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The relationship between tissue inflammation and clearance of the opportunistic pathogen Pneumocystis
carinii is poorly understood. We asked whether the anti-inflammatory cytokine interleukin-10 (IL-10) is
released during the host response to infection with P. carinii and whether local delivery of the IL-10 gene could
suppress tissue inflammatory responses without compromising clearance of infection. Control and CD4-
depleted mice were inoculated with P. carinii, and at serial intervals after inoculation, lung tissue was assayed
for IL-10 by enzyme-linked immunosorbent assay. We found that IL-10 was released in lung tissue in control
mice and was present in higher concentrations in CD4-depleted mice with progressive infection. Control and
CD4-depleted mice were then pretreated with 109 PFU of intratracheally administered adenoviral vector
containing the viral IL-10 gene or the luciferase gene followed by inoculation with P. carinii. Pretreatment with
viral IL-10 did not alter clearance of infection in control mice or severity of infection in CD4-depleted mice but
did decrease tissue inflammation. We then asked whether gene transfer of viral IL-10 could decrease tissue
inflammation during immune reconstitution. In these experiments, immunodeficient scid mice were inoculated
with P. carinii and were heavily infected after 4 weeks. When these mice are immunologically reconstituted by
intravenous administration of spleen cells from normal mice, a hyperinflammatory reaction developed in lung
tissue, associated with high mortality. In comparison to control mice, mice treated with viral IL-10 prior to
reconstitution showed significantly decreased lung wet weight, bronchoalveolar lavage fluid (BALF) lactate
dehydrogenase, and BALF neutrophils. In contrast, infection intensity, as measured by PCR for P. carinii
rRNA, was unchanged between the IL-10 and luciferase groups. Survival was also improved in the IL-10-
treated mice. We conclude that release of IL-10 is part of the host response to infection with P. carinii and that
gene therapy with viral IL-10 can lessen excessive tissue inflammation without altering pathogen clearance. In
the setting of immune reconstitution and P. carinii pneumonia, pretreatment with the viral IL-10 gene
decreases excessive tissue inflammation and improves survival. These results are relevant to acute respiratory
failure after initiation of antibiotic treatment for human P. carinii pneumonia and to immune reconstitution
syndromes in human immunodeficiency virus-positive patients started on highly active antiretroviral therapy.

Recruitment of inflammatory cells into lung tissue is an
important element of host defense against infection. This is
particularly true for infection with the fungal pathogen, Pneu-
mocystis carinii, where migration of CD4� T lymphocytes into
lung tissue is required to prevent the development of pneumo-
nia (16, 34). However, excessive tissue inflammation in re-
sponse to P. carinii can also be detrimental to the host. For
example, in immune reconstitution syndromes and early after
initiation of antimicrobial therapy for P. carinii pneumonia,
exuberant pulmonary inflammatory responses can cause pul-
monary edema, impaired gas exchange, and acute respiratory
failure (41, 42). Obviously, efficient host defense requires
mechanisms to both initiate and then to downregulate tissue
inflammation.

One mechanism to control or modulate tissue inflammation
is the elaboration of anti-inflammatory cytokines. One such
anti-inflammatory cytokine is interleukin-10 (IL-10). Although

IL-10 has multiple effects on the inflammatory response, most
of these effects may be considered anti-inflammatory (38). For
example, IL-10 suppresses Th1 lymphocyte responses, activa-
tion of macrophages, and release of chemotactic factors for
neutrophils. In bacterial pneumonia, neutralization of endog-
enous IL-10 enhances tissue inflammation and improves bac-
terial clearance (14, 39).

The role of IL-10 in host responses to P. carinii is unknown.
The purpose of this study was to investigate release of endog-
enous IL-10 in normal and CD4-depleted mice challenged with
P. carinii and to examine the effect of pulmonary delivery of the
IL-10 gene on host responses to this pathogen.

(Data were presented in part at the May 2002 annual meet-
ing of the American Thoracic Society in Atlanta, Ga.)

MATERIALS AND METHODS

Animals. Specific-pathogen-free female BALB/c mice were purchased at 7 or
8 weeks of age from Hilltop Laboratories (Scottsdale, Pa.). CB-17scid mice were
purchased at age 5 to 8 weeks from Taconic Farms (Germantown, N.Y.). All
animals were housed in filter-topped cages in an isolation room at the 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
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animals were kept in the facility for at least 2 days before any treatment was
begun.

