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During Pneumocystis carinii pneumonia (PCP) in mice, the degree of pulmonary inflammation correlates
directly with the severity of lung function deficits. Therefore, studies were undertaken to determine whether the
host inflammatory response contributes to PCP-related respiratory impairment, at least in part, by disrupting
the pulmonary surfactant system. Protein and phospholipid content and surfactant activity were measured in
the lavage fluid of infected mice in either the absence or presence of an inflammatory response. At 9 weeks
postinfection with P. carinii, nonreconstituted SCID mice exhibited no signs of pulmonary inflammation,
respiratory impairment, or surfactant dysfunction. Lavage fluid obtained from these mice had protein/phos-
pholipid (Pr/PL) ratios (64% 6 4.7%) and minimum surface tension values (4.0 6 0.9 mN/m) similar to those
of P. carinii-free control mice. However, when infected SCID mice were immunologically reconstituted, an
intense inflammatory response ensued. Pr/PL ratios (218% 6 42%) and minimum surface tension values
(27.2 6 2.7 mN/m) of the lavage fluid were significantly elevated compared to those of the lavage fluid from
infected, nonreconstituted mice (P < 0.05). To examine the specific role of CD81 T-cell-mediated inflammation
in surfactant dysfunction during PCP, mice with defined T-cell populations were studied. P. carinii-infected,
CD41-depleted mice had elevated lavage fluid Pr/PL ratios (126% 6 20%) and elevated minimum surface
tension values (16.3 6 1.0 mN/m) compared to normal mice (P < 0.05). However, when infected mice were
additionally depleted of CD81 cells, Pr/PL ratios were normal and surfactant activity was improved. These
findings demonstrate that the surfactant pathology associated with PCP is related to the inflammatory process
rather than being a direct effect of P. carinii. Moreover, CD81 lymphocytes are involved in the mechanism
leading to surfactant dysfunction.

Pneumocystis carinii pneumonia (PCP) is a life-threatening
opportunistic infection of the immunocompromised host. The
clinical hallmark of PCP at presentation is tachypnea and hy-
poxia. Few rales are present upon auscultation of the chest,
and X ray shows a diffuse pattern of alveolar disease. The
mechanism by which P. carinii produces this clinical picture is
poorly understood. One possible contributor to the constella-
tion of signs and symptoms of PCP is direct or indirect disrup-
tion of the pulmonary surfactant system. Surfactant is a mac-
romolecular complex of various phospholipids and specific
proteins that regulates surface tension at the air-liquid inter-
face within the alveolus. Surfactant-mediated reduction and
variation of surface tension stabilize alveolar inflation and de-
flation behavior and reduce the work of breathing. Loss of
surfactant activity results in decreased lung compliance, atel-
ectasis, and impaired gas exchange.

There have been several experimental observations that sug-
gest that P. carinii has the potential to cause physiological
disruption of the surfactant system. Sheehan et al. (43) initially
described a decrease in surfactant phospholipids in rats with
PCP, and alterations in surfactant composition have also been
noted in humans with PCP (9, 17, 46). P. carinii and at least one

specific cell wall component of P. carinii, gpA (major surface
glycoprotein, gp120), have also been shown to bind to surfac-
tant components. For example, surfactant protein (SP)-A has
homology with mannose-binding proteins and has lectin-like
activity (39). Since gpA is a mannosylated glycoprotein, an
interaction between these two molecules would be expected
and has been demonstrated in vitro (31, 59). SP-D, which may
also play a role in surfactant homeostasis, also binds to P.
carinii (33). In addition to interacting physically with surfactant
proteins, P. carinii and P. carinii gpA have been shown to
interfere with synthesis and secretion of various surfactant
components by alveolar cells (4, 29, 36). Furthermore, there
have been reports of functional impairment of surfactant ac-
tivity in steroid-treated rats (52) and severe combined immu-
nodeficient (SCID) mice (3) with PCP.

