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Surfactant protein-A levels increase during Pneumocystis carinif
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ABSTRACT: In bronchoalveolar lavage (BAL) of human immunodeficiency virus
(HIV)-infected patients with Pneumocystis carinii pneumonia and in lungs of glu-
cocorticoid-immunosuppressed rats infected with P. carinii, surfactant phospholipid
levels are reduced. However, levels of the surfactant-associated protein-A (SP-A)
in BAL are 4-5 times higher than normal in patients with P. carinii pneumonia. In
this study, we examined the effects of glucocorticoid immunosuppression and P.
carinii infection on SP-A messenger ribonucleic acid (mRNA) and protein levels in
rat lungs.

Rats were immunosuppressed by adding dexamethasone to their drinking water
and were infected with P. carinii by intratracheal instillation of the organism. SP-
A was measured by enzyme-linked immunosorbent assay (ELISA) and SP-A mRNA
by hybridization of Northern blots with an SP-A complementary deoxyribonucleic
acid (cDNA) probe.

There was a severalfold increase in SP-A protein and mRNA levels in uninfected
glucocorticoid-treated rats. However, contrary to what has been reported with the
surfactant-associated lipids, SP-A mRNA and protein levels in P. carinii-infected
animals were significantly higher than those found in the uninfected, immunosup-
pressed animals.

Our results demonstrate that SP-A increases, probably as a result of elevated
mRNA levels, in immunosuppressed rats with P. carinii infection and are consis-

*Dept of Pediatrics, The Pennsylvania State
University College of Medicine, Hershey,
PA, USA. **Cytel Corporation, La Jolla,
CA, USA. +Infectious Disease Unit, Massa-
chusetts General Hospital and Dept of
Medicine, Harvard Medical School, Boston,
MA, USA.

Correspondence: D.S. Phelps
Dept of Pediatrics

The Pennsylvania State University
College of Medicine

P.O. Box 850

Hershey

PA 17033

USA

Keywords: Corticosteroid
lung

opportunistic infection
phagocytosis

surfactant protein-A

Received: May 19 1995
Accepted after revision November 20 1995

tent with our findings in HIV-positive patients with P. carinii pneumonia.

Eur Respir J., 1996, 9, 565-570.

Pneumonia due to Pneumocystis carinii is a major
cause of morbidity and mortality in immunocompromised
patients, especially in those infected with the human
immunodeficiency virus (HIV), and in those receiving
chemotherapy or immunosuppression for organ trans-
plantation or other conditions [1, 2]. We have reported
that surfactant-associated protein-A (SP-A) is markedly
elevated in bronchoalveolar lavage (BAL) fluid from
patients with acquired immune deficiency syndrome
(AIDS)-related pneumonias caused by P. carinii [3].
Significant decreases [4, 5], or abnormal lipid profiles
[6], in surfactant phospholipid levels have recently been
reported in BAL from HIV-positive patients. The finding
of reduced phospholipids is consistent with experimental
observations made in the glucocorticoid- immunosup-
pressed rat, a model commonly used to study P. carinii
pneumonia. In animals receiving corticosteroids and in-
fected with P. carinii, the phospholipid components of
surfactant were found to be markedly reduced, whilst a
large increase in the lipids was present in uninfected,
immunosuppressed animals [7].

In recent years, the structure of SP-A has been eluci-
dated. A number of striking similarities have been noted
between SP-A and proteins involved in host defence
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function [9]. Ultrastructurally, the native conformation
of SP-A resembles that of the complement component,
Clq [8]. There are also similarities in the structure,
sequence, and carbohydrate-binding domains of SP-A
and the mannose-binding protein and conglutinin. These
proteins and others belong to a group referred to as "col-
lectins" [9]. Many of the collectins have been shown to
affect phagocytic function. The possibility that SP-A
might modulate phagocyte function has been supported
by recent in vitro experiments [10-16], although little is
known about its role in vivo. In addition, recent studies
from our laboratory have demonstrated that SP-A can
also influence immune cell function by stimulating mito-
gen-induced proliferation and cytokine production [17, 18].

