, although not statistically significant (Fig.
2B). The P35-deficient mice were ultimately able to clear the
infection (data not shown). Additional experiments showed
that clearance of infection was also impaired in P40-deficient
mice (data not shown). Thus, the observation that clearance of
P. carinii infection is impaired in P35-deficient mice indicates
that IL-12 is required but not essential for optimal host defense
against this pathogen.

Local administration of rmIL-12. In a dose-ranging study,
mice were administered 25 �l of rmIL-12 at various doses by
IN instillation. Twenty-four hours later the mice were sacri-
ficed, and the lungs lavaged. IL-12 was assayed by ELISA in
the first milliliter of recovered lavage fluid. The results are
shown in Fig. 3A. There was a dose-dependent increase in
lavage fluid IL-12. There were no animal deaths, even at the
highest dose of IL-12.

Treatment of P. carinii-infected mice with recombinant IL-
12. Based on the results shown in Fig. 3A, we established a
treatment regimen in which mice were treated with 0.4 �g
rmIL-12 by IN instillation every 3 days. Normal mice were
inoculated with P. carinii and then treated 24 h later with IN
rmIL-12 or an equal volume of PBS. These treatments contin-
ued every 3 days. Groups of mice were then sacrificed at 2 and
4 weeks after P. carinii inoculation, and lung tissue burden was
assayed by real-time PCR. The results are shown in Fig. 3B. As
expected, mice treated with PBS were able to clear their lungs
of P. carinii with nearly complete eradication of infection by 4
weeks. However, the mice treated with IL-12 showed an en-
hanced clearance of infection with a significantly lower fungal
burden at 2 weeks in comparison to mice treated only with
PBS. These results indicate that exogenous IL-12 can acceler-
ate clearance of P. carinii in immunocompetent mice.

Treatment with rmIL-12 enhances inflammatory cell re-
cruitment into lung tissue. To investigate the effect of IN IL-12
on inflammatory cell recruitment, mice were inoculated with P.

FIG. 1. IL-12 protein concentration in lung homogenate and BAL fluid of wild-type mice infected with Pneumocystis carinii. Mice were infected
with 2 � 105 Pneumocystis carinii organisms IT on day 0 and sacrificed immediately or on days 7, 14, 21, or 28 postinfection. IL-12 p40 and p70
cytokine levels in lung homogenate (A and C) or BAL fluid (B) were determined by multiplex cytokine assay (Bio-Plex; Bio-Rad, Hercules, CA).
IL-12 p70 was not detectable in the BAL fluid. Data are reported as mean � SEM, n 	 3 to 10. * indicates P 
 0.01 compared to day 0.

FIG. 2. Lung tissue burden of P. carinii in P35 KO and control mice. Data are for mice sacrificed 2 (A) and 4 (B) weeks after inoculation with
P. carinii (PC). P. carinii infection burden was measured as real-time PCR for P. carinii rRNA, expressed as copy number per lung. Each data point
represents mean � SD for at least six animals. * indicates P 
 0.05 compared to control. WT, wild type.
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carinii and then treated with either IN rmIL-12 or PBS as
described above. Two weeks after P. carinii challenge, the mice
were sacrificed for BAL. Recovered lavage fluid was centri-
fuged, and the cell supernatant reserved for cytokine analysis
(see below). In comparison to mice treated with IN PBS, the
mice treated with IL-12 showed an increased total lavage cell
count and significantly increased numbers of alveolar macro-
phages, lymphocytes, and polymorphonuclear leukocytes (Fig.
3C).

Treatment with rmIL-12 enhances cytokine release into
lung tissue. Cell-free supernatants of lavage fluid from IL-12-
and PBS-treated mice were analyzed 2 weeks after inoculation
of P. carinii for concentrations of proinflammatory cytokines
(TNF-�, IL-12 [P70], IFN-�, and MIP-2). The results are
shown in Fig. 3D. Intranasal treatment with rmIL-12 resulted
in significantly increased lavage fluid concentrations of TNF-�,
IL-12, and IFN-� in comparison to PBS-treated mice. The
concentrations of MIP-2 were not significantly different in the
IL-12 mice compared to the PBS mice.