We have been using the SCID and CD41 T-cell-depleted
mouse models of PCP to examine the inflammatory processes
occurring during disease (57). The advantage of these models
is that they avoid the use of corticosteroids which may have
confounding physiological and immunologic effects, including
an increase in surfactant lipid production (58). Furthermore,
the availability of well-characterized mouse-specific immuno-
logic reagents allows for more-precise definition of humoral
and cellular events taking place in response to infection by P.
carinii. This report describes experiments analyzing surfactant
composition and function in the lavage fluid of different groups
of P. carinii-infected mice which vary in their ability to mount
an inflammatory response against the organism. We chose to
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examine whole lavage fluids rather than fractionated surfactant
preparations so that the contribution of inflammation-associ-
ated inhibitory components present in the lavage fluid could be
assessed. Nonreconstituted SCID mice provided a model to
study the direct effects of P. carinii on surfactant in the absence
of inflammation, while reconstituted SCID mice were em-
ployed to examine the contribution of immune system-medi-
ated inflammation to pulmonary surfactant dysfunction. In ad-
dition, by utilizing mice specifically depleted of CD41 and
CD81 lymphocytes, the role and importance of these T-cell
subpopulations in inflammation-induced surfactant dysfunc-
tion was also examined.

MATERIALS AND METHODS

SCID mouse model of PCP. CB.17 scid/scid mice were obtained from the
Trudeau Institute Animal Breeding Facility (Saranac Lake, N.Y.). The mice
were maintained in microisolator cages and fed sterilized food and water. Be-
ginning at 3 weeks of age, SCID mice were cohoused with P. carinii-infected
SCID mice in order to induce PCP in the experimental animals. Seven weeks
after commencing cohousing (postexposure), when SCID mice were known to
have developed PCP, one group of mice was immunologically reconstituted with
5 3 107 spleen cells from normal unimmunized congenic CB.17 mice. At 12 days
postreconstitution (DPR), during the peak inflammatory phase, these mice were
sacrificed and surfactant composition and activity were measured. The remaining
infected mice were not reconstituted and were sacrificed at 9, 12, and 15 weeks
after exposure to P. carinii. P. carinii-free SCID mice were used as controls.

CD41 T-cell-depleted mouse model of PCP. Female C57BL/6 mice, 4 weeks of
age, were obtained from the Trudeau Institute Animal Breeding Facility. Three
days after arrival, mice were assigned to receive an anti-CD4 monoclonal anti-
body (MAb) (clone GK 1.5; American Type Culture Collection [ATCC]), both
anti-CD4 and anti-CD8 MAbs (clone TIB210; ATCC), or no antibody as previ-
ously described (16). Mice treated with MAbs received intraperitoneal injections
two times per week of 0.25 mg of the MAb in 0.5 ml of Hanks balanced salt
solution. Injections of MAbs were continued for the entire duration of the
experiments. Experimental groups of mice were inoculated with 107 P. carinii
nuclei and then sacrificed 34 days after inoculation.

P. carinii inoculation. Lungs from CB.17 SCID mice maintained in a P.
carinii-infected colony were used as a source of P. carinii (16). Recipient mice
were anesthetized with halothane gas and given intratracheal inoculations of 100
ml of lung homogenates containing 108 P. carinii nuclei/ml with a blunted 20-
gauge needle inserted into the trachea through the oral pharynx as described
previously (15).

BAL. Each mouse was sacrificed by an overdose of sodium pentobarbital, and
the trachea was surgically exposed and cannulated with a sterile 20-gauge Luer-
lok stub adapter. The lungs were gently lavaged with eight 1-ml volumes of sterile
0.15 M NaCl (normal saline) administered through the tracheal catheter. Re-
covered bronchoalveolar lavage (BAL) fluid, averaging 6 to 7 ml per mouse for
each experimental group, was immediately centrifuged at 150 3 g for 5 min. This
force was sufficient to pellet lavage cells while allowing surface-active surfactant
aggregates to remain in solution. The cell-free supernatant was collected and
stored at 280°C for subsequent surfactant composition measurements and sur-
face tension studies.

For surface tension measurements of the large-aggregate (LA) surfactant
fraction from normal C57BL/6 mice, the cell-free BAL fluids collected from two
mice were pooled and centrifuged at 12,000 3 g for 30 min. The supernatant was
discarded, and the pellet was resuspended to a final concentration of 2.5 mg of
phospholipid/ml in 0.9% sterile saline.

