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Abstract

Surfactant protein D (SP-D) is primarily expressed in the lungs
and modulates pro- and anti-inflammatory processes to toxic
challenge, maintaining lung homeostasis. We investigated the
interaction between NPs and SP-D and subsequent uptake by
cells involved in lung immunity. Dynamic light scattering (DLS)
and scanning electron microscopy (SEM) measured NP
aggregation, particle size and charge in native human SP-D
(NhSP-D) and recombinant fragment SP-D (rfhSP-D). SP-D
aggregated NPs, especially following the addition of calcium.
Immunohistochemical analysis of A549 epithelial cells
investigated the co-localization of NPs and rfhSP-D. rfhSP-D
enhanced the co-localisation of NPs to epithelial A549 cells

in vitro. NP uptake by alveolar macrophages (AMs) and lung
dendritic cells (LDCs) from C57BL/6 and SP-D knock-out mice
were compared. AMs and LDCs showed decreased uptake of NPs
in SP-D deficient mice compared to wild-type mice. These data
confirmed an interaction between SP-D and NPs, and
subsequent enhanced NP uptake.

Keywords: Nanoparticles, particle characterisation, nanotoxicol-
ogy, mechanistic toxicology, surfactant protein D

Introduction

A key human exposure route to nanoparticles (NPs) is via the
lung. Human lungs develop under exposure to airborne
particles and NPs, and experience higher exposure in urban
atmospheres near combustion sources such as roads (Rus-
sell & Brunekreef 2009; Spira-Cohen et al. 2011). The lung
allows nanoscale material (particles, molecules or ions) to
cross cellular barriers and translocate into circulatory
systems (Geiser & Kreyling 2010), where particle effects
are most strongly observed (Peters et al. 1997, Peters et al.

2001; COMEAP 2010; Miller 2010). Biologically plausible
mechanisms for how sub-micron particles cause cardiovas-
cular and respiratory disease are currently being sought
(Araujo & Nel 2009; Gehr et al. 2006).

The mechanistic toxicity of insoluble NPs remains unex-
plained by current models, but surface area and particle size
are significant factors (Kendall et al. 2004; Oberdorster et al.
2005). A fraction of inhaled NPs deposits in the lung sur-
factant system, where surfactant components interact with
NP surfaces (Kendall et al. 2002; Kendall 2007; Lundqvist
et al. 2008). These processes do not immediately involve cells
directly, but are first mediated by extracellular molecules
alone and may reduce surface charge to promote agglom-
eration (Kendall et al. 2002, 2004, 2010b, 2010a). Surfactant
protein D (SP-D) is an important component of lung sur-
factant, but is expressed not just in the lung but at other
mucosal surfaces such as the eye and genitourinary tract
(Madsen et al. 2000, Ni et al. 2005). At these environment-
organism interfaces, SP-D modulates innate and adaptive
immunity, including inflammatory responses to a range of
inhaled pathogens (Clark et al. 2002; Wright 2005). SP-D
binds carbohydrates, lipids and nucleic acids with broad
specificity, to initiate phagocytosis of biological particles
(Palaniyar et al. 2003; Wright 2005). In the last decade,
experiments in SP-D gene knock-out (SP-D”") mice and
monitoring of human cohorts have demonstrated the links
between SP-D levels and airway inflammation (Lomas
et al. 2009). Recent studies in animals showed that SP-D
expression was the one of very few proteins repeatedly up-
regulated in lung responses to particle and NP exposures,
despite significant methodological differences (Clement
et al. 2008; Zhang et al. 2009; Kang et al. 2010; Tuvim
et al. 2009). In terms of the cellular response, alveolar
macrophages (AMs) and lung dendritic cells (LDCs) are
particularly significant in clearance of particles and the
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immune response in the lung (Gehr et al. 2006). SP-D
directly modulates macrophage and dendritic cell function
as well as T-cell-related inflammation (Borron et al. 2002;
Hansen et al. 2007), thus programming human immune
responses. We therefore speculated that SP-D interacts
with particle and NP surfaces to promote aggregation and
cellular uptake in the lung.

We sought to measure SP-D interactions with NPs with
well-defined surface properties to characterise mechanisms
of interaction. Small surface differences can induce signifi-
cant physico-chemical effects in vivo (Hillaireau et al. 2009).
Surface modification alters surface charge, which can be
measured as zeta potential - a measure of the repulsive
forces between dispersed particles in a solution - and can
indicate both molecular adsorption at surfaces and changes
in the stability of a suspension. Particle growth and agglom-
eration are affected by size and charge. In humans, globular
proteins are especially effective in aggregating bacteria and
viruses and lectin family proteins attach to particles and
shape the immune response (Geijtenbeek et al. 2009). If
proved relevant to NPs, such processes would reduce cir-
culation of NPs within the system, and agglomerates would
be cleared more easily by phagocytes. Such processes have
the potential to trigger inflammation signalling mechanisms,
mimic biological particle responses or expose epitopes
(Johnson et al. 2008). They also have the potential for use
as therapeutic molecules.