Effect of IT administration of AdIL-12 on lung tissue IL-12.
Normal mice were inoculated with AdIL-12 at various doses by
IT administration. Three days later, mice were sacrificed for
BAL, and IL-12 was assayed by ELISA in lavage fluid. As
shown in Fig. 4A, there was a dose-dependent increase in

IL-12 three days following gene transfer, indicating that IL-12
gene expression could be achieved in vivo. Unfortunately, the
mice did not tolerate these doses of AdIL-12 well, and many of
them died after the 3-day time interval. Accordingly, we scaled
our dose of AdIL-12 back to 2 � 108 PFU. This dose was better
tolerated and resulted in detectable IL-12 in lavage fluid 1
week following gene transfer in both control mice and mice
depleted of CD4� lymphocytes (Fig. 4B). At this dose of
AdIL-12, there was minimal stimulation of endogenous IL-12
due to the vector alone (designated Luc). As we have shown
previously for a TNF-� adenoviral vector (29), gene expression
was enhanced in mice depleted of CD4� T lymphocytes in
comparison to control mice.

Effect of IT administration of AdIL-12 on clearance of P.
carinii. Control mice and CD4-depleted mice were inoculated
with P. carinii followed by a single dose of 2 � 108 PFU of
AdIL-12 or AdLuc given at 12 days after inoculation. CD4-
depleted mice received 0.3 mg of GK 1.5 by intraperitoneal
injection 3 days prior to P. carinii inoculation and at weekly
intervals until the sacrifice. All mice were then sacrificed at 4
weeks, and lung tissue was assayed for fungal burden by RT-
PCR. The results are shown in Fig. 4C. The treatment of the
normal (CD4�) mice with AdIL-12 did not significantly change
the P. carinii fungal burden at 4 weeks, but clearance was

FIG. 3. Treatment of mice with rmIL-12. (A) Mice were administered increasing doses of rmIL-12 by IN instillation. IL-12 in the first ml of
recovered BAL fluid was assayed by ELISA 24 h later. (B to D) Mice were challenged with 2 � 105 P. carinii organisms IT and then by IN
inoculation of 0.4 �g rmIL-12 (or PBS) every 3 days. Mice then were sacrificed 2 or 4 weeks after infection. Each data point represents mean �
SD for at least six animals. * indicates P 
 0.05 compared to PBS. (B) Infection burden assayed as rRNA copy number/lung. (C) Total and
differential cell counts in lavage fluid at 2 weeks. (D) Concentrations of TNF-�, IL-12, IFN-�, and MIP-2 in lavage fluid by ELISA at 2 weeks.
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virtually complete in normal mice at this time point
(CD4�Luc). In contrast, mice depleted of CD4� T lympho-
cytes showed an increased fungal burden at 4 weeks, consistent
with previous studies (49). In these mice, treatment with
AdIL-12 significantly decreased lung P. carinii copy number in
comparison to CD4-depleted mice given the control adenoviral
vector (CD4�Luc). Similar results were observed at 2 weeks
after P. carinii challenge (data not shown). These results sup-
port the idea that gene transfer of IL-12 can restore host
defenses against P. carinii in immunosuppressed mice.