Adenoviral vectors. We used the plasmid pcDSRa-BCRFI (kind gift from
Thomas Ritter), which contains the viral IL-10 (vIL-10) cDNA. This cDNA was
cut out from pcDSRa-BCRFI by EcoRI and subcloned into pBS. From
pBSvIL-10 it was cloned into pACCMV via KpnI-XbaI. The control AdLuc
vector is identical to this but encoded firefly luciferase as described earlier (19).
Both viruses were propagated on 293 cells and purified over CsCl as described
earlier (18), and contained �0.01 ng of endotoxin/ml as determined by the
QCL-1000 Limulus lysate assay. We have previously used this vector system to
deliver the gamma interferon (IFN-�) gene to mice infected with P. carinii (19).
Instillation of AdLuc into the lungs of normal mice (without P. carinii) is asso-
ciated with a modest influx of neutrophils into lavaged cells (which is gone by 1
week) and a minimal influx of lymphocytes that persists to 1 month afterward.

CD4� depletion. Mice received intraperitoneal injections of 0.3 mg of anti-
CD4 (hybridoma GK 1.5) in 0.1 ml of phosphate-buffered saline (PBS) each
week, which results in a sustained and profound depletion of CD4� lymphocytes
from the blood and spleen (34).

P. carinii inoculation. P. carinii for inoculation was prepared as described
earlier (34) using lung homogenates from chronically infected scid mice (Taconic
Farms). In brief, scid mice with chronic P. carinii infection were injected with a
lethal dose of pentobarbital and their lungs were aseptically removed and frozen
in 1 ml of PBS at �70°C. Frozen lungs were homogenized (Model 80 Stomacher;
Tekmar Instruments, Cincinnati, Ohio) in 10 ml of PBS, were forced through a
sterile 70-�m-pore-size nylon cell strainer (Falcon 2350; Becton Dickinson La-
bware, Franklin Lakes, N.J.), and pelleted at 500 � g for 10 min at 4°C. The
pellet was resuspended in PBS. The pellet was diluted 1:4 with PBS and smeared
on a microscope slide. The slide was stained with modified Giemsa stain (Diff-
Quik; Baxter, McGraw Park, Ill.). The number of P. carinii cysts was quantified
microscopically, and the inoculum concentration was adjusted to 2 � 106 cysts/
ml. Recipient BALB/c mice were anesthetized intraperitoneally with pentobar-
bital (75 mg/kg of body weight) and injected intratracheally with 2 � 105 P. carinii
cysts.

Immune reconstitution. In some experiments, P. carinii-infected scid mice
were immunologically reconstituted by intravenous injection of 5 � 107 spleen
cells from normal BALB/c mice or BALB/c mice immunized with 2 � 105 P.
carinii cysts intratracheally 2 weeks earlier (42).

Bronchoalveolar lavage. After a lethal dose of pentobarbital (400 mg/kg), 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 11
ml.

Lavage cell counts and differential. Lavage cells were collected by centrifuga-
tion at 500 � g for 10 min. The cells were then washed with PBS, centrifuged
onto glass slides at 20 � g for 5 min, and stained with Diff-Quik (Baxter) for
differential cell counting.

Lung digest. In selected experiments, lung digest was prepared for analysis of
cytokine concentrations in lung tissue. The right lung was removed aseptically
and forced through a 70-�m-pore-size nylon cell strainer (Falcon) in 0.5 ml of
PBS. The resultant fluid was cleared of debris and cells by centrifugation and
frozen at �70°C for later analysis.