Surfactant composition measurements. The total phospholipid concentration
in BAL fluid was assessed by the colorimetric assay of Ames (1). Lavage fluid
protein concentration was determined by the assay of Lowry et al. (30), with 15%
sodium dodecyl sulfate added to allow measurement of protein in the presence
of lipid.

Surface tension measurements. Surface tension measurements in BAL fluid
were made with a pulsating-bubble surfactometer (Electronetics, Amherst, N.Y.)
based on the original design of Enhorning (8). Lavage fluid samples from control
and experimental animals were evaporated under nitrogen and resuspended in
0.15 M NaCl–2 mM CaCl2 at a uniform phospholipid concentration of 2.5 mg/ml.
Aliquots of standardized BAL fluid were then placed in the sample chamber of
the bubble apparatus and assessed for surface activity. A small air bubble,
communicating with ambient air, was formed and was pulsated between mini-

mum and maximum radii of 0.4 and 0.55 mm by a precision pulsator moving
liquid into and out of the sample chamber at 37°C. Bubble size was monitored
through a microscope during continuous cycling at a rate of 20 cycles/min. The
pressure drop across the air-liquid interface in the bubble (DP) was measured
with a pressure transducer, and surface tension (g) was calculated from the
Laplace equation for a sphere: DP 5 2g/radius. The accuracy of this data analysis
procedure has been verified for air bubbles of the small size studied in this
apparatus despite nonspherical shape deformations that occur at low surface
tension (12). Surface activity data are reported as surface tension at minimum
bubble radius (minimum surface tension) as a function of time from the initiation
of bubble pulsation.

RNA isolation and S1 nuclease protection assays. Total lung RNA was iso-
lated from mice using TRIzol reagent according to the manufacturer’s instruc-
tions (Life Technologies Inc., Grand Island, N.Y.). Steady-state levels of SP-B
mRNA were determined using an S1 nuclease protection assay as previously
described (50, 51). Complementary DNA probes corresponding to murine SP-B
and murine ribosomal protein L32 were end labeled with [g32-P]ATP using T4
polynucleotide kinase (Life Technologies). Radiolabeled probes were hybrid-
ized to 5 mg of total RNA at 50°C for 16 h and then digested with S1 nuclease
(Boehringer Mannheim, Indianapolis, Ind.). Protected DNA fragments were
resolved by denaturing electrophoresis on an 8 M urea–6% acrylamide gel and
quantitated using a PhosphorImager and ImageQuant software (Molecular Dy-
namics, Sunnyvale, Calif.). SP-B mRNA levels were normalized to the murine
L32 levels to correct for sample loading.

Statistical analyses. All values reported for each experimental group are
means 6 1 standard error measurement. For each experiment, P values were
determined by performing a one-way analysis of variance with the SigmaStat
software package (Jandel Scientific, San Rafael, Calif.). The Student-Newman-
Keuls method was used for pairwise multiple comparisons of experimental
groups.

