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Adhesion of Penicillium marneffei conidia to the extracellular matrix protein laminin via a sialic acid-
dependent process has previously been demonstrated. This study describes the interaction of P. marneffei
conidia with fibronectin and examines the relationship of this process to the recognition of laminin via conidia.
Immunofluorescence microscopy demonstrated that fibronectin bound to the surface of conidia and to phi-
alides, but not to hyphae, in a pattern similar to that reported for laminin. Conidia were able to bind to
fibronectin immobilized on microtiter plates in a concentration-dependent manner. However, binding to
fibronectin (at any given concentration of protein and conidia) was less than that to laminin under equivalent
conditions. Soluble fibronectin and antifibronectin antibody inhibited adherence of conidia to fibronectin in
the plate adherence assay; soluble laminin also caused pronounced inhibition. Various monosaccharides and
several peptides had no effect on adherence to fibronectin. However, N-acetylneuraminic acid abolished
adherence to fibronectin, indicating that the interaction was mediated through a sialic acid-dependent process;
the latter parallels observations of laminin binding by conidia. Fibronectin binding (and binding of laminin)
was considerably reduced by prolonged preincubation of conidia with chymotrypsin, suggesting the protein
nature of the binding site. Conidia from older cultures were more adherent to both immobilized fibronectin and
laminin than conidia from younger cultures. Ligand affinity binding demonstrated the presence of a 20-kDa
protein with the ability to bind both fibronectin and laminin. There would therefore appear to be a common
receptor for the binding of fibronectin and laminin on the surface of P. marneffei, and the interaction described

here maybe important in mediating attachment of the fungus to host tissue.

Infections caused by the dimorphic fungal pathogen Penicil-
lium marneffei are increasingly common in Southeast Asia,
particularly Thailand (3, 19), Hong Kong (21), and southern
China (13). The incidence of human infection with P. marneffei
was, until relatively recently, very low (5, 11); the recent rise in
cases can be attributed almost totally to the arrival of the AIDS
pandemic in this geographical area (3, 19). In AIDS patients,
infection with P. marneffei presents as a disseminated illness
with fever, weight loss, skin lesions, and pancytopenia (18, 22),
and it is fatal if untreated.

Infection with P. marneffei is presumed to originate via the
inhalation of airborne conidia. The latter are thought to be
sufficiently small to reach the alveoli. Virtually nothing is
known of the pathogenic mechanisms responsible for the de-
velopment of infection following conidial inhalation, although
recently P. marneffei conidia have been shown to bind laminin
via a sialic acid-dependent process (10). Laminin is an impor-
tant extracellular matrix (ECM) glycoprotein (12) that is
present in basement membranes, and it may become exposed
after tissue damage. The P. marneffei laminin binding receptor
would appear to have some similarities to a laminin binding
protein on the surface of Aspergillus fumigatus conidia, which
appears to be a sialic acid-specific lectin (1).

Other ECM proteins, such as fibronectin, have been impli-
cated in the attachment of a variety of pathogens to both host
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tissues and cells (6, 7, 15, 17). Fibronectin is also a glycoprotein
that contains sialic acid residues (2, 20), and in this report we
describe the interaction between P. marneffei conidia and fi-
bronectin, with particular emphasis on the interrelationship of
this interaction with the previously described laminin-conid-
ium interaction.

MATERIALS AND METHODS

Organism and culture conditions. P. marneffei ATCC 200051 was grown in the
mycelial phase on Sabouraud dextrose agar slopes at 30°C, and conidia were
obtained from 8-day-old cultures as previously described (10). Conidia were
quantified in a hemocytometer. For some experiments, suspensions of conidia
were prepared from 1-, 2-, 4-, and 8-day-old cultures of P. marneffei as described
elsewhere (10). For experiments involving the immunofluorescent labelling of
fibronectin binding sites, suspensions of mycelial scraping were washed three
times in sterile PBS before use.

ECM components and peptides. Fibronectin (from human plasma) was ob-
tained from Sigma Chemical Co. (Poole, Dorset, United Kingdom), as were
laminin, derived from the basement membrane of Engelbreth-Holm-Swarm
mouse sarcoma, and Arg-Gly-Asp (RGD) and Tyr-Ile-Gly-Ser-Arg (YIGSR)
peptides. All reagents were stored as aliquots at —80°C until required.