Effect of IT administration of AdIL-12 on lymphocyte re-
cruitment. Control mice and CD4-depleted mice were inocu-
lated with P. carinii and then given a single dose of IT AdIL-12
or AdLuc, as described above. The mice were then sacrificed at
4 weeks for flow cytometry of lavaged cells. For control
(CD4�) mice, treatment with AdIL-12 significantly increased
lavaged total T lymphocytes, CD4� T lymphocytes, effector
memory CD4� T lymphocytes, and CD8� T lymphocytes
above comparison levels seen in mice treated with the control
vector (CD4�Luc) (Fig. 5A). The numbers of effector memory
CD8� T lymphocytes and B lymphocytes did not change in
response to AdIL-12. In CD4-depleted mice, the numbers of
lavage lymphocytes were lower than those in CD4� mice.
Treatment with AdIL-12 stimulated significantly increased
numbers of lavaged total T lymphocytes, CD8� T lymphocytes,
and effector memory CD8� T lymphocytes in comparison to
mice treated with AdLuc (Fig. 5B). B-lymphocyte numbers
were unchanged. As expected, negligible numbers of CD4� T
lymphocytes were recovered in both AdIL-12 and AdLuc-

treated mice depleted of CD4� T cells. These results indicate
that gene transfer of IL-12 stimulates the recruitment of a
broad distribution of lymphocyte subsets, both in control mice
and in mice depleted of CD4� T lymphocytes.

Effect of IT administration of AdIL-12 on clearance of P.
carinii in scid mice. Mice bearing the scid mutation have no
functional T or B lymphocytes (5) and develop progressive and
ultimately fatal pneumonia after the inoculation of P. carinii
(8). We investigated the effect of AdIL-12 on P. carinii infec-
tion in these immunocompromised mice. scid mice were inoc-
ulated with P. carinii, followed by AdIL-12 or AdLuc 12 days
later. The mice were then sacrificed at 3 and 4 weeks after P.
carinii challenge, and the fungal burden was assayed in lung
tissue by RT-PCR. There was no effect of AdIL-12 on the
severity of infection in comparison to scid mice treated with the
control vector (AdLuc) at either 3 or 4 weeks. The P. carinii
copy number in scid mice at 3 weeks was (0.82 � 0.02) � 106

for AdLuc versus (0.93 � 0.07) � 106 for AdIL-12 (P was not
significant). At 4 weeks, copy numbers were (1.1 � 0.03) � 106

for AdLuc versus (2.4 � 0.06) � 106 for AdIL-12 (P was not
significant). These results suggest that the therapeutic effect of
IL-12 against P. carinii is mediated through T or B lymphocytes
other than CD4� lymphocytes.

DISCUSSION

IL-12 is a proinflammatory cytokine that has been postu-
lated to serve as a bridge between innate and adaptive immune
responses. IL-12 was first recognized because of its ability to

FIG. 4. Gene transfer of rmIL-12 using an adenoviral vector. (A) Wild-type control mice received various doses of IL-12 in the adenoviral
vector by IT inoculation, and IL-12 was assayed in lavage fluid after 3 days. (B) IL-12 concentrations in lavage fluid in control (CD4�) and
CD4-depleted (CD4�) mice 1 week after administration of 2 � 108 PFU of AdIL-12 or AdLuc (Luc). (C) Control and CD4-depleted BALB/c mice
were challenged with 2 � 105 P. carinii (PC) organisms. Twelve days after challenge, mice were administered either 2 � 108 PFU AdIL-12 or AdLuc
by IT inoculation. Mice were sacrificed at 4 weeks, and lung homogenate was assayed via real-time PCR for P. carinii rRNA. Data are reported
as mean � SD, n 	 5 or 6. * indicates P 
 0.05 compared to AdLuc.
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stimulate the release of IFN-� by NK cells (54). Subsequent
investigations showed that IL-12 is critical for Th1 lymphocyte
responses and for the production of cytotoxic CD8� T lym-
phocytes (53). Infection with a number of bacterial and fungal
pathogens results in the release of IL-12 from macrophages,
dendritic cells, and neutrophils (52). In contrast, IL-12 is not
essential for host defense against viruses and Chlamydia pneu-
moniae infection (16, 39). Little is known about the role of
IL-12 in host defense against the fungal pathogen P. carinii.
Blood mononuclear cells from HIV-positive subjects release
less IL-12 in response to P. carinii in vitro than cells from
HIV-negative subjects (19). Alveolar macrophages from
asymptomatic HIV-positive subjects spontaneously release
IL-12 but show a suboptimal release of IL-12 in response to in
vitro stimulation with Staphylococcus aureus strain Cowan 1
(11). Our data indicate that the challenge of normal mice with
this pathogen results in an early release of IL-12 into lung
tissue. The p40 subunit of IL-12 could be detected in both lung
homogenate and lavage fluid, while the p70 complex was de-
tectable only in tissue homogenate. Discordance at different
times between lung homogenate and lavage fluid p40 concen-
trations may reflect different cellular sources of p40 in the
respective compartments (dendritic cells, for example [47])
and/or various expression levels of p40 as a monomer versus a
homodimer (9). In general, p40 is secreted in excess over IL-12
p70 (9). The fact that we observed IL-12 in BAL fluid supports
a cellular source of IL-12 within the alveolar space, most likely
alveolar macrophages. We cannot rule out other cellular
sources of this cytokine, however.

