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ARTICLE INFO ABSTRACT

Keywords: Pulmonary fungal infections lead to damage of the endogenous lung surfactant system. However, the molecular
Lung . . mechanism underlying surfactant inhibition is unknown. p-D-glucan is the major component of pathogenic
l;l)uiphandylchohne fungal cell walls and is also present in organic dust, which increases the risk of respiratory diseases. The objective

of this study was to characterize the interaction of this D-glucopyranose polymer with pulmonary surfactant. Our
results show that p-D-glucan induced a concentration-dependent inhibition of the surface adsorption,
respreading, and surface tension-lowering activity of surfactant preparations containing surfactant proteins SP-B
and SP-C. Our data support a new mechanism of surfactant inhibition that consists in the extraction of phos-
pholipid molecules from surfactant membranes by p-D-glucan. As a result, surfactant membranes became more
fluid, as demonstrated by fluorescence anisotropy, and showed decreased T, and transition enthalpy. Surfactant
preparations containing surfactant protein A (SP-A) were more resistant to f-D-glucan inhibition. SP-A bound to
different B-D-glucans with high affinity (Kq = 1.5 + 0.1 nM), preventing and reverting p-D-glucan inhibitory
effects on surfactant interfacial adsorption and partially abrogating p-D-glucan inhibitory effects on surfactant’s
reduction of surface tension. We conclude that p-D-glucan inhibits the biophysical function of surfactant prep-
arations lacking SP-A by subtraction of phospholipids from surfactant bilayers and monolayers. The increased
resistance of SP-A-containing surfactant preparations to -D-glucan reinforces its use in surfactant replacement
therapy.
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Introduction pathogenic fungi [59], including Aspergillus, Candida, and Pneumocystis.

Structurally, glucans are polymers of D-glucopyranose, joined by

Fungi are the cause of opportunistic infections, predominantly in
immunosuppressed patients after solid organ transplantation, patients
infected with human immunodeficiency virus, or patients with haema-
tological cancer [15,50]. Fungal colonization of the lungs decreases the
survival rate of lung transplant recipients [50] and has powerful effects
on asthma development [3]. Fungal infections also induce surfactant
dysfunction [2,21,26]. Although the inhibition of surfactant in Pneu-
mocystis carinii pneumonia has been related to pulmonary inflammation
[60], it has been suggested that direct interaction between surfactant
and some components of these microorganisms could contribute to
surfactant dysfunction [58]. In this regard, Wang et al. showed that lung
surfactant exposure to disrupted P. carinii organisms or extracted hy-
drophobic fungal components significantly reduced the surface activity
of lung surfactant [58].

Glucans are the major structural components of the cell wall of many

glycosidic linkages between the hemiacetal oxygen at C-1 and C-2, C-3,
C-4, or C-6 on the next glucose residue. In the fungal cell wall, the major
glucan is (1—3)-p-D-glucan, but other glucans, such as (1—6)-f-glucan,
mixed (1-3)-p- and (1-4)-p-linked glucans, and «o(1—3)- and
a(1—4)-linked glucans have also been found in various fungal cell walls
[5,29].

B-D-glucan is also present in organic dust [27,40], a mixture of
components from microbial cell walls of Gram-negative and -positive
bacteria, mold, and particulate matter (PM) [22]. Exposure to organic
dust or PM increases the risk of respiratory diseases, including airway
inflammation, toxic pneumonitis, and asthma [22,27,40].
(1-3)-p-D-glucan present in cotton dust produces agglutination of
pulmonary surfactant, suggesting direct interaction between glucans
and surfactant components [18].

Surfactant is necessary to keep the alveolus open, thereby allowing
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gas exchange. Without surfactant, the alveoli collapse since the surface
tension at the air-water interface exerts a collapsing pressure [10,63].
Thus, one of the main pulmonary surfactant functions is to form a stable
lipid monolayer at the air-liquid interface that efficiently lowers surface
tension to almost 0 mN/m on expiration [10,63]. Pulmonary surfactant
is composed of 90 wt% lipids and 10 wt% proteins. The lipids consist
mainly of phospholipids (~90-95 wt%) with a small amount of
cholesterol and a-tocopherol (~5-10 wt%). Among phospholipids,
phosphatidylcholine (PC) is the most prevalent class, accounting for
~80 wt% of the total phospholipids, and dipalmitoylphosphatidlycho-
line (DPPC) is the most predominant molecular species, accounting for
~45-55 mol% of the total PC [10]. The acidic phospholipids, phos-
phatidylglycerol and phosphatidylinositol, are mainly unsaturated and
account for 8-10 wt% of the total surfactant phospholipid pool [10,63].

Four surfactant proteins have been reported to exist in this material:
the hydrophobic proteins SP-B and SP-C, which are inserted in surfac-
tant membranes, and the collectins SP-A and SP-D [10]. SP-B and SP-C
enhance the adsorption, spreading, and stability of surfactant lipids
required for the reduction of surface tension in the alveolus and,
together with surfactant phospholipids, are the major constituents of
replacement surfactants used for treatment of respiratory distress syn-
drome in preterm babies [10,63]. Lung collectins, SP-A (3-4% of the
total mass of surfactant) and SP-D (0.5 wt%), are mainly involved in
immune innate host defense [11,12,16,33]. They are characterized by
an N-terminal collagen-like domain and a globular C-terminal domain
that includes a C-type carbohydrate recognition domain (CRD) [11,12].
SP-A, but not SP-D, is mainly associated with surfactant lipids. SP-A’s
ability to bind lipids provides SP-A with special non-immune functions.
Thus SP-A: i) improves the adsorption and spreading of surfactant
membranes onto an air-liquid interface [10,63], ii) protects surfactant
biophysical activity from the inhibitory action of serum proteins and
meconium [10,63], iii) mitigates cholesterol-mediated surfactant
disfunction both in vitro and in vivo [10,25,63]; and iv) acts as a
scavenger of other surfactant inhibitors [8,43], blocking their effects on
surfactant membranes [43]. The absence of SP-A in replacement sur-
factants has been related to reduced surface activity [6] and increased
susceptibility to inactivation [63] with respect to native pulmonary
surfactants, which contain SP-A.

We hypothesize that direct interaction between lung surfactant and
the fungi component f-glucans could contribute to surfactant dysfunc-
tion in fungal infections and overexposure to organic dust or PM. Thus,
this study was undertaken to investigate whether the surface activity of
pulmonary surfactant can be inhibited by (1—3) (1—-4)-p-D-glucan (G)
and to uncover the potential mechanism of pG-induced surfactant in-
hibition. In addition, we investigated whether SP-A can protect pul-
monary surfactant against fG-induced inactivation and we evaluated the
mechanism by which SP-A might exert its protective effects.

Materials and methods
Materials

Water soluble (1—3)(1—4)-f-linked glucan (PS-BA-N1500, M; =
1.5 x10°%) was acquired from Putus Macromolecular Sci. & Tech. Ltd
(China). Size distribution of fG in buffer A (5 mM Tris-HCl, pH 7.4,
150 mM NaCl, and 0.5 mM CaCl,) was determined by dynamic light
scattering using a Zetasizer Nano S (Malvern Instruments, Malvern, UK)
equipped with a 633-nm HeNe laser as previously described [25]. pG
showed two peaks with mean sizes of 56 + 10 nm and 419 + 58 nm.
(1-3)(1—6)-p-D-glucan was generously supplied as a sample by Putus
Macromolecular Sci. & Tech. Ltd. Soluble (1—3)-p-D-glucan phosphate
was provided by Prof. D. L. Williams (Department of Surgery, East
Tennessee State University) and prepared as previously described [59].
Dipalmitoylphosphatidylcholine (DPPC) and 1-palmitoyl-2-oleoyl-sn--
glycero-3-phosphocholine (POPC) were obtained from Avanti Polar
Lipids (Birmingham, AL).
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The fluorescent lipid probe 1,6-diphenyl-1,3,5-hexatriene (DPH) was
purchased from Thermo Fisher Scientific (Waltham, MA). The organic
solvents used to dissolve the pulmonary lipid extract were HPLC grade.
Water used in monolayer experiments and analytical procedures was
deionized and doubly distilled in glass; the second distillation being
from dilute potassium permanganate solution.

Isolation of SP-A

Surfactant protein A was isolated from bronchoalveolar lavage of
patients with alveolar proteinosis using sequential butanol and octyl-
glucoside extraction [16,33,45,46]. The purity of SP-A was checked by
one-dimensional SDS-PAGE in 12% acrylamide under reducing condi-
tions and mass spectrometry. SP-A consisted of supratrimeric oligomers
of at least 18 subunits. The oligomerization state of SP-A was assessed by
electrophoresis under nondenaturing conditions, electron microscopy,
and analytical ultracentrifugation as reported elsewhere [45,46]. Each
subunit had an apparent molecular mass of 36,000 Da. Endotoxin con-
tent of isolated human SP-A was about 300 pg endotoxin/mg SP-A, as
determined by Limulus amebocyte lysate assay (Bio-Whittaker, Wal-
kersville, MD).