RNA isolation/TaqMan probes and primers for P. carinii rRNA. Total RNA
was isolated from the right lung by using TRIZOL reagent (catalog no. 15596-
026; Life Technologies, Rockville, Md.). As a standard for the assay, a portion of
P. carinii subsp. muris rRNA (43) (GenBank accession no. AF257179) was cloned
into PCR 2.1 Vector (Invitrogen) and P. carinii rRNA was produced by in vitro
transcription using T7 TNA polymerase (catalog no. P 1300; Promega). The pair
of TaqMan PCR primers for mouse P. carinii rRNA are 5�-ATG AGG TGA
AAA GTC GAA AGG 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 (6-FAM), and the sequence was 6-FAM-AACAGCCCAGAATAA
TGAATAAAGTTCCTCAATTGTTAC-TAMRA. Real-time reverse transcrip-
tase (RT)-PCR was done using a two-step method. Reverse transcription
reactions were done in a volume of 25 �l containing 5 �l of RNA sample, 1�
TaqMan RT buffer, 5.5 mM magnesium chloride, a 500 �M concentration of
each deoxynucleoside triphosphate, 2.5 �M random hexamer, 0.4 U of RNase
inhibitor/�l, and 1.25 U of MultiScribe RT (PE Biosystems N 808-0234)/�l.
Samples were incubated at 25°C for 10 min, reverse transcribed at 48°C for 30
min, and RT inactivated at 95°C for 5 min. PCRs were done in a volume of 50
�l containing 5 �l of cDNA, 1� TaqMan universal PCR master mix (PE Bio-
systems), primer, and probe. An initial 2-min incubation was done at 50°C for
uracil-N-glycosylase activity to prevent carryover reaction. The reaction was ter-

minated 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. All reaction were
carried out in duplicate using the ABI prism 7700 SDS. Data were converted to
rRNA copy number using a standard curve of known-copy-number P. carinii
rRNA.

LDH activity. Lactate dehydrogenase (LDH) activity in bronochoalveolar la-
vage fluid was assayed spectrophotometrically (340 nm) using LD-L reagent
from Sigma (catalog no. 228-500P).

ELISA for endogenous and vIL-10. The first 1 ml of cell-free lung lavage fluids
was stored at �80°C and assayed for vIL-10 using a standard sandwich-type assay
with two immunological steps. The first step leads to the capture of IL-10 by a
monoclonal anti-IL-10 antibody bound to the well of a 96-well plate. In the
second step, a second monoclonal anti-IL-10 antibody, which is biotinylated, was
added together with streptavidin peroxidase conjugate. After incubation, the
binding of the streptavidin-peroxidase via biotin was detected by the addition of
a chromogenic substrate for peroxidase. All incubations were performed on a
shaker platform at room temperature. The plates were washed three times with
wash buffer between all steps. The intensity of the coloration produced is pro-
portional to the IL-10 concentration in the sample or standard (IL-10 enzyme-
linked immunosorbent assay [ELISA] kit, part no. 1 M1987; Immunotech, Mar-
seille, France). Endogenous IL-10 was detected using a mouse IL-10
immunoassay kit (catalog no. M 1000; R&D Systems) similar to the ELISA for
vIL-10.

Histologic examination of lung tissue. For scoring of infection and inflamma-
tion, the lungs were fully inflated with 10% formalin. The trachea was tied off,
and the lungs were fixed in 10% neutral formalin. Paraffin-embedded sections
were stained with hematoxylin and eosin or Gomori-methenamine silver and
scored blindly for intensity of infection and for alveolar and perivascular inflam-
mation as previously described (5, 11, 24).

Statistics. Data are reported as mean � standard deviation (SD). Scalar
comparisons were made by analysis of variance or by t test. Survival curves were
compared using the log-rank test. Statistical significance was accepted when P
was less than 0.05.

RESULTS

Release of endogenous IL-10 after inoculation with P. cari-
nii. In our first set of experiments, we asked whether IL-10 is
released in lung tissue in response to inoculation of P. carinii.
IL-10 was assayed by ELISA in lung tissue from control and
CD4-depleted mice at serial intervals after inoculation with P.
carinii (Fig. 1A). An additional control included mice inocu-
lated with an equivalent volume of PBS alone. Concentrations
of IL-10 in mice inoculated with P. carinii were significantly
different (P � 0.01) from those in mice inoculated with PBS
alone at all time points. IL-10 was barely detectable in control
mice inoculated with PBS. This was also true for CD4-depleted
mice inoculated with PBS (data not shown). Comparing CD4-
depleted mice to control mice inoculated with P. carinii, IL-10
in lung tissue was significantly higher (P � 0.01) in the CD4-
depleted mice at all times except 10 days. CD4-depleted mice
showed an earlier peak concentration of IL-10 at 3 days after
inoculation with P. carinii than did control mice, where IL-10
peaked at 10 days (Fig. 1A). IL-10 in lung tissue remained
higher in CD4-depleted mice with progressive infection out to
42 days after P. carinii. Additional experiments using an RNase
protection assay showed parallel results for IL-10 mRNA (data
not shown). Lung tissue was also scored for intensity of infec-
tion with P. carinii at similar time intervals (Fig. 1B). Control
mice successfully cleared the infection, while CD4-depleted
mice showed a progressive increase in intensity of infection.
Comparing Fig. 1A to Fig. 1B, it can be seen that IL-10 in lung
tissue roughly paralleled clearance of infection in control mice,
while IL-10 remained persistently elevated in CD4-depleted
mice with progressive infection.