SP-A expression is increased within 24 h of dexa-
methasone injection [19], but no information is available
about the effects of long-term oral administration of low
doses of glucocorticoids, like those used in the present
study, on SP-A metabolism. We hypothesized that SP-
A expression would be altered by the infection of gluco-
corticoid-immunosuppressed rats with P. carinii. The
inability of glucocorticoid-immunosuppressed rats to ade-
quately remove P. carinii from the alveolus by phago-
cytosis may be related to these changes in SP-A levels
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in the alveolar lining layer. Interaction between SP-A
and P. carinii has been demonstrated [20], and studies
by our group suggest that this interaction interferes with
the phagocytosis of P. carinii by alveolar macrophages
([10] - manuscript submitted). In the present study, we
examined the production of SP-A messenger ribonu-
cleic acid (mRNA) and protein in rats over time, in the
presence and absence both of glucocorticoid-induced
immunosuppression and infection with P. carinii.

Materials and methods

Animal model

Viral antibody-free (VAF) barrier-raised Sprague-Dawley
rats (150 g body weight (BW)) were obtained from Harlan
Laboratories (Indianapolis, IN, USA) and were housed
in microisolator cages or in cage racks kept in isolation
cubicles. All P. carinii-infected rats and uninfected rats
were housed in separate isolation cubicles. There was
no spontaneously occurring P. carinii pneumonia in the
immunosuppressed control rats, confirming the absence
of latent P. carinii. The animals were allowed to feed
ad libitum on normal rat chow or a pelleted normocaloric
low protein (8%) diet (ICN Biomedicals, Irvine, CA,
USA). For immunosuppressed animals, drinking water
was freely available and contained dexamethasone (Sigma
Chemical, St. Louis, MO, USA) at a concentration of 1
mg-L-1. All animals were weighed weekly. Rats con-
sumed a daily average of 1-2 pg of dexamethasone-kg-!
BW during the course of the experiment.

After at least 1 week of immunosuppression or com-
parable control treatment, some animals were anaes-
thetized, the trachea was surgically exposed and 0.1 mL
of a saline suspension of P. carinii was injected [21].
Approximately 107 organisms, containing about 5% cysts,
were instilled into each animal. Control animals were
injected with an equal volume of sterile normal saline.
Each inoculum was either inspected microscopically or
was cultured for bacteria on blood agar or for fungi using
Sabouraud's medium. Infected animals were sacrificed
at intervals ranging 1-7 weeks. At sacrifice, lungs were
removed, impression smears made, cultures taken, and
the lung tissue was frozen in liquid nitrogen and stored
at -70°C for later ribonucleic acid (RNA) and protein
analysis. Methenamine silver or modified Giemsa (Diff-
Quik, Sigma Chemical, St. Louis, MO, USA) staining
of histological sections and impression smears were used
to assess P. carinii infection. For every time-point and
condition, a minimum of three animals was analysed.

Control conditions

Several types of control animals were used for these
studies. The first of these were animals that were immuno-
suppressed with glucocorticoid and fed the low protein
diet, but were not infected with P. carinii. A second
group of control animals was fed low protein diet, but
drank normal water. These "diet only" animals were

compared to similarly treated animals that were infected
with P. carinii.

Measurement of SP-A levels

In order to measure SP-A protein levels in the lung
tissue, lungs were pulverized after freezing in liquid nitro-
gen. The pulverized, frozen lung tissue was weighed,
added to an extraction solution (3 M urea, 1% 2-merca-
ptoethanol) at a concentration of 100 mg tissue-mL-! solu-
tion, mixed with a vortex mixer, sonicated, and centrifuged
at 1,000xg for 10 min. An aliquot of the extract was
then removed, centrifuged at 10,000xg and diluted 1:10
with distilled water. For SP-A enzyme-linked immuno-
sorbent assay (ELISA) this aliquot was further diluted
1:100 with 0.5 M carbonate-bicarbonate coating buffer
(pH 9.6), and duplicate samples were applied to Immulon
2 ELISA plates (Dynatech Corp. Arlington, VA, USA).

SP-A levels were measured using an indirect ELISA
protocol with a rabbit anti-human SP-A polyclonal anti-
serum as the primary antibody [22]. Rat SP-A purified
from surfactant by preparative isoelectric focusing was
used as a standard. The total protein content of the sam-
ples was determined using the BCA protein assay (Pierce,
Rockford, IL, USA) with ribonuclease A (Boehringer
Mannhein, Indianapolis, IN, USA) used as a standard
protein.