Isolation and analysis of pulmonary surfactant and the lipid organic
extract of surfactant

Native pulmonary surfactant (NPS) from porcine lungs was obtained
as described previously [13,44]. The organic extract of porcine pulmo-
nary surfactant, containing surfactant lipids, SP-B, and SP-C, was ob-
tained by chloroform/methanol extraction [44]. Surfactant membranes
were prepared from this organic extract, hereafter referred to as LES
(lipid extract surfactant). Total phospholipid concentration in LES and
NPS was determined by phosphorus analysis.

Surfactant liposomes

Multilamellar (MLVs) and large unilamellar (LUVs) vesicles of LES
were formed in buffer A as described in [42,43]. Briefly, MLVs were
prepared by hydrating the dry proteolipid film in buffer A, and allowing
it to swell for 1 h at 45 °C. LUVs were obtained from the MLV suspension
by sonication at 45°C during 4 min at 390 W/cm? (burst of 0.6 s, with
0.4 s between bursts) in a UP 200 S sonifier with a 2 mm microtip
[41-43]. The mean hydrodynamic diameter of the resulting LUVs was
171 + 9 nm as determined by dynamic light scattering.

Interfacial adsorption assays

The effect of fG on the ability of porcine NPS and LES to adsorb onto
and spread at an air-water interface was analyzed with a highly sensitive
Wilhelmy-like surface microbalance (NIMA Technologies, Coventry,
United Kingdom) coupled to a small Teflon dish, as previously reported
[13,41-44,9]. Multilamellar vesicles of NPS and LES (150 uM phos-
pholipids, 112 pg/ml) were injected into the hypophase chamber of the
Teflon dish, which contained 1.5 ml of 150 mM NaCl, 25 mM HEPES
buffer, pH 7.0, and 0.5 mM CaCl,, in the absence and presence of
different fG concentrations and/or SP-A. We used SP-A concentrations
as low as 2.5 wt% of the total mass of surfactant lipids since greater SP-A
concentrations (5, 10, or 20 wt%) had no further effect on surface
adsorption [42]. Interfacial adsorption was measured following the
change in surface tension as a function of time at 25.0 &+ 0.1°C.

Monolayer experiments

Monolayer experiments were performed using two different ther-
mostated and magnetically stirred Langmuir-Blodget troughs: a 102
microfilm balance with a total area of 100 cm?, and a 302RB ribbon
barrier film balance, both from NIMA Technologies (Coventry,
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England). The ribbon barrier trough was used to minimize film leakage
during compression. This trough has a maximum area of 195 cm? and a
minimum area of 40 cm?. Surfactant lipids and synthetic phospholipids
were dissolved in chloroform/methanol 3:1 (v/v). Phospholipid and LES
films were formed over a buffer A subphase and measurements were
performed at 25.0 + 0.1°C.

Surface pressure-area isotherms: Compression isotherms of mixed
DPPC/POPC monolayers, with and without pG, were recorded upon film
compression at 50 cm?/min as previously described [8]. Compression
isotherms were analyzed in terms of the compressibility modulus, Cg!,
defined as:

-1 _ d_”
oa(8)

where A is the molecular area and = the surface pressure.

Cyclic compression-expansion isotherms: Hysteresis curves of solvent-
spread porcine LES interfacial films were recorded in the Langmuir-
Blodgett trough equipped with a ribbon barrier. Surfactant lipids were
spread at the air-water interface to a standard interfacial concentration
of 43 A%/phospholipid molecule. The organic solvent was allowed to
evaporate for 15 min before recording seven successive cycles of
compression/expansion with a compression ratio of 4.9:1 and a speed of
3.5 min per completed cycle with no lag time between consecutive cy-
cles. To evaluate the effect of BG on cyclic compression-expansion iso-
therms, the glucan was injected into the subphase once the monolayer
was formed (= = 30 mN/m), to yield a final glucan concentration of 0.6
or 1 nM. B-glucan was allowed to interact with the monolayer for 30 min
before compression of the interfacial film. On the other hand, to assess
the possible protective role of physiological concentrations of SP-A
(2.5 wt% of the total mass of surfactant lipids), the protein, alone or
mixed with pG, was injected into the subphase and allowed to interact
with the surfactant film for 30 min before recording the hysteresis
curves. Compression isotherms were analyzed in terms of Cg' as
described above.

Monolayer relaxation kinetics: Relaxation kinetics were obtained with
both Langmuir-Blodget troughs by recording the trough surface area asa
function of time [8,9]. To that end, the organic solutions of LES or
synthetic phospholipids were spread onto a buffer A subphase by
microsyringe. After 15 min, the monolayers were compressed to a preset
surface pressure of 30 or 47 mN/m, which was kept constant by auto-
matically adjusting the surface area of the trough through the movement
of barriers. Once this surface pressure was reached, different amounts of
either PG or buffer were injected into the subphase. A relaxation curve
was obtained by recording the trough surface area during the relaxation
period.

To characterize the effect of fG on LES relaxation kinetics, data were
analyzed by fitting to Eq. 2:

— log(A/A0) = k-t 2

where A and Ag are the trough areas at a given time t and at t =0,
respectively, and k is the rate of the desorption process [8,9].

Fluorescence experiments

Fluorescence experiments were carried out in buffer A at 25 + 0.1 °C
as described previously [16,41-43,45,46,9], using a SLM-Aminco AB-2
spectrofluorimeter equipped with Glam Prism polarizers and a ther-
mostated cuvette holder (Thermo Spectronic, Waltham, MA, USA).
Quartz cuvettes of 5 x 5-mm path length were used.

Fluorescence Emission Anisotropy: The required amounts of phospho-
lipids from lipid organic extract of surfactant were mixed with DPH at a
probe/phospholipid molar ratio of 1:200 (final phospholipid concen-
tration of 1 mg/ml) as previously described [41-43,9]. After LUV for-
mation in buffer A, different concentrations of pG were added in the
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absence and presence of physiological concentrations of SP-A (2.5 wt%).
Excitation and emission wavelengths were set at 360 and 430 nm,
respectively. For each sample, fluorescence emission intensity data in
parallel and perpendicular orientations with respect to the exciting
beam were collected 10 times each and then averaged. Anisotropy, r,
was calculated as

r= (lll—G-lL)/(lll"FZG'[L) 3)

where Iy and I, are the parallel and perpendicular polarized intensities
measured with the vertically polarized excitation light, and G is the
monochromator grating correction factor.

Binding studies: Binding studies were performed with soluble (1—3)
(1-4)-p-D-glucan, (1—-3)(1—6)-p-D-glucan, and (1—3)-p-D-glucan
phosphate. Tryptophan fluorescence emission spectra of SP-A were
recorded in the absence and presence of increasing concentrations of
B-D-glucans in buffer A. SP-A samples (with and without p-D-glucan) and
blank samples (p-D-glucan alone) were excited at 295 nm and emission
spectra recorded from 300 to 400 nm.

The apparent dissociation constants, Ky, for the SP-A/f-D-glucan
complexes were obtained by analyzing the tryptophan fluorescence
change when 10 pg/ml (15 nM) SP-A reacted with various concentra-
tions of p-D-glucans (0-20 nM). Each titration data point was performed
in separated samples, and tryptophan fluorescence emission was moni-
tored 10 min after -D-glucan addition. The change in the fluorescence
of SP-A at 338 nm and 25°C was monitored as a function of §-D-glucan
concentration, and the titration data were analyzed by nonlinear least-
squares fitting to the Hill equation, as previously reported [16]:

AF [AF g = L™/ (IL]"™ + Ko) )

where AF is the change in fluorescence intensity at 338 nm relative to
the intensity of free SP-A; AFqy is the change in fluorescence intensity at
saturating f-D-glucan concentrations; Ky is the apparent equilibrium
dissociation constant; [L] is the molar concentration of free §-D-glucan;
and nH is the Hill coefficient.

Differential scanning calorimetry

Calorimetric measurements were performed in a Microcal MCS dif-
ferential scanning calorimeter (Microcal Inc., Northampton, MA) at a
heating rate of 0.5 °C/min and under an extra constant pressure of 2 atm
as previously reported [41-43,9]. Porcine LES multilamellar vesicles
(1 mM) in the absence or presence of different concentrations of G
and/or 2.5 wt% SP-A were loaded in the sample cell of the microcalo-
rimeter with buffer A in the reference cell. Three calorimetric scans were
collected from each sample between 25 and 60 °C. The standard
Microcal Origin software was used for data acquisition and analysis. The
excess heat capacity functions were obtained after subtraction of the
buffer-buffer baseline.

Statistical analyses

Data are presented as means + SD. Differences in means between
groups were evaluated by one-way ANOVA followed by the Bonferroni
multiple-comparison test. For comparison of two groups, Student t-test
was used. An « level < 5% (P < 0.05) was considered significant.

Results
Inhibition of surfactant interfacial adsorption by f-D-glucan

To evaluate the effect of BG on the ability of pulmonary surfactant
bilayers to adsorb onto and spread at an air/liquid interface, we recor-
ded the interfacial adsorption kinetics of LES in the absence and pres-
ence of pG. Pure MLVs of LES quickly adsorbed to the air/liquid
interface, increasing the surface pressure up to an equilibrium value of
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47 mN/m (Fig. 1A), as previously shown [42,43]. The maximum surface
pressure of LES decreased with increasing amounts of PG in a
dose-dependent manner, which indicates that fG inhibits the capability
of surfactant membranes to adsorb onto and spread at an air/liquid
interface. This inhibition was not due to competitive adsorption since fG
showed no interfacial activity (Fig. 1A, B, dashed lines). Interestingly, at
the concentrations tested, fG did not affect the adsorption kinetics of
NPS (Fig. 1B), nor the equilibrium surface pressure attained. Given that
LES is devoid of surfactant protein A, our results suggest that the resis-
tance of NPS to inactivation by pG may be due to the presence of SP-A.