We hypothesised that NP surfaces sequester SP-D, pro-
moting aggregation and altering their uptake by alveolar
macrophages (AMs) and lung dendritic cells (LDCs). Our
approach was to take several particle types, mix them with
SP-D, then observe surface sequestration and measure
aggregation. We then measured fluorescent particle and
NP uptake by wild-type (WT) and SP-D null (SP-D”") mouse
AMs and LDCs to assess the effects of SP-D presence in the
system.

Methods

Nanoparticles and particles
Polystyrene latex microspheres with and without surface
modification with size of 100 and 500 nm (Polysciences
Inc.) were used without further treatment. The particles
were polystyrene (PS), amino polystyrene (A-PS) and car-
boxylate polystyrene (C-PS). Silica Aerosil® 200V (200V) and
Silica Aerosil® R816 (R816) particles were from Deggusa
(Germany). 200V is hydrophilic silicon dioxide with primary
particle size of 12 nm and surface area 200 m>/g. R816 is
weakly hydrophobic silicon dioxide, i.e. fumed Aerosil 200V
treated with hexadecylsilane. The silica powder was broken
to the primary aggregates with median size of ~120 nm (as
described in Kendall et al. 2010a). Carbon black Regal 400R
nanopowder (CB 400R, Cabot Corporation) was ultrasoni-
cally dispersed in nanopure water at pH = 7 to produce
primary aggregates around 76 nm in the suspension (Kendall
et al. 2010a).

All particles were stable in water and measured using
dynamic light scattering (DLS); physical properties are listed
in Table I.

Protein purification

Native human SP-D (NhSP-D) was purified from bronch-
oalveolar lavage fluid (BALF) obtained from alveolar pro-
teinosis patients as described previously (Strong et al.
1998). A recombinant fragment of human SP-D (1fhSP-
D) was expressed and purified as described previously
(Strong et al. 2002). Briefly, the cDNA for the neck/CRD,
including a short region of the collagen stalk (eight Gly-X-Y
triplets) and representing residues 179-355 of the mature
protein sequence was cloned into a bacterial expression
vector. The fragment was expressed in bacteria, reduced in
urea and refolded through a series of dialysis steps with
decreasing concentrations of urea. Finally, correctly folded
rfthSP-D was purified by maltose affinity chromatography
followed by gel exclusion chromatography. The purity of all
proteins was verified through SDS-PAGE and N-terminal
sequencing. The endotoxin level in protein preparations
was measured by the Limulus Amebocyte Lysate Assay
(BioWhitaker, UK) and only preparations containing less
than 5 pg endotoxin/ug protein were used.

Measuring NP and particle interactions with SP-D

Two forms of SP-D (rfhSP-D and NhSP-D) were diluted with
nanopure water before mixing with particles. Double dis-
tilled water was further filtered using a 0.02 pm syringe filter
to obtain nanopure water. pH of all suspensions was
adjusted to 7 using 0.25 M NaOH and HCI solutions.

Protein size was measured at identical concentrations
to those mixed with particles. In all experiments, the same
experimental procedure was followed. 0.99 ml NP sus-
pension (2.5 cm?®/ml) was mixed with 0.01 ml protein
suspension in a small plastic bottle and gently shaken
by hand. Particle size and zeta potential were measured
at time t, to t = 24 h after mixing, at 37°C. The zero time (t;)
represented the start of mixing. 2 mM CaCl, solution was
added to test the effect of Ca®" on the interaction of NPs
and proteins.

Aggregation of NPs in the presence of each surfactant
protein, and changes in zeta potential and morphology were
measured. Particle size was measured by dynamic light
scattering (DLS; HPPS and Zetasizer Nano ZS, Malvern
Instruments, UK) depending on the particle size measured.
Zeta potential was measured using the Zetasizer Nano ZS
(Malvern Instruments, UK). All measurements were carried
out using reusable or disposable capillary cells (Malvern
Instruments, UK). Morphology of particle aggregates was
imaged by Environmental Scanning Electron Microscope
(ESEM).