RNA isolation and hybridization

Total lung RNA was isolated by homogenization with
RNAzol B (Cinna/Biotecx, Houston, TX, USA). Electro-
phoresis, hybridization, and analysis were performed as
described previously [19]. Multiple lung RNA samples
from animals of each condition were subjected to for-
maldehyde gel electrophoresis, loading 20 pg of lung
RNA for each lane. The RNA was transferred to a nylon
membrane (Genescreen, DuPont Research Products,
Boston, MA, USA). A photograph of each blot was taken
under ultraviolet illumination to record the presence of
18S and 28S ribosomal RNA markers and to assess the
quality and evenness of loading of the RNA aliquots (fig.
1A). The membranes were prehybridized, hybridized
and washed in the manner recommended by the vendor
(DuPont Research Products, Boston, MA, USA). The
complementary deoxyribonucleic acid (cDNA) for rat
SP-A was labelled with 32P-deoxycytidine triphosphate
(dCTP) (3,000 Ci-mMol!) to specific activities of 6-8x107
counts per minute (cpm)-ug! DNA by nick translation
(Oncor, Gaithersburg, MD, USA). The hybridization
was routinely performed with 1-2x107 cpm of probe per
mL of hybridization solution. The hybridized membrane
was exposed to Kodak XARS film (Eastman Kodak Co.,
Rochester, NY, USA) with Cronex Lightning Plus inten-
sifying screens (DuPont Research Products, Boston, MA,
USA) at -70°C. The film was developed after an exposure
time sufficient to produce bands that could be adequately
quantified by laser densitometry (fig. 1B). Densitometry
was performed on samples of control rats, those treated
with dexamethasone or on low protein diets, and those
infected with P. carinii.
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Fig. 1. — Northern blot for SP-A mRNA in lung tissue. Samples
containing 20 pg of RNA were subjected to electrophoresis, blotting,
hybridization and autoradiography. Samples are from immunosup-
pressed animals with and without Prneumocystis carinii infection for 1
and 5 weeks. Panel A has been stained to demonstrate ribosomal RNA
bands. Panel B depicts an autoradiograph of the same gel after hybridiza-
tion with radiolabelled SP-A probe. Densitometry was performed on
both labelled bands and the sum used for statistical analysis. SP-A:
surfactant-associated protein-A; mRNA: messenger ribonucleic acid;
RNA: ribonucleic acid; Dex: dexamethasone; PC: P. carinii.

Statistical methods

In each experiment, the mean of the control protein
and mRNA values for that experiment were set equal to
100% and other experimental points were expressed as
the percentage of the indicated control group. Groups
were then compared by t-test using the Sigma Stat pro-
gram (Jandel Scientific, San Rafael, CA, USA).

Results

Pneumocystosis model

By examination of Giemsa-stained impression smears,
all of the rats inoculated with P. carinii and receiving
dexamethasone had diffuse pneumocystosis at the time
of sacrifice. None of the control or experimental ani-
mals had evidence of bacterial or fungal infection. None
of the P. carinii inocula had bacteria or fungi isolated
in culture. Impression smears made of lung tissue and
Giemsa-stained from these immunocompetent ("diet only")
animals sacrificed at 5 weeks showed no evidence of P.
carinii. Also, P. carinii mRNA was not detected in these
animals when Northern blots were hybridized with two
different rat P. carinii cDNA probes [23]. Both of these
methods detected P. carinii in lung tissues from histo-
logically infected glucocorticoid-immunosuppressed rats.

SP-A mRNA and protein determinations during immuno-
suppression

SP-A mRNA levels from uninfected glucocorticoid-
immunosuppressed rats were compared with a control
group receiving the low protein diet, but no glucocorti-
coid ("diet only" control). SP-A mRNA levels in the
glucocorticoid-treated animals were three to five times
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Fig. 2. — Effect of dexamethasone treatment on SP-A mRNA levels.
Northern blots containing total RNA were hybridized with a 32P-labelled
SP-A cDNA probe and subjected to autoradiography and densitome-
try to quantitate levels of SP-A mRNA during the course of immuno-
suppression. Values are presented as meantsem. Low protein "diet
only" control values n>3 for each data point. All dexamethasone-
treated (Dex) values are significantly different from controls (p<0.003)
n>4 for each data point. cDNA: complementary deoxyribonucleic acid.
For further abbreviations see legend to figure 1. 1 : diet only; :
diet and dexamethasone.

greater than those of the "diet only" controls over 1-7
weeks (fig. 2). In figure 2, control values at 1 week are
set equal to 100% and all other data are expressed as
percentage of control. Lungs were taken for analysis
after 1, 3, 5 and 7 weeks of treatment and SP-A mRNA
levels were determined by hybridization. As seen in fig-
ure 2, lungs from rats treated with glucocorticoid (Dex)
contained SP-A mRNA in amounts well above control
levels (p<0.05) within 1 week. SP-A mRNA levels grad-
ually increased over time to about five times control val-
ues.