SP-A binds to p-D-glucans

SP-A has been shown to bind to several fungal pathogens [7]. Fungal
cell walls consist of mannan, glucan, and chitin components cross-linked
in a network. Binding of SP-A to A. fumigatus, C. neoformans, and
P. carinii can be inhibited by mannose, maltose, glucose, or mannan,
depending on the pathogenic fungus [7]. Here we evaluated the binding
of SP-A to p-D-glucan, which can be related to SP-A capability to bind
fungal pathogens and to protect pulmonary surfactant against -D-glu-
can-induced inactivation. The binding of SP-A to soluble p-D-glucans
was followed by changes in intrinsic fluorescence emission intensity of
SP-A in buffer A on excitation at 295 nm, before and after addition of
increasing amounts of p-D-glucans (Fig. 2A). In the absence of calcium,
the emission spectrum of SP-A showed no changes upon addition of
increasing amounts of G (data not shown). However, in the presence of
0.5 mM CacCly, addition of increasing amounts of fG resulted in a sig-
nificant decrease in the amplitude of the SP-A emission spectrum,
without changes in its maximum emission wavelength (Fig. 2A). This
indicates that SP-A binds to pG in a calcium-dependent manner.

Protective effects of SP-A on the inhibitory effects of -D-glucan on
surfactant adsorption

We studied the effect of SP-A on the capability of surfactant bilayers
to adsorb onto and spread at an air/liquid interface in the absence and
presence of BG. Fig. 3 shows that incubation of LES (112 pg/ml) with
2.5 wt% SP-A (2.8 ug/ml) prevented p-D-glucan-induced inhibition of
surfactant adsorption ([LES + SP-A] + BG , prevention), in agreement
with the resistance of native surfactant against p-D-glucan inhibition
shown in Fig. 1B. Moreover, addition of SP-A to LES membranes pre-
incubated with BG reversed p-D-glucan-inhibition of surfactant

A B

LES

50

40

30

20

7 (MN/m)
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adsorption ([LES + PG] + SP-A, reversion). Also, preincubation of SP-A
with p-D-glucan blocked PG effects on the surface adsorption of LES
(LES + [BG + SP-A], blockage). Taken together, our results show that SP-
A can counteract the inhibitory effect of membrane-associated pG, and
abrogates the effect of free fG, hampering its interaction with surfactant
membranes.

B-D-glucan promotes surfactant membrane fluidization and SP-A
counteracts f-D-glucan effects

Given that pG did not compete for the air-liquid interface, we hy-
pothesize that surfactant inhibition might be due to surfactant mem-
brane perturbations [10,63]. Therefore, we next examined whether
p-D-glucans could effectively affect the lipid order of LES membranes
using the fluorescent probe DPH. Fig. 4A shows that the emission
anisotropy of DPH incorporated in LES unilamellar vesicles decreased
with increasing concentrations of G, showing a saturation effect at a pG
concentration of 8 nM. Given that the change in DPH anisotropy was not
accompanied by changes in DPH fluorescence (data not shown), these
results indicate that G decreased the lipid order of LES membranes.
Importantly, in the presence of 2.5 wt% SP-A, the fG-induced decrease
in DPH anisotropy was reversed (Fig. 4A). SP-A alone does not influence
the lipid order of LES membranes [42], suggesting that SP-A counteracts
B-D-glucan fluidizing effects by binding to BG.

We also studied the effect of G on the thermotropic properties of
surfactant membranes. Fig. 4B shows that LES multilamellar vesicles
exhibited an endothermic transition with a gel/liquid crystalline tran-
sition temperature (Tp,) of 34.3 £ 0.1 °C and a transition enthalpy (AH)
of 3.1 £ 0.3 kcal/mol. Addition of increasing amounts of G decreased
both the Ty, and the transition enthalpy of LES membranes in a dose-
dependent manner. This indicates that pG decreases van der Waals in-
teractions among adjacent surfactant lipid molecules. Fig. 4B also shows
that SP-A counteracted G effects on Ty, (T g6 = 28.5 + 0.1 °C vs Ty
sG+sp-o = 33.6 £ 0.1 °C, Bonferroni-corrected p-value < 0.001, n = 3)
and the melting enthalpy of surfactant membranes (AHyz =
1.6 + 0.3 kcal/mol vs. AHjgisp.a = 2.7 & 0.3 kcal/mol, Bonferroni-
corrected p-value = 0.017, n = 3). As previously reported [42,43]
SP-A alone did not influence the thermotropic behavior of LES (Fig. 4B),
suggesting that SP-A neutralizes BG perturbing effects on surfactant
membranes.

Fig. 1. Inhibitory effect of (1-3)(1—-4)-p-D-
glucan on (A) LES or (B) NPS. Surface adsorp-
tion was assayed at a phospholipid concentra-
tion of 150 uM in the absence and presence of
increasing amounts of p-D-glucan. Pure G
(17 nM) did not adsorb onto the clean air/
liquid interface (dashed line). Measurements
were performed in 25 mM HEPES buffer, pH
7.0, containing 150 mM NaCl, and 0.5 mM
CaCl,., Data are expressed as means + SD of
three experiments. A p-value < 0.0001 was
obtained for overall one-way ANOVA (Bonfer-
roni-corrected p-values: **p < 0.01,
***p<0.001 when compared with LES
without G treatment).

NPS
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Fig. 2. Binding of SP-A to f-D-glucan at 25 °C in buffer A.
(A) Emission spectra of SP-A on excitation at 295 nm, in
the absence and presence of different concentrations of
p-D-glucan: (——) 0 nM, (— —) 2nM, (——) 7 nM,
(—+—) 13 nM, and (——) 17 nM. (B) Changes in trypto-
phan fluorescence emission intensity of SP-A (15 nM) at
338 nm on addition of increasing amounts of f-D-glucan.
Results are means + SD of 3 experiments. The apparent Kyq
value and Hill coefficient for SP-A binding to fG, calculated
from the saturation curve by nonlinear least-squares, were
1.5+ 0.1 nM and 1.00 £ 0.1, respectively.

1.0 -
5 e
0.8 - o ®
4 - 3 4
- L|_E 0.6 ".
S5 3] < ' ®
L E ®
L 2 < 04 ‘,
. 0.2 #
0 T T T 1 00 T T
300 325 350 375 400 0 5 10
A (nm)
o —A— [LES + SP-A]
g -@- LES
Z -@- LES+ G
E
e ~WF- [LES + SP-A] + G

<) LES+[G + SP-A]
- [LES +pG] + SP-A

15 20 25 30

0 5 10
t (min)

Fig. 3. Protective effect of SP-A against surfactant inhibition induced by pG.
The interfacial adsorption kinetics of LES were performed with 150 uM phos-
pholipid (112 pg/ml) in the presence or absence of 8 nM PG and with or
without 2.8 ug/ml SP-A (2.5 wt% SP-A relative to surfactant lipids). To evaluate
whether the binding of SP-A to LES prevents pG inhibition, LES was pre-
incubated with or without SP-A for 10 min, and then allowed to interact, with
or without G, for another 10 min (prevention: [LES + SP-A] + pG). To evaluate
whether the binding of fG to LES membranes can be reversed by adding SP-A,
LES was allowed to interact first with G for 10 min and then with/without SP-
A for 10 min (reversion: [LES + BG] + SP-A). To evaluate whether the binding
of SP-A to G blocks BG interfacial adsorption inhibition, SP-A and G were
allowed to interact for 10 min and then were mixed with LES for 10 min
(blockage: LES + [BG + SP-Al. In all experiments, the samples were injected
into the subphase to measure the change in surface pressure as a function of
time. Results are means + SD of three independent experiments. ANOVA fol-
lowed by Bonferroni multiple comparison test was used. **p < 0.01,
**% p < 0.001 when compared with LES without SP-A and G.

p-D-glucan causes withdrawal of lipid molecules from surfactant
membranes

To determine whether the fluidizing effect of PG on surfactant
membranes is due to glucan incorporation, we recorded the compression
isotherms of LES monolayers in the absence and presence of increasing
amounts of fG. Fig. 5A shows that compression isotherms of surfactant
films collapsed at © > 60 mN/m and displayed a plateau at = ~ 45-50
mN/m, which corresponds to the monolayer-to-multilayer transition
region [10,63]. This squeeze-out plateau is associated with the revers-
ible removal of lipids and proteins from the monolayer, which are un-
able to sustain high surface pressures, by forming a surfactant reservoir

15 20

B-D-glucan (nM)

[10,63]. Injection of PG into the subphase slightly shifted the
compression isotherm to lower relative areas (Fig. 5A), indicating that
BG did not incorporate into LES monolayers, but squeezed out lipid
molecules from the interfacial film. In addition, pG decreased the
maximum surface pressure reached by the LES monolayer in a
dose-dependent manner (Fig. 5A).