Immunofluorescence microscopy. Immunofluorescence microscopy was per-
formed as previously described (10), using suspensions of mycelial scrapings
(prepared as described above). Briefly, conidia were resuspended in phosphate-
buffered saline (PBS; 0.01 M, pH 7.4) containing fibronectin (at a concentration
of 500 wg/ml), incubated for 3 h at 37°C, then washed and resuspended in rabbit
antifibronectin antibody (Sigma) diluted 1:10 in PBS, and finally incubated for
1 h at 37°C. Suspensions were then washed and resuspended in fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin antibody (1:20
dilution; Jackson Immunochemicals, West Grove, Pa.) in PBS for 1 h at 37°C.
Finally, the suspensions were washed again and examined. Negative controls con-
sisted of suspensions incubated in the absence of fibronectin, suspensions in which
the antifibronectin antibody was replaced with either a rabbit antilaminin anti-
body (Dako Ltd., High Wycombe, United Kingdom) or PBS, and suspensions in
which FITC-conjugated goat anti-rabbit immunoglobulin was replaced with PBS.
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FIG. 1. Immunofluorescence identification of the binding of fibronectin. (a and b) Phase-contrast and immunofluorescence microscopy of conidia and hyphae
incubated with fibronectin, antifibronectin antibody, and FITC-labelled conjugate. Negatively staining hyphae are arrowed. (c and d) Phase-contrast and immunoflu-
orescence microscopy of phialides incubated as described above. Bars represent 10 pwm.

Adherence assays. Adherence assays were performed as previously described
(4, 10); 96-well microtiter plates (Maxisorp; Nunc A/S, Kamstrup, Denmark)
were initially coated with a range of fibronectin and laminin concentrations (from
0.1 through to 500 pg/ml). Subsequent experiments made used of plates coated
with either fibronectin or laminin (each at 100 wg/ml). Plates were washed and
blocked as described elsewhere (10), and conidia were added as appropriate (100
ul per well at 10° conidia per ml). Nonadherent cells were removed by washing
in PBS containing 0.05% Tween 20. Adherent conidia were counted as previ-
ously described (4, 10). Control wells were incubated in PBS only in the absence
of fibronectin and laminin. In each experiment, 10 microscope fields were
counted in each of three wells, and each experiment was performed on three
separate occasions with different conidial preparations. Statistical analysis was
performed throughout via the Student ¢ test.

Specificity of binding. The effect of preincubation of conidia (30 min at 37°C)
with soluble fibronectin, soluble laminin (both at final concentrations of 500
pg/ml and 1 mg/ml), soluble RGD peptide, and soluble short laminin fragment
(YIGSR) (both at concentrations of 1 mg/ml only) on adherence to immobilized
fibronectin was also investigated. Soluble bovine serum albumin (BSA; 1 mg/ml)
was used throughout as a negative control, and conidia in PBS only were used as
a positive control. The ability of rabbit antifibronectin antibody to inhibit adher-
ence was also investigated; the latter (at a final dilution of 1:50) was added to
wells coated with immobilized fibronectin, together with P. marneffei conidia, and
the adherence assay was performed as described. Rabbit antilaminin antibody (at
a final dilution of 1:50) was also used in place of the antifibronectin antibody.
Finally, the ability of soluble fibronectin to interfere with the binding of conidia
to immobilized laminin was also assessed (conditions as described).

Influence of carbohydrates on the interaction between conidia and immobi-
lized fibronectin. The following compounds were preincubated (30 min at 37°C)
with conidia prior to addition to the standard adherence assay: glucose (200
mM), galactose (200 mM), mannose (200 mM), asialomucin (200 pg/ml), mucin
(200 pg/ml), and N-acetylneuraminic acid (NANA; 200 mM) (all values shown
are final concentrations; all reagents were from Sigma). All of the above were
made up in PBS (pH was adjusted to 7.4 as appropriate), and the positive control
consisted of conidia preincubated with PBS only, and negative controls consisted
of wells which were not coated in fibronectin.

Influence of enzyme treatment of fibronectin and laminin on the adhesion of
conidia. To determine the effect of proteolysis on the interaction of conidia and
immobilized fibronectin and laminin, conidia were preincubated for 1, 4, and
12 h at 37°C in chymotrypsin (Sigma) made up in PBS at a final concentration of
1,000 pg/ml. The reaction was stopped by the addition of 10 wl of a 100 mM
phenylmethylsulfonyl fluoride stock solution in methanol. After two further
washes in PBS, the chymotrypsin-treated cells were tested in the fibronectin and
laminin adherence assay in the standard manner. Controls consisted of conidia
preincubated in the presence of PBS only.