IL-12 is not absolutely required for the host to resolve this
infection but is necessary for optimal host defense. This con-
clusion can be drawn from our results showing delayed clear-
ance of infection in P35 KO mice infected with P. carinii. IL-12
is a heterodimer composed of a 34-kDa light chain (P35) and

a 40-kDa heavy chain (P40) (27). The P35 subunit is unique to
IL-12, while the P40 subunit is shared with another dimeric
cytokine, IL-23 (42). Our demonstration that clearance of P.
carinii is impaired in P40 KO mice is also consistent with a role
for IL-23 in host defense against this pathogen, as reported in
a previous publication (48). The fact that IL-12 is complemen-
tary to but not critical for protection against P. carinii is con-
sistent with the redundant role of cytokines in pulmonary host
defense (51). For example, IL-12�/� mice show an early im-
paired host response to infection with Listeria monocytogenes
but ultimately are able to clear the infection, probably due to
IL-12-independent production of IFN-� by CD8� T cells (43).

Administration of IL-12 might be useful to enhance host
defense against P. carinii, particularly in immunocompromised
hosts. Although IL-12 has been investigated most extensively
in the treatment of cancer (37), a considerable body of litera-
ture supports IL-12 therapy for infectious disease as well. For
example, systemic IL-12 has been shown to enhance host de-
fense in animal models of infection with Listeria monocytogenes
(55), Mycobacterium tuberculosis (13), Toxoplasma gondii (14),
coxsackievirus (46), herpes simplex virus (28), bacteria (17),
mycobacteria (26), cryptococcus (24), and Leishmania major
(20). Local delivery of IL-12 has been used to treat experimen-
tal infections with Klebsiella pneumoniae (18) and Franciscella
tularensis (12, 44). In human subjects, IL-12 therapy has been
investigated as adjunctive therapy for hepatitis C infection (45)
and HIV infection (23). There have been no studies of IL-12
therapy of P. carinii infection, although recombinant IL-12 has
been shown not to enhance in vitro proliferation of blood
mononuclear cells in response to P. carinii (19). To test the
potential of exogenous IL-12 therapy in pulmonary infection
with P. carinii, we utilized both IN administration of IL-12
protein and in vivo transfer of the IL-12 gene by IT instillation.
Intranasal IL-12 has been shown to be less toxic than systemic

FIG. 5. Lung lymphocyte phenotypes after gene transfer of rmIL-12 using an adenoviral vector. Control and CD4-depleted BALB/c mice were
challenged with 2 � 105 P. carinii organisms. Twelve days after challenge, mice were administered either 2 � 108 PFU AdIL-12 or AdLuc by IT
inoculation. Mice were sacrificed at 4 weeks, and lavaged lymphocytes were assayed by flow cytometry. Numbers of lavaged total T cells, CD4�

cells, CD4� effector/memory cells, CD8� cells, CD8� effector/memory cells, and B cells are shown for CD4� mice (A) and CD4-depleted mice
(B). Negligible numbers of CD4� T cells were observed in the CD4-depleted mice. Data are reported as mean � SD, n 	 5 or 6. * indicates P 