Analysis of the compression isotherms in terms of the compressibility
modulus (Fig. 5B) shows that, in the 25-45 mN/m surface pressure
range, pure LES films showed a broad peak with a maximum Cg! value
of ~ 145 mN/m, characteristic of the tilted condensed (TC) phase
(100-200 mN/m) [17], followed by a pronounced minimum at a surface
pressure of 45 mN/m, where the monolayer-to-multilayer transition
occurs [19]. The interaction of pG with LES monolayers decreased the
maximum Cg'value and shifted the dip to lower surface pressures in a
dose-dependent manner (Fig. 5B). This indicates that fG would fluidize
LES monolayers and destabilize surfactant films-

Given that Fig. 5A shows that G did not incorporate into LES
monolayers but squeezed out lipid molecules from the interfacial film
and Fig. 5B shows that fG seems to fluidize LES monolayers, we hy-
pothesize that G must extract lipids from the monolayer. To corrobo-
rate this hypothesis, we studied the relaxation kinetics of LES films in the
absence and presence of fG at a constant surface pressure of 47 mN/m
(Fig. 5C), where the monolayer-to-multilayer transition occurs. Pure LES
monolayers exhibited a stable behavior with minimal area loss during
the relaxation period (Fig. 5C). However, injection of increasing
amounts of PG into the subphase significantly increased the relaxation
rate of surfactant monolayers in a dose-dependent manner (Fig. 5C). To
determine whether the area loss of surfactant films induced by pG was
due to desorption of lipid molecules or increased nucleation and growth
of three-dimensional aggregates, we analyzed the variance of -log(A/Ag)
for LES films with the square root of time in the absence and presence of
BG (Fig. 5D). According to the nucleation and growth model of mono-
layer collapse proposed by Smith and Berg [51], if the monolayer mo-
lecular loss is due to desorption of lipid molecules into the subphase, a
linear relationship between -log(A/Ao) and the square root of time
would be obtained. The absence of a linear relationship would indicate
that the area loss during relaxation would be caused by the formation of
three-dimensional aggregates. The desorption process was biphasic. The
first step would correspond to desorption of phospholipids present in the
fluid-like phase (liquid expanded phase, LE), whereas the second would
correspond to desorption of lipids present in the more insoluble,
DPPC-enriched, solid-like TC domains. Accordingly, the desorption rates
of the second step were lower than those obtained for the first step
(Table 1-Suppl Mat). Fig. 5E shows the relaxation kinetics of LES films
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Fig. 4. SP-A inhibits G fluidizing effect on LES
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10 min before the DSC heating scans were
recorded. Mixing 8 nM PG with SP-A (2.5% by
weight with respect to the phospholipids)
(38 nM) before addition to LES MLVs abrogated
the effect of BG on the thermotropic behavior of
LES membranes. Addition of 2.5 wt% SP-A to

LES did not influence the thermotropic behavior of these membranes. Calorimetric scans were performed at a scanning rate of 0.5 °C/min. Data shown are means of

thermograms of three independent experiments.

compressed at 30 mN/m, which resembles the estimated lateral pressure
of lipid bilayers [32]. BG exerted a similar destabilizing effect on the
relaxation kinetics of these monolayers. The desorption process was also
biphasic (Fig. 5 F) with the first step being faster than the second one
(Table 1-Suppl Mat).

To determine whether PG was capable of extracting DPPC molecules
from surfactant monolayers, we evaluated the effect of 0.6 nM G on the
relaxation kinetics of pure DPPC and mixed DPPC/POPC monolayers at
30 mN/m, since the miscibility between DPPC and POPC (unsaturated
PC abundant in lung surfactant) [39,41,42] might facilitate pG-induced
DPPC molecular loss from surfactant membranes. Fig. 6A shows that pG
destabilized both films, increasing their relaxation rate (Fig. 6A). This
effect was greater on mixed DPPC/POPC films, which show LE/TC phase
separation at 30 mN/m [39], than on pure DPPC monolayers, which
show solid TC domains occupying most of the monolayer at 30 mN/m
[8,10] (Fig. 6A). The desorption rate values obtained for DPPC/POPC
7:3 (w/w) and DPPC films upon addition of fG were similar to those
determined for the first and second desorption steps of surfactant films
in the presence of G, respectively (Table 1-Suppl. Mat).

To further characterize the effects of G on DPPC films mixed with
POPC, we analyzed the compression isotherms of DPPC/POPC 7:3 (w/
w) monolayers in the absence and presence of G (Fig. 6B). We found
that the interaction of pG with the interfacial monolayer shifted the
compression isotherms of DPPC/POPC films to lower surface areas, in
agreement with G induction of lipid molecular loss from mixed DPPC/
POPC films observed in Fig. 6A. Fig. 6C shows that DPPC/POPC
monolayers exhibited a compressibility modulus value of ~ 67 mN/m at
surface pressures ranging from 14 to 41 mN/m. This value, which is
intermediate between those of pure LE (12.5-50 mN/m) and pure TC
(100-200 mN/m) phases [17], correlated with the lateral lipid order of
mixed DPPC/POPC monolayers estimated by molecular dynamic simu-
lations [35]. Injection of PG into the subphase did not alter the
maximum compressibility modulus value but, at surface pressures below
26 mN/m, decreased the compressibility modulus to values character-
istic of the liquid expanded phase (Fig. 6C) indicating that pG triggers
withdrawal of DPPC molecules from mixed DPPC/POPC films since
monolayer decrease in DPPC molecules would decrease compressibility
modulus.

p-D-glucan inhibits the ability of lung surfactant to reduce surface tension
and respread

We then evaluated the effect of pG on the ability of lung surfactant
monolayers to effectively decrease surface tension upon film compres-
sion and respread upon film expansion. We recorded repeated
compression-expansion isotherms of LES films spread in excess condi-
tions in the absence and presence of pG, and/or SP-A.

During dynamic cycling, surfactant films reached high surface
pressures (> 60 mN/m) when compressed past collapse, and they dis-
played large hysteresis loops (Fig. 7A). These loops, which are common
to most lung surfactants, reflect that part of the material ejected from the
film upon compression deficiently re-enters the interfacial monolayer
upon expansion. This squeeze-out, which enriches the monolayer in
DPPC by eliminating part of the unsaturated phospholipid species, re-
sults in the displacement of the subsequent compression cycles to the left
[34] and decreases the minimal attainable surface pressure.

Fig. 7B and C show that pG’s inhibitory effect on the ability of pul-
monary surfactant to sustain very low values of surface tension upon
compresion was persistent and did not reverse during cycling. Unlike
pure LES films, the shape of the compression isotherms of LES+ BG films
after the first compression-expansion cycle changed very little as cycling
proceeded, and showed almost no hysteresis.

Fig. 7D shows that addition of SP-A to surfactant monolayers helped
to refine the monolayer during cycling as previously described [48].
This is shown by the larger displacement of the second and subsequent
compression cycles to the left, which decreased the hysteresis area and
the lengths of the squeeze-out plateaus. As a result, lower compression
ratios were needed to achieve the collapse pressure. Importantly, pre-
incubation of SP-A with G partially abrogated the inhibitory effect of
the glucan, restoring the hysteresis of the dynamic cycles (Fig. 7E) and
the capability of surfactant monolayers to attain surface pressures above
50 mN/m (Fig. 7E and F).

Discussion

Pulmonary mycoses impair lung function, at least in part, by dis-
rupting the pulmonary surfactant system [2,21,26,47,58,60].
Fungi-induced surfactant dysfunction has been related to the host in-
flammatory response and the leakage of edema fluid into the lung [60].
Plasma proteins and cell membrane lipids, present in the lung because of
the inflammatory injury, may inhibit surfactant by competitive
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Fig. 5. G withdraws phospholipid molecules from sur-
factant films. (A) Effect of BG on the compression isotherm
of porcine LES spread in excess conditions. The monolayers
were compressed at 50 cm?/min on a subphase containing
buffer A. (B) Compressibility modulus (Cs™H-surface pres-
sure dependencies for LES monolayers in the absence (grey
symbols) and presence of increasing amounts of BG (red
symbols). (C) Relaxation kinetics of monolayers of porcine
LES (15 pg), in the absence and presence of increasing
amounts of BG, compressed to a surface pressure of 47 mN/
m. A and Ay are the trough surface areas at a given time t
and t = 0, respectively. (D) Relaxation data of porcine LES,
with and without BG, at a surface pressure of 47 mN/m
expressed as —log (A/Ag) vs. v/t. (E) Effect of G on the
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pressure of 30 mN/m. (F) Relaxation data of porcine LES,
with and without BG, at a surface pressure of 30 mN/m
expressed as —log (A/Ag) vs. /t. Data shown are means
+ SD of five independent measurements, performed at
25.0 £ 0.1 °C. A p-value < 0.0001 was obtained for overall
one-way ANOVA  (Bonferroni-corrected  p-values:
*** p < 0.001 when compared with LES without G).
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adsorption [10,62] or by mixing with surfactant components, altering
surfactant structure [10,43,63,8]. Here we show that (1-3)
(1—4)B-D-glucan (BG), a structural component of the cell wall of path-
ogenic fungi, inhibits the biophysical function of surfactant preparations
lacking SP-A by provoking fluidization of surfactant bilayers and
monolayers. Our results suggest that pG must extract significant
amounts of DPPC and other saturated molecular species of PC from
surfactant bilayers and monolayers.