Immunohistochemistry: co-localisation of SP-D at NP
surfaces

A549 cells (4 x 10°) were plated in 24-well plates in RPMI
supplemented with 10% FBS and 1% penicillin and strep-
tomycin. Following overnight incubation at 37°C 5% CO,
the cells were washed in serum-free RPMI and then incu-
bated for 1 h with 0, 1, 5, 10 or 25 cm?/ml of 200 nm amine-
modified polystyrene particles (Fluospheres, Invitrogen,
UK) and 0, 1, 5 or 10 pg/ml rfthSP-D. The cells were then
washed three times in PBS and then fixed for 1 h in 1%
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Table I. Nanoparticles used in the experiments.
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Particles Primary particle size (nm) Nominal particle size (nm) measured size d;, (nm) Density g/cm® RI
PS 81 100 81 1.05 1.59
231 200 231
465 500 465
A-PS 91 100 91
241 200 241
495 500 495
C-PS 85 100 85
215 200 215
489 500 489
200V 12 100 106 2.2 1.46
R816 12 100 106 2.2 1.46
400R 25 100 76 1.8 1.92

formaldehyde. The cell membranes were permeabilised
using 0.3% triton X-100 (Sigma, UK) before incubation
for 1 h at RT with a rabbit anti-rthSP-D antibody (1 in
1000 in 0.3% triton; Duvoix et al. 2011) and then for a further
hour with a Alexa488 anti-rabbit IgG antibody (Invitrogen,
UK). 4’,6-Diamidino-2-phenylindole (DAPL 1 in 1000
[Sigma, UK]) was used as a DNA counter stain. Fluorescent
micrographs were taken using a Zeiss Axiovert 200 M
microscope and Axiovision 4.7.1 software (Carl Zeiss
Imaging Solutions 2008).

Isolation of alveolar macrophages (AMs)

All procedures were performed under the authority of a UK
Home Office License in accordance with the UK animals
(Scientific Procedures) Act 1986, and after Local Ethical
approval by the University of Southampton. Mice were
kept under Specific Pathogen Free conditions with a 12 h
light and dark cycle with food and water ad libitum.
Alveolar macrophages (AMs) were isolated from C57Bl/6
and SP-D”" mice to compare their NP uptake. Mice were
sacrificed by CO, asphyxiation prior to cannulation of
the trachea with a fine bore cannula. Bronchoalveolar
lavage (BAL) was performed by instillation and withdrawal
of 3 x 1 ml PBS which was subsequently pooled. Cells were
collected by centrifugation at 230xg for 10 min; the cell
pellet was then resuspended in PBS with calcium chloride
(Sigma, UK). Differential cell counts on cytospin prepara-
tions after staining with Diff-Quick (Scientific Products,
McGaw Park, IL) confirmed that >95% of the cells were
macrophages.

Alveolar macrophage (AM) particle uptake assay

Amine or carboxylate-modified polystyrene latex micro-
spheres (Sigma, UK) were used to measure particle uptake
in alveolar macrophages (AMs). The microspheres were
nominally 100 nm or 500 nm, and were labelled with green
fluorescent dye (FITC; Sigma F7250) dissolved in carbonate
buffer (Sigma C3041; pH 9.6 1 mg/ml). The FITC was then
diluted 1 in 10 in nanopure water containing the particles
and incubated at room temperature for 1 h with rotation.
The particles were centrifuged for 10 min at 13,000xg and
washed two times with nanopure water. NPs were soni-
cated for 5 min prior to experimental use. AMs, isolated

from C57BL/6 and SP-D”" mice as described above were
washed and then incubated with particles (1:5, 25,000
cells:125,000 NPs) either alone or in combination with
NhSP-D (5 pg/ml) or bovine serum albumin (BSA)
(5 ug/ml). The cells were centrifuged at 300 x g for
10 min and washed three times with RPMI to remove
excess particles. The viability of cells was evaluated
by i) trypan blue exclusion after incubation with NPs
showing that more than 90% of cells were still viable
(data not shown) and ii) a clonogenic assay testing the
viability of RAW264.7 cells with and without the presence of
NPs (see supplementary data online). The cells were then
suspended in 100 pl RPMI with 500 pl cytofix (BD Biosci-
ence) with 0.4% trypan blue to quench extracellular fluo-
rescence, and analysed by fluorescence-activated cell
sorting (FACS).

Lung dendritic cells (LDCs) purification, quantification
and uptake assay
Mice were sacrificed by CO, asphyxiation and their pulmo-
nary cavities were opened. Blood was drained from the lungs
by cutting the renal vessels. Lungs were aseptically removed
and cut into small pieces in cold RPMI 1640. The dissected
tissue was then incubated in RPMI 1640 containing 0.7 mg/ml
Collagenase XI (Calbiochem) and 30 pug/ml DNase I (Sigma,
UK) at 37°C for 45 min. Enzyme action was stopped by
adding 10 ml colourless RPMI (cRPMI), and digested lungs
were further disrupted by gently pushing the tissue through
a 70-um cell strainer. Red blood cells were lysed with ACK
lysis buffer and were washed with PBS, BSA (1%w/v), before
labelling with MACS CD11c microbeads (Miltenyi Biotec),
according to the manufacturer’s instructions. After washing
again, CD11c" cells were collected using an AutoMACS
magnetic cell separator. Macrophages were removed by
plastic adherence through overnight incubation at 37°C,
5% CO,. Thereafter cells were washed with cRPMI and
used for studies, or cultured again for 7 days in cRPMI
with 10 ng/ml GMCSF, changing the medium every other
day. After isolating LDCs, the total number was counted
using a haemocytometer and cell viability was more than
99% when evaluated using trypan blue exclusion.
Differences in the endocytic capacity of LDCs from WT
versus SP-D”" mice, and the effect of adding NhSP-D on
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Figure 1. Protein size distributions of (a) rfhSP-D, 10 pg/ml and (b)
NhSP-D 10 pg/ml. Size distribution based on (®) light intensity, (O)
numbers are presented.