0.05 compared to AdLuc.
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IL-12 in murine models (22), while the gene transfer of cyto-
kines such as IL-12 provides more sustained gene expression
and avoids the need for repetitive administration. Our results
clearly demonstrate that exogenous administration of IL-12
either as recombinant protein or expressed through an adeno-
viral vector can augment host defenses against P. carinii, ac-
celerating clearance of infection in normal mice and restoring
clearance in mice deficient in CD4� T lymphocytes. This latter
observation is particularly relevant to human P. carinii pneu-
monia, which is most often observed in the setting of HIV
infection where CD4� T lymphocytes are dysfunctional or
severely depleted.

The mechanisms through which IL-12 therapy enhances host
defense against P. carinii are likely to be multiple. IL-12 is a
key initiator of cell-mediated immunity promoting the devel-
opment of Th1 T-lymphocyte responses to antigen (21, 34),
and local delivery of IL-12 has been shown to amplify antigen-
specific immune responses in the lungs of mice (50). Thus, in
our experiments with P. carinii-infected normal mice, IL-12
therapy may augment Th1 lymphocyte responses to P. carinii.
IL-12 has also been shown to enhance the numbers of CD8�

cytotoxic T lymphocytes at mucosal surfaces (4). This mecha-
nism of action is supported in our studies by the observed
increase in CD8� T lymphocytes and CD8� cells bearing ef-
fector memory markers in P. carinii-infected animals depleted
of CD4� T cells treated with AdIL-12. The absence of a ther-
apeutic effect of IL-12 in scid mice with no functional B or T
cells strongly suggests that IL-12’s effect is mediated through
CD8� T lymphocytes. Preliminary studies from our laboratory
also show that IL-12 therapy of CD4-depleted, P. carinii-in-
fected mice increases the numbers of lung CD8� T lympho-
cytes containing intracellular IFN-� (data not shown). Thus,
IL-12 administration may facilitate host clearance of P. carinii
by augmenting antigen-specific lymphocyte responses involving
both CD4� and CD8� T cells.

In addition to stimulating antigen-specific immune re-
sponses, IL-12 therapy may also enhance innate immunity. For
example, IL-12 has been shown to enhance resistance to Toxo-
plasma gondii in a T-cell-independent fashion through the
stimulation of IFN-� production by NK cells and the activation
of macrophages (15). IL-12 therapy may also increase the
recruitment of lymphocytes through enhanced production of
IFN-�-inducible lymphocyte chemokines, particularly those of
the CXCR3 class (36). This is particularly the case, given the
high induction of IFN-� following IL-12 administration in our
model. A nonspecific effect of IL-12 in our model of P. carinii
infection is supported by the broad increase in the recruitment
of macrophages, lymphocytes, and neutrophils into lung tissue
and the increase in proinflammatory cytokines associated with
IL-12 administration. Research is ongoing to characterize the
specific therapeutic mechanism(s) of IL-12 therapy in P. carinii
pneumonia in normal and immunosuppressed mice.

In conclusion, the present study shows that IL-12 is part of
the normal host response to infection with P. carinii and is
required but not essential for optimal clearance of pulmonary
infection. IL-12 therapy can enhance host resistance to infec-
tion in both normal mice and mice depleted of CD4� T lym-
phocytes. A treatment effect of IL-12 is mediated through
enhanced inflammatory cell recruitment into lung tissue and
increased tissue concentrations of proinflammatory cytokines.

These results support a potential role for IL-12 as an adjunc-
tive therapy for pneumonia due to P. carinii.
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