Time course of vIL-10 expression after intratracheal injec-
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tion. As a prelude to using adenoviral IL-10 (AdvIL-10) in P.
carinii infection, we examined the kinetics of expression of
vIL-10 after pulmonary gene transfer. Figure 2 shows the time
course of vIL-10 protein expression in bronchoalveolar lavage
fluid and in blood after intratracheal injection of 109 PFU of
AdvIL-10. High levels of vIL-10 were detectable in bronchoal-
veolar lavage fluid with a peak at 1 week after gene transfer
and persistence to 6 weeks. Minimal vIL-10 was observed in
the blood compartment at 1 week and was undetectable there-
after.

Effect of pretreatment with AdvIL-10 or AdLuc on clearance
or severity of infection with P. carinii. We next examined the
effect of pretreatment with AdvIL-10 on clearance of infection.
The experimental design for these experiments is shown in Fig.
3. Animals were sacrificed at 4 and 6 weeks after inoculation
with P. carinii, and the intensity of infection in lung tissue was
assayed by real-time PCR for P. carinii rRNA. The results at
the 4-week time point are shown in Fig. 4. Pretreatment with

AdvIL-10 did not alter clearance of infection in control mice
(CD4�) in comparison to control mice receiving AdLuc. Sim-
ilarly, in CD4-depleted mice (CD4�), pretreatment with Ad-
vIL-10 did not change the severity of chronic P. carinii infec-
tion in comparison to that in CD4-depleted mice receiving
AdLuc. Similar observations were found when CD4-depleted
mice were sacrificed at 6 weeks after P. carinii inoculation
(data not shown).

Effect of pretreatment with AdvIL-10 or AdLuc on tissue
inflammation following inoculation with P. carinii. Because
IL-10 has anti-inflammatory properties, we examined micro-
scopic inflammatory scores in mice pretreated with AdvIL-10.
Control and CD4-depleted mice were pretreated with Ad-
vIL-10 or AdLuc and were then inoculated with P. carinii. Four
weeks after inoculation, alveolar inflammation was scored by
blinded microscopic examination of formalin-fixed, hematoxy-
lin- and eosin-stained lung tissue. Normal lung tissue has an
alveolar inflammatory score of 0, while lung tissue with an
inflammatory score of 4 shows severe, confluent consolidation
of alveolar parenchyma with infiltration of mononuclear cells
and neutrophils and proteinaceous exudates. The results are
shown in Fig. 5. Both control and CD4-depleted mice pre-
treated with AdvIL-10 showed significantly less alveolar in-
flammation than similar mice pretreated with AdLuc.

Immune reconstitution in mice infected with P. carinii. Be-
cause local delivery of IL-10 decreased tissue inflammation
without altering clearance of infection, we then asked whether
exogenous IL-10 could be used to suppress excess tissue in-
flammation during immune reconstitution. Immune reconsti-
tution involves adoptive transfer of normal spleen cells into P.
carinii-infected scid mice. As the reconstituted immune system
responds to P. carinii in lung tissue, there are excess tissue
inflammation, impaired gas exchange, and high mortality (42).
The experimental design for these experiments is shown in Fig.
6. Consistent with our earlier results (Fig. 4), administration of
AdvIL-10 did not alter the intensity of infection at the time of
reconstitution compared to mice administered AdLuc (AdvIL-
10, 1.2 � 107 � 0.15 � 107; AdLuc, 1.4 � 107 � 0.2 � 107 P.
carinii rRNA copies/lung; P 	 not statistically significant).