Effect of conidial age on binding to immobilized fibronectin and laminin. The
adherence of conidia from 1-, 2-, 4-, and 8-day-old cultures in the plate adher-
ence assay system was determined (all conidia used at a concentration of 10%/ml).
Controls and methodology were as detailed previously (10).

Preparation of conidial extracts and ligand affinity binding. Extracts were
prepared exactly according to the method of Penalver et al. (16), using a total of
approximately 10'° conidia. Three extracts were produced: a cell-free homoge-
nate, a cell wall preparation made via B-mercaptoethanol extraction, and a cell
wall preparation made via sodium dodecyl sulfate (SDS) extraction. Protein
contents of samples were determined by the method of Lowry et al. (14). SDS-
polyacrylamide gel electrophoresis was carried out as previously described (8, 9),
using a 10% resolving gel. Gels were stained with silver stain (Bio-Rad, Hemel
Hempstead, United Kingdom) to detect the presence of proteins. Electro-
phoretic transfer of proteins from polyacrylamide gels to Immobilon-P mem-
branes was carried out as previously described (8, 9). Blotted proteins were
assayed for fibronectin and laminin binding by first blocking overnight with 3%
BSA in PBS buffer and then incubating for 6 h with agitation in PBS containing
human fibronectin and murine laminin (each at 250 pg/ml). Membranes were
washed six times in PBS (10 min per wash) and then incubated for 1 h with
agitation at 37°C with either rabbit antifibronectin antibody or rabbit antilaminin
antibody (both at a dilution of 1:250 in PBS). After a further six washes, blots
were incubated with agitation at 37°C for 1 h with peroxidase-labelled goat
anti-rabbit immunoglobulins (Sigma) at a dilution of 1:2,500 in PBS. Blots were
then developed as previously described (8, 9).
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FIG. 2. Attachment of P. marneffei conidia to immobilized fibronectin (solid bars) and laminin (hatched bars) at a range of protein concentrations (0.1 to 500 pg/ml).
Conidia concentration was constant at 10° per well. Results, expressed as the number of adherent conidia for 10 fields, are the means of triplicate counts performed
three times (with standard deviations included) and are shown in the same manner in Fig. 3 to 6.

RESULTS

Immunofluorescence microscopy. The surface of P. marnef-
fei conidia demonstrated strong immunofluorescence labelling
when incubated with fibronectin, antifibronectin antibody, and
an appropriate fluorescent probe, indicating a clear interaction
between conidia and fibronectin (Fig. 1a and b). Conidial la-
belling tended to be uniform, with no obvious spatial local-
ization. However, hyphae were nonfluorescent, indicating the
absence of an interaction with fibronectin (Fig. 1la and b).
Fluorescent reactivity was also seen on the surface of phialides,
the bottle-shaped structures which give rise to conidia (Fig. 1c
and d). No reactivity was evident when the cells were incubated
in the absence of fibronectin (data not shown), demonstrating
that fluorescence was dependent on the previous interaction of
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the cells with fibronectin and its appropriate recognition. None
of the other negative controls demonstrated any fluorescence
activity.

Adherence of conidia to various concentrations of fibronec-
tin and laminin. When conidia were incubated with immo-
bilized fibronectin and laminin at increasing concentrations
ranging from 0.1 to 500 pg/ml, conidial counts demonstrated
that adherence increased progressively and then reached a
plateau at a concentration of 100 wg/ml in both cases (Fig. 2).
Attachment of conidia to fibronectin was less than their at-
tachment to laminin at all concentrations of immobilized pro-
teins used. Between 5 and 10% of the 10° conidia added to the
wells remained attached to the plates after washing. Controls
in which no fibronectin or laminin was present on the bottom
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Inhibition experiments

FIG. 3. Inhibition of attachment of P. marneffei conidia to immobilized fibronectin by soluble ligand and specific antibody. Wells were coated with a 100-ug/ml
fibronectin solution, and conidia were allowed to adhere after preincubation in PBS (A), BSA (1 mg/ml) (B), soluble fibronectin (500 wg/ml [C] and 1 mg/ml [D]),
soluble laminin (500 pg) (E), and (1 mg/ml) (F). Conidia were also coincubated in the presence of antifibronectin antibody (1:50) (G), antilaminin antibody (1:50) (H),
RGD peptide (I), and YIGSR peptide (J). The values in the presence of soluble fibronectin, laminin, and antifibronectin antibody were significantly different from the
value with PBS (P < 0.05).
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FIG. 4. Inhibition of attachment of P. marneffei conidia to immobilized fibronectin by sialic acid. Wells were coated with a 100-pg/ml fibronectin solution, and
conidia were allowed to adhere after preincubation in PBS (A), galactose (B), mannose (C), glucose (D), asialomucin (E), mucin (F), and sialic acid (G). The value
in the presence of sialic acid was significantly different from the value with PBS (P < 0.01).

of wells demonstrated little or no attachment (in all subse-
quent data, these control values have been subtracted from
experimental values and are not shown).