The inhibitory effect of BG is opposed to that of dextran, a complex
branched a-glucan that promotes surfactant aggregation, increasing the
resistance of exogenous surfactants to functional inhibition by compet-
itive adsorption [31]. Considering the ability of glucose to form
hydrogen bonds with the phosphate head groups of DPPC molecules
[55], it is possible that the absence of lateral chains in the structure of G
would allow the interaction of the glucose monomers with surfactant

LES + 0.60 nM G

0.00 o—0-0CoNNNNNINND

lipids, whereas the lateral chains of dextran would hamper such inter-
action. In this regard, it has been shown that f-cyclodextrins (cyclic
oligosaccharides consisting of a-(1—4)-D-glucopyranose units) extract
phosphocholine-containing phospholipids like DPPC [38] and sphingo-
myelin [23], probably by establishing hydrogen bonds with the phos-
phodiester group [38]. The PG-promoted withdrawal of surfactant
phospholipids is consistent with the decrease in phospholipid content
determined in bronchoalveolar lavage of humans [21,26] and rats [28,
49] with Pneumocystis pneumonia. It is also consistent with the finding
that the major lipid component of P. carinii isolated from rat lungs
contained a large amount of firmly attached surfactant DPPC [36].
Our results indicate that the pG-promoted desorption of
phosphocholine-containing phospholipids inhibited the adsorption,
respreading, and surface-tension lowering capabilities of pulmonary
surfactant. The fluidization of surfactant membranes would hinder their
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Fig. 6. PG extracts saturated and unsaturated phospho-
lipids. (A) Relaxation kinetics of DPPC and DPPC/POPC 7:3
(w/w) monolayers, in the absence and presence of G,
compressed to a surface pressure of 30 mN/m. A and A are
the trough surface areas at a given time t and t=0,
respectively. A p-value < 0.0001 was obtained for overall
one-way  ANOVA  (Bonferroni-corrected  p-values:
**p < 0.01 and ***p < 0.001 when compared with the
phospholipid mixtures without pG). (B) Surface pressure
(n)-area isotherms of DPPC/POPC 7:3 (w/w) mixed
monolayers in the absence and presence of 0.6 nM BG. The
monolayers were compressed at 50 cm?/min on a subphase
containing buffer A. (C) Analysis of the compression iso-
therms of DPPC/POPC (7:3, w/w) films in the absence ()
and presence () of 0.6 nM G, in terms of the dependence
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interfacial adsorption to the air/liquid interface. Adsorption of surfac-
tant aggregates to the air-liquid interface is analogous to the fusion of
two vesicles [14,63]. Since a reduction in the bending modulus sup-
presses bilayer fusion [4], it is possible that the fG-mediated fluidization
of surfactant bilayers contributes to suppress fusion of the aggregates
with the interface. Consistently, surfactant membranes with increased
fluidity induced by C-reactive protein [43] or misbalanced lipid
composition [63] fail in their ability to rapidly adsorb onto an air-water
interface [10,63].

BG also fluidizes LES monolayers and destabilizes surfactant films,
promoting their collapse at lower surface pressures. The inhibitory effect
of fG on the ability of pulmonary surfactant to sustain very low values of
surface tension upon compression was persistent and did not change
during cycling. It is possible that the pG-induced removal of saturated PC
molecules and subsequent fluidization of surfactant monolayers may
result in softer monolayers that would collapse in-plane by shearing
instead of out-of-plane [37]. This would prevent the loss of material
from the surfactant films during dynamic cycling and would hinder the
monolayer-to-multilayer transition and subsequent DPPC enrichment of
the interfacial film. The pG-induced fluidization of surfactant mono-
layers would also alter the molecular interactions that are required for
an efficient respreading [20,57]. As a result, both the respreading and
the surface tension-lowering capabilities of pulmonary surfactant are
significantly affected by pG. We are aware that our studies on the dy-
namic compression and expansion of the surfactant film using a

20 40 60
7t (MN/m)

Langmuir trough instead of a surfactometer have several drawbacks.
The main limitation is the relatively slow speed of dynamic cycles using
a Langmuir trough compared with the physiological respiratory rate.
However, despite this important drawback, our results clearly show that
BG inhibits respreading and surface tension-lowering activity of sur-
factant preparations containing SP-B and SP-C.

Deciphering potential mechanisms to counteract surfactant inhibi-
tion is important for the development of new therapies for lung imma-
turity and infectious and inflammatory lung diseases. Here we show that
SP-A, a versatile recognition protein present in the alveolar fluid, binds
to p-D-glucans with high affinity and blocks pG inhibitory effects on lung
surfactant. The K4 values for the interaction of SP-A with p-D-glucans (Kg4
= 1.5+ 0.1 nM for (1-3)(1-4)p-D-glucan, 1.1 + 0.2 nM for (1-3)
(1-6)-p-D-glucan, and 20 + 2 pM for (1—3)-p-D-glucan phosphate)
were similar to that determined for the interaction of (1—3)--D-glucan
phosphate with the CD5 lymphocyte surface receptor (3.7 £+ 0.2 nM)
[56]. They are also in the range of the binding affinities determined for
the interaction of different -D-glucans with Dectin-1, the primary
pattern recognition receptor for glucans [1]. By binding to pG, SP-A, on
the one hand, withdraws free G molecules, hampering their interaction
with surfactant membranes and the subsequent surfactant inactivation.
On the other hand, SP-A reverses the inhibitory effects of
membrane-bound fG. It is noteworthy that SP-A binding to BG is
calcium-dependent. Considering the ability of calcium ions to bind
glucose molecules [54] and that SP-A has different calcium binding sites
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Fig. 7. Dynamic cycling surfactant films with and without SP-A, in the absence and presence of fG. (A) Representative n-A cycling isotherms of LES films spread in
excess conditions. Seven n1-A compression—expansion cycling isotherms were recorded for LES films on top of a buffer A subphase. (B) Effect of pG on n-A cycling
isotherms of porcine LES. (C) Effect of BG on the collapse pressure (n.) of LES films. (D) Effect of SP-A on the dynamic cycling of LES films. (E) Compression-expansion
isotherms of LES films in the presence of BG and SP-A. (F) Collapse pressure as a function of the number of cycles for LES films in the presence of SP-A, with and
without BG. All measurements were performed at 25.0 4 0.1 °C and a compression rate of 89 cm?/min. The last compression-expansion cycles are marked with
thicker lines. In C and F, data shown are means + SD of five independent measurements.

[24], it is possible that this cation could form bridges between SP-A and
glucose monomers of G, facilitating their interaction.

SP-A has an important role in overcoming surfactant adsorption
inactivation by serum proteins [62,63], and in scavenging inhibitors
that incorporate into surfactant membranes [8,43]. Our results indicate
that, by binding to fG, SP-A sequesters G, preventing pG interaction
with surfactant membranes and reducing fG’s effects on them.

SP-A also seems to prevent the removal of DPPC and other phos-
pholipid molecules from the surfactant monolayer by BG, allowing
squeeze-out of surfactant material from the interfacial film and forma-
tion of the surfactant reservoir. SP-A partially abrogated the inhibitory
effect of BG on surface tension-lowering capabilities of pulmonary sur-
factant, and surfactant membranes containing SP-A are more resistant to
inactivation. These results are consistent with the fact that replacement
surfactants containing 5 wt% SP-A are superior to SP-A-depleted sur-
factants, showing an enhanced therapeutic effect on dynamic and static
lung compliance in ventilated premature newborn rabbits [61] and
improved physical and therapeutic properties [53].

Conclusions

We have demonstrated that the direct interaction between lung
surfactant preparations containing SP-B and SP-C and the fungi
component fB-glucans causes surfactant dysfunction. The presence of
B-glucans at concentrations closer to those found in the lungs of patients
with invasive fungal infections [30,52] hampers surfactant respreading
and its capability to decrease surface tension to very low values upon
film compression. Our results suggest that the mechanism of f-glucan
inhibition consists in the pG-promoted extraction of surfactant material,
rendering surfactant monolayers and bilayers more fluid. We have also

demonstrated that SP-A strongly binds to G, with an affinity similar to
those determined for dectin-1. Consequently, SP-A increases the resis-
tance of pulmonary surfactant to fG-induced inhibition, preventing the
interaction of pG with surfactant and counteracting p-glucan fluidizing
effects on surfactant bilayers and monolayers. The increased resistance
of SP-A-containing surfactant membranes to G inactivation supports
the need to supplement replacement surfactants with recombinant SP-A
for the treatment of respiratory diseases.

CRediT authorship contribution statement

Olga Canadas: conceived, designed, and performed experiments,
collected, analyzed, and interpreted data, and wrote the manuscript.

Alejandra Saenz: conceived, designed, and performed experiments,
collected, analyzed, and interpreted data.

Alba de Lorenzo: performed research and contributed to experi-
mental design.

Cristina Casals: funded and designed the research, organized the
project and analyses, interpreted all data, and wrote the manuscript.

Funding sources
This research was supported by Ministry of Science, Innovation and

Universities, Spain [grant numbers SAF2015-65307-R and
RTI2018-094355-BI00].