Total lung SP-A protein content was measured by
ELISA in the same animals (fig. 3). These measure-
ments were made in a homogenate of lung tissue and,
therefore, include both intracellular and secreted SP-A.
Levels of SP-A in rats receiving dexamethasone in addi-
tion to the low protein diet were increased over control
values at 1 week, and continued to rise for the duration
of the experiment. At 7 weeks, there was a greater than
fivefold elevation over control levels.
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Fig. 3. — Effect of dexamethasone (Dex) treatment on SP-A protein
levels in a lung homogenate. Values are presented as meantsEM. n>4
for each data point. Dexamethasone-treated samples are significantly
different from control samples (p<0.02).] : diet only; : diet
and dexamethasone. SP-A: surfactant associated protein A.
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SP-A mRNA and protein during P. carinii infection

Further increases in SP-A mRNA levels were observed
when immunosuppressed animals were infected with P.
carinii, as compared to immunosuppressed but uninfected
control rats after 1 and 5 weeks of infection. Figure 1
shows an autoradiograph of a representative Northern
blot hybridized with SP-A cDNA. SP-A mRNA is com-
prised of both bands [19]. Animals received the low
protein diet and dexamethasone for either 1 or 5 weeks.
Infection with P. carinii increased SP-A mRNA levels
at both time-points. The densitometric quantitation of
these changes is graphically depicted in figure 4a. Similar
increases after P. carinii infection were not seen in rats
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Fig. 4. — Effect of P. carinii infection on SP-A mRNA levels. a)
Values for dexamethasone-treated rats with and without P. carinii
infection. b) Values from animals receiving the low protein diet with
and without P. carinii infection. All data are expressed as the meantsem
of the SP-A mRNA levels at 1 and 5 weeks after P. carinii infection.
In each panel the appropriate controls ("diet and dex" or "diet only")
have been set equal to 100%. n>4 at each point. < : diet and dex;
[ 1 : diet, dex and PC; : diet only; E#%# : diet and PC. For
abbreviations see legend to figure 1.

that were fed the low protein diet without dexametha-
sone (fig. 4b). When SP-A protein levels were measured
(fig. 5) in glucocorticoid-immunosuppressed rats a 2.5
fold increase over control values (~800 pg SP-A-100
mg ! lung tissue) in SP-A was detected within 1 week
of instillation of P. carinii (fig. 5a). SP-A levels con-
tinued to increase to more than five times the initial con-
trol values by 5 weeks. SP-A levels in the infected rats
at 5 weeks were twice those of the uninfected control
animals treated for the same time-period despite rising
levels of SP-A observed in uninfected rats.

SP-A levels in rats receiving the low protein diet but
no dexamethasone treatment ("diet only" control) changed
little over 5 weeks (fig. 5b). In this group of animals,
inoculation with P. carinii caused no significant change
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Fig. 5. — Effect of P. carinii infection on SP-A levels. Levels of
SP-A in lung homogenate from rats treated with a) glucocorticoid and
diet; or b) with diet only, and infected with P. carinii along with con-
trols. In each panel the appropriate controls ("diet and dex" or "diet
only") have been set equal to 100%. n>4 at each point. % : diet
and dex; 1 : diet, dex and PC; = : diet only; ## : diet and PC.
For abbreviations see legend to figure 1.
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in SP-A levels.
Discussion

Pneumonia due to P. carinii is a major cause of morbi-
dity and mortality in immunocompromised patients. In
an earlier study, we found elevated SP-A levels in bron-
choalveolar lavage fluids from HIV-infected patients with
pneumonia resulting from P. carinii and from other
pathogens [3]. In the present study, we demonstrated
that both SP-A mRNA and protein levels were increased
in the lung tissue of rats that were immunosuppressed
by daily glucocorticoid treatment. We reported similar
increases in SP-A levels within 24 h following a single
injection of dexamethasone at much higher doses [19].
In that study, the injection of low doses of dexametha-
sone (2 pgkg! BW), like those received orally by the
rats in the present study, did not increase SP-A levels
[19]. However, continued daily consumption of low lev-
els of dexamethasone in the drinking water increased
both SP-A mRNA and protein levels within 1 week, and
these increases persisted for the duration of the experi-
ment. These elevated SP-A values continued to increase
significantly after P. carinii infection. The augmenta-
tion both of mRNA and protein suggest increases at the
transcriptional or pretranslational level, although mech-
anisms such as decreased degradation of SP-A cannot be
ruled out. In the absence of glucocorticoid-induced im-
munosuppression, intratracheal injection of P. carinii did
not result in infection and neither SP-A mRNA nor pro-
tein levels were increased.