Specificity of binding of conidia to fibronectin. Soluble fi-
bronectin had a clear inhibitory effect on the adherence of
conidia to immobilized fibronectin; this effect was greatest at
the highest concentration of soluble fibronectin used (Fig. 3,
experiments C and D). Soluble laminin also had an inhibitory
effect, which appeared more pronounced than that of fibronec-
tin (Fig. 3, experiments E and F). Antifibronectin antibody al-
most completely abolished conidial adherence to bound fibro-
nectin (Fig. 3, experiment G), whereas antilaminin antibody had
no measurable effect (Fig. 3, experiment H). The short pep-
tides (RGD and YIGSR) had no detectable effect on the inter-
action between conidia and fibronectin. In separate experi-
ments, soluble fibronectin (at a concentration of 1 mg/ml) was
demonstrated to cause statistically significant (P < 0.05) inhibi-
tion of conidia binding to immobilized laminin (data not shown).

Influence of carbohydrates on adherence of conidia to fibro-
nectin. None of the monosaccharides (Fig. 4, experiments B to
D) had any influence on the adherence of conidia to fibronec-
tin, and asialomucin (experiment E) also had no effect. However,
mucin caused some reduction in adherence, while sialic acid
almost completely inhibited adherence (experiments F and G,
P < 0.05).

Effect of pretreatment of conidia with chymotrypsin on ad-
herence to fibronectin and laminin. Pretreatment of conidia
with chymotrypsin for 12 h resulted in a pronounced decline in
adherence to both bound fibronectin and laminin (Fig. 5, P <
0.05; laminin data not shown). This fall was less marked with
shorter periods of pretreatment (Fig. 5). The magnitude of
decline in adherence with time of pretreatment was similar in
the case of fibronectin and laminin. Conidia which were not
pretreated demonstrated no fall in adherence.

Effect of conidial age on the binding of conidia to fibronectin
and laminin. Conidia from older (day 4 and day 8) cultures
showed an increase in adherence to both fibronectin and lami-
nin compared to conidia from day 1 and day 2 cultures (Fig. 6,
P < 0.05). Throughout time of culture, adherence of conidia to
fibronectin remained less than adherence to laminin.

Identification of cell component that binds fibronectin and
laminin. On silver-stained SDS-10% polyacrylamide gels, pro-

90 -
80 A l
70 1
60 4
50
40 4

30 -

Number of adherent conidia

20 -

o] 1 4q 12
Time of pre-treatment with chymotrypsin (h}

FIG. 5. Effect on adherence of P. marneffei conidia to immobilized fibronec-
tin after preincubation with chymotrypsin (at 1,000 wg/ml) with time. Open bars,
controls not incubated with chymotrypsin; solid bars, samples incubated with
chymotrypsin and bound to fibronectin.
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FIG. 6. Effect of ageing of P. marneffei conidia on adherence to fibronectin (solid bars) and to laminin (hatched bars).

teins were detectable only in the cell extracts (Fig. 7, lane A).
There was no detectable protein in either the cell wall B-mer-
captoethanol extract or the cell wall SDS extract (data not
shown). Binding of fibronectin was seen with a component with
a relative molecular mass of 20 kDa; laminin bound to a com-
ponent with apparently the same molecular mass (Fig. 7).
There was an absence of bands when incubation with either
soluble fibronectin or laminin was omitted (with detector
antibodies used as normal). Addition of either antifibronec-
tin or antilaminin antibodies to the equivalent reaction mix-
ture blocked binding of the respective ligand to the separated
proteins on the membrane (data not shown).

DISCUSSION

Immunofluorescence labelling clearly demonstrated the
presence of fibronectin binding sites on the surface of P. mar-
neffei conidia. These binding sites are also present on the sur-
face of phialides, the bottle-shaped structures which give rise
to conidia, although they appear to be absent from the surface
of hypae in general. This distribution of fibronectin binding
sites appears to be identical to that previously described for
laminin binding sites in this pathogen (10). As previously noted
(10), the observed absence of hyphal labelling appears analo-
gous to the absence of ECM protein receptors on the sur-
face of A. fumigatus mycelia (6). The presence of fibronectin
binding sites on the surface of conidia was confirmed by the
plate adherence assay, which demonstrated that conidia could
bind immobilized fibronectin: the number of bound conidia in-
creased with increasing protein concentration and then reached
a plateau. This pattern was essentially the same as that for
binding of conidia to laminin, with the proviso that more con-
idia bound to any given quantity of laminin than to the equiv-
alent fibronectin concentration.