FIG. 1. Concentration of endogenous IL-10 in lung tissue after P.
carinii (PC) challenge. (A) Control and CD4-depleted mice were in-
oculated with P. carinii, and lung tissue was assayed for IL-10 at serial
intervals. An additional control included mice inoculated with PBS.
Each data point represents mean � SD for at least five animals.
(B) Fixed lung tissue was also examined and scored microscopically for
intensity of infection. Data represent the mean results for at least three
animals.

FIG. 2. Expression of the vIL-10 transgene after intrapulmonary
injection. A given amount (109 PFU) of AdvIL-10 was injected intra-
tracheally (i.t.), and vIL-10 was assayed by ELISA in bronchoalveolar
lavage fluid and in serum at serial intervals. Each data point represents
the mean of three animals.
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Effect of local delivery of AdvIL-10 or AdLuc on tissue in-
flammation during immune reconstitution in mice infected
with P. carinii. When mice were sacrificed at 2 weeks after
immune reconstitution, there was significantly less tissue in-
flammation in the mice given AdvIL-10 than in mice given
AdLuc. Tissue inflammation was assayed as lung wet weight,
lavage fluid LDH, and the number of neutrophils in lavaged
cells. Lung wet weight was significantly decreased in AdvIL-10
mice compared to that in AdLuc mice (Fig. 7A). LDH con-
centrations in bronchoalveolar lavage fluid were also signifi-
cantly decreased in mice given AdvIL-10 compared to those in
mice given AdLuc (Fig. 7B). Concentrations of lavaged poly-
morphonuclear leukocytes are shown in Fig. 7C. The total
number of lavaged neutrophils per mouse was significantly
decreased in mice given AdvIL-10 compared to to that in mice
given AdLuc (1.3 � 106 � 0.4 � 106/mouse for AdvIL-10; 2.4

� 106 � 0.5 � 106/mouse for AdLuc; P � 0.05). Numbers of
lavaged alveolar macrophages and lymphocytes were not sig-
nificantly different in mice given AdvIL-10 from those in mice
given AdLuc.

Effect of local delivery of AdvIL-10 or AdLuc on survival
following immune reconstitution in mice infected with P. ca-
rinii. Finally, we asked whether treatment with AdvIL-10 could
improve survival during the hyperinflammatory response asso-
ciated with immune reconstitution. P. carinii-infected scid mice
were administered AdvIL-10 or AdLuc and were then immune
reconstituted as shown in Fig. 6. These mice were then mon-
itored for survival up to 25 days after reconstitution. A survival
curve is shown in Fig. 8. Mice began to die at 10 days after
reconstitution, and survival was 0% in the AdLuc group by 17
days after reconstitution. Mortality was also observed in the
AdvIL-10 group but was delayed in comparison to that in

FIG. 3. Experimental design. Gene transfer of AdvIL-10 or AdLuc. i.t., intratracheal; H&E, hematoxylin and eosin; PC, P. carinii; and GMS,
Gomori-methenamine silver; IP, intrapulmonary.

FIG. 4. Lung tissue burden of P. carinii (PC) in mice pretreated
with AdvIL-10 or AdLuc. Data are from mice sacrificed 4 weeks after
inoculation with P. carinii. The two leftmost columns represent control
(CD4�) mice, and the two rightmost columns represent CD4-depleted
(CD4�) mice. Each data point represents mean � SD for at least 10
animals. it, intratracheal.

FIG. 5. Effect of pretreatment with AdvIL-10 or AdLuc on tissue
inflammation. Data are from mice sacrificed 4 weeks after inoculation
with P. carinii. The two leftmost columns represent control mice, while
the two rightmost columns represent CD4-depleted mice. Alveolar
inflammatory scores were calculated by microscopic examination of
hematoxylin- and eosin-stained lung tissue. Each data point represents
mean � SD for at least six animals. *, P � 0.05 in comparison to
AdLuc.
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AdLuc mice, with a final survival rate of 30% at 25 days after
reconstitution (P � 0.05 in comparison to AdLuc).