RESULTS

Effect of T-cell-mediated inflammation on surfactant func-
tion during PCP. To determine whether P. carinii-induced
pulmonary inflammation affects surfactant homeostasis, phys-
iological measurements of surfactant function were performed
on lavage fluid from nonreconstituted and immunologically
reconstituted SCID mice. Seven weeks after initial exposure to
P. carinii, one group of infected SCID mice was left nonrecon-
stituted and one group was immunologically reconstituted.
Both groups were sacrificed 12 days later, and surfactant com-
position and activity in the lavage fluid were measured. Non-
reconstituted, P. carinii-infected SCID mice demonstrated nor-
mal pulmonary function and normal surfactant activity at 9
weeks after exposure to P. carinii. Lavage fluids from these
mice had phospholipid and protein contents similar to those of
P. carinii-free mice (Table 1, Fig. 1). In addition, lavage fluids
from the nonreconstituted mice had normal minimum surface
tensions that reached an average of 4.0 6 0.9 mN/m after 20
min of pulsation at 20 cycles/min (Fig. 1). In contrast, immu-
nologically reconstituted SCID mice (12 days postreconstitu-
tion) mounted an intense T-cell-mediated inflammatory re-
sponse against P. carinii and exhibited severe surfactant
abnormalities. Although BAL fluid phospholipid concentra-
tions were normal in these mice, a fourfold increase in lavage
fluid protein concentration was present relative to that for
nonreconstituted SCID mice at the same stage of P. carinii
infection (123 6 19 versus 34 6 6.0 mg/ml; P , 0.05) (Table 1).
This increased protein concentration was associated with de-
creased surface activity of the lavage fluid. Lavage fluid from
reconstituted SCID mice had minimum surface tension values
that only reached an average of 27.2 6 2.7 mN/m after 20 min
of pulsation (P , 0.05 compared to values for nonreconsti-
tuted, infected mice) (Fig. 1).
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T-cell-independent surfactant dysfunction during severe
PCP in SCID mice. Surfactant composition and activity in
nonreconstituted, P. carinii-infected SCID mice during the lat-
ter stages of infection were also examined. At 12 and 15 weeks
after initial exposure to P. carinii, lavage fluid from SCID mice
had normal phospholipid concentrations (0.06 6 0.006 and
0.06 6 0.004 mg/ml, respectively) but significantly elevated
protein concentrations (75 6 10 and 97 6 7.0 mg/ml, respec-
tively; P , 0.05 compared to that from P. carinii-free SCID
mice) (Table 1). Again, elevated BAL fluid protein concentra-
tions correlated with decreased surface activity. At 12 and 15
weeks postexposure, lavage fluid from P. carinii-infected SCID
mice had average minimum surface tensions of 15.5 6 2.0 and
18.7 6 1.8 mN/m, respectively, after 20 min (P , 0.05 com-
pared to those of P. carinii-free SCID mice; Fig. 2).

Effect of CD81 T cells on surfactant function during PCP.
Uninfected C57BL/6 mice were used as baseline controls for
normal surfactant composition and surface activity in whole-
cell-free lavage fluid. The BAL fluid from normal C57BL/6

mice had an average phospholipid concentration of 0.078 6
0.004 mg/ml, an average protein concentration of 54 6 1.8
mg/ml, and a protein/phospholipid ratio of 70% 6 5.0% (Table
2). At a phospholipid concentration of 2.5 mg/ml, the lavage
fluids from these mice reached an average minimum surface
tension of 2.2 6 1.0 mN/m after 20 min of cycling (Fig. 3). The
LA surfactant fraction from normal C57BL/6 mice was also
examined. As expected, the LA fraction lacked many of the
inhibitory components present in whole lavage fluid and was
much more active at the same phospholipid concentration.
These samples reached minimum surface tensions of ,1.0
mN/m after only 2 min of cycling (Fig. 3).

At 34 days after inoculation with P. carinii, BAL fluid from
C57BL/6 mice had a composition similar to that from unin-
fected C57BL/6 mice, with an average phospholipid concen-
tration of 0.087 6 0.02 mg/ml, an average protein concentra-
tion of 54 6 6.0 mg/ml, and a protein/phospholipid ratio of
64% 6 4.5% (Table 2). Minimum surface tension values in
lavage fluid from these mice were also unchanged from those
for control mice and reached a final value of 3.6 6 1.5 mN/m
after 20 min of cycling (Fig. 3). In contrast, lavage fluid from P.

FIG. 1. Effect of inflammation on surfactant activity in the lungs of
P. carinii-infected SCID mice. At 9 weeks after initial exposure to P.
carinii (Pc), minimum surface tensions of the BAL fluid from nonre-
constituted (open circles) and immune system-reconstituted (recon)
(solid circles) SCID mice were measured. The reconstituted mice were
examined during the peak inflammatory response at 12 DPR. P. cari-
nii-free SCID mice (solid inverted triangles) were used as controls for
normal surfactant activity. Minimum surface tension measurements
were made with a pulsating-bubble surfactometer at 37°C during con-
tinuous cycling at a rate of 20 cycles/min. Each value is the mean 6 1
standard error for six mice.

FIG. 2. Measurement of surfactant activity during the course of P.
carinii (Pc) infection in SCID mice. Minimum surface tensions of the
BAL fluid from nonreconstituted SCID mice at 9, 12, and 15 weeks
after initial exposure to P. carinii were measured. P. carinii-free SCID
mice were used as controls for normal surfactant activity. Minimum
surface tension measurements were made with a pulsating-bubble sur-
factometer at 37°C during continuous cycling at a rate of 20 cycles/min.
Each value is the mean 6 1 standard error for six mice.