endocytosis were examined by incubating the DCs with
fluorescent beads, and subsequently analysing cells by flow
cytometry. LDCs were incubated with 1 um Fluospheres®
(Invitrogen, UK). In order to decrease nonspecific binding,
these particles have a high density of carboxylic acids on
their surface and are used to detect biotinylated probes.
A subset were pre-incubated with NhSP-D 10 ug/ml for
45 min before sonication, then added to cells with a particle

(a) 30
25 1

9 20+

=

% 15

c

2

£ 10
5,
O,
10 100 1000

Size [nm]

ratio of 1:50, at 37°C for 45 min. The assays were performed
in the absence or presence of 150 mM maltose. Cells were
then washed and external fluorescence was quenched with
trypan blue, prior to analysing by FACS.

FACS analysis

Both forward and side scatter threshold values were set to
200 to exclude free particles and cell debris from the anal-
yses. Under these settings, 10,000 cells were counted for each
sample. The cells that contained particles (FL-1 > ~50) were
counted through gating, and the gated regions are indicated
in the results figures.

Results

Characterisation of surfactant proteins in water

Protein size in nanopure water is summarised in Figure 1.
The crystallographic structure of rfhSP-D is reported
elsewhere (Shrive et al. 2003). Here, protein size mea-
sured by DLS is defined as ‘the size of a hypothetical hard
sphere that diffuses in the same fashion as that of the
particle being measured’. In practice, macromolecules in
solution are non-spherical, dynamic (tumbling), and
solvated, and the diameter is calculated from the diffu-
sional properties of the particle. The results therefore
indicate the apparent size of the dynamic hydrated/
solvated particle, hence the ‘hydrodynamic’ diameter.
SP-D proteins were poly-dispersed with the size range
from a few nm to 1000 nm; some big particles around
several micrometres exist (see solid symbols, i.e. size
distributions based on the measured intensity). Number
size distributions show that the majority of rfhSP-D
molecules ranged from 2 to 20 nm with median size
around 3 nm; NhSP-D ranged from 30 to 200 nm with
median size around 55 nm.

Interaction of surfactant proteins with NPs

Figure 2 shows particle size distributions of PS NPs (81 nm)
in very low concentrations of SP-D in water, up to 24 h.
Measured size was initially changed after mixing PS
particles with SP-D; no further size change occurred
with increased mixing time up to 24 h. Figure 3 shows
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Figure 2. Size distributions after mixing 81 nm PS particles (2.5 cm?/ml) and surfactants: (a) rfhSP-D (5 pug/ml) and (b) NhSP-D (5 pg/ml) in water.

Mixing time: (@) 0 min, (O) 10 min, (W) 240 min, (A) 1444 min.
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Figure 3. Morphology of NPs imaged using ESEM: 100 nm PS particles (2.5 cm?/ml) in (a) water, (b) tfhSP-D (5 ug/ml), and (c) NhSP-D (5 pg/ml).

the morphology of the aggregates in the mixture imaged by Table III shows the zeta potential of NPs and surfactant
ESEM. The other NPs have similar behaviour as PS as proteins in water before and after mixing. The original zeta
shown in Tables II and III, where size and zeta changes potential of each NP type before mixing is listed in the
are tabulated. second shaded column; the zeta potential of each protein

Table II. Size of particles (2.5 cm?/ml) before and after mixing with very low concentrations (5 ug/ml) of rfhSP-D or NhSP-D in water, Ad = d(t)-d(t = 0).