Author contribution

Conceptualization, all authors. Investigation, O.C., A.S., and A.de
L.; Methodology, O.C., A.S., and A.de L.; Formal analysis, O.C., A.S.,



O. Canadas et al.

and C.C.; Validation, O.C., A.S., and C.C.; Writing—original draft
preparation, O.C., A.S., and C.C.; Visualization, O.C., A.S., and C.C.;
Writing—review and editing, O.C. and C.C.; Supervision, C.C.; Project
administration, C.C Funding acquisition for this study, C.C. All authors
read and agreed to the published version of the manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.colsurfb.2021.112237.

References

[1] E.L. Adams, P.J. Rice, B. Graves, H.E. Ensley, H. Yu, G.D. Brown, S. Gordon, M.

A. Monteiro, E. Papp-Szabo, D.W. Lowman, T.D. Power, M.F. Wempe, D.

L. Williams, Differential high-affinity interaction of dectin-1 with natural or

synthetic glucans is dependent upon primary structure and is influenced by

polymer chain length and side-chain branching, J. Pharmacol. Exp. Ther. 325

(2008) 115-123, https://doi.org/10.1124/jpet.107.133124.

E.N. Atochina, M.F. Beers, S.T. Scanlon, A.M. Preston, J.M. Beck, P. carinii induces

selective alterations in component expression and biophysical activity of lung

surfactant, Am. J. Physiol. Lung Cell. Mol. Physiol. 278 (2000) L599-L609, https://
doi.org/10.1152/ajplung.2000.278.3.L599.

[3] K.R. Bartemes, H. Kita, Innate and adaptive immune responses to fungi in the
airway, J Allergy Clin Immunol 142 (2018) 353-363, https://doi.org/10.1016/j.
jaci.2018.06.015.

[4] T. Baumgart, S. Das, W.W. Webb, J.T. Jenkins, Membrane elasticity in giant

vesicles with fluid phase coexistence, Biophys. J. 89 (2005) 1067-1080, https://

doi.org/10.1529/biophys;j.104.04969.

M. Bernard, J.P. Latge, Aspergillus fumigatus cell wall: composition and

biosynthesis, Med. Mycol. 39 (Suppl 1) (2001) 9-17, https://doi.org/10.1080/

714030981.

W. Bernhard, J. Mottaghian, A. Gebert, G.A. Rau, H.H. von Der, C.F. Poets,

Commercial versus native surfactants. Surface activity, molecular components, and

the effect of calcium, Am. J. Respir. Crit. Care Med. 162 (2000) 1524-1533,

https://doi.org/10.1164/ajrccm.162.4.9908104.

[7] E. Brummer, D.A. Stevens, Collectins and fungal pathogens: roles of surfactant
proteins and mannose binding lectin in host resistance, Med. Mycol. 48 (2010)
16-28, https://doi.org/10.3109/13693780903117473.

[8] O. Canadas, K.M. Keough, C. Casals, Bacterial lipopolysaccharide promotes
destabilization of lung surfactant-like films, Biophys. J. 100 (2011) 108-116,
https://doi.org/10.1016/j.bpj.2010.11.028.

[9] O. Canadas, I. Garcia-Verdugo, K.M. Keough, C. Casals, SP-A permeabilizes
lipopolysaccharide membranes by forming protein aggregates that extract lipids
from the membrane, Biophys. J. 95 (2008) 3287-3294, https://doi.org/10.1529/
biophysj.108.137323.

[10] C. Casals, O. Canadas, Role of lipid ordered/disordered phase coexistence in
pulmonary surfactant function, Biochim. Biophys. Acta 1818 (2012) 2550-2562,
https://doi.org/10.1016/j.bbamem.2012.05.024.

[11] C. Casals, B. Garcia-Fojeda, C.M. Minutti, Soluble defense collagens: sweeping up
immune threats, Mol. Immunol. 112 (2019) 291-304, https://doi.org/10.1016/j.
molimm.2019.06.007.

[12] C. Casals, M.A. Campanero-Rhodes, B. Garcia-Fojeda, D. Solis, The role of
collectins and galectins in lung innate immune defense, Front Immunol. 9 (2018)
1998, https://doi.org/10.3389/fimmu.2018.01998.

[13] C. Casals, A. Varela, M.L. Ruano, F. Valino, J. Perez-Gil, N. Torre, E. Jorge,

F. Tendillo, J.L. Castillo-Olivares, Increase of C-reactive protein and decrease of
surfactant protein A in surfactant after lung transplantation, Am. J. Respir. Crit.
Care Med. 157 (1998) 43-49, https://doi.org/10.1164/ajrcem.157.1.9611106.

[14] M. Chavarha, R.W. Loney, S.B. Rananavare, S.B. Hall, Hydrophobic surfactant
proteins strongly induce negative curvature, Biophys. J. 108 (2015) 95-105,
https://doi.org/10.1016/j.bp;j.2015.05.030.

[15] A.L.Colombo, J.N. de Almeida Jtnior, M.A. Slavin, S.C. Chen, T.C. Sorrell, Candida
and invasive mould diseases in non-neutropenic critically ill patients and patients
with haematological cancer, Lancet Infect. Dis. 17 (2017) e344-e356, https://doi.
org/10.1016/51473-3099(17)30304-3.

[16] J.M. Coya, H.T. Akinbi, A. Saenz, L. Yang, T.E. Weaver, C. Casals, Natural anti-
infective pulmonary proteins: in vivo cooperative action of surfactant protein SP-A
and the lung antimicrobial peptide SP-BN, J. Immunol. 195 (2015) 1628-1636,
https://doi.org/10.4049/jimmunol.1500778.

[17] Davies, J.T., and E.K. Rideal. 1963. Interfacial phenomena. 2nd ed. Academic
Press, New York. ISBN: 9780323161664.

[2

—

[5

—

[6

—

10

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Colloids and Surfaces B: Biointerfaces 210 (2022) 112237

A.J. DeLucca, K.A. 2nd, Brogden, A.D. French, Agglutination of lung surfactant
with glucan, Br. J. Ind. Med. 49 (1992) 755-760, https://doi.org/10.1136/
oem.49.11.755.

P. Dhar, E. Eck, J.N. Israelachvili, D.W. Lee, Y. Min, A. Ramachandran, A.

J. Waring, J.A. Zasadzinski, Lipid-protein interactions alter line tensions and
domain size distributions in lung surfactant monolayers, Biophys. J. 102 (2012)
5665, https://doi.org/10.1016/j.bpj.2011.11.4007g.

J. Ding, D.-Y. Takamoto, A. von Nahmen, M.M. Lipp, K.Y.C. Lee, A.J. Waring, J.
A. Zasadzinski, Effects of lung surfactant proteins, SP-B and SP-C, and palmitic
acido on monolayer stability, Biophys. J. 80 (2001) 2262-2272, https://doi.org/
10.1016/50006-3495(01)76198-X.

R. Escamilla, M.C. Prevost, C. Hermant, A. Caratero, C. Cariven, M. Krempf,
Surfactant analysis during Pneumocystis carinii pneumonia in HIV-infected
patients, Chest 101 (1992) 1558-1562, https://doi.org/10.1378/
chest.101.6.1558.

C.I. Falcon-Rodriguez, A. De Vizcaya-Ruiz, I.A. Rosas-Pérez, A.R. Osornio-Vargas,
P. Segura-Medina, Inhalation of concentrated PM2.5 from Mexico City acts as an
adjuvant in a guinea pig model of allergic asthma, Environ. Pollut. 228 (2017)
474-483, https://doi.org/10.1016/j.envpol.2017.05.050.

M. Giocondi, P.E. Milhiet, P. Dosset, C. Le Grimellec, Use of cyclodextrin for AFM
monitoring of model raft formation, Biophys. J. 86 (2004) 861-869, https://doi.
org/10.1016/s0006-3495(04)74161-2.

J.F. Head, T.R. Mealy, F.X. McCormack, B.A. Seaton, Crystal structure of trimeric
carbohydrate recognition and neck domains of surfactant protein A, J. Biol. Chem.
278 (2003) 43254-43260, https://doi.org/10.1074/jbc.M305628200.

J.Q. Hiansen, E. Keating, A. Aspros, L.J. Yao, K.J. Bosma, C.M. Yamashita, J.

F. Lewis, R.A. Veldhuizen, Cholesterol-mediated surfactant dysfunction is
mitigated by surfactant protein A, Biochim. Biophys. Acta 1848 (2015) 813-820,
https://doi.org/10.1016/j.bbamem.2014.12.009.

A.G. Hoffman, M.G. Lawrence, F.P. Ognibene, A.F. Suffredini, G.Y. Lipschik, J.
A. Kovacs, H. Masur, J.H. Shelhamer, Reduction of pulmonary surfactant in
patients with human immunodeficiency virus infection and Pneumocystis carinii
pneumonia, Chest 102 (1992) 1730-1736, https://doi.org/10.1378/
chest.102.6.1730.

T. Ito, K. Hirose, A. Norimoto, T. Tamachi, M. Yokota, A. Saku, H. Takatori,

S. Saijo, Y. Iwakura, H. Nakajima, Dectin-1 plays an important role in house dust
mite-induced allergic airway inflammation through the activation of CD11b+
dendritic cells, J. Immunol. 198 (2017) 61-70, https://doi.org/10.4049/
jimmunol.1502393.

S. Kernbaum, J. Masliah, L.G. Alcindor, C. Bouton, D. Christol, Phospholipase
activities of bronchoalveolar lavage fluid in rat Pneumocystis carinii pneumonia,
Br. J. Exp. Pathol. 64 (1983) 75-80.