TABLE 1. Biochemical composition of BAL fluid from P. carinii-infected SCID mice

Experimental
group n

Wk
post-

exposure

Immune,
Recon.b DPR

Dynamic-
compliancec

(% control)

Concn of:
Protein/phospholipid

ratio (%)Phospholipid
(mg/ml)

Protein
(mg/ml)

P. carinii free 5 0 No 0 100 6 17 0.063 6 0.004 37 6 4.0 58 6 4.0
P. carinii infected 6 9 No 0 97 6 11 0.053 6 0.006 34 6 6.0 64 6 4.7
P. carinii infected 6 9 Yes 12 44 6 8.4 0.058 6 0.004 123 6 19a 218 6 42a

P. carinii infected 6 12 No 0 46 6 18 0.060 6 0.006 75 6 10a 123 6 12a

P. carinii infected 6 15 No 0 36 6 10 0.063 6 0.004 97 6 7.0a 160 6 19a

a P , 0.05 compared to values for P. carinii-free SCID mice and for nonreconstituted, P. carinii-infected SCID mice at 9 weeks postexposure.
b Recon., reconstitution.
c Dynamic lung compliance data are representative values from an independent, controlled experiment previously reported by Wright et al. (57).
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carinii-infected CD41 T-cell-depleted mice had elevated phos-
pholipid concentrations (0.137 6 0.03 mg/ml), protein concen-
trations (167 6 16 mg/ml), and protein/phospholipid ratios
(126% 6 20%). Surface activity was also significantly de-
creased in lavage fluid from these CD41-depleted mice and
reached an average minimum surface tension of only 16.3 6
1.0 mN/m after 20 min of cycling (P , 0.05 compared to values
for normal controls). However, when CD41-depleted mice
were additionally depleted of CD81 cells, the lavage fluid had
phospholipid concentrations, protein concentrations, and pro-
tein/phospholipid ratios similar to those for normal mice (Ta-
ble 2). In addition, the surface activity of the BAL fluid was
improved in the absence of CD81 cells, with an average min-
imum surface tension of 10.6 6 1.3 mN/m after 20 min of
cycling (Fig. 3).

Surfactant protein B gene expression during PCP. Beers et
al. (4) have recently demonstrated a decrease in SP-B expres-
sion during P. carinii infection in mice. Therefore, to deter-
mine if decreased SP-B expression could explain the inflam-
mation-associated surfactant dysfunction described here, SP-B

levels in each experimental group of mice were evaluated. S1
nuclease protection assays were used to determine whether
deficiencies in surfactant function correlated with altered lung
mRNA levels for SP-B during PCP. At 9 weeks after the initial
exposure to P. carinii, both reconstituted and nonreconstituted
SCID mice demonstrated a 25% decrease in SP-B mRNA
levels compared to P. carinii-free SCID controls (P , 0.05)
(Fig. 4A). However, the changes were similar in both groups
and did not explain the functional surfactant abnormalities
observed in reconstituted mice. SP-B mRNA levels in nonre-
constituted SCID mice through the course of P. carinii infec-
tion were also examined (Fig. 4B). SP-B mRNA levels were
slightly decreased to 76% of those of controls at 9 weeks (P ,
0.05), were elevated to 109% of those of controls at 12 weeks,
and were elevated further to 163% of those of controls at 15
weeks after exposure to P. carinii (P , 0.05). Thus, there were
no significant decreases in SP-B that could account for the
observed surfactant dysfunction either in reconstituted SCID
mice or in nonreconstituted SCID mice at 12 and 15 weeks
postexposure.

SP-B mRNA levels in control, CD4-depleted, and CD4- and
CD8-depleted mice at 34 days after inoculation with P. carinii
were also examined (Fig. 4C). Although CD4-depleted mice
demonstrated surfactant dysfunction at this time point, they
had normal SP-B mRNA levels in the lung. Therefore, under
the conditions of our experiment, we were unable to document
a decrease in SP-B mRNA levels that could have contributed
to surfactant dysfunction in this model of PCP.