NPs in 5 g/ml rfhSP-D NPs in 5 g/ml NhSP-D
t (min) d, (nm) (Ad/d)% d; (nm) (Ad/d)%

PS 0 96.9 - 96.9 -
20 100.3 3.5 119.3 23.1
1440 111.2 14.8 139.8 44.3

A-PS 0 129.6 - 129.6 -
10 133.2 2.8 146.6 13.1
30 134.9 4.1 145.0 11.9

C-PS 0 86.3 - 86.3 -
10 89.9 4.2 95.7 10.9
1440 90.5 4.9 108.6 25.9

200V 0 175.2 - 175.2 -
22 171.7 -2.0 230.2 31.4
1200 183.0 4.5 198.9 13.5

R816 0 175.8 - 175.8 -
21 169.4 -3.6 206.7 17.6

1320 179.0 1.8 - -

CB 400R 0 117.3 - 117.3 -
22 132.2 12.7 127.4 8.6
480 - - 129.3 10.2

1320 147.7 25.9 - -
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Table III. Zeta potential of nominally 100 nm NPs (2.5 cm?/ml) and
proteins in water before mixing (shaded area). Zeta measurements of
each protein alone required concentrations of 15 jig/ml to increase the
measurement sensitivity. In NP-protein mixtures (non-shaded area),
protein concentrations are 5 ug/ml.

ZP (mV)
fhSP-D NhSP-D
Original ZP (mV) -10.4 -345
PS -38.5 -22.7 -39.8
A-PS -22.7 -20.5 -30.8
C-PS -41.9 -18.9 -36.1
200V -30.9 -16.2 -36.0
R816 -31.6 -19.8 -38.8
CB 400R -33.8 -18.5 -39.7

alone is shown in the third (shaded) row down. When
measuring the zeta potential of each protein, the concen-
tration of 15 pg/ml was used to increase the measurement
sensitivity. As can be seen, all protein and NP have negatively
charged surface (negative zeta potential). The data in the
unshaded middle of the table show the zeta potential of the
particle and protein mixtures. In the measurement,
the concentration of each particle is 2.5 cm?/ml both in
the mixture and itself in water. The protein concentration
was 5 ug/ml rfhSP-D and NhSP-D.

Ca”* effects on surfactant protein interactions with NPs
Calcium is considered a requirement for the correct folding
of the SP-D molecule and is essential for the lectin activity of
SP-D (Hékansson et al 1999). Figure 4 compares particle size
distributions after mixing PS particles with protein and
added CaCl, (2 mM): (a) rfhSP-D and (b) NhSP-D. Signif-
icant increases in particle size with time were observed,
especially in NhSP-D. Figure 5 shows the typical morphology
of an aggregate formed with rfhSP-D.

Toxicity and leaching of NPs

To ensure that the used NPs were not toxic towards the cells,
the viability of cells was evaluated using i) trypan blue after
incubation of NPs and cells and ii) a clonogenic assay with a
high concentration of NPs (5000 NPs/cell) in RAW264.7 cells.
Trypan blue exclusion showed that more than 90% of the
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cells were viable after incubation with NPs (data not shown)
and the clonogenic assay showed no statistical significant
difference (p = 0.514; t-test) in the number of colonies
formed after 1 h incubation with or without NPs (see
supplementary data Figure 1).

As the NPs used in the paper are coupled to a fluorescent
dye, we tested the NPs for leaching by incubating FITC
labelled 100 nm PS NPs in PBS with a pH 7.4 or pH
4.0 for 16 h at 37°C. This was done to mimic the conditions
of the extracellular and endosomal environments, respec-
tively. The NPs were pelleted and resuspended in fresh PBS.
The fluorescence of both the supernatant and the resus-
pended NPs was measured. The result showed only minimal
leaching of the fluorophore from the beads into the super-
natant (see supplementary data Figure 2).

Co-localisation of SP-D and NPs

Immunohistochemistry was conducted to determine
whether rfhSP-D co-localises with 200 nm amine-modified
particles in the A549 epithelial cell (Figure 6). rfhSP-D was
not detectable in the cells in the absence of particles;
increasing the concentration of particles resulted in a corre-
sponding increase in the amount of visible rfhSP-D. This was
particularly evident at the highest treatment combination
studied (10 pg/ml rfhSP-D with 25 cm®/ml of particles).
There was no unspecific binding of the secondary antibody
to the cells, particles or protein (data not shown).

Role of surfactant proteins in uptake of NPs by alveolar

macrophages (AMs)

Figure 7 shows the rate of NP/particle uptake by AMs
isolated from SP-D”" mice compared to control AMs
from wild types (WTs). WT AMs were more efficient at
taking up amine-modified (A-PS) NPs (>800 MFI) com-
pared to unmodified polystyrene NPs (<400 MFI). AMs
from SP-D”" mice showed reduced uptake of all NPs,
but appeared to favour the uptake of larger 500 nm A-
PS and PS NP particles over the 100 nm NPs, although this
was not statistically significant. AMs from WT mice showed
no increase in percentage uptake of 100 nm A-PS NPs in the
presence of NhSP-D compared to A-PS alone (p = 0.745;
one-way analysis of variance post hoc Fisher’s Least
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Figure 4. Size distributions after mixing PS particles (2.5 cm?/ml) in the presence of 2 mM Ca®* with (A) 5 ug/ml rfhSP-D and (B) 5 ug/ml NhSP-D.
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Figure 5. Morphology of mixture of PS 2.5 cm?/ml in water with
rfthSP-D 5 pg/ml and 2 mM CaCl,.

