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Surfactant protein A (SP-A), a member of the collectin family, selectively binds to Prneumocystis carinii and
mediates interactions between pathogen and host alveolar macrophages in vitro. To test the hypothesis that
mice lacking SP-A have delayed clearance of Pneumocystis organisms and enhanced lung injury, wild-type
C57BL/6 (WT) and SP-A-deficient mice (SP-A~/~) with or without selective CD4*-T-cell depletion were
intratracheally inoculated with Prneumocystis organisms. Four weeks later, CD4-depleted SP-A-deficient mice
had developed a more severe Pneumocystis infection than CD4-depleted WT (P. carinii pneumonia [PCP] scores
of 3 versus 2, respectively). Whereas all non-CD4-depleted WT mice were free of PCP, intact SP-A™'~ mice also
had evidence of increased organism burden. Preumocystis infection in SP-A-deficient mice was associated
histologically with enhanced peribronchial and/or perivascular cellularity (score of 4 versus 2, SP-A~/~ versus
C57BL/6 mice, respectively) and a corresponding increase in bronchoalveolar lavage (BAL) cell counts.
Increases in SP-D content, gamma interferon, interleukin-4, interleukin-5, and tumor necrosis factor alpha in
BAL fluid occurred but were attenuated in PCP-infected SP-A~/~ mice compared to WT mice. There were
increases in total BAL NO levels in both infected groups, but nitrite levels were higher in SP-A™/~ mice,
indicating a reduction in production of higher oxides of nitrogen that was also reflected in lower levels of
3-nitrotyrosine staining in the SP-A™'~ group. We conclude that despite increases in inflammatory cells,
SP-A-deficient mice infected with P. carinii exhibit an enhanced susceptibility to the organism and attenuated
production of proinflammatory cytokines and reactive oxygen-nitrogen species. These data support the concept

that SP-A is a local effector molecule in the lung host defense against P. carinii in vivo.

Despite advances in diagnosis, highly active antiretroviral
therapy, and prophylactic regimens, Pneumocystis carinii pneu-
monia (PCP) remains a significant cause of morbidity and
mortality in human immunodeficiency virus (HIV)-infected
patients, as well as an important life-threatening opportunistic
infection in other immunocompromised patients with defects
in cell-mediated immunity (14, 52, 54, 59). From a large body
of published studies, it is now apparent that complex interac-
tions between host and pathogen develop during PCP. Once in
the distal air spaces, P. carinii encounters a thin film covering
the epithelia that contains inflammatory cells (macrophages),
pulmonary surfactant, and water-soluble aqueous protein
forms. From here the combination of organism and host trig-
gers the involvement of both the adaptive (cellular and hu-
moral) and the innate immune systems, leading to a directed
inflammatory cascade characterized by initiation of macrophage-
pathogen interactions, opsonization of organisms, macrophage
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activation with elaboration of nitric oxide and reactive oxygen
species, recruitment of mononuclear cells, specific CD4 and
CDS8 lymphocyte responses with production of Thl-like
(gamma interferon [IFN-y]) and Th2-like (interleukin-4 [IL-
4]) cytokines, and generation of other proinflammatory cyto-
kines (tumor necrosis factor alpha [TNF-a]) important for
clearance (9, 42, 56).

Because of the intimate association of Prneumocystis and the
alveolar epithelia, recent experimental work has focused on
the importance of the surfactant system in defense against this
pathogen. Isolated from the cell-free bronchoalveolar lavage
(BAL), pulmonary surfactant represents a surface-active mix-
ture of phospholipid and protein secreted by the alveolar type
2 cells that reduces surface tension at the air-liquid interface
and allows for maintenance of alveolar stability at low lung
volumes (28). Biochemical analysis has identified four unique
surfactant proteins (SPs) designated SP-A, SP-B, SP-C, and
SP-D. The hydrophobic proteins, SP-B and SP-C, are involved
in organization and adsorption at the air-liquid interface (61),
whereas the more hydrophilic proteins, SP-A and SP-D, do not
have a primary role in the reduction of surface tension but are
important components of antibody-independent innate lung
immunity (22). It is known that each of the individual compo-
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nents in pulmonary surfactant (phospholipids, SP-A, SP-B,
SP-C, and SP-D) can, by varying degrees, modulate host in-
flammatory mechanisms (5, 21, 27, 61).

SP-A, the most abundant SP, is a multifunctional sialogly-
coprotein of 28 to 36 kDa that contains a COOH-terminal
C-type lectin motif, a triple helical collagen domain, and a
carbohydrate recognition domain (64). Monomeric SP-A is
assembled into a higher-order 18-mer from six identical tri-
meric subunits linked by interchain disulfide bonding. SP-A,
along with SP-D, and several nonlung proteins (mannose-bind-
ing protein, bovine conglutinin, and CL-43) are part of a grow-
ing family of pattern recognition proteins known as collagen-
like lectins or “collectins” that are important to innate
immunity (22). Based upon its spatial localization in both the
monolayer and the hypophase of the alveolar lining fluid, SP-A
is uniquely positioned to provide a first line of defense against
invading organisms. The importance of SP-A to host defense
has been supported by the demonstration that SP-A-deficient
mice are more susceptible to bacteria such as group B strep-
tococci and Pseudomonas aeruginosa (38, 39). In vitro, SP-A
has also been shown to have direct cytotoxic activity against
microbes (68). Additional in vitro studies have suggested that
SP-A plays an important role in the modulation of the inflam-
matory and immune responses of alveolar macrophages and
lymphocytes. SP-A promotes the microbicidal activity of mac-
rophages by stimulating macrophage chemotaxis (65), by en-
hancing the phagocytosis of microorganisms (26, 46), and by
increasing the production of reactive oxygen-nitrogen species
(RONS) (33, 62). The ability of the pulmonary collectin SP-A
to modulate NO production by alveolar macrophages has been
demonstrated with transformed cell lines (35) and primary rat
alveolar macrophages (18). The importance of SP-A and NO
for pulmonary bacterial clearance was shown in a mouse model
of respiratory mycoplasmosis in which transgenic mice defi-
cient in SP-A or lacking the inducible form of nitric oxide
synthase (iNOS) were each shown to clear mycoplasma less
efficiently (32).

SP-A has also been shown to participate in the host response
to PCP. In mouse models, development of PCP is accompanied
by an increase in total alveolar SP-A content (2). Immunohis-
tochemistry of lung sections from Pneumocystis-infected mice
demonstrates that upregulation of SP-A was localized to re-
gions of atelectasis and cellular infiltrates containing organisms
(3). In a corticosteroid-treated rat model of PCP the SP-A
levels are also reported to be increased (50, 58) and, similarly,
BAL samples from HIV-infected patients with PCP have an
elevated SP-A content (49). SP-A has been shown to bind to
isolated Pneumocystis organisms in a calcium- and mannose-
dependent manner via its carbohydrate recognition domain to
gpA (gp-120), the major glycoprotein found on cell surfaces of
trophozoites and cysts (69). In vitro, SP-A augments binding
and clearance of labeled rat Pneumocystis by cultured rat al-
veolar macrophages (63) and enhances the attachment of
mouse-derived Prneumocystis to murine alveolar macrophages
(44), but such interactions have not been shown to occur with
human macrophages (37). Recently, Swiss Black mice deficient
in SP-A demonstrated increased frequency and intensity of
PCP when challenged either by intratracheal inoculation or
direct exposure to infected animals (44). In that study, how-
ever, immunosuppression with corticosteroids was required to
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induce susceptibility to infection in the mice. The nonspecific
anti-inflammatory effects of corticosteroids, as well as their
confounding effects on SP expression, limit interpretation of
the data. Furthermore, the mechanisms for the observed find-
ings were not elaborated.