DISCUSSION

We have previously demonstrated that both the immune
reconstitution of P. carinii-infected SCID mice and the action
of CD81 T cells in chronically infected CD4-depleted mice
cause the accumulation of lymphocytes, macrophages, and
neutrophils in the lung. This immune system-mediated pulmo-
nary inflammation directly contributes to the impaired lung
function observed during PCP (57). In the present study we
expand upon these findings by demonstrating that pulmonary
inflammation contributes to respiratory impairment during
PCP, at least in part, by disrupting the pulmonary surfactant
system. In order to study inflammation-related surfactant in-
hibition, the surface tension measurements reported here were
taken on whole-cell-free lavage fluid. Although other groups
have utilized the more active LA surfactant fraction for their
studies, we did not want to separate out plasma proteins and

FIG. 3. Effect of CD81 T-cell-mediated inflammation on surfac-
tant activity in the lungs of P. carinii-infected mice. Average minimum
surface tensions of the lavage fluid from immunocompetent, CD41-
depleted, and CD41- and CD81-depleted mice at 34 days after inoc-
ulation with P. carinii were measured. Lavage fluid and the LA sur-
factant fraction from immunocompetent, uninoculated mice were used
as controls for surfactant activity. Minimum surface tension measure-
ments were made with a pulsating-bubble surfactometer at 37°C during
continuous cycling at a rate of 20 cycles/min. Each value is the mean 6
1 standard error.

TABLE 2. Biochemical composition of BAL fluid from lymphocyte-depleted P. carinii-infected mice

Experimental group n Days post
inoculation

Dynamic compliancea

(% control)

Concn of:
Protein/phospholipid

ratio (%)Phospholipid
(mg/ml)

Proteins
(mg/ml)

C57BL/6 (uninfected) 3 0 NDb 0.078 6 0.004 54 6 1.8 70 6 5.0
C57BL/6 5 34 100 6 3.0 0.087 6 0.015 54 6 6.0 64 6 4.5
CD41 and CD81 depleted 4 34 86 6 6.0 0.070 6 0.005 44 6 8.0 63 6 6.1
CD41 depleted 5 34 49 6 4.4 0.137 6 0.026c 167 6 16c 126 6 20c

a Dynamic lung compliance data previously reported by Wright et al. (57).
b ND, measurements not determined for the specific experimental group.
c P , 0.05 compared to values for both uninfected and infected C57BL/6 control mice and for CD41- and CD81-depleted mice.
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related inhibitors and mask the inactivation phenomena that
were the target of this investigation.

At 9 weeks postexposure, nonreconstituted P. carinii-in-
fected SCID mice neither display evidence of pulmonary in-
flammation nor exhibit measurably impaired pulmonary func-
tion (57). In addition, surfactant composition and activity are
normal. However, when these mice are immunologically re-
constituted, they mount an intense T-lymphocyte-dependent
inflammatory response against the infection. This inflamma-
tory response causes severe respiratory impairment, increased
lavage fluid protein concentrations, and a significant decrease

in the in vitro surface activity of the lavage fluid (Table 1; Fig.
1). These findings indicate that in moderately infected mice
surfactant is inactivated by P. carinii-induced pulmonary in-
flammation and not by direct effects of P. carinii. The effect of
CD81 T-cell-mediated inflammation on surfactant composition
and activity during PCP was also examined. P. carinii-infected,
CD41-depleted mice display signs of pulmonary inflammation,
exhibit severe respiratory impairment, and demonstrate signif-
icant decreases in lavage fluid surfactant activity (Fig. 3) (57).
However, when CD81 T cells are additionally depleted,
CD41-depleted mice exhibit little evidence of pulmonary in-
flammation, have normal pulmonary function measurements,
and demonstrate improved surfactant function. These studies
suggest that CD81 T-cell-mediated pulmonary inflammation is
particularly important in leading to disruption of pulmonary
surfactant function and respiratory impairment during PCP.
Furthermore, inflammation-associated surfactant deficiencies
likely contribute to impaired pulmonary function during PCP
in both reconstituted SCID mice and CD41-depleted mice.