Significant Difference test) or A-PS with BSA (p = 0.906,
Figure 7I). However, in contrast AMs from SP-D”" mice
showed an increased percentage uptake in the presence of
NhSP-D (p = 0.005) while no increase was seen in the
presence of A-PS with BSA (p = 0.918) when compared
to A-PS alone (Figure 7J). Furthermore, the difference in
percentage uptake in A-PS with NhSP-D when compared to
A-PS with BSA was also found to be statistically significant
(p = 0.006, Figure 77).

SP-D effects on LDC endocytic capacity

Figure 8 illustrates that WT DCs took up 50% more particles
within the 45 min incubation period than SP-D”~ LDCs.
Furthermore, while addition of exogenous NhSP-D did not
significantly alter uptake of the particles by either SP-D”" or
WT LDCs, coating of the neutravidin particles with biotiny-
lated NhSP-D increased the efficiency of uptake several-fold.
BSA was used as a non-specific protein control for incuba-
tion with NPs to confirm that the effect was specific for SP-D.
This showed no statistical difference when compared to NPs
only (data not shown).

Dapi Particles

10 cm? particles/ml

25 cm? particles/ml
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Discussion

SP-D sequestration by particles and NPs promotes
aggregation

Considering the limitations of DLS-measured protein size
(a hypothetical hard sphere versus the linear structure of
NhSP-D), the measured size here and reported size in the
literature (NhSP-D 100 nm in length (Shrive et al. 2003; Salva-
dor-Morales et al. 2007)) were consistent. The changes in
particle and NP size distribution, zeta potential and morphol-
ogy characterised when SP-D was added showed a tendency of
NPs to aggregate in these polymers in a size- and surface-
dependent way; zeta potential changes were also observed that
suggested surface attachment of the protein. Particle aggrega-
tion was also observed with ESEM. At very low concentrations,
the interaction of rfhSP-D and NhSP-D with NPs were calcium-
dependent, which is consistent with the literature.

The presence of calcium increased the binding to the NPs
indicating that the CRD region of SP-D may be involved.
Calcium is required for the coordination of the amino acid
residues involved in the binding to carbohydrates as shown by
the crystal structure for human SP-A and SP-D, respectively
(Hakansson et al. 1999; Shrive et al. 2003; Head et al. 2003) and
is known to stabilise the trimeric structure of the CRD. The
distance between the binding sites of human SP-D has been
calculated to be 51 A (Hakansson et al. 1999). The NPs used
here are bigger than each of the trimeric units, which approx-
imately spans less than 10 nm in width (Hakansson et al. 1999;
Head et al. 2003). Therefore, each trimer will most likely
interact with only one NP and not be able to interact with
several NPs due to the small size of the trimeric cluster of CRDs
compared to the NPs. We propose a direct involvement of the
same amino acid residues as are involved in the binding of SP-
D to negatively charged hydroxyl groups on the surface of their
natural carbohydrate ligands in each individual CRD. Alterna-
tively, an electrostatic interaction between the charged amino
acid residues found on the surface of each trimeric unit made
up of the three individual CRDs may link to appropriate charge
on the surface of NPs. Both of these possibilities would be
promoted by the presence of calcium to stabilise the protein

rfhSP-D Overlay

Figure 6. Co-localisation of A549 DAPI stained nuclear material (blue), 200 nm amine particles (red, 10 and 25 cm?/ml) and recombinant fragment
of human SP-D (10 pg/ml rfhSP-D; green) following SP-D introduction to a stable ENP suspension.
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Figure 7. Flow cytometry results showing phagocytosis by AMs after 30 min incubation with 5x FITC labelled nanoparticles (NPs) to cells. a) 100 nm
polystyrene nanoparticles (PS) uptake by AMs isolated from C57BL/6 mice (light grey) and SP-D”~ mice (solid black line). Control cells were
incubated with non-labelled 100 nm PS (filled peak). b) 100 nm amine modified polystyrene NPs (A-PS) uptake by AMs isolated from C57BL/6 mice
(light grey) and SP-D”/~ mice (solid black line). Control cells were incubated with non-labelled NPs 100 nm A-PS (filled peak). c) 500 nm polystyrene
NPs (PS) uptake by macrophages isolated from C57BL/6 mice (light grey) and SP-D”~ mice (solid black line). Control cells were incubated with non-
labelled 500 nm PS (filled peak). d) 500 nm amine modified polystyrene NPs (A-PS) uptake by AMs isolated from C57BL/6 mice (light grey) and
SP-D”/~ mice (solid black line). Control cells were incubated with non-labelled NPs 500 nm A-PS (filled peak). ) Median fluorescence intensity
(MFI) of 100 nm PS uptake by AMs isolated from C57BL/6 and SP-D”"~ mice. The letters denote the groups of mice AMs were isolated from:
C = control (C57BL/6 WT mice with unlabelled NPs), W = WT, D = SP-D”’". f) Median fluorescence intensity of 100 nm A-PS uptake by AMs isolated
from C57BL/6 and SP-D”~ mice. g) Median fluorescence intensity of 500 nm A-PS uptake by AMs isolated from C57BL/6 and SP-D”/~ mice. h)
Median fluorescence intensity of 500 nm PS uptake by AMs isolated from C57BL/6 and SP-D”~ mice. i) Percentage uptake of AMs from WT mice
incubated with 100 nm A-PS NPs alone, A-PS with SP-D or A-PS with BSA. Mean + SEM and n = 3-5 per group. j) Percentage NP uptake of AMs from
SP-D”" mice incubated with 100 nm A-PS NPs alone, A-PS with and SP-D or A-PS with BSA. Mean + SEM and 7 = 3-5 per group.