A number of recent in vitro studies have suggested
that SP-A might be involved in pulmonary host-defence,
and in phagocytosis in particular [11-18], and an inter-
action between SP-A and P. carinii has been demon-
strated [20]. Preliminary studies suggest that although
SP-A may stimulate the in vitro phagocytosis of some
organisms [10, 11, 15], such as Candida albicans, Sta-
phylococcus aureus and Herpes simplex, it may interfere
with the phagocytosis of P. carinii by alveolar macro-
phages [10]. Similar organism-specific regulation in the
inflammatory response has also been shown for the secre-
tion of cytokines by macrophages [24]. Elucidating the
role of SP-A and the other surfactant components in the
pathogenesis of infection has been difficult due to the
redundancy that characterizes many aspects of host
defence function. Glucocorticoids inhibit many aspects
of host defence function involving immune cells. However,
the enhancement of SP-A expression when other immune
cells are suppressed provides a situation where the effect
of SP-A on host defence function can be examined inde-
pendently.

In earlier analyses of BAL samples from HIV-infected
patients with P. carinii pneumonia, SP-A levels that had
been elevated in response to the P. carinii infection could
not be differentiated from levels that had been elevated
due to pre-existing HIV infection. It is possible that the
type II cell hyperplasia in P. carinii pneumonia contri-
butes to elevations in SP-A levels, although the gluco-
corticoid-induced increases are probably due to increased
transcription. A significant aspect of the present study
was the finding that SP-A was elevated by glucocorti-

coid prior to P. carinii infection. This suggests that
although SP-A enhances some aspects of alveolar
macrophage function in vitro, its presence in the lung in
increased amounts may be involved in the development
of pneumonia due to P. carinii in a glucocorticoid-
immuno- suppressed animal. These findings raise
questions about whether SP-A has a stimulatory effect
in host defence against P. carinii in vivo. This lack of
a protective effect may be related to the fact that the
effects of SP-A on phagocytosis depend on the specific
organism involved, its growth phase, and the phagocyt-
ic cell type under investigation [11-13].

Recent reports analysing the surfactant lipids in BAL
from HIV-infected pneumonia patients report either
reductions [4, 5] or abnormalities in lipid composition in
these individuals [6]. A study using the rat model found
that although the glucocorticoid treatment markedly ele-
vated surfactant lipid levels, these levels were reduced
to less than half of untreated control values when the
animals became infected with P. carinii [7]. These reports
and the results of the present study suggest the inde-
pendent regulation of surfactant lipids and SP-A in P.
carinii pneumonia. Other situations where individual
surfactant components have been independently regu-
lated have been described for the differential regulation
of SP-A, other surfactant proteins, and the surfactant
lipids by some cytokines and growth factors [25-27].

These alterations in the composition of surfactant could
influence other aspects of immune cell function in addi-
tion to phagocytosis. Recently, the ability of surfactant
components to influence proinflammatory cytokine pro-
duction has been reported [18, 28, 29]. In these stud-
ies, isolated surfactant lipids have an inhibitory influence,
isolated SP-A stimulates cytokine production, and the
combination of both can exert either stimulatory or in-
hibitory actions depending on the relative amounts of
SP-A and surfactant lipids in surfactant. Therefore, in
pneumonia due to P. carinii, the reduction in levels of
surfactant lipids and the increases in SP-A may con-
tribute to the development of the inflammation that often
accompanies this condition.

SP-A has been reported to stimulate the phagocytosis of
some pathogens in vitro. However, the immunosuppres-
sive effects of steroids on alveolar macrophage function
may predispose to infection both by altering phagocy-
tosis and by organism-specific mechanisms related to
altered metabolism of surfactant components. Whether
the elevated levels of SP-A influence the macrophage or
affect the phagocytosis of P. carinii in vivo remains to
be determined, as does the question of whether altered
metabolism of surfactant proteins and lipids may partici-
pate in susceptibility of the host to P. carinii pneumonia.
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