The immunologically reconstituted SCID mouse model of
PCP was used to demonstrate that T-lymphocyte-mediated
inflammation alters pulmonary surfactant function. However,
nonreconstituted P. carinii-infected SCID mice also exhibited
abnormal surfactant function during the latter stages of infec-
tion, even in the absence of T cells. In the presence of heavy P.
carinii burdens these mice exhibit T-cell-independent pulmo-
nary inflammation that is characterized by the accumulation of
neutrophils in the lung. Therefore, it is difficult to determine
whether P. carinii-induced, T-cell-independent pulmonary in-
flammation causes surfactant disruption or if P. carinii directly
interferes with normal surfactant function. During advanced
PCP heavy P. carinii burdens may initiate T-cell-independent
pathways of lung inflammation that inactivate surfactant. Al-
ternatively, there is such a heavy organism burden that P.
carinii itself may sequester, inactivate, or inhibit synthesis of
surfactant components, leading to decreased surfactant activ-
ity.

Recent studies have demonstrated that P. carinii infection
can alter the level and composition of surfactant phospholipids
and associated proteins in the lungs and the BAL fluid of
rodents. P. carinii binds SP-A and -D and may contribute to
functionally impaired surfactant by sequestering these compo-
nents in an inactive form (31, 33, 36). P. carinii-infected, ste-
roid-treated rats have phosphatidylglycerol deficiencies in the
lavage fluid and consequently functionally impaired surfactant
(52). In addition, surfactant phospholipid secretion is inhibited
in isolated alveolar type II cells following infection with P.
carinii in vivo and after treatment with P. carinii gpA in vitro
(29, 35, 52). Finally, decreased SP-B and -C expression during
P. carinii infection in immunodeficient mice is associated with
increased minimum surface tension in the LA surfactant frac-
tion (3, 4). Together, these studies demonstrate that P. carinii
infection negatively affects surfactant. However, they have not
examined the contribution of the host inflammatory response
to observed surfactant abnormalities. Our data suggest that
despite the direct interaction between P. carinii and surfactant
(31, 33, 59), P. carinii itself has little demonstrable direct effect
on surfactant function in vivo. Rather, inflammation-mediated
mechanisms of surfactant dysfunction appear to be more sig-
nificant during in vivo P. carinii infection.

FIG. 4. SP-B mRNA expression in the lungs of P. carinii-infected
mice. Steady-state levels of SP-B mRNA were measured in the lung by
S1 nuclease protection assays. (A) mRNA levels in reconstituted (light
gray) and nonreconstituted (dark gray) P. carinii-infected SCID mice
at 9 weeks post exposure (W.P.E.). Reconstituted mice were examined
at 12 DPR during the peak inflammatory phase. P. carinii-free SCID
mice were used as normal controls. (B) SP-B levels during the pro-
gression of P. carinii infection in nonreconstituted SCID mice. Again,
P. carinii-free SCID mice were used as normal controls. (C) SP-B
levels in normal (control), CD41-depleted, and CD41- and CD81-
depleted mice at 34 days after inoculation with P. carinii. In all exper-
iments SP-B mRNA levels were normalized to murine ribosomal pro-
tein L32 and then expressed as percentages of the control. Each value
is the mean 6 1 standard error for four mice. p, experimental groups
that are statistically different (P , 0.05) from the control group.
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Beers et al. have demonstrated that SP-B mRNA and pro-
tein levels are decreased in the lungs of P. carinii-infected
SCID and CD41-depleted mice (4). Although we found
slightly decreased SP-B mRNA levels in certain groups of P.
carinii-infected mice, we could not demonstrate a correlation
between SP-B mRNA levels and surfactant abnormalities. At 9
weeks after initial exposure to P. carinii, both reconstituted and
nonreconstituted SCID mice demonstrated a 25% decrease in
SP-B mRNA levels. However, only the reconstituted mice ex-
hibited surfactant abnormalities, indicating that factors other
than the SP-B deficiency were interfering with surfactant func-
tion in this model of PCP. Furthermore, nonreconstituted, P.
carinii-infected SCID mice actually showed an increase in SP-B
mRNA levels at a state of disease when significantly impaired
surfactant function was observed (at 15 weeks after exposure
to P. carinii). Finally, we were unable to document a change in
SP-B mRNA levels in either CD41- or CD41- and CD81-
depleted P. carinii-infected mice at 34 days after inoculation.
Thus, we were unable to demonstrate any correlation between
SP-B mRNA levels and surfactant dysfunction under the ex-
perimental conditions examined here.