DISCUSSION

Results of these experiments demonstrate for the first time
(to our knowledge) in vivo release of the cytokine, IL-10,
during the host response to P. carinii. Warschkau et al. previ-
ously demonstrated that P. carinii cultured in vitro with spleno-
cytes from scid mice stimulated the release of IL-10 as well as
that of tumor necrosis factor, IFN-�, and IL-12 into culture
supernatants (40). Our experiments now clearly indicate that
P. carinii can also stimulate release of IL-10 in vivo, at least in
mice. Interestingly, release of endogenous IL-10 in our exper-
iments was consistently higher in CD4-depleted than in control
(CD4-replete) mice. This was true even at early time points
after instillation of P. carinii, when the severity of infection was
comparable between the two types of mice (Fig. 1). The rea-
sons for higher IL-10 levels in CD4-depleted mice are not
clear, but our experiments would suggest that CD4� T lym-
phocytes are not a major cellular source of IL-10 in response to
P. carinii. In this regard, IL-10 has been shown to be released
from a variety of cell types, including macrophages and mono-
cytes (10). Indeed, Mycobacterium leprae infection in IFN-�
knockout mice is associated with increased mRNA for IL-10 in
granuloma cells (1). It is possible that elevated endogenous
IL-10 associated with CD4 depletion (and possibly human im-
munodeficiency virus [HIV] infection) reflects the loss of a
major cellular source of IFN-� and that the resultant high
endogenous IL-10 content is part of the immunosuppression
that then permits infection with P. carinii. In support of this
idea, IFN-� and IL-10 appear to have a reciprocal relationship
in lymphocytes from HIV-infected persons, such that progres-
sive infection is associated with decreased lymphocyte produc-
tion of IFN-� and increased production of IL-10, and this
relationship is reversed with antiviral treatment (30). This
could also explain the clinical observation that HIV-related P.
carinii pneumonia is characterized by a longer time course
before diagnosis, a higher organism tissue burden, and less
tissue inflammation than in PCP that complicates other immu-
nosuppressive states (21).

Release of IL-10 in vivo has been shown in prior studies to
be involved in host defense against a variety of other infectious
agents, including Klebsiella pneumoniae (14, 39), Listeria mono-
cytogenes (7), Candida albicans (8, 33), Trypanosoma cruzi (32),
and Toxoplasma gondii (29). As a general rule, experimental
depletion of IL-10 through antibody neutralization or usage of
knockout mice leads to enhanced host responses and de-
creased susceptibility to infection, while elevation of IL-10 by
administration of recombinant cytokine or usage of transgenic
mice leads to decreased host responses and increased suscep-
tibility to infection. An exception may be Leishmania major (6).
Thus, it is surprising that elevation of IL-10 in our experiments
through local delivery and expression of vIL-10 did not com-
promise host defense against P. carinii. One explanation for
this finding lies in the observation that endogenous IL-10 is
already elevated during P. carinii infection, so that further
elevation of IL-10 through gene transfer might not lead to
increased susceptibility to infection. Therefore, we cannot con-
clude from our studies that IL-10 is not important in host
defense against P. carinii but can conclude only that elevation
of IL-10 does not compromise clearance of infection. To fur-
ther delineate the role of IL-10 in host defense against this
pathogen, additional experiments are planned using an anti-
body neutralization approach.

It should also be emphasized that our experiments with gene
transfer of IL-10 utilized the Epstein-Barr viral homolog of
IL-10. vIL-10 is almost identical in amino acid sequences to
murine IL-10 and likely represents a gene captured by the virus
to facilitate interaction with the infected host (27). In terms of
biological activity, vIL-10 shares many functions with endoge-
nous IL-10 but differs in others. vIL-10 retains most of the
anti-inflammatory properties of murine or human IL-10 but
lacks some of the proinflammatory properties of these cyto-
kines. For example in contrast to murine or human IL-10,
vIL-10 does not upregulate major histocompatibility complex
class II expression on B cells (13) or costimulate proliferation
of mouse thymocytes or mast cells (23, 37). vIL-10 also differs
from endogenous IL-10 as to influences on the host response
to allografts (31) or tumor cells (35). These differences in
biological activity may reflect differential binding to IL-10 re-
ceptor complexes (22). Additional experiments are planned to
confirm our present observations using gene transfer of murine
IL-10.