F.M. Klis, P. de Groot, K. Hellingwerf, Molecular organization of the cell wall of
Candida albicans, Med. Mycol. 39 (Suppl 1) (2001) 1-8, https://doi.org/10.1080/
mmy.39.1.1.8-0.

G. Kutty, A.S. Davis, G. Ferreyra, J. Qiu, D.W. Huang, M. Sassi, L. Bishop,

G. Handley, B. Sherman, R. Lempicki, J.A. Kovacs, p-glucans are masked but
contribute to pulmonary inflammation during Pneumocystis pneumonia, J. Infect
Dis. 214 (2016) 782-791, https://doi.org/10.1093/infdis/jiw249.

K.W. Lu, J. Perez-Gil, M. Echaide, H.W. Taeusch, Pulmonary surfactant proteins
and polymer combinations reduce surfactant inhibition by serum, Biochim.
Biophys. Acta 1808 (2011) 2366-2373, https://doi.org/10.1016/j.
bbamem.2011.06.013.

D. Marsh, Lateral pressure in membranes, Biochim. Biophys. Acta 1286 (1996)
183-223, https://doi.org/10.1016,/50304-4157(96)00009-3.

C.M. Minutti, L.H. Jackson-Jones, B. Garcia-Fojeda, J.A. Knipper, T.E. Sutherland,
N. Logan, E. Rinqvist, R. Guillamat-Prats, D.A. Ferenbach, A. Artigas, C. Stamme, Z.
C. Chroneos, D.M. Zaiss, C. Casals, J.E. Allen, Local amplifiers of IL-4Ra-mediated
macrophage activation promote repair in lung and liver, Science 356 (2017)
1076-1080, https://doi.org/10.1126/science.aaj2067.

R.H. Notter, S.A. Tabak, R.D. Mavis, Surface properties of binary mixtures of some
pulmonary surfactant components, J. Lipid Res. 21 (1980) 10-22, https://doi.org/
10.1016/50022-2275(20)39835-7.

A. Olzynska, M. Zubek, M. Roeselova, J. Korchowiec, L. Cwiklik, Mixed DPPC/
POPC monolayers: all-atom molecular dynamics simulations and Langmuir
monolayer experiments, Biochim. Biophys. Acta. 1858 (2016) 3120-3130, https://
doi.org/10.1016/j.bbamem.2016.09.015.

E.L. Pesanti, Phospholipid profile of Pneumocystis carinii and its interaction with
alveolar type II epithelial cells, Infect. Immun. 55 (1987) 736-741, https://doi.
org/10.1128/iai.55.3.736-741.1987.

L. Pocivavsek, S.L. Frey, K. Krishan, K. Gabrilov, P. Ruchala, A.J. Waring, F.

J. Walther, M. Dennin, T.A. Witten, K.Y. Lee, Lateral stress relaxation and collapse
in lipid monolayers, Soft Matter 4 (2008) 2019-2029, https://doi.org/10.1039/
b804611e.

G. Puglisi, M. Fresta, C.A. Ventura, Interaction of natural and modified
p-cylcodextrins with a biological membrane model of
dipalmitolphosphatidylcholine, J. Colloid Interface Sci 180 (1996) 542-547,
https://doi.org/10.1006/icid.1996.0335.

L. Qiao, A. Ge, Y. Liang, S. Ye, Oxidative degradation of the monolayer of 1-Pal-
mitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC) in low-level ozone, J. Phys.
Chem. B. 119 (2015) 14188-14199, https://doi.org/10.1021/acs.jpcb.5b08985.
R. Rylander, Organic dust induced pulmonary disease - the role of mould derived
beta-glucan, Ann. Agric. Environ. Med. 17 (2010) 9-13.

A. Saenz, O. Canadas, L.A. Bagatolli, M.E. Johnson, C. Casals, Physical properties
and surface activity of surfactant-like membranes containing the cationic and


https://doi.org/10.1016/j.colsurfb.2021.112237
https://doi.org/10.1124/jpet.107.133124
https://doi.org/10.1152/ajplung.2000.278.3.L599
https://doi.org/10.1152/ajplung.2000.278.3.L599
https://doi.org/10.1016/j.jaci.2018.06.015
https://doi.org/10.1016/j.jaci.2018.06.015
https://doi.org/10.1529/biophysj.104.04969
https://doi.org/10.1529/biophysj.104.04969
https://doi.org/10.1080/714030981
https://doi.org/10.1080/714030981
https://doi.org/10.1164/ajrccm.162.4.9908104
https://doi.org/10.3109/13693780903117473
https://doi.org/10.1016/j.bpj.2010.11.028
https://doi.org/10.1529/biophysj.108.137323
https://doi.org/10.1529/biophysj.108.137323
https://doi.org/10.1016/j.bbamem.2012.05.024
https://doi.org/10.1016/j.molimm.2019.06.007
https://doi.org/10.1016/j.molimm.2019.06.007
https://doi.org/10.3389/fimmu.2018.01998
https://doi.org/10.1164/ajrccm.157.1.9611106
https://doi.org/10.1016/j.bpj.2015.05.030
https://doi.org/10.1016/S1473-3099(17)30304-3
https://doi.org/10.1016/S1473-3099(17)30304-3
https://doi.org/10.4049/jimmunol.1500778
https://doi.org/10.1136/oem.49.11.755
https://doi.org/10.1136/oem.49.11.755
https://doi.org/10.1016/j.bpj.2011.11.4007g
https://doi.org/10.1016/S0006-3495(01)76198-X
https://doi.org/10.1016/S0006-3495(01)76198-X
https://doi.org/10.1378/chest.101.6.1558
https://doi.org/10.1378/chest.101.6.1558
https://doi.org/10.1016/j.envpol.2017.05.050
https://doi.org/10.1016/s0006-3495(04)74161-2
https://doi.org/10.1016/s0006-3495(04)74161-2
https://doi.org/10.1074/jbc.M305628200
https://doi.org/10.1016/j.bbamem.2014.12.009
https://doi.org/10.1378/chest.102.6.1730
https://doi.org/10.1378/chest.102.6.1730
https://doi.org/10.4049/jimmunol.1502393
https://doi.org/10.4049/jimmunol.1502393
http://refhub.elsevier.com/S0927-7765(21)00683-4/sbref27
http://refhub.elsevier.com/S0927-7765(21)00683-4/sbref27
http://refhub.elsevier.com/S0927-7765(21)00683-4/sbref27
https://doi.org/10.1080/mmy.39.1.1.8-0
https://doi.org/10.1080/mmy.39.1.1.8-0
https://doi.org/10.1093/infdis/jiw249
https://doi.org/10.1016/j.bbamem.2011.06.013
https://doi.org/10.1016/j.bbamem.2011.06.013
https://doi.org/10.1016/s0304-4157(96)00009-3
https://doi.org/10.1126/science.aaj2067
https://doi.org/10.1016/S0022-2275(20)39835-7
https://doi.org/10.1016/S0022-2275(20)39835-7
https://doi.org/10.1016/j.bbamem.2016.09.015
https://doi.org/10.1016/j.bbamem.2016.09.015
https://doi.org/10.1128/iai.55.3.736-741.1987
https://doi.org/10.1128/iai.55.3.736-741.1987
https://doi.org/10.1039/b804611e
https://doi.org/10.1039/b804611e
https://doi.org/10.1006/icid.1996.0335
https://doi.org/10.1021/acs.jpcb.5b08985
http://refhub.elsevier.com/S0927-7765(21)00683-4/sbref39
http://refhub.elsevier.com/S0927-7765(21)00683-4/sbref39

O. Canadas et al.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

hydrophobic peptide KL4, FEBS J 273 (2006) 2515-2527, https://doi.org/
10.1111/j.1742-4658.2006.05258.x.

A. Saenz, O. Canadas, L.A. Bagatolli, F. Sanchez-Barbero, M.E. Johnson, C. Casals,
Effect of surfactant protein A on the physical properties and surface activity of KL4-
surfactant, Biophys. J. 92 (2007) 482-492, https://doi.org/10.1529/
biophysj.106.090217.

A. Saenz, A. Lopez-Sanchez, J. Mojica-Lazaro, L. Martinez-Caro, N. Nin, L.

A. Bagatolli, C. Casals, Fluidizing effects of C-reactive protein on lung surfactant
membranes: protective role of surfactant protein A, FASEB J 24 (2010) 3662-3673,
https://doi.org/10.1096/1j.09-142646.

A. Saenz, L. Alvarez, M. Santos, A. Lopez-Sanchez, J.L. Castillo-Olivares, A. Varela,
R. Segal, C. Casals, Beneficial effects of synthetic KL4-surfactant in experimental
lung transplantation, Eur. Respir. J. 37 (2011) 925-932, https://doi.org/10.1183/
09031936.00020810.

F. Sanchez-Barbero, G. Rivas, W. Steinhilber, C. Casals, Structural and functional
differences among human surfactant proteins SP-A1, SP-A2 and co-expressed SP-
A1/SP-A2: role of supratrimeric oligomerization, Biochem. J. 406 (2007) 479-489,
https://doi.org/10.1042/BJ20070275.