The goals of the present study were to further define the role
of SP-A in host defense against Pneumocystis by using a well-
characterized murine model of infection that does not depend
upon corticosteroid immunosuppression. We hypothesized
that transgenically engineered mice deficient in SP-A would
demonstrate delayed clearance of Pneumocystis organisms and
enhanced lung injury. Using direct intratracheal inoculation of
the organism, we show that SP-A-deficient mice challenged
with Pneumocystis organisms are less efficient at clearing the
organism while also generating less RONS and producing
fewer of the cytokines TNF-a and IFN-y. Paradoxically, SP-
A-deficient mice with PCP showed increased markers of lung
injury, suggesting that toxicity was a direct effect of the organ-
ism burden or occurred via a cytokine/RONS independent
pathway.

MATERIALS AND METHODS

Anti-CD4 antibody. Ascites production from the monoclonal hybridoma
GKI1.5 was performed commercially by Strategic Biosolutions, Inc., with NcR
nude mice as previously described (56). An irrelevant immunoglobulin G1 was
purchased from Sigma Chemical Co. (St. Louis, Mo.).

SP antisera. Monospecific, polyclonal SP antisera to SP-A and SP-B produced
in rabbits have been described previously in detail (16, 60). A monospecific,
polyclonal antibody against SP-D was produced commercially by Macromolec-
ular Resources, Inc. (Fort Collins, Colo.), by using synthetic peptides corre-
sponding to two homologous regions of the mouse/human SP-D sequences as the
immunizing antigen in rabbits as previously published (20). The peptides were
from the N-terminal region (peptide 1 [GRDGRDGREGPRGEKG]) and the
C-terminal region (peptide 2 [KQAGGQLASPRSATENAA]). The resulting
antiserum recognizes rat, murine, and human SP-D and does not cross-react with
SP-A.

Anti-nitrotyrosine antiserum. A polyclonal antiserum against 3-nitrotyrosine
(3-NT) was a generous gift of Harry Ischiropolous (Children’s Hospital, Phila-
delphia, Pa.).

Mouse model of Preumocystis infection. (i) SP-A-deficient mice. SP-A-defi-
cient mice were produced by targeted ablation of the mouse SP-A locus on
chromosome 8 as previously published (41). Mice were bred to homozygosity and
backcrossed 10 generations onto the C57BL/6 background. The lungs of SP-A-
deficient mice do not contain detectable SP-A mRNA or protein (data not
shown). Age-matched wild-type C57BL/6 mice (WT) purchased from Jackson
Laboratories, Inc., and cohoused with litters of SP-A-deficient mice prior to
inoculation served as controls. Experiments were performed between 8 and 12
weeks of age on male and female mice.

All mice were housed in a barrier, isolation animal care facility at the Uni-
versity of Pennsylvania in filter-top cages while receiving sterile rodent chow and
sterile drinking water. Normal sentinel mice were examined routinely for the
presence of unintended pathogens by culture and serology. The Institutional
Animal Care and Use Committee of the University of Pennsylvania approved all
procedures.

(ii) Organisms. Pneumocystis organisms were obtained from the lungs of
athymic mice (nu/nu on a BALB/c background; Taconic Laboratories, German-
town, N.Y.) in which Pneumocystis organisms had been propagated by serial
passage as previously described (11, 56). Prior to the dispersal of Pneumocystis
organisms by homogenization by using a Stomacher apparatus, bacterial con-
tamination was excluded by the routine use of Gram staining of touch prepara-
tions of each harvested lung. After centrifugation, organisms collected in the
resulting pellet were stained with modified Giemsa stain, counted, and diluted to
a concentration of 2 X 10° organisms per ml. Isolated Preumocystis organisms
were then inoculated intratracheally into anesthetized mice. Utilizing direct
visualization, 0.1 ml of the inoculum (2 X 10° Pneumocystis cysts) was injected at
the level of the carina, immediately followed by an injection of 0.6 ml of air to
ensure adequate dispersion of inoculum into the distal lung.
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TABLE 1. Surfactant component expression during Pneumocystis infection

Mean amt (pg) = SEM* of:

Mouse group and o P LA SP-B®
infection status Protein in: Phospholipid in: (% of WT)
LA SA LA SA
WT mice
Uninfected 86.2 = 6.1 1,444 = 91 192 = 26 111 = 14 100 = 22
4 wk postinfection 80.3 = 3.6 1,578 = 162 136 £ 9% 190 = 22* 52 = 2%
SP-A KO mice
Uninfected 67.6 = 6.6 986 + 132 173 £23 123 =10 50 = 4%
4 wk postinfection 78.4 =33 2,075 + 205*F 121 £ 16 169 * 22 48 = 1*

“ All data are expressed as the means from n = 3 to 6 animals per group. *, significant difference from corresponding uninfected level (P < 0.05); , significant
difference from corresponding WT level (P < 0.05). Total amounts of protein or phospholipids in large-aggregate (LA) or small-aggregate (SA) surfactant fractions
prepared from BAL are expressed as the amount per mouse lung. n = 5 in each group.

" The relative content of mature SP-B protein in each LA sample was determined by densitometric scanning of corresponding bands from multiple blots. Data are

expressed as the percentage of uninfected WT levels (n = 3 to in each group).

(iii) Generation of Pneumocystis infection. WT and SP-A-deficient mice were
selectively depleted of CD4™ T cells by intraperitoneal (i.p.) injection twice a
week with the monoclonal antibody GK1.5 as previously published (56). Non-
depleted mice received i.p. injections of equal volumes of phosphate-buffered
saline (PBS). Additional nondepleted controls consisting of i.p. injection of
isotype-specific irrelevant antiserum failed to elicit changes in peripheral CD4
counts, BAL cellularity, or surfactant components levels compared to PBS (data
not shown).

One week after initiation of CD4 depletion, experimental animals were inoc-
ulated under direct visualization with either 2 X 10° Pneumocystis cysts (100 1)
harvested from P. carinii-infected nu/nu mice or with 100 wl of lung homogenate
from uninfected nu/nu donor mice.

Four weeks after inoculation, infected and uninfected mice were euthanized
with a lethal dose of pentobarbital and exsanguinated by aortic transection. All
lungs were lavaged with 0.5-ml aliquots of sterile saline to a total of 5 ml. After
lavage, the left lung was inflated and fixed in paraformaldehyde (4% with 0.1 M
sodium cacodylate [pH 7.3]) for histological analysis as previously described (11).
Paraffin-embedded lung specimens were sectioned and stained with Gomori
methenamine silver stain (to evaluate intensity of infection) and with hematox-
ylin-eosin stain (to evaluate intensity of inflammation). Sections were scored in
a blinded fashion to grade the intensity of infection (0 [no organisms] to 4+ [cysts
and foamy exudate throughout alveoli in most regions]) and of inflammation (0
[no inflammation] to 5+[severe perivascular and periobronchiolar inflammation
with effacement of alveolar parenchyma and small airways by sheets of inflam-
matory cells]) by using scoring systems previously described in detail and vali-
dated (53).

By any of three methods, latent P. carinii infection does not appear in exper-
imental mice. Using real-time PCR, we have not detected Pneumocystis DNA in
the lungs of mice that were not inoculated with organisms (J. M. Beck, unpub-
lished observation). Histological examination of uninoculated mice (both WT
and SP-A deficient) subjected to CD4 depletion for up to 6 weeks has failed
failed to show development of PCP. Previous work from our group has not shown
anti-P. carinii antibodies in the sera of mice that were not inoculated with the
organism (8).

(iv) Preparation and analysis of BAL and surfactant components. Total cell
counts from lavage samples were performed by using a Z1 particle counter
(Beckman-Coulter, Inc., Miami, Fla.). BAL samples were centrifuged (400 X g
for 10 min), and the cell pellet was gently resuspended in 1 ml of PBS (with Ca?*
and Mg?*) for total cell counting. Cytospins prepared from an aliquot of cell
suspension were stained with Dif-Quik, and differential cell counts were per-
formed as described previously (1).

Levels of Th1 (IFN-vy), Th2 (IL-4 and IL-5), and TNF-a were determined from
a 100-pl aliquot of cell-free supernatant of the BAL (5 ml [total volume]) by
enzyme-linked immunosorbent assay (ELISA) with antibodies and recombinant
cytokine standards from Pharmingen, Inc. (San Diego, Calif.), and performed as
previously described (29).

Cell-free BAL supernatants were separated into two fractions by centrifuga-
tion (20,000 X g for 60 min at 4°C) as described previously (3), producing a
biophysically active large-aggregate (LA) form in the pellet and a supernatant
that contained soluble proteins, as well as the biophysically inactive surfactant
forms containing unilamellar vesicles (termed the small-aggregate fraction [SA]).

Both SA fractions and LA pellets resuspended in saline were reserved for

biochemical characterization. The total protein content of the samples from LA
and SA fractions was determined by the method of Bradford, with bovine im-
munoglobulin G as a standard (19). The total phospholipid content of the
samples from LA and SA fractions was determined by the method of Bartlett (6).

Polyacrylamide gel electrophoresis and immunoblotting. Sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis of LA aggregate surfactant samples for
SP-B was performed in 16.5% polyacrylamide gels by using a Tris-Tricine buffer
system. SA SP-D expression was determined by using NuPAGE-10% Bis-Tris
gels (Novex, San Diego, Calif.) as previously described (3, 30). In both cases,
electrophoresed proteins (5 pg of total protein per lane) separated under re-
ducing conditions were transferred to 0.2-pwm-pore-size nitrocellulose at 60 mA/
cm? for 12 to 18 h for subsequent immunoblotting or autoradiography. Western
blots were performed with monospecific, polyclonal SP antisera to SP-B and
SP-D as previously described (3). Specific proteins were visualized by enhanced
chemiluminescence by using the ECL Kit (Amersham, Inc., Arlington Heights,
Ill.), and the band intensity of the exposed film was analyzed by densitometric
scanning and quantitated by using Kodak 440 image analysis software.

Immunohistochemistry of lung tissue. Paraffin sections prepared from the
lungs of WT and SP-A-deficient mice as described above were stained for NO
metabolites by immunohistochemistry with a monoclonal antibody generated to
nitrotyrosine as previously described (1). The specificity of staining was con-
firmed by using parallel sections treated with dithionite to remove nitrotyrosine
prior to application of the primary antibody. Sections were also examined for
protein carbonyl content by derivatizing with 2,4-dinitrophenyl hydrazine
(DNPH) and then stained with an antibody generated against DNPH (40).
Sections were scored for intensity of immunostaining as previously described (4).

Nitrogen oxide measurements. The analysis of NO metabolites was performed
by using the Tonics/Sievers Nitric Oxide Analyzer 280 (NOA 280). Total NO was
determined by treatment with an excess of vanadium chloride in HCI at 95°C,
reducing nitrate, nitrite, and SNO to release NO. Nitrite was then measured
independently and subtracted from the total to calculate nitrate content. Nitrite
analysis was performed by using a potassium iodide and acetic acid mixture (23).
Sodium nitrate and nitrite (Sigma) served as standards for the vanadium and
iodide assays, respectively.

Data analysis. Data were analyzed by using a standard statistical package
(Sigma Stat; Jandel Scientific, Inc.). Parametric data were expressed as the
means * the standard errors of the mean (SEM) and were compared by analysis
of variance or Student ¢ test. Nonparametric data were expressed as medians and
were compared by the Wilcoxon-Kruskal-Wallis rank-sum test. In all cases, a P
value of <0.05 was considered significant.

RESULTS

Surfactant component expression during P. carinii infection
in WT and SP-A-deficient mice. The SP-A-deficient mice used
in the present study were backcrossed more than 10 genera-
tions onto a C57BL/6 background. Consistent with data re-
ported previously for other strains (36), these mice demon-
strated that SP-A deficiency does not alter the total BAL
phospholipid content compared to WT controls (Table 1).
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FIG. 1. CD4-depleted SP-A-deficient mice demonstrate delayed
clearance of Pneumocystis. The intensity of the infection was deter-
mined after intratracheal inoculation of P. carinii in CD4 T-cell-de-
pleted WT and SP-A-deficient mice. Histological sections of lung from
each mouse were scored blindly for intensity of infection by using a
scale previously described and validated for Preumocystis. Bars: [,
uninfected mice; m, P. carinii-infected mice. Bars represent median
values, with six samples in each group. [, Significant difference from
the corresponding uninfected level (P < 0.05); #, significant difference
from the corresponding WT level (P < 0.05 [Kruskal-Wallis test]).

Establishment of Prneumocystis infection is associated with a
70% reduction of large aggregate phospholipid levels in WT
mice. P. carinii-infected SP-A-deficient mice demonstrated a
similar trend but failed to reach statistical significant differ-
ence. As previously shown in a CD4-depleted mouse model,
WT mice demonstrate a 50% reduction of SP-B in LA fraction
4 weeks after P. carinii inoculation (15). SP-A-deficient mice
have a 50% reduction in baseline levels of SP-B versus WT
controls and no further alterations in SP-B expression oc-
curred during the development of Prneumocystis infection.

SP-A-deficient mice demonstrate delayed clearance of P.
carinii. The intensity of infection was evaluated in SP-A-defi-
cient and WT mice subjected to CD4 depletion 4 weeks after
intratracheal inoculation with Pneumocystis organisms (Fig. 1).
The 4-week interval was selected because CD4-depleted mice
develop significant Prneumocystis infections but still survive for
several weeks and because such an experimental design would
allow for comparisons of our results with previously published
studies. Under these conditions, CD4 depleted SP-A-deficient
mice had increased intensity of infection (median PCP score of
3 versus 2 for WT mice [P < 0.05]). Interestingly, SP-A-defi-
cient mice that were not CD4 depleted demonstrated mild
infection (median PCP score of 1), whereas WT mice that were
not depleted showed no evidence of infection (5 of 11 SP-A-
deficient mice infected versus 0 of 11 WT mice [P = 0.03 by
Kruskal-Wallis one-way analysis of variance on ranks]).

P. carinii-infected SP-A-deficient mice demonstrate signifi-
cantly increased lung tissue inflammation. Analysis of the
histology from the lungs of uninfected SP-A-deficient mice
revealed no abnormalities of lung structure and no evidence of
inflammation (Fig. 2). However, the introduction of Pneumo-
cystis infection into CD4 depleted SP-A-deficient mice pro-
duced a predominantly mononuclear inflammatory infiltrate
localized to perivascular and peribronchiolar areas (Fig. 2A).

Scoring of the histological findings (Fig. 2B) confirmed the
enhanced inflammatory response in the P. carinii-infected SP-
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FIG. 2. P. carinii-infected SP-A-deficient mice demonstrate in-
creased lung tissue inflammation. (A) Representative morphological
changes in formalin-fixed, paraffin-embedded, hematoxylin-and-eosin-
stained left lung sections of CD4-depleted WT and SP-A-deficient
mice. Uninfected (upper panels) or P. carinii-infected (lower panels)
WT and SP-A-deficient mice previously treated with GK1.5 were in-
oculated with sterile lung homogenate or 2 X 10° Preumocystis organ-
isms and sacrificed 4 weeks postinfection as labeled. Original magni-
fication: X 200. (B) Intensity of inflammation in the lung tissue CD 4
depleted WT and SP-A-deficient mice inoculated with either unin-
fected lung homogenate or 2 X 10° Prneumocystis organisms. Histologic
sections of lungs from each of the mice obtained 4 weeks postinocu-
lation were scored blindly for the intensity of inflammation by using a
scale previously described and validated (53). Bars: [J, uninfected
mice; W, P. carinii-infected mice. Bars represent median values, with
six samples in each group. [, Significant difference from the corre-
sponding uninfected level (P < 0.05); #, significant difference from the
corresponding WT level (P < 0.05 [Kruskal-Wallis test]).

A-deficient mice (median inflammation score of 4 versus 2 for
WT mice [P < 0.05]). The inflammatory response noted in the
lung tissue of SP-A-deficient mice was accompanied by an
increase in total BAL cellularity compared to infected WT
mice (Fig. 3A) which consisted a primarily of higher macro-
phage counts (Fig. 3B).

P. carinii-infected SP-A-deficient mice have increased lung
injury. CD4-depleted SP-A-deficient mice demonstrated a
twofold increase in total BAL protein after intratracheal inoc-
ulation with Prneumocystis organisms (Fig. 4A). The enhanced
protein leak recovered in the BAL at 4 weeks after introduc-
tion of PC organism was paralleled by an increase in SA pro-
tein content (Table 1) and in lung/body weight ratios in P.
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FIG. 3. P. carinii-infected SP-A-deficient mice develop increased BAL cellularity. WT and SP-A-deficient mice previously depleted of CD4 T
cells by using GK1.5 were inoculated with sterile lung homogenate or 2 X 10° Preumocystis organisms and then sacrificed 4 weeks postinfection.
(A) Total numbers of BAL cells were derived from counts of stained cytospin preparations as described in Materials and Methods. Bars: [,
uninfected mice; m, P. carinii-infected mice. The data are expressed as means = the SEM absolute numbers of BAL cells per mouse lung (n =
6 in each group). [, Significant difference from the corresponding uninfected level (P < 0.05); #, significant difference from the corresponding
WT level (P < 0.05). (B) Differential cell counts (MP, macrophage; EP, eosinophil; NP, neutrophil; LC, lymphocyte) in each BAL sample was
determined by Coulter counting as described in Materials and Methods. Bars: [J, WT mice; m, P. carinii-infected WT mice; B, SP-A-deficient mice;
@, P. carinii-infected SP-A-deficient mice. The data expressed as the means * the SEM absolute numbers of 10° BAL cells per mouse lung (n =
6 in each group). O, Significant difference from the corresponding uninfected level (P < 0.05); #, significant difference from the corresponding

WT level (P < 0.05).

carinii-infected SP-A-deficient mice compared to WT mice
(Fig. 4B).

SP-D protein levels are attenuated in P. carinii-infected SP-
A-deficient mice. Previously, we have demonstrated that SP-D
protein expression is increased in response to P. carinii-in-
duced pulmonary inflammation, supporting the concept that
this lung collectin may also play an active role in the inflam-
matory process. Figure 5 demonstrates that SP-D protein (43-
kDa monomer) detectable in SA surfactant fraction of both
WT and SP-A-deficient mice by Western blotting was in-
creased after P. carinii inoculation. However, compared to
corresponding WT mice, SP-D expression was attenuated in P.
carinii-infected SP-A-deficient mice.

Cytokine levels in BAL fluid are attenuated in P. carinii-
infected SP-A-deficient mice. Because IL-4, IFN-y, and TNF-«
have been previously shown to be important regulators of
inflammation in response to Pneumocystis (25, 53), production
of these cytokines was measured in BAL by ELISA. In the
absence of P. carinii infection WT and SP-A-deficient mice
contained almost undetectable levels of these cytokines. Prneu-
mocystis infection significantly increased production of cyto-
kines by BAL inflammatory cells in WT and SP-A-deficient
mice, however, elaboration this response was significantly at-
tenuated in SP-A-deficient mice in comparison to WT mice
(Fig. 6).

NO metabolism is altered by PCP in SP-A-deficient mice.
BAL samples of WT and SP-A-deficient mice were examined
for changes in NO chemistry. Figure 7A demonstrates that
basal production of total NO was similar in both uninfected
WT and SP-A-deficient mice. Pneumocystis infection markedly
increases BAL NO in both strains. However, BAL fluid from of
uninfected SP-A-deficient mice contained ~40% less nitrite
than wild-type counterparts (Fig. 7B). P. carinii infection sig-
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FIG. 4. Lung injury by Pneumocystis is enhanced in SP-A-deficient
mice. (A) Total protein content of BAL fractions of uninfected or P.
carinii-infected CD4-depleted WT and SP-A-deficient mice were de-
termined by the Bradford method as described in the text. The data are
expressed as mean amounts = the SEM (in micrograms) of total
protein per mouse lung (z = 3 to 6 in each group). Bars: [J, uninfected
mice; W, P. carinii-infected mice. [, Significant difference from corre-
sponding uninfected level (P < 0.05); #, significant difference from
corresponding WT level (P < 0.05). (B) Wet weight of the right lung
of each mouse was determined and normalized to total body weight
with data expressed as mean = the SEM of right lung wet weight to
body weight ratio X 1,000 (» = 5 in each group). Bars: [J, uninfected
mice; W, P. carinii-infected mice. [, Significant difference from the
corresponding uninfected level (P < 0.05); #, significant difference
from the corresponding WT level (P < 0.05).



VoL. 72, 2004
O Uninfected m PCP
- = 800 *
Ee
]
8 E 600
£
28 400
o0
£ *H
o
o S 200
‘2 s
0 0 - .
WT SPA -/-

FIG. 5. SP-D protein levels are attenuated in P. carinii-infected
SP-A-deficient mice. WT and SP-A-deficient mice previously depleted
of CD4 T cells by using GK1.5 were inoculated with sterile lung
homogenate or 2 X 10° Pneumocystis organisms and sacrificed at 4
weeks postinfection. Western blots normalized for total protein (10 pg
of total protein/sample) of SA surfactants prepared from BAL of WT and
SP-A-deficient mice were prepared with polyclonal antisera to SP-D and
visualized by using enhanced chemiluminescence. Quantification of total
SA SP-D content was performed by densitometric scanning of multiple
blots as described in Materials and Methods. The data are expressed as a
percentage of uninfected WT levels (n = 3 to 5 in each group). Bars: [J,
uninfected mice; W, P. carinii-infected mice. [J, Significant difference from
the corresponding uninfected level (P < 0.05); #, significant difference
from the corresponding WT level (P < 0.05).

nificantly decreased production of nitrite in WT mice, whereas
the infected SP-A-deficient mice actually had increases in total
nitrite. These observations suggest that, in contrast to WT mice
with PCP, SP-A-deficient mice would not demonstrate a shift
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toward higher oxidation state NO intermediates via expression
of RONS (peroxynitrite and nitrotyrosine). In agreement with
this, uninfected SP-A-deficient mice had decreased 3-NT stain-
ing by immunocytochemical staining of whole lung tissue rel-
ative to uninfected WT mice (Fig. 8). Although PCP modestly
increased production of 3-NT in both groups (Fig. 8, bottom
panels), according to nonparametric semiquantitative scoring
this did not reach statistical significance (WT mice, 3-NT score
of 2 versus 3 [uninfected versus PCP]; SP-A-deficient mice,
3-NT score of 1 versus 2 [uninfected versus PCP]).

DISCUSSION

A convincing body of data is emerging to support the role of
SP-A in the modulation of proinflammatory and anti-inflam-
matory responses required to effect the removal of pathogens
and to limit lung injury (22, 64). Similarly, the local immune
response within the lung appears to critically contribute to the
pathogenesis of PCP. In a previous study, infection of immu-
nocompromised mice with Pneumocystis led to an upregulation
of SP-A protein levels (2). By using genetically engineered
SP-A-deficient mice studied 4 weeks after direct intratracheal
inoculation with the organism, we show a marked dependence
of the lung upon SP-A both in the clearance of the organism
and in the modulation of the proinflammatory response. Fur-
thermore, despite attenuated levels of proinflammatory cyto-
kines shown to be required for the clearance of PCP (53) and
limitations in generation of RONS, enhanced lung damage was
observed in the infected SP-A-deficient mice. These results
both support previous studies obtained at similar time intervals
showing a dependence of the lung on SP-A for proper clear-
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FIG. 6. Cytokine levels in BAL fluid are attenuated in P. carinii-infected SP-A-deficient mice. WT and SP-A-deficient mice previously depleted
of CD4 T cells by using GK1.5 were inoculated with sterile lung homogenate or 2 X 10° Pneumocystis organisms and sacrificed 4 weeks
postinfection. Cytokine levels in BAL fluid were determined by ELISA as described in Materials and Methods. The data are expressed as total
picograms per mouse lung. Values are represented as means * the SEM (rn = 6 in each group). Bars: [J, uninfected mice; m, P. carinii-infected
mice. [, Significant difference from corresponding uninfected level (P < 0.05); #, significant difference from corresponding WT level (P < 0.05).



6008 ATOCHINA ET AL.

O Uninfected Bl PCP
A " ” ~
<]
© 200
£
c
o
Z
4 100
<
o
P _ |
WT SPA /-
B o i _
) *
£
5 3 §
)
$ 2
-
<
o 1
]
5]
[ 0 - |
WT SPA -/-

FIG. 7. The production of nitric oxide metabolites is increased in P.
carinii-infected SP-A-deficient mice. WT and SP-A-deficient mice pre-
viously depleted of CD4 T cells by using GK1.5 were inoculated with
sterile lung homogenate or 2 X 10° Prneumocystis organisms and sac-
rificed 4 weeks postinfection. BAL samples were analyzed by chemical
reduction chemiluminescence for total nitrogen oxide (A) or nitrite
(B) as described in Materials and Methods. The data are expressed as
total nanomoles in BAL (n = 5 animals in each group). Values are
means *+ the SEM. Bars: [ uninfected mice; m, P. carinii-infected
mice. [, Significant difference from the corresponding uninfected level
(P < 0.05); #, significant difference from the corresponding WT level
(P < 0.05).

ance (44) of invading Pneumocystis, as well as extend our un-
derstanding of the complex interface of SP-A with both the
innate and the acquired immune systems.

The enhanced susceptibility of the SP-A-deficient mice to
PCP could result from disruption of normal host lung defense
mechanisms at one of several levels. In our model, the devel-
opment of Prneumocystis infection was associated with attenu-
ation in the generation of proinflammatory cytokines TNF-a
and IFN-vy. Previously, aerosolized IFN-y has been shown to
decrease the intensity of infection in vivo (10); however, in
studies with IFN-y and TNF-a receptor double-knockout mice
(53), it appears that endogenous expression of and signaling by
both cytokines are required for complete protection.

The presence of RONS is also important in innate host-
defense in a variety of organisms. To characterize the essential
mechanisms underlying SP-A-mediated defense, we studied
the regulation of reactive oxygen-nitrogen intermediates in the
SP-A-deficient mouse. The production of NO and its metabo-
lites was characterized in the lungs of P. carinii-infected mice.
When the BAL was examined for nitrate and nitrite content
(Fig. 7), in contrast to what we previously observed in SP-D-
deficient mice (1, 4), there was no major increase in overall
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baseline NO production in uninfected SP-A-deficient mice
compared to WT controls. Both SP-A-deficient mice and WT
controls with PCP had increases in total nitric oxide content
(Fig. 7A), as has been observed for P. carinii-infected SP-D-
deficient mice (1). However, with the rise in NO, WT mice
were found to have a simultaneous drop in total BAL nitrite
levels, whereas the SP-A-deficient mice actually had a signifi-
cant increase in nitrite (Fig. 7B), indicating a failure to shift
toward higher oxide chemistry. Consistent with this finding,
SP-A-deficient mice with PCP had less 3-NT (Fig. 8). These
changes cannot be attributed to altered oxidative stress since
there was no significant change in the production of protein
carbonyls in stained lung tissue sections subjected to semiquan-
titative scoring (WT mice, carbonyl score of 2 versus 2 [unin-
fected versus PCP, respectively]; SP-A-deficient mice, carbonyl
score of 1 versus 2 [uninfected versus PCP, respectively]).

Activated macrophages are known to generate a number of
reactive oxygen species, including superoxide anions (O,'),
which can dismutate to form hydrogen peroxide (H,0O,) (7) or
interact with NO in the formation of highly reactive oxygen-
nitrogen intermediates such as peroxynitrite (48). Hickman-
Davis et al. demonstrated in vitro that activated alveolar mac-
rophages from C57BL/6 mice produced significant amounts of
nitric oxide and substantially decreased numbers of CFU of
Mycoplasma in the presence but not in the absence of the
SP-A, suggesting NO-mediated pathways are necessary for the
killing of some respiratory pathogens (32, 33). SP-A has been
shown to augment both NO production and reactive oxygen
species by inflammatory cells in a variety of models of infec-
tion. Although the exact signal transduction mechanisms for
these events are not completely defined, it has recently been
shown that SP-A can stimulate a proinflammatory responses
via binding by its collagenous tail to calreticulin/CD 91 (24).
Although previous in vivo models of Preumocystis infection
have shown that the expression of iNOS (the enzyme respon-
sible for generation of NO) was not altered by PCP (55), a
failure of SP-A-deficient macrophages to activate could none-
theless result in a shift of NO metabolites to less-oxidized
forms and suggest an alternative role for SP-A in the modula-
tion of NO metabolism favoring generation of higher oxides
independent of total NO production that could be utilized for
killing.

Despite the marked attenuation in the generation of proin-
flammatory cytokines and RONS, SP-A-deficient mice infected
with Pneumocystis had biochemical and physiological evidence
of enhanced lung damage manifested by increases in total
protein content in BAL (Fig. 4A) and SA surfactant (Table 1),
elevated lung/body weight ratios (Fig. 4B), and greater BAL
cell numbers (Fig. 3A). The mechanism for this is not entirely
elucidated. Given that the SP-A-deficient mice had higher bur-
dens of organisms, it is possible that the organism itself is
mediating toxicity to the alveolar epithelia. However, while
Pneumocystis organisms adhere to alveolar epithelia (47, 51),
they do not directly injure cultured type II cells in vitro (12).
Another potential mechanism could be epithelial damage from
one of the resident inflammatory cells. Differential cell counts
indicated that the predominant increase in BAL cells observed
was due to increased numbers of alveolar macrophages; how-
ever, it appears from our data that in the absence of SP-A
these cells are actually in a less-activated state. Recently, the



VoL. 72, 2004

Uninfected

PCP, 4 wks

s

P. CARINII AND INFLAMMATION IN SP-A-DEFICIENT MICE 6009

SP-A -/-

FIG. 8. Nitrotyrosine production is attenuated in the lung tissue of P. carinii-infected SP-A-deficient mice. WT and SP-A-deficient mice
previously depleted of CD4 T cells by using GK1.5 were inoculated with sterile lung homogenate or 2 X 10° Prneumocystis organisms and sacrificed
4 weeks postinfection. Paraffin-embedded sections of lung tissue from uninfected (upper panels) and P. carinii-infected (lower panels) mice are
shown. Staining with monoclonal anti-nitrotyrosine antibody was performed as described in Materials and Methods. The specificity of staining was
confirmed by using parallel sections treated with dithionite to remove nitrotyrosine (not shown). Images shown are representative of five WT and

five SP-A-deficient mice in each group. Magnification, X200.

B-glucan wall of PC has been shown to mediate a proinflam-
matory response, including induction of MIP-2 from epithelial
cells that could recruit neutrophils (31). Although neutrophilia
has been associated clinically with enhanced lung damage,
including the development of pneumothoraces (17), neutrophil
counts in both SP-A-deficient mice and WT controls were
similar in response to the development of PCP. In several
models of Pneumocystis, lung damage has been shown to be a
CDS8-dependent mechanism (66, 67). Although the total BAL
lymphocyte counts were elevated in all P. carinii-infected mice,
no difference was observed between WT and SP-A~/" infected
mice. However, McAllister et al. have recently shown that
non-TC-1 CD8" T cells are mediators of lung injury in PCP
(45). Thus, the derangement of lung barrier function observed
in SP-A-deficient mice with PCP is likely multifactorial, which
may involve indirect injury to the alveolar epithelial barrier
through other inflammatory cells (macrophages or subsets of
lymphocytes) or soluble factors.

The highest levels of Pneumocystis organisms were observed
in SP-A-deficient mice simultaneously administered a mono-
clonal antibody against CD4 T cells. When GK1.5 was omitted,
we also noted the presence of low levels of organisms in the
lungs of some SP-A-deficient (but never wild-type) mice, sug-
gesting that in the absence of suppression of adaptive (T-cell-
mediated) immunity, SP-A-deficient mice also have an in-
creased susceptibility to Pneumocystis but at much lower
organism burdens. Previously, Linke et al. had demonstrated
that SP-A-deficient mice had increased susceptibility to Preu-

mocystis, but infection required concomitant global immuno-
suppression with systemic corticosteroids (44). Although they
were not able to detect overt infection in nonsteroid treated
mice by cyst counting, the SP-A-deficient mice in their study
did appear to have a detectable large subunit mitochondrial
rRNA from Pneumocystis. The difficulties in definitive discern-
ment of quantitative differences in infectivity in the nonimmu-
nosuppressed population may lie in the relative insensitivity of
current modes of detection (cyst counting or histopathological
scoring) at low organism burdens. Recently, Pneumocystis spe-
cific reverse transcription-PCR-based methods to quantitate
the presence of PCP organisms in whole lung tissue have
emerged, and application of this methodology may be adapt-
able to enhance the ability to detect lower levels of infection in
these models (13, 57).

In addition to SP-A, previous in vitro and in vivo studies
have suggested an interaction between Pneumocystis and the
other lung collectin present in the distal airspaces, SP-D. SP-D
protein levels in alveolar lavage fluid from immunocompro-
mised mice with Pneumocystis are markedly increased (2, 3,
43). As for SP-A-deficient mice, when inoculated with Preu-
mocystis, CD4-depleted, SP-D-deficient mice also develop in-
creased intensity of infection compared to WT mice despite
higher lung inflammation scores and increased amounts of
alveolar inflammatory cells. However, in contrast to SP-A-
deficient mice, the increased inflammation and lung damage
seen in SP-D-deficient mice was associated with higher tissue
levels of iNOS, total NO, and nitrotyrosine, implicating en-
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hanced oxidative stress as a mediator of the injury (1). In the
present study, SP-A-deficient mice had equivalent levels of
SP-D versus WT mice at baseline and show increased but
somewhat attenuated SP-D protein expression in response to
Pneumocystis infection. Thus, it is unlikely that the results in
the present study showing increases in intensity of infection
and in lung damage with SP-A-deficient mice can be attributed
to a commensurate acquired SP-D deficiency.

The blunted levels of SP-D in the BAL of P. carinii-infected
SP-A-deficient mice are of interest and were associated with
attenuated levels of the Th2 cytokines IL-4 and IL-5 (Fig. 6).
These cytokines have been shown to be important regulatory
molecules for the expression of SP-D. IL-4-overexpressing
mice have marked increases in total SP-D in BAL and in tissue
(34). IL-4 added to isolated rat type II cells in vitro stimulates
SP-D production by these cells (20). The present results ob-
tained in the SP-A-deficient mouse suggest an important link
between SP-A, TNF-a expression, Th-2 cytokine (IL-4) pro-
duction, Th-1 cytokine (IFN-y) elaboration, and the regulation
of innate immunity (SP-D).

In summary, we have shown that SP-A-deficient mice are
more susceptible to Pneumocystis infection, with this effect
being most evident with the concomitant use of selective CD4
depletion. The SP-A-deficient mice had a significantly higher
incidence and intensity of Pneumocystis infection than did the
SP-A intact mice. The absence of SP-A was also associated
with an attenuated production of proinflammatory cytokines
previously shown to be essential to effect the clearance of the
organism in other model systems. In addition, macrophage
activation, as indicated by both morphological changes and
inhibition of RONS generation, suggests that SP-A modulates
the clearance of the organism at a variety of levels, including
agglutination, opsonization, and killing. Furthermore, despite
deficits in the generation of toxic cytokines and RONS, we
have also shown that the SP-A-deficient mouse infected with
Pneumocystis is unable to coordinate and limit lung injury in
response to the pathogen. We conclude that SP-A is an im-
portant mediator in the lung-host defense against Pneumocystis
infection in vivo acting at multiple levels in the host defense
paradigm. Further understanding of its mechanism of action
may lead to improvements in directed approaches to therapy.

ACKNOWLEDGMENTS

This study was supported by NIH grants RO1 HL 59867 (M.F.B.),
RO1 HL 64520 (M.F.B.), RO1 59823 (J.M.B.), HL-24075 (S.H.), and
HL-58047 (S.H.) and a Department of Veterans Affairs Merit Review
(J.M.B.).

REFERENCES

1. Atochina, E. N., A. J. Gow, J. M. Beck, A. Haczku, A. Inch, H. Kadire, Y.
Tomer, C. Davis, A. M. Preston, F. Poulain, S. Hawgood, and M. F. Beers.
2004. Surfactant protein D deficient mice exhibit delayed clearance of Pneu-
mocystis lung infection with increased inflammation and altered nitric oxide
metabolism. J. Infect. Dis. 189:1528-1539.

2. Atochina, E. N., J. M. Beck, S. T. Scanlon, A. M. Preston, and M. F. Beers.
2001. Pneumocystis carinii pneumonia alters expression and distribution of
lung collectins SP-A and SP-D. J. Lab. Clin. Med. 137:429-439.

3. Atochina, E. N., M. F. Beers, S. T. Scanlon, A. M. Preston, and J. M. Beck.
2000. Preumocystis carinii induces selective alterations in component expres-
sion and biophysical activity of lung surfactant. Am. J. Physiol. 278:L.599-
L609.

4. Atochina, E. N., M. F. Beers, S. Hawgood, F. Poulain, C. Davis, T. T. Fusaro,
and A. J. Gow. 2003. Surfactant protein-D, a mediator of innate lung immu-
nity, alters the products of nitric oxide metabolism. Am. J. Respir. Cell Mol.
Biol. 30:271-279.

10.

12.

13.

14.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

. Augusto, L. A., M. Syng

INFECT. IMMUN.

lakis, J. Jol T. Pedron, R. Girard, and R.
Chaby. 2003. Interaction of pulmonary surfactant protein C with CD14 and
lipopolysaccharide. Infect. Immun. 71:61-67.

. Bartlett, G. R. 1959. Phosphorous assay in column chromatography. J. Biol.

Chem. 234:466-468.

. Bastian, N. R., and J. B. Hibbs, Jr. 1994. Assembly and regulation of

NADPH oxidase and nitric oxide synthase. Curr. Opin. Immunol. 6:131-139.

. Beck, J. M., M. B. Blackmon, C. M. Rose, S. L. Kimzey, A. M. Preston, and

J. M. Green. 2003. T-cell costimulatory molecule function determines sus-
ceptibility to infection with Pneumocystis carinii in mice. J. Immunol. 171:
1969-1977.

. Beck, J. M., and A. G. Harmsen. 1998. Lymphocytes in host defense against

Pneumocystis carinii. Semin. Respir. Infect. 13:330-338.

Beck, J. M., H. D. Liggit, E. N. Brunette, H. J. Fuchs, J. E. Shellito, and R. J.
Debs. 1991. Reduction in intensity of Pneumocystis carinii pneumonia in mice
by aerosol administration of gamma interferon. Infect. Immun. 59:3859—
3862.

. Beck, J. M., R. L. Newbury, B. E. Palmer, M. L. Warnock, P. K. Byrd, and

H. B. Kaltrieder. 1996. Role of CD8* lymphocytes in host defense against
Pneumocystis carinii in mice. J. Lab. Clin. Med. 128:477-487.

Beck, J. M., A. M. Preston, J. G. Wagner, S. E. Wilcoxen, P. Hossler, S. R.
Meshnick, and R. Paine. 1998. Interaction of rat Pneumocystis carinii and rat
alveolar epithelial cells in vitro. Am. J. Physiol. 19:L118-L125.

Beck, J. M., A. M. Preston, S. E. Wilcoxen, S. B. Morris, E. S. White, and R.
Paine. 2003. Pneumocystis pneumonia increases the susceptibility of mice to
sublethal hyperoxia. Infect. Immun. 71:5970-5978.

Beck, J. M., M. J. Rosen, and H. H. Peavy. 2001. Pulmonary complications
of HIV infection: report of the Fourth NHLBI Workshop. Am. J. Respir.
Crit. Care Med. 164:2120-2126.

. Beers, M. F., E. N. Atochina, A. M. Preston, and J. M. Beck. 1999. Inhibition

of lung surfactant protein B expression during Prneumocystis carinii pneumo-
nia in mice. J. Lab. Clin. Med. 133:423-433.

Beers, M. F., S. R. Bates, and A. B. Fisher. 1992. Differential extraction for
the rapid purification of bovine surfactant protein B. Am. J. Physiol. 262:
L773-L778.

Beers, M. F., M. Sohn, and M. Swartz. 1990. Recurrent spontaneous pneu-
mothorax in AIDS patients with Pneumocystis pneumonia. Chest 98:266-270.
Blau, H., S. Riklis, J. F. Van Iwaarden, F. X. McCormack, and M. Kalina.
1997. Nitric oxide production by rat alveolar macrophages can be modulated
in vitro by surfactant protein A. Am. J. Physiol. 272:L.1198-L1204.

. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Ann. Biochem. 72:248-254.

Cao, Y., J. Q. Tao, S. Bates, M. Beers, and A. Haczku. 2004. IL-4 induces
production of the lung collectin surfactant protein-D. J. Allergy Clin. Im-
munol. 113:439-444.

Crouch, E., K. Hartshorn, and 1. Ofek. 2000. Collectins and pulmonary
innate immunity. Immunol. Rev. 173:52-65.

Crouch, E. C,, and J. R. Wright. 2001. Surfactant proteins A and D and
pulmonary host defense. Annu. Rev. Physiol. 63:521-554.

Fang, K. Z., N. V. Ragsdale, R. M. Carey, T. Macdonald, and B. Gaston.
1998. Reductive assays for S-nitrosothiols: implications for measurements in
biological systems. Biochem. Biophys. Res. Commun. 252:535-540.
Gardai, S. J., Y. Q. Xiao, M. Dickinson, J. A. Nick, D. R. Voelker, K. E.
Greene, and P. M. Henson. 2003. By binding SIRPa or calreticulin/CD91,
lung collectins act as dual function surveillance molecules to suppress or
enhance inflammation. Cell 115:13-23.

Garvy, B. A., J. A. Wiley, F. Gigliotti, and A. G. Harmsen. 1997. Protection
against Pneumocystis carinii pneumonia by antibodies generated from either
T helper 1 or T helper 2 responses. Infect. Immun. 65:5052-5056.

Gaynor, C. D., F. X. McCormack, D. R. Voelker, S. E. McGowan, and L. S.
Schlesinger. 1995. Pulmonary surfactant protein A mediates enhanced
phagocytosis of Mycobacterium tuberculosis by a direct interaction with hu-
man macrophages. J. Immunol. 155:5343-5351.

Glasser, S. W., E. A. Detmer, M. Ikegami, C. L. Na, M. T. Stahlman, and
J. A. Whitsett. 2003. Pneumonitis and emphysema in SP-C gene targeted
mice. J. Biol. Chem. 278:14291-14298.

Griese, M. 1999. Pulmonary surfactant in health and human lung diseases:
state of the art. Eur. Respir. J. 13:1455-1476.

Haczku, A, E. N. Atochina, Y. Tomer, H. Chen, S. T. Scanlon, S. J. Russo,
J. Xu, R. A. Panettieri, Jr., and M. F. Beers. 2001. Aspergillus fumigatus-
induced allergic airway inflammation alters surfactant homeostasis and lung
function in BALB/c mice. Am. J. Respir. Cell Mol. Biol. 25:45-50.
Haczku, A., Y. Cao, E. Atochina, S. Scanlon, Y. Tomer, S. Russo, C. Camp-
bell, and M. Beers. 2002. Interleukin (IL)-4 regulates surfactant protein
(SP)-D over production during development of allergic inflammation in
mice. Clin. Immunol. 103:S61-S62.

Hahn, P. Y., S. E. Evans, T. J. Kottom, J. E. Standing, R. E. Pagano, and
A. H. Limper. 2003. Pneumocystis carinii cell wall B-glucan induces release of
macrophage inflammatory protein-2 from alveolar epithelial cells via a lac-
tosylceramide-mediated mechanism. J. Biol. Chem. 278:2043-2050.
Hickman-Davis, J., J. Gibbs-Erwin, J. R. Lindsey, and S. Matalon. 1999.



VoL. 72, 2004

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Surfactant protein A mediates mycoplasmacidal activity of alveolar macro-
phages by production of peroxynitrite. Proc. Natl. Acad. Sci. USA 96:4953—
4958.

Hickman-Davis, J. M., F. C. Fang, C. Nathan, V. L. Shepherd, D. R. Voelker,
and J. R. Wright. 2001. Lung surfactant and reactive oxygen-nitrogen spe-
cies: antimicrobial activity and host-pathogen interactions. Am. J. Physiol.
281:1.517-1L.523.

Ikegami, M., J. A. Whitsett, Z. C. Chroneos, G. F. Ross, J. A. Reed, C. J.
Bachurski, and A. H. Jobe. 2000. IL-4 increases surfactant and regulates
metabolism in vivo. Am. J. Physiol. 278:L75-L80.

Kalina, M., H. Blau, S. Riklis, and V. Hoffman. 2000. Modulation of nitric
oxide production by lung surfactant in alveolar macrophages. Adv. Exp.
Med. Biol. 479:37-48.

Korfhagen, T. R., M. D. Bruno, G. F. Ross, K. M. Huelsman, M. Ikegami,
A. H. Jobe, S. E. Wert, B. R. Stripp, R. E. Morris, S. W. Glasser, C. J.
Bachurski, H. S. Iwamoto, and J. A. Whitsett. 1996. Altered surfactant
function and structure in SP-A gene targeted mice. Proc. Natl. Acad. Sci.
USA 93:9594-9599.

Koziel, H., D. S. Phelps, J. A. Fishman, M. Y. K. Armstrong, F. F. Richards,
and R. M. Rose. 1998. Surfactant protein-A reduces binding and phagocy-
tosis of Pneumocystis carinii by human alveolar macrophages in vitro. Am. J.
Respir. Cell Mol. Biol. 18:834-843.

LeVine, A. M., M. D. Bruno, K. M. Huelsman, G. F. Ross, J. A. Whitsett, and
T. R. Korfhagen. 1997. Surfactant protein A-deficient mice are susceptible to
group B streptococcal infection. J. Immunol. 158:4336-4340.

LeVine, A. M., K. E. Kurak, M. D. Bruno, J. M. Stark, J. A. Whitsett, and
T. R. Korfhagen. 1998. Surfactant protein-A-deficient mice are susceptible to
Pseudomonas aeruginosa infection. Am. J. Respir. Cell Mol. Biol. 19:700—
708.

Levine, R. L., N. Wehr, J. A. Williams, E. R. Stadtman, and E. Shacter. 2000.
Determination of carbonyl groups in oxidized proteins. Methods Mol. Biol.
99:15-24.

Li, G., J. Siddiqui, M. Hendry, J. Akiyama, J. Edmondson, C. Brown, L.
Allen, S. Levitt, F. Poulain, and S. Hawgood. 2002. Surfactant protein-A-
deficient mice display an exaggerated early inflammatory response to a
beta-resistant strain of influenza A virus. Am. J. Respir. Cell Mol. Biol.
26:277-282.

Limper, A. H. 1997. Tumor necrosis factor alpha-mediated host defense
against Pneumocystis carinii. Am. J. Respir. Cell Mol. Biol. 16:110-111.
Limper, A. H., D. M. O’Riordan, Z. Vuk-Pavlovic, and E. C. Crouch. 1994.
Accumulation of surfactant protein D in the lung during Pneumocystis carinii
pneumonia. J. Eukaryot. Microbiol. 41:98S.

Linke, M. J., C. E. Harris, T. R. Korfhagen, F. X. McCormack, A. D.
Ashbaugh, P. Steele, J. A. Whitsett, and P. D. Walzer. 2001. Immunosup-
pressed surfactant protein A-deficient mice have increased susceptibility to
Pneumocystis carinii infection. J. Infect. Dis. 183:943-952.

McAllister, F., C. Steele, M. Q. Zheng, E. Young, J. Shellito, L. Marrero, and
J. Kolls. 2004. Tc1CD8" T cells are effector cells against Pneumocystis in
mice. J. Immunol. 172:1132-1138.

Mcneely, T. B., and J. D. Coonrod. 1993. Comparison of the opsonic activity
of human surfactant protein A for Staphylococcus aureus and Streptococcus
pneumoniae with rabbit and human macrophages. J. Infect. Dis. 167:91-97.
Millard, P. R., A. E. Wakefield, and J. M. Hopkin. 1990. A sequential
ultrastructural study of rat lungs infected with Prneumocystis carinii to inves-
tigate the appearance of organism, its relationships, and its effects on pneu-
mocytes. Int. J. Exp. Pathol. 71:895-904.

Pacelli, R., D. A. Wink, J. A. Cook, M. C. Krishna, W. DeGraff, N. Friedman,
M. Tsokos, A. Samuni, and J. B. Mitchell. 1995. Nitric oxide potentiates
hydrogen peroxide-induced killing of Escherichia coli. J. Exp. Med. 182:
1469-1479.

Phelps, D. S., and R. M. Rose. 1991. Increased recovery of surfactant protein
A in AIDS-related pneumonia. Am. Rev. Respir. Dis. 143:1072-1075.
Phelps, D. S., T. M. Umstead, R. M. Rose, and J. A. Fishman. 1996. Sur-

Editor: F. C. Fang

P. CARINII AND INFLAMMATION IN SP-A-DEFICIENT MICE

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

6011

factant protein-A levels increase during Pneumocystis carinii pneumonia in
the rat. Eur. Respir. J. 9:565-570.

Pottratz, S., and A. L. Weir. 1995. Attachment of Pneumocystis carinii to
primary cultures of rat alveolar epithelial cells. Exp. Cell Res. 221:357-362.
Roblot, F., C. Godet, G. Le Moal, B. Garo, M. F. Souala, M. Dary, L. de
Gentile, J. A. Gandji, Y. Guimard, C. Lacroix, P. Roblot, and B. Becq-
Giraudon. 2002. Analysis of underlying diseases and prognosis factors asso-
ciated with Pneumocystis carinii pneumonia in immunocompromised HIV-
negative patients. Eur. J. Clin. Microbiol. Infect. Dis. 21:523-531.
Rudmann, D. G., A. M. Preston, M. W. Moore, and J. M. Beck. 1998.
Susceptibility to Pneumocystis carinii in mice is dependent on simultaneous
deletion of IFN-y and type 1 and 2 TNF receptor genes. J. Immunol.
161:360-366.

Russian, D. A,, and S. J. Levine. 2001. Pneumocystis carinii pneumonia in
patients without HIV infection. Am. J. Med. Sci. 321:56-65.

Shellito, J. E., J. K. Kolls, R. Olariu, and J. M. Beck. 1996. Nitric oxide and
host defense against Pneumocystis carinii infection in a mouse model. J. In-
fect. Dis. 173:432-439.

Shellito, J. E., V. V. Suzara, W. Blumenfeld, J. M. Beck, H. J. Steger, and
T. H. Ermak. 1990. A new model of Prneumocystis carinii infection in mice
selectivity depleted of helper T lymphocytes. J. Clin. Investig. 85:1686-1693.
Steele, C., M. Q. Zheng, E. Young, L. Marrero, J. E. Shellito, and J. K. Kolls.
2002. Increased host resistance against Pneumocystis carinii pneumonia in
gamma delta T-cell-deficient mice: protective role of gamma interferon and
CD8™ T cells. Infect. Immun. 70:5208-5215.

Sternberg, R. L, J. A. Whitsett, W. M. Hull, and R. P. Baughman. 1995.
Pneumocystis carinii alters surfactant protein A concentrations in bronchoal-
veolar lavage fluid. J. Lab. Clin. Med. 125:462-469.

Thomas, C. F., Jr., and A. H. Limper. 1998. Pneumocystis pneumonia:
clinical presentation and diagnosis in patients with or without acquired
immune deficiency syndrome. Semin. Respir. Infect. 13:289-295.

Wali, A., M. F. Beers, C. Dodia, S. I. Feinstein, and A. B. Fisher. 1993. ATP
and cAMP stimulate the synthesis of surfactant protein SP-A in rat lung.
Am. J. Physiol. 264:1.431-L437.

Weaver, T. E., and J. J. Conkright. 2001. Functions of surfactant proteins B
and C. Annu. Rev. Physiol. 63:555-578.

Weissbach, S., A. Neuendank, M. Pettersson, T. Schaberg, and U. Pison.
1994. Surfactant protein A modulates release of reactive oxygen species from
alveolar macrophages. Am, J. Physiol. 267:L660-L666.

Williams, M. D., J. R. Wright, K. L. March, and W. J. Martin. 2. 1996.
Human surfactant protein A enhances attachment of Pneumocystis carinii to
rat alveolar macrophages. Am. J. Respir. Cell Mol. Biol. 14:232-238.
Wright, J. R., P. Borron, K. G. Brinker, and R. J. Folz. 2001. Surfactant
protein A: regulation of innate and adaptive immune responses in lung
inflammation. Am. J. Respir. Cell Mol. Biol. 24:513-517.

Wright, J. R., and D. C. Youmans. 1993. Pulmonary surfactant protein A
stimulates chemotaxis of alveolar macrophage. Am. J. Physiol. 264:1.338—
L344.

Wright, T. W., F. Gigliotti, J. N. Finkelstein, J. T. McBride, C. L. An, and
A. G. Harmsen. 1999. Immune-mediated inflammation directly impairs pul-
monary function, contributing to the pathogenesis of Pneumocystis carinii
pneumonia. J. Clin. Investig. 104:1307-1317.

Wright, T. W., R. H. Notter, Z. D. Wang, A. G. Harmsen, and F. Gigliotti.
2001. Pulmonary inflammation disrupts surfactant function during Prneumo-
cystis carinii pneumonia. Infect. Immun. 69:758-764.

‘Wu, H., A. Kuzmenko, S. Wan, L. Schaffer, A. Weiss, J. H. Fisher, K. S. Kim,
and F. X. McCormack. 2003. Surfactant proteins A and D inhibit the growth
of gram-negative bacteria by increasing membrane permeability. J. Clin.
Investig. 111:1589-1602.

Zimmerman, P. E., D. R. Voelker, F. X. McCormack, J. R. Paulsrud, and
W. J. Martin. 1992. 120-kD surface glycoprotein of Pneumocystis carinii is a
ligand for surfactant protein A. J. Clin. Investig. 89:143-149.