IL-10 may be considered an immunosuppressive cytokine
and has suppressive functions for both innate and acquired
immune responses. In terms of infectious diseases, IL-10 may
serve to limit excess tissue inflammation and prevent tissue
injury during the host inflammatory response to an infectious
pathogen. In the present studies, we found that gene transfer
of viral IL-10 also decreased tissue inflammation in mice in-
oculated with P. carinii. Furthermore, in a model of excess
tissue inflammation associated with immune reconstitution,
IL-10 therapy dampened pulmonary inflammation and pro-
longed survival. Mechanisms through which IL-10 decreases
pulmonary inflammation during P. carinii challenge remain to
be clarified, but our data suggest that the anti-inflammatory
effect of IL-10 is mediated in part by decreased recruitment of
neutrophils into lung tissue. In HIV-infected subjects with
PCP, excess neutrophils in the lung lavage fluid are a marker
for poor prognosis (4, 21). Numerous prior studies have shown

FIG. 6. Experimental design. Immune reconstitution during P. ca-
rinii (PC) infection. i.p., intrapulmonary; BALF, bronchoalveolar la-
vage fluid.
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that IL-10 inhibits the production of CXC chemokines from
monocytes and macrophages (15, 20). CXC chemokines are
important in the recruitment of neutrophils into infected tis-
sue, and we propose that decreased P. carinii-induced inflam-
mation following IL-10 gene transfer is the result of suppressed
host release of CXC chemokines for neutrophils.

Local delivery of IL-10 may have therapeutic benefit in cer-
tain disease states including infectious diseases. For example,
IL-10 therapy shows promise in the treatment of patients with
inflammatory bowel disease (36), rheumatoid arthritis (17) and
psoriasis (3) and in the prevention of endoscopic retrograde
cholangiopancreatography-induced pancreatitis (9). In pa-
tients with chronic hepatitis C infection, treatment with human
IL-10 reverses liver fibrosis without increasing viral titers (28).
In human P. carinii pneumonia, effective antimicrobial therapy
is available, but there are situations where excessive inflamma-
tion is a problem clinically. Some patients with severe P. carinii
pneumonia experience respiratory failure shortly after initia-
tion of antimicrobial therapy (12, 25). The pathogenesis of
respiratory failure in this setting is felt to be tissue injury
mediated through an exuberant host inflammatory response to
the pathogen as it is killed by antibiotic therapy. Corticoste-
roids are already used as anti-inflammatory agents in these
patients (2, 26), and IL-10 could conceivably be of benefit as
well. Paradoxical worsening of PCP has also been reported in
patients started on highly active antiretroviral therapy (41).
This human immune reconstitution syndrome is analogous

to the murine model of immune reconstitution used in our
studies. Corticosteroids have been proposed to treat human
immune reconstitution syndromes (41), and our studies sug-
gest that IL-10 may also be a potential therapy for these
cases.

In summary, the results of these experiments demonstrate
that IL-10 is released in lung tissue as part of the host response
to infections with P. carinii. Local gene transfer of vIL-10
decreases recruitment of neutrophils into infected lung tissue
without altering clearance of infection. In the setting of im-
mune reconstitution and P. carinii pneumonia, pretreatment
with the vIL-10 gene decreases excessive tissue inflammation
and decreases mortality. These results provide a rationale to
study adjunctive IL-10 therapy in selected patients with P.
carinii pneumonia.

FIG. 7. Effect of AdvIL-10 or AdLuc on parameters of tissue in-
flammation during immune reconstitution. (A) Lung wet weights 2
weeks after immune reconstitution in mice treated with AdvIL-10 or
AdLuc. *, P � 0.05 in comparison to AdLuc. (B) Concentrations of
LDH in bronchoalveolar lavage fluid 2 weeks after immune reconsti-
tution in mice treated with AdvIL-10 or AdLuc. *, P � 0.01 in com-
parison to AdLuc. (C) Lavaged neutrophils 2 weeks after immune
reconstitution in mice treated with AdvIL-10 or AdLuc. *, P � 0.05 in
comparison to AdLuc.

FIG. 8. Survival after immune reconstitution in mice treated with
AdvIL-10 or AdLuc. Survival was significantly improved (P � 0.05) in
mice receiving AdvIL-10 compared to that in mice receiving AdLuc.
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