trimers. In SP-D, a cluster of positively charged amino acid
residues is located in the pocket between the three CRDs in
the trimeric unit (Hdkansson et al. 1999) which might favour
NP interaction. The recombinant fragment of SP-D has only
been crystallised in the presence of calcium and so it is not
known if this cluster of positive amino acid residues is a
conformational effect induced by the presence of calcium or
if it is also present in the absence of calcium. Other methods
than used here are required to identify the directinteraction(s)
between NPs and SP-D, and the potential role of Ca" in
promoting self-aggregation of SP-D.

With calcium, adding NhSP-D resulted in larger aggregates
even though rfhSP-D caused the zeta potential to move closer

towards zero. The initial size change might be from the
mixing effect due to some self-aggregation of the proteins,
especially at high concentrations (see Figure 2) or possibly
very low levels of impurities. Almost constant particle size up
to 24 h implied that there was no obvious aggregation of PS
particles induced by the presence of SP-D without calcium.
Similarly in the ESEM images, all NPs/particles were attached
to each other possibly because of a drying effect.

Several authors report protein uptake and aggregation by
NPs in vitro (Kendall et al. 2002, 2004; Lynch 2008), but no-
one has related specific NP aggregation effects observed
in vitro with cellular NP uptake (Kendall et al. 2010b).
SP-D is an important regulator of innate immunity within
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Figure 8. NhSP-D enhances endocytosis of 1000 nm fluorescent particles by LDCs. (a) LDC uptake of fluorescent particles from SP-D”~ and WT
mice, measured by flow cytometry. Histograms of three independent experiments are shown above. Numbers below histograms indicate total
number of cells that have taken up beads (i.e. within the gated area) = SEM (*p < 0.05) within a 45-min period. (b) LDCs from SP-D”~ and WT mice
were incubated with uncoated particles (shaded area), or NhSP-D-coated beads in the presence of maltose (grey) or absence of maltose (black).
Representative histograms of three independent experiments are shown above.

the lung, binding and agglutinating or opsonising a plethora
of inhaled bacterial (Madan et al. 2001), viral (Hawgood et al.
2004) and fungal (Strong et al. 2002) pathogens to enhance
their removal from the system. It plays an important role in
modulating the inflammatory response and can prevent
adherence of foreign matter to cell surfaces (recently
reviewed by Orgeig and colleagues, 2010). In SP-D-deficient
mice, a failure of clearance mechanisms in the lungs leads to
chronic low grade inflammation, with increased numbers of
macrophages which display decreased phagocytic ability,
underlining the importance of SP-D in the regulation of
lung inflammation (Clark et al. 2002). SP-D may therefore
be important in particle and NP clearance in the lung, and
sequestration of the protein by NPs may hamper normal
lung collectin function and disrupt lung homeostasis.

Presence of SP-D enhances particle and NP uptake by AMs
AMs isolated from control mice showed enhanced uptake of
positively charged A-PS (100 and 500 nm) NPs compared to
unmodified PS NPs (p < 0.5). Double the amount of the
larger 500 nm A-PS were taken up compared to the 100 nm
A-PS NPs suggesting a preference for positively charged
larger NPs. Control AMs took up particles as follows:
500 A-PS > 100 A-PS > 100 PS > 500 A-PS.

Consistent with previous reports of impaired phagocytic
function in AMs from SP-D-deficient mice, these SP-D”~ AMs
were deficient in uptake of all NPs compared to control mice.
There were no significant differences in uptake of any particle

size or type by these AMs. SP-D”~ AMs took up particles as
follows: 500 A-PS > 500 PS > 100 PS > 100 A-PS, suggesting a
preference for the larger particles (non-significant).