In fact, the pronounced similarities in the fibronectin and
laminin binding processes under various conditions strongly
suggests that they are mediated through the same receptor
molecule. Thus, the pattern of fluorescence labelling, the pro-
file of increased binding as conidia age (a phenomenon com-
mon to ECM receptors in A. fumigatus [1]), the effect of chy-
motrypsin, the ability of soluble laminin to block adherence of
conidia to immobilized fibronectin (and vice versa), and the

shared inhibitory effect of NANA (see below) are all suggestive
of a shared receptor. However, the most convincing evidence
that there is a single receptor comes from ligand affinity studies
which reveal the presence of a 20-kDa receptor that binds both
fibronectin and laminin. The existence in A. fumigatus of re-
ceptors capable of recognizing more than one ligand has been
hypothesized (1); the latter provides a model for the adherence
of P. marneffei conidia to various ECM components. The great-
er numbers of adherent conidia binding to a given quantity of
immobilized laminin compared to fibronectin might suggest
that the common receptor has a greater affinity for laminin.
However, this question can be fully addressed only via recep-
tor-ligand affinity studies using purified receptor. It is unclear
at this time whether the 20-kDa species which binds fibronectin
and laminin represents the intact receptor or some fragment
thereof. Its apparently anomalous distribution (present in ho-
mogenate, absent in cell wall extracts) may have resulted from
its lower relative concentration in the cell wall, which is below
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FIG. 7. Identification by ligand affinity blotting of proteins from P. marneffei
conidia which bind fibronectin and laminin. Lanes: A, whole conidial homoge-
nate stained with silver stain; B, immunoblotting of lane A with fibronectin,
antifibronectin antibody, and peroxidase conjugate; C, immunoblotting of lane A
with laminin, antilaminin antibody, and peroxidase conjugate. Relative molecu-
lar masses are shown on the left in kilodaltons.



VoL. 67, 1999

the detection threshold of the assay. No attempt was made
to identify the receptor in culture media, as it is unlikely that
detectable amounts would be present.

As has been previously described with regard to the adher-
ence of P. marneffei conidia to laminin (10), various monosac-
charides demonstrated no inhibitory effect on the binding to
immobilized fibronectin. However, in contrast, there was com-
plete inhibition of adherence to fibronectin when conidia were
preincubated with NANA. Bovine submaxillary mucin, which
is rich in terminal sialic acid residues, also demonstrated some
inhibition of adherence. Asialomucin (the desialylated form of
mucin) was unable to cause inhibition. Fibronectin is known to
expose terminal sialic acid residues at the end of oligosaccha-
ride chains (2, 20), in much the same way that laminin does (1,
12). The sialic acid recognition system described in this report
maybe directly analogous to that recently elucidated for lami-
nin binding by A. fumigatus conidia (1), although no data im-
plicating this latter receptor in any interaction with fibronectin
have yet been produced. Indeed, in A. fumigatus a fibronectin
binding mechanism which is inhibited by the peptide RGD (6)
has already been described, although this does not rule out the
presence of an additional a sialic acid-mediated fibronectin
recognition system in A. fumigatus.

The susceptibility of the fibronectin (and laminin) binding
molecule to chymotrypsin indicates that it is protein in nature,
and it can therefore be tentatively classified as a lectin. In fact,
compared to the ECM binding proteins recognized in A. fu-
migatus (6, 16), the P. marneffei receptor is relatively resistant
to proteolysis; extended incubation at a high chymotrypsin
concentration is required for a sizable inhibition of receptor-
ligand interaction.

The attachment of P. marneffei conidia to the bronchioal-
veolar epithelium has a hypothetical role to play in the estab-
lishment of initial infection, and it is possible that the inter-
actions described here play some part in this process. Thus,
adherence would enable conidia to avoid entrapment by respi-
ratory tract mucus, with subsequent removal by the action of
ciliary cells. However, while the existence of a conidial receptor
which recognizes a ligand (sialic acid) common to at least two
important ECM proteins is of interest, considerably more data
are required to actually implicate this process in pathogenesis.
Accordingly, we are presently attempting to purify this recep-
tor as a first step in its full characterization.
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