Inflammation-related changes in surfactant homeostasis
may lead to increased surface tension in the lung and conse-
quently respiratory impairment. In both models of PCP-related
inflammation examined herein, T-lymphocyte, macrophage,
and neutrophil numbers are all elevated in the BAL fluid.
Activated T lymphocytes may serve to amplify the inflamma-
tory response by secreting monocyte chemotactic factors, such
as RANTES and lymphotactin (23, 40). They may also activate
macrophages through the release of gamma interferon and in-
terleukin-3 (10, 47) or through cognate receptor-ligand inter-
actions (48). Activated macrophages release numerous proteases
that may lead to surfactant inactivation (37). In addition, mac-
rophages release tumor necrosis factor alpha (TNF-a), which
has negative effects on surfactant synthesis (2, 34, 56) and may
also play a role in the recruitment and activation of neutrophils
(54). Large numbers of neutrophils were found in BAL fluid
from both reconstituted, P. carinii-infected mice and P. carinii-
infected CD41-depleted mice coincident with surfactant abnor-
malities (57). Upon degranulation, neutrophils secrete many pro-
teases, including elastase, that can destroy surfactant components
and compromise its surface-active properties (28, 38). Together,
the actions of these cell populations may serve to inhibit surfac-
tant function and contribute to respiratory impairment during
PCP. This may help to explain the finding of decreased SP-B
protein levels reported in mice with PCP (4).

Our experiments did not address the specific mechanisms
responsible for inflammation-mediated surfactant dysfunction
during PCP in animals. A host of mediators and substances
capable of affecting pulmonary surfactant and its activity are
present in the lung during PCP. TNF-a, for example, inhibits
gene expression of SP-A and -B (34, 56), as well as the syn-
thesis of surfactant phospholipids in alveolar epithelial cells
(2). TNF-a also increases protease release from macrophages
and neutrophils and can contribute to pulmonary edema by
increasing the permeability of the alveous-capillary barrier (35,
37, 45). The significantly increased protein-to-phospholipid ra-
tios present in BAL fluid from injured, reconstituted animals
are consistent with lung surfactant inactivation due to plasma
proteins or related protein inhibitors in the alveolar spaces.

Multiple studies have shown that plasma and blood proteins
can impair the surface tension-lowering ability of pulmonary
surfactant (18–20, 24, 42). In addition, both pulmonary edema
fluid and fibrinogen have been shown to inactivate pulmonary
surfactant (25, 49). Edema fluid is leaked into the lung during
PCP-related inflammation, and recent studies have demon-
strated that fibrinogen is synthesized in the lung during PCP
(44). Alternatively, cell membrane lipids and a variety of other
endogenous compounds present in the lungs during inflamma-
tory injury can also interact physically with lung surfactant to
reduce its activity (27, 32, 41). Proteases and phospholipases
induced by inflammation can also contribute to surfactant dys-
function by degrading active components and by generating
byproducts such as lysophospholipids and fluid-free fatty acids
that themselves inhibit surface tension lowering (14, 21, 55). It
is also possible that active large surfactant aggregates could be
depleted or altered in PCP, since this is known to occur in a
number of other forms of acute lung injury (11, 13, 26). A shift
from LA to small-aggregate subtypes of lung surfactant can
lead to a reduction in surface activity despite an apparently
normal overall amount of lavageable phospholipid. Further
studies investigating specific pathways of surfactant dysfunc-
tion in PCP will be necessary to define the specific importance
of different inhibition mechanisms.

In summary, we have demonstrated that T-cell-mediated
inflammation inactivates pulmonary surfactant, contributing to
PCP-associated respiratory impairment. Consistent with our
findings of surfactant abnormalities during PCP, other studies
have found that surfactant replacement therapy can improve
pulmonary function during PCP (6, 7, 22). In addition to re-
storing critical components, exogenous surfactant may also
benefit PCP patients by inhibiting T-cell-dependent inflamma-
tory responses (5) and diminishing neutrophil function (53).
Similarly, steroid therapy has been of some benefit to PCP
patients. In addition to their general anti-inflammatory prop-
erties steroids can also upregulate surfactant synthesis (58),
thereby compensating for the abnormalities observed during
PCP. These findings suggest that surfactant therapy in combi-
nation with other treatment regimens may prove beneficial in
PCP patients.
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