Alveolar macrophages from the SP-A”" and SP-D”" pro-
duced very different results (data not shown) suggesting
different mechanisms of interaction with different types of
NPs in relation to each other and to the control AMs. Mice
deficient in SP-D have been reported to have lower levels of
SP-A proteins compared to control mice (Korfhagen et al.
1998) and these findings may suggest SP-A is important in
mediating responses to the larger 500 nm particles by AMs.

Since the SP-D was shown to change the surface and
aggregate properties of suspended NPs and localise at par-
ticle surfaces, we conclude that this is an important effect.
Particle size is the key parameter linked to translocation in
organisms presumably because small particles are less easily
cleared, may circulate more widely and may penetrate cells
more easily. They then present a foreign surface capable of
interfering with normal cell processes. Surface chemistry and
area appear to be secondary determinants via reduced
polymer attachment per unit surface area and thus evasion
of aggregation (Kendall et al. 2010a).

Presence of SP-D enhances endocytic activity of LDCs

LDCs are the major antigen-presenting cells, and thus are
essential for the generation of any immune response. The
aim of this part of the study was to isolate and charac-
terise LDCs from SP-D”" mice and to compare their
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interactions with NP with their wild-type counterparts. LDCs
isolated as described previously were phenotyped as
CD11c™ed/Migh cD11bM8", consistent with previous reports
(Gonzales-Juarrero et al. 2003; Hansen et al. 2007). They
were also negative for the monocyte marker CD14. Non-
adherent CD11c* LDCs constitute 1-2% of the total number
of cells in the lung. SP-D”~ mice were found to have a 95%
and 75% increase in the total number of cells/g lung
tissue and the number of non-adherent CD11lc* LDCs,
respectively, compared to WT mice (data not shown).

Using flow cytometry to measure uptake of fluorescent
particles, the endocytic capacity of LDCs from SP-D”" mice
was found to be approximately 50% lower than that of WT
LDCs (Figure 8). It is possible that inflammatory mediators
present in the lung environment of the SP-D”~ mice promote
the maturation of DCs that decrease their endocytic capacity,
although preliminary experiments indicate that there is no
difference in MHC class II, CD86 or CD40 expression on the
LDCs between SP-D”~ and WT mice (data not shown).

When particles were coated with NhSP-D, their uptake
was significantly increased into LDCs from both SP-D”~ and
WT mice (Figure 8). This enhancement in uptake was not
inhibited by maltose, suggesting that the interaction with the
cells was not dependent on lectin activity. These data fit a
model that has been proposed previously (Gardai et al. 2003)
whereby NhSP-D acts as an opsonin, binding to particles via
its CRDs (Lawson & Reid 2000; Wang et al. 1996) and
promoting cellular uptake via CRD-independent inter-
action with the cells. However these results indicate that
collectin-NP interaction is not a lectin-mediated interaction,
but one based on charge interactions.

The ability of SP-D to aggregate particles was key to this
uptake enhancement effect. Such an acellular preliminary
clearance process of NP was previously proposed (Kendall
etal. 2002, 2011). In LDCs, such an effect may influence antigen
uptake and processing, affecting T-cell proliferation and matu-
rity. If NPs were to be demonstrated to sequester significant
quantities of SP-D in vivo, this could have significant conse-
quences for the regulation of inflammation in the lung. This
mechanism may be relevant to the interpretation of the results
of Clement et al. (2008) and Zhang et al. (2009), in highlighting
the possible importance of host immune responses to nano-
particle challenge and also to the wealth of data related to
environmental NP effects (Gehr et al. 2006; Araujo & Nel 2009).
It also offers a mechanistic pathway to complement activation
in the cardiovascular system (Kang et al. 2010).

Conclusions

In summary this paper describes experiments that showed
SP-D adsorbed onto the particle surfaces, and altered zeta
potential. Microscopy of rthSP-D accumulating at NP
surfaces demonstrated sequestration of rfhSP-D from the
system, causing NP aggregation. The results also demon-
strated that the association of particles with rfhSP-D
resulted in enhanced cell association of both NPs and
protein. This adsorption may act to flocculate NPs, augment
the downstream particle effect or to modify the functionality
and bioavailability of the protein. Uptake studies illustrated

the role of SP-D in modulating LDC and AM uptake of
particles and NPs. Current evidence of insoluble NP toxicity
is suggestive of a host effect where biomolecule interactions
with NP surfaces or their physical impairment via surface
interactions may influence toxicity. SP-D has a vital role in
lung clearance of pathogens and we demonstrate a compa-
rable role for solid particle clearance. Future in vivo studies
focusing on the interaction between collectins, NPs and LDCs
will provide further insight into their roles in the inflamma-
tory response and innate immunity. The size and surface
chemistry dependence of SP-D-mediated uptake merits fur-
ther investigation.
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