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1. Introduction

Regulation of the innate immune system by
fragmented heparin-conjugated lipids on lipid
bilayered membranes in vitro¥

Anna Adler, be
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Surface modification with heparin is a powerful biomaterial coating strategy that protects against innate
immunity activation since heparin is a part of the proteoglycan heparan sulfate on cell surfaces in the
body. We studied the heparinization of cellular and material surfaces via lipid conjugation to a heparin-
binding peptide. In the present study, we synthesized fragmented heparin (fHep)-conjugated
phospholipids and studied their regulation of the innate immune system on a lipid bilayered surface
using liposomes. Liposomes have versatile applications, such as drug-delivery systems, due to their
ability to carry a wide range of molecules. Owing to their morphological similarity to cell membranes,
they can also be used to mimic a simple cell-membrane to study protein-lipid interactions. We investi-
gated the interaction of complement-regulators, factor H and C4b-binding protein (C4BP), as well as
the coagulation inhibitor antithrombin (AT), with fHep-lipids on the liposomal surface. Herein, we
studied the ability of fHep-lipids to recruit factor H, C4BP, and AT using a quartz crystal microbalance
with dissipation monitoring. With dynamic light scattering, we demonstrated that liposomes could be
modified with fHep-lipids and were stable up to 60 days at 4 °C. Using a capillary western blot-based
method (Wes), we showed that fHep-liposomes could recruit factor H in a model system using purified
proteins and assist in the degradation of the active complement protein C3b to iC3b. Furthermore, we
found that fHep-liposomes could recruit factor H and AT from human plasma. Therefore, the use of
fHep-lipids could be a potential coating for liposomes and cell surfaces to regulate the immune system
on the lipid surface.

to cell membranes, liposomes can be used as models of simple
cellular bilayered membranes. Therefore, liposomes are a use-

Liposomes are synthetic lipid vesicles which have been extensively
evaluated, for example to be used clinically as drug-delivery
systems. Therapeutic liposomes are generally composed of phos-
pholipids and cholesterol." Because of their structural similarity
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ful tool for studying lipid—protein interactions without inter-
ference from the complex surface morphology of biological cell
membranes.>?

Heparin is a linear polysaccharide belonging to the glycosa-
minoglycan family.* It is mainly composed of repeating units of
highly sulfated disaccharides.’> Heparin has been used for many
years to modify surfaces of medical devices, this to improve their
hemocompatibility by reducing surface-induced immune reac-
tions, such as thrombosis and inflammation since heparin can
regulate the coagulation and complement systems.® Recently,
cell-surface modification with heparin has also been used to
improve graft survival during cell transplantation. This approach
aims to mimic the cell-surface proteoglycan heparan sulfate,
glycocalyx.” The idea is that the heparin coating protects the cell
surface by mimicking the glycocalyx of the cell, since trans-
planted cells are damaged or destroyed due to hemoincompat-
ibility when they are infused into the bloodstream of the patient.
These issues have been reported in the clinical transplantation
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of pancreatic islets® and mesenchymal stem cells (MSCs).” Our
group found that cell destruction during the early stage of
transplantation was caused by innate immune action and
termed this phenomenon instant blood-mediated inflammatory
reaction (IBMIR) or thromboinflammation.'®™*?

Our group has studied heparinization on cellular and mate-
rial surfaces via lipid conjugation and heparin-binding peptides.
Recently, we reported a single-step heparin coating of the
cellular membrane using fragmented heparin (fHep)-conjugated
phospholipids.'* When human MSCs (hMSCs) are infused into
human blood, blood coagulation is activated due to tissue factor
from hMSCs, which can trigger complement activation, followed
by cell destruction. However, hMSCs coated with fHep-lipids
have been demonstrated to bind to the serine protease inhibitor
antithrombin (AT), which leads to reduced platelet aggregation
and coagulation when the fHep-coated hMSCs were incubated in
human whole blood ex vivo."™ AT is a 58 kDa glycoprotein
consisting of a single chain, and has a plasma concentration
of around 125 pg mL ™' in humans. As it can inhibit several
coagulation cascade enzymes, such as thrombin and factor Xa,
AT is one of the most important regulators of coagulation. The
activity of AT increases in the presence of heparin.™

Heparin is also known to bind to other proteins, such as the
fluid-phase complement-regulatory proteins factor H and C4b-
binding protein (C4BP).">'® Factor H is a 155 kDa plasma
protein with a concentration of approximately 500 pg mL ™" in
human plasma.'®'® Factor H is a major soluble complement
inhibitor of the alternative pathway (AP) and regulates the
pathway by binding to C3b, consequently inhibiting it from
forming an alternative C3-convertase (C3bBb). It also prevents
further complement activation by acting as a cofactor to factor I
to inactivate C3b to iC3b, and it accelerates the decay of the
AP C3 convertase.'® Factor H is composed of a single chain
of 20 complement-control protein (CCP) domains.>*>* Haque
et al. showed that factor H contains heparin-binding sites
in CCP 6-8, 19-20, and possibly a weaker binding site in CCP
11-13.>* The C3b-binding sites within factor H are in CCP
domains 1-4 and 19-20, with CCP1-4 having complement-
regulatory activity.”>*> C4BP is a 540 kDa protein present in
different forms in the plasma, with the main form consisting
of one B-chain (46 kDa) and 7 a-chains (72 kDa) linked together
by disulfide bonds and hydrophobic forces in a central
2072226 C4BP is present in human plasma at a concen-
tration of approximately 225 pg mL ™" and is the main fluid-
phase regulator of the classical and lectin complement
pathways.'® Therefore, it would be beneficial to use factor H
and C4BP in human plasma as autoregulators for the comple-
ment system via fHep-lipids on the modified membrane sur-
face, where factor H and C4BP are expected to interact with
fHep-lipids. The strategy of hijacking the regulatory comple-
ment proteins of the human body to a surface is one of the
strategies used by some bacteria to evade the immune
system.'®?”?8 Streptococcus pneumoniae, