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Abstract

Attachment of pathogens to host cells is a prerequisite for the
development of many infections. Pneumocystis cainfif (PC)
pneumonia is characterized by attachment of PCtrophozoites
to the alveolar epithelium. The mechanism of this process is
unknown. Fibronectin (Fn) is a glycoprotein present in the
alveolar space known to mediate cell-cell attachment, includ-
ing the attachment of certain pathogens to host epithelial cells.
In this study the binding of Fn to PC trophozoites has been
characterized in vitro using '25I-Fn. Fn binds saturably and
specifically to 6.4 X 105 binding sites per organism with an
apparent binding constant, Kd, of 1.2 X 10-8 M. Fn binding to
PCwas inhibited by the addition of Arg-Gly-Asp-Ser (RGDS),
a tetrapeptide containing the active site of the cell-binding do-
main of Fn. PC attachment to an alveolar epithelial cell line
was quantified using 51Cr-labeled PCtrophozoites. Attachment
was decreased from 24±1.9% to 12.1±1% (P < 0.01) by the
addition of an anti-Fn antibody, an effect that could be over-
come by the addition of excess free Fn. It is concluded that
binding of Fn to PC may be an important initial step in the
attachment of the organism to alveolar epithelial cells. Fur-
thermore, it appears that PC recognizes and binds to the
RGDScell attachment site of Fn. (J. Clin. Invest. 1990.
85:351-356.) AIDS - binding , pneumonia - RGDS

Introduction

Pneumocystis carinii (PC)' is a major cause of morbidity and
mortality in immunocompromised hosts, especially in those
with the acquired immunodeficiency syndrome. PC is an ex-
tracellular pathogen that binds tightly to alveolar epithelium,
with a preference for type I alveolar epithelial cells (1-3). Elec-
tron microscopy has shown interdigitation of the cell mem-
branes of PCand alveolar epithelial cells, but no actual mem-
brane fusion (1 -4). The mechanism of attachment between PC
and host cells has not been clearly defined; however, current
concepts suggest that the organism requires attachment to host
cells to initiate PC replication and to induce the development
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of pneumonia (1-3, 5, 6). Previous studies have shown that PC
cytoskeletal function is necessary for attachment (6), and that
mannose-containing membrane glycoproteins on the PC tro-
phozoite may also be involved in the attachment process (7).

Fibronectin (Fn) is a 440-kD glycoprotein dimer that is
found in both soluble and cell-associated forms in the body
(8-10). It is composed of two nearly identical subunits joined
at the carboxyl end by disulfide linkages (8-10). Fn has been
shown to have a role in the attachment of many pathogens to
host tissue. These include staphylococci (1 1, 12), streptococci
(13, 14), Treponema pallidum (15), Trypanosoma cruzi (16),
Leishmania spp. (17), and Candida albicans (18). Staphylo-
cocci and streptococci bind to Fn at separate sites on the
amino terminus of the molecule (19, 20). Other microorgan-
isms make use of the cell binding domain of Fn (15, 21), which
has been localized to the peptide sequence of Arg-Gly-Asp-Ser
(RGDS) located toward the carboxy terminus of the molecule
(22-24).

Fn is present in the alveolar spaces of both normal subjects
and patients with active pulmonary inflammation (25). It is
produced by activated alveolar macrophages (26) and type II
alveolar epithelial cells (27). Histochemical studies suggest that
cell-associated Fn is present on the surface of type I cells in
vivo but not on the surface of type II cells (28). Fn binds to
both the luminal and basal surfaces of the type I cell (28),
suggesting that one of its functions involves attachment of the
type I cell to the basal lamina. Similarly, PCorganisms attach
selectively to type I cells and not to type II cells, although the
mechanism for this relative selectivity is unknown.

In the current study we have characterized the binding of
'25I-Fn to PC trophozoites obtained from dexamethasone-
treated rats. The '251I-Fn binding was specific as evidenced by
inhibition of binding with excess unlabeled Fn. Addition of
RGDSinhibited '25I-Fn binding to PC, whereas Arg-Gly-Glu-
Ser (RGES), a tetrapeptide with no effect on Fn cell binding
(29, 30), had no effect on Fn binding to PC trophozoites.
Furthermore, anti-Fn antibodies caused a significant decrease
in PCadherence to A549 cells, an alveolar epithelial cell line.
Each of these findings strongly supports a role for Fn in the
attachment of PC to alveolar epithelial cells, and may suggest
one mechanism for the selective attachment of PC to type I
cells.

Methods

Isolation of PC. PC pneumonia was induced in pathogen-free rats by
immunosuppression with dexamethasone and transtracheal inocula-
tion of PC trophozoites as described by Bartlett et al. (31). Briefly,
female Sprague-Dawley rats (150-175 g, Colony 202; Harlan Sprague
Dawley, Inc., Indianapolis, IN) were housed in open cages and re-
ceived water containing 2 mg/ml dexamethasone, 500 ,ug/ml tetracy-
cline, and 200,000 U/ml nystatin ad lib. Rats were inoculated trans-
tracheally with 1 X 106 PC trophozoites 5-7 d after beginning immu-
nosuppression. PC trophozoites were harvested 4-6 wk after
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inoculation when the rats were moribund with PC pneumonia. Rats
were killed by intraperitoneal injection of T-61 euthanasia solution
(Taylor Pharmaceutical, Decatur, IL), and the trachea was cannulated
following a mid-line neck incision. The lungs were lavaged six times
with 8-ml aliquots of HBSSplus 0.6 mMEDTA, 100 U/ml penicillin,
100 ug/ml streptomycin, 4 ,ug/ml gentamicin, and 0.5 gg/ml ampho-
tericin B. Approximately 40-45 ml of lavage fluid was obtained from
each rat.

PCwas purified by a method adapted from Masur and Jones (32).
The lavage fluid was centrifuged (600 g for 10 min) to pellet inflamma-
tory and alveolar cells, and the supernatant was saved. The pellet was
resuspended to prepare cytopreparation smears on a cytologic centri-
fuge (Cytospin II; Shandon Southern Instruments Inc., Sewickley, PA).
The presence of PCcysts and trophozoites was verified using Gomori
methenamine silver stain (33) and Diff-Quik stain (34). To obtain a
highly purified population of PC trophozoites the supernatant was
centrifuged (1,400 g for 30 min) and resuspended in 1 ml of lavage
fluid and PC trophozoites were quantified by the method of Bartlett et
al. (35). A typical rat yielded 8-15 X 106 trophozoites. Examination of
the trophozoite suspension showed that PC organisms represented
97-98% of cellular material in the suspension. Any samples containing
bacterial, fungal, or inflammatory cell contamination were discarded.

'25I-Fn binding to PC. The trophozoites were incubated for 18 h in
DME(Whittaker, M. A. Bioproducts, Walkersville, MD) supple-
mented with 0.6 mg/ml glutamine, 100 U/ml penicillin, 100 ptg/ml
streptomycin, 0.5 Mg/ml amphotericin B, 4 gtg/ml gentamicin, and 0.6
mMEDTA. '25I-Fn (ICN Radiochemicals, Irvine, CA) binding to PC
was quantified using the method of Proctor et al. ( 12). After the 18-h
incubation the PCsuspension was centrifuged (1,400 g for 15 min), the
supernatant discarded, and the PC-rich pellet resuspended in DMEat
20 X 106/ml. Reaction mixtures containing 4 X 106 PC, '25I-Fn (1.5-12
Mg), and sample buffer (0.02 MHepes and 1 mg/ml BSA in 0.15 M
NaCI at pH 7.4) to a total volume of 1 ml were incubated for 1 h.
Mixtures were centrifuged (3,000 g for 2 min) to pellet trophozoites,
the supernatant was removed and saved, and the pellet was resus-
pended in 0.5 ml of sample buffer. After a second centrifugation, the
supernatant was again saved and added to the first supernatant. '251I-Fn
in the pellet (bound) and in the supernatant (free) were quantified
(5500 gamma-counter; Beckman Instruments, Inc., Palo Alto, CA).
Specific binding was determined by addition of 125 Mgof unlabeled Fn
(Sigma Chemical Co., St. Louis, MO) to the reaction mixture. Bound

251I-Fn was calculated as follows: bound '251I-Fn = (DPMpe,1kDPMpe11e
+ DPM, pc,=tnJ) X '251-Fn added.

The effect of the tetrapeptides RGDSand RGES(Chemicon, El
Segundo, CA) on '251I-Fn binding was determined by adding 500 Ag (1
mM) of each tetrapeptide to a reaction mixture containing 3 Mg of
125I-Fn. The assay was then performed as above. Bound 251I-Fn was
determined and compared with that bound in the absence of the tetra-
peptide.

PCadherence assay. PCadherence to an alveolar epithelial cell line
was quantified using the method of Limper and Martin (6). Freshly
isolated PC trophozoites were incubated for 18 h in 2 ml of DME
containing 0.5 ml of FCS (Hyclone Laboratories, Logan, UT) and 50
MCi of 5"Cr sodium chromate (New England Nuclear, Boston, MA).
After incubation the 5'Cr-labeled PC suspension was centrifuged
(1,400 g for 15 min), the supernatant discarded, and the pellet resus-
pended in DMEplus 10% FCS. The PC suspension was washed four
times to remove unincorporated 5'Cr and resuspended in DMEat a
concentration of 20 X 106/ml.

An alveolar epithelial cell line, A549 (CCL #185; American Type
Culture Collection, Rockville, MD), was used as the target cell popula-
tion for PCadherence studies. A549 cells were grown to confluency in
DME+ 10%FCSon 24-well tissue culture dishes. 2 x 106 5'Cr-labeled
trophozoites were added to each well of A549 cells and incubated at
37°C for 4 h. After the incubation, the media, containing nonadherent
trophozoites, was removed and saved. The cell monolayer, containing
bound trophozoites, was disrupted using 10% Triton X-100 (Sigma
Chemical Co.) and saved. 5"Cr-Labeled PCorganisms were quantified

in each fraction (5500 gammacounter, Beckman Instruments, Inc.)
and percent attachment expressed as follows: percent attachment
= (A/A + B) X 100, where A = 5Cr-labeled PC bound to the A549
monolayer and B = 5"Cr-labeled PC free in the media.

The effect of a polyclonal anti-rat Fn antibody (Calbiochem-Behr-
ing Corp., San Diego, CA) on adherence was assayed. 5"Cr-Labeled
trophozoites were incubated for I h in either DMEalone or DMEplus
0.2 mg of the anti-Fn antibody. After the incubation of the tropho-
zoites in the presence or absence of the anti-rat Fn antibody, the
adherence assay was conducted as noted above. Specificity of the effect
of the anti-Fn antibodies on PCadherence was demonstrated by addi-
tion of 125 Mg of free rat Fn (Calbiochem-Behring Corp.) to the assay.
Attachment of 5"Cr-labeled trophozoites was determined as noted
above.

Statistics. Results are expressed as mean±SEM. Statistical analysis
of the data was completed by t test for paired observations. Statistical
significance was accepted for P < 0.05.

Results

The binding of '25I-Fn to PC trophozoites revealed that spe-
cific binding was saturable at higher '251I-Fn concentrations,
while nonspecific and total binding continued to increase as
additional '251-Fn was added to the reaction mixture (Fig. 1).
The saturation of specific binding became apparent at Fn con-
centrations > 5 ,ug/ml (25 nM). Plotting the data using the
method of Scatchard (36) indicated that the number of Fn
molecules bound per trophozoite was 6.4 X 105 with an
apparent Kd of 1.2 X 10-8 M(Fig. 2). The linearity of the plot
suggests the existence of a homogeneous group of Fn binding
sites on the trophozoite all displaying a similar affinity for Fn.

To further characterize the PCbinding site on the Fn mole-
cule, 1251I-Fn binding studies were performed using the tetra-
peptides RGDSand RGES. The addition of RGDSinhibited
251I-Fn binding to the trophozoites (Fig. 3). Bound 1251I-Fn was
reduced from 847 ng/reaction mixture to 318 ng/reaction
mixture (P < 0.01) by the addition of 500 Ag/ml (1 mM)
RGDS.A similar decrease in bound 1251I-Fn to 330 ng/reaction
mixture was produced by the addition of 125 ,g/ml (0.6 AM)
unlabeled whole Fn. The specificity of the RGDSinhibition of
Fn binding to PC was demonstrated by the use of RGES,
which differs from RGDSby the substitution of a single amino
acid. This "false" peptide has been shown in other systems to
have no effect on Fn binding (29, 30). Similarly, it had no
effect on 1251I-Fn binding to the PC trophozoites (Fig. 3).

The role of Fn in the adherence of PC trophozoites to
monolayer A549 cells was assessed by the use of a polyclonal
anti-rat Fn antibody (Fig. 4). Preincubation of the PC organ-
isms with this antibody caused adherence to decrease from
24±1.9% to 12. 1±1I %(P < 0.01), suggesting that Fn bound on
the surface of the trophozoite plays a role in its adherence to
alveolar epithelial cells. The specificity of this effect was dem-
onstrated by addition of excess free Fn which reversed the
inhibitory effect of the anti-Fn antibodies on PCadherence to
the A549 monolayer.

PC adherence assays were also conducted in the presence
of RGDS. However, RGDSinterfered with the attachment of
the A549 cell monolayer to the tissue culture plastic at RGDS
concentrations as low as 50 ,ug/ml (data not shown) and thus
prevented the direct use of this tetrapeptide in the adherence
assay. Preincubation of PC organisms with 2 mM(1,000
Ag/ml) RGDSwith a subsequent wash to remove free tetra-
peptide failed to affect PC adherence to the A549 cells (data
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not shown). This finding is similar to those reported in other
studies using RGDSin different model systems and indicates
that interference of Fn mediated attachment by RGDSre-

quires a significant molar excess of the tetrapeptide (30,
37, 38).

Discussion

In this study Fn clearly binds to PCtrophozoites in a saturable
and specific manner. Through the use of Scatchard analysis,
the approximate number of Fn binding sites on each tropho-
zoite has been quantified. The linearity of the Scatchard plot
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Figure 1. Total and specific binding of
'25I-Fn to PC. Binding assay was per-

formed by the addition of 1.5-12 Mtg
I25I-Fn to 4 X 106 PCfor 1 h. Specific
binding was determined by the addition
of 125 ug of unlabeled Fn. Data are ex-

pressed as mean values of three sepa-

rate experiments performed in dupli-
cate, with error bar representing SEM.

suggests a homogeneous group of Fn binding sites, all display-
ing similar affinity for Fn. This is a characteristic of receptor-
mediated binding, indicating the probable existence of a spe-

cific Fn receptor on the PC trophozoite.
The development of an in vitro method to quantify PC

adherence to an alveolar epithelial cell line (6) permits the
investigation of the possible role of Fn in PCattachment. The
ability to block PC attachment by the use of specific anti-Fn
antibodies implicates Fn as a mediator in this process. That
adherence could not be completely abolished by anti-Fn anti-
body suggests that there may be additional factors involved in
the mechanism of attachment.

Figure 2. Scatchard plot
of '25I-Fn binding to PC.
Data are mean values ob-
tained from Fig. 1. The
slope of the line, 1.2
X 10-8, represents the as-

sociation constant (Kd)
for Fn binding to PC.
The number of Fn bind-
ing sites per organism was

, L calculated from the x-in-
1 1.2 1.4 terceptto be 6.4 x105.

Correlation coefficient of
(;Jg) regression line, r = -0.89.
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Figure 3. Effect of the tetrapeptides RGDSand
RGESon 25I-Fn binding to PC. '251-Fn binding
assay was performed as in Fig. 1 with addition of 1
mMof either RGDSor RGESto the reaction mix-
ture. Results are expressed as mean±SEM. *P < 0.01.

Our data demonstrate that the site of attachment for Fn to
PC involves the well-characterized cell-binding domain of Fn,
localized to the tetrapeptide RGDS. The RGDcomponent of
this domain has previously been shown to mediate the attach-
ment of many adhesive proteins to cells, including Fn (22-24),
vitronectin (39), fibrinogen (40, 41), and von Willebrand fac-
tor (41). A group of receptors that recognize this peptide se-
quence, known as integrins (42), provide a mechanism for
extracellular matrix proteins to interact with the cell cytoskele-
ton to facilitate cellular attachment (42, 43). Although several
PC surface antigens have been described (44, 45), none have
been sufficiently characterized to determine whether their
structures resemble previously characterized integrins.

For many pathogens Fn provides a means of attachment to
host cells. Fn binds to the surface of alveolar macrophages and

24 -

20 -

%Attachment 1i -

of
P. carlnil 12 -

8-

4 -

0 -

Control

*

/

Anti-Fn

type I alveolar epithelial cells, both of which are known to bind
to PC in vivo (1-3, 32). Type II cells, which do not bind Fn in
vivo, are not a target cell for PC infection. The ability of PCto
bind to Fn and use Fn in its attachment to the surface of the
target cell may enable the PC trophozoite to become anchored
within the alveolus, and permit the organism to initiate its
infection. Binding to the alveolar epithelial surface may also
aid in evading host defenses.

In summary, we have shown that PC trophozoites bind to
radiolabeled Fn in a saturable and specific manner. This bind-
ing is inhibited by the peptide sequence RGDS, the active site
in the cell-binding domain of Fn, demonstrating that this is the
site of PCattachment to Fn. Adherence of PC trophozoites to
an alveolar epithelial cell line can be inhibited by the addition
of an anti-Fn antibody. These studies suggest a role for Fn as a

Anti-Fn

Fn

Figure 4. Effect of preincubation with polyclonal
anti-Fn antibody on PCattachment to A549 cells.
Attachment of 'Cr-labeled PC to the alveolar epithe-
lial cell line, A549, was quantified after 4-h incuba-
tion of PCwith A549 cell monolayer in the presence
or absence of anti-Fn and in the presence or absence
of added free Fn. Results are expressed as
mean±SEM. *P < 0.01.
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mediator of attachment for PC to the alveolar epithelium, a
process that is essential to the development of active PC infec-
tion.
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