F. Sanchez-Barbero, J. Strassner, R. Garcia-Canero, W. Steinhilber, C. Casals, Role
of the degree of oligomerization in the structure and function of human surfactant
protein A, J. Biol. Chem. 280 (2005) 7659-7670, https://doi.org/10.1074/jbc.
M410266200.

R. Schmidt, P. Markart, C. Ruppert, B. Temmesfeld, R. Nass, J. Lohmeyer,

W. Seeger, A. Giinther, Pulmonary surfactant in patients with Pneumocystis
pneumonia and acquired immunodeficiency syndrome, Crit. Care Med. 34 (2006)
2370-2376, https://doi.org/10.1097/01.CCM.0000234036.19145.52.

S. Schurch, F. Possmayer, S. Cheng, A.M. Cockshutt, Pulmonary SP-A enhances
adsorption and appears to induce surface sorting of lipid extract surfactant, Am. J.
Physiol. 263 (1992) L210-L218, https://doi.org/10.1152/ajplung.1992.263.2.
L210.

P.M. Sheehan, D.C. Stokes, Y.Y. Yeh, W.T. Hughes, Surfactant phospholipids and
lavage phospholipase A2 in experimental Pneumocystis carinii pneumonia, Am.
Rev. Respir. Dis. 134 (1986) 526-531, https://doi.org/10.1164/
arrd.1986.134.3.526.

S. Shoham, K.A. Marr, Invasive fungal infections in solid organ transplant
recipients, Future Microbiol. 7 (2012) 639-655, https://doi.org/10.2217/
fmb.12.28.

R.D. Smith, J.C. Berg, The collapse of surfactant monolayers at the air—water
interface, J. Colloid Interface Sci 74 (1980) 273-286, https://doi.org/10.1016/
0021-9797(80)90190-3.

K.-C. Su, K.-T. Chou, Y.-H. Hsiao, C.-M. Tseng, V.Y.-F. Su, Y.-C. Lee, D.-W. Perng, Y.
R. Kou, Measuring (1,3)-p-D-glucan in tracheal aspirate, bronchoalveolar lavage
fluid, and serum for detection of suspected Candida pneumonia in
immunocompromised and critically ill patients: a prospective observational study,
BMC Infect Dis. 17 (2017) 252, https://doi.org/10.1186/512879-017-2364-2.

11

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Colloids and Surfaces B: Biointerfaces 210 (2022) 112237

B. Sun, T. Curstedt, G. Lindgren, B. Franzen, A.A. Alaiya, A. Calkovska,

B. Robertson, Biophysical and physiological properties of a modified porcine
surfactant enriched with surfactant protein A, Eur. Respir. J. 10 (1997) 1967-1974,
https://doi.org/10.1183/09031936.97.10091967.

H.A. Tajmir-Riaji, Interaction of D-glucose with alkaline-earth metal ions.
Synthesis, spectroscopic, and structural characterization of Mg(Il)- and Ca(II)-D-
glucose aducts and the effect of metal-ion binding on anomeric configuration of the
sugar, Carbohydr. Res. 183 (1988) 35-46, https://doi.org/10.1016/0008-6215
(88)80043-0.

N.M. Tsvetkova, B.L. Phillips, L.M. Crowe, J.H. Crowe, S.H. Risbud, Effect of sugars
on headgroup mobility in freeze-dried dipalmitoylphosphatidylcholine bilayers:
solid-state 3P NMR and FTIR studies, Biophys. J. 75 (1998) 29472955, https://
doi.org/10.1016/S0006-3495(98)77736-7.

J. Vera, R. Fenutria, O. Canadas, M. Figueras, R. Mota, M.R. Sarrias, D.L. Williams,
C. Casals, J. Yelamos, F. Lozano, The CD5 ectodomain interacts with conserved
fungal cell wall components and protects from zymosan-induced septic shock-like
syndrome, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 1506-1511, https://doi.org/
10.1073/pnas.0805846106.

Z. Wang, S.B. Hall, R.H. Notter, Dynamic surface activity of films of lung surfactant
phospholipids, hydrophobic proteins, and neutral lipids, J. Lipid Res. 36 (1995)
1283-1293, https://doi.org/10.1016/50022-2275(20)41136-8.

Z. Wang, A. Foye, Y. Chang, P.R. Chess, T.W. Wright, S. Bhagwat, F. Gigliotti, R.
H. Notter, Inhibition of surfactant activity by Pneumocystis carinii organisms and
components in vitro, Am. J. Physiol. Lung Cell Mol. Physiol. 288 (2005)
L1124-11131, https://doi.org/10.1152/ajplung.00453.2004.

Williams, D.L., D.W. Lowman, and H.E. Ensley. 2004. Introduction to the chemistry
and immunobiology of p-glucans. In Toxicology of 1-3-Beta-glucans. S.-H. Young
and V. Castranova, editors. Taylor and Francis, New York. 1-34. https://doi.org/
10.1201/9780203020814.

T.W. Wright, R.H. Notter, Z. Wang, A.G. Harmsen, F. Gigliotti, Pulmonary
inflammation disrupts surfactant function during Pneumocystis carinii pneumonia,
Infect. Immun. 69 (2001) 758-764, https://doi.org/10.1128/IA1.69.2.758-
764.2001.

T. Yamada, M. Ikegami, B.L. Tabor, A.H. Jobe, Effects of surfactant protein-A on
surfactant function in preterm ventilated rabbits, Am. Rev. Respir. Dis. 142 (1990)
754-757, https://doi.org/10.1164/ajrccm/142.4.754.

J.A. Zasadzinski, T.F. Alig, C. Alonso, J. Bernardino de la Serna, J. Perez-Gil, H.
W. Taeusch, Inhibition of pulmonary surfactant adsorption by serum and the
mechanisms of reversal by hydrophilic polymers: theory, Biophys. J. 89 (2005)
1621-1629, https://doi.org/10.1529/biophysj.105.062646.

Y.Y. Zuo, R.A. Veldhuizen, A.W. Neumann, N.O. Petersen, F. Possmayer, Current
perspectives in pulmonary surfactant-inhibition, enhancement and evaluation,
Biochim. Biophys. Acta 1778 (2008) 1947-1977, https://doi.org/10.1016/j.
bbamem.2008.03.021.


https://doi.org/10.1111/j.1742-4658.2006.05258.x
https://doi.org/10.1111/j.1742-4658.2006.05258.x
https://doi.org/10.1529/biophysj.106.090217
https://doi.org/10.1529/biophysj.106.090217
https://doi.org/10.1096/fj.09-142646
https://doi.org/10.1183/09031936.00020810
https://doi.org/10.1183/09031936.00020810
https://doi.org/10.1042/BJ20070275
https://doi.org/10.1074/jbc.M410266200
https://doi.org/10.1074/jbc.M410266200
https://doi.org/10.1097/01.CCM.0000234036.19145.52
https://doi.org/10.1152/ajplung.1992.263.2.L210
https://doi.org/10.1152/ajplung.1992.263.2.L210
https://doi.org/10.1164/arrd.1986.134.3.526
https://doi.org/10.1164/arrd.1986.134.3.526
https://doi.org/10.2217/fmb.12.28
https://doi.org/10.2217/fmb.12.28
https://doi.org/10.1016/0021-9797(80)90190-3
https://doi.org/10.1016/0021-9797(80)90190-3
https://doi.org/10.1186/s12879-017-2364-2
https://doi.org/10.1183/09031936.97.10091967
https://doi.org/10.1016/0008-6215(88)80043-0
https://doi.org/10.1016/0008-6215(88)80043-0
https://doi.org/10.1016/S0006-3495(98)77736-7
https://doi.org/10.1016/S0006-3495(98)77736-7
https://doi.org/10.1073/pnas.0805846106
https://doi.org/10.1073/pnas.0805846106
https://doi.org/10.1016/S0022-2275(20)41136-8
https://doi.org/10.1152/ajplung.00453.2004
https://doi.org/10.1201/9780203020814
https://doi.org/10.1201/9780203020814
https://doi.org/10.1128/IAI.69.2.758-764.2001
https://doi.org/10.1128/IAI.69.2.758-764.2001
https://doi.org/10.1164/ajrccm/142.4.754
https://doi.org/10.1529/biophysj.105.062646
https://doi.org/10.1016/j.bbamem.2008.03.021
https://doi.org/10.1016/j.bbamem.2008.03.021

	Pulmonary surfactant inactivation by β-D-glucan and protective role of surfactant protein A
	Introduction
	Materials and methods
	Materials
	Isolation of SP-A
	Isolation and analysis of pulmonary surfactant and the lipid organic extract of surfactant
	Surfactant liposomes
	Interfacial adsorption assays
	Monolayer experiments
	Fluorescence experiments
	Differential scanning calorimetry
	Statistical analyses

	Results
	Inhibition of surfactant interfacial adsorption by β-D-glucan
	SP-A binds to β-D-glucans
	Protective effects of SP-A on the inhibitory effects of β-D-glucan on surfactant adsorption
	β-D-glucan promotes surfactant membrane fluidization and SP-A counteracts β-D-glucan effects
	β-D-glucan causes withdrawal of lipid molecules from surfactant membranes
	β-D-glucan inhibits the ability of lung surfactant to reduce surface tension and respread

	Discussion
	Conclusions
	CRediT authorship contribution statement
	Funding sources
	Author contribution
	Declaration of Competing Interest
	Appendix A Supporting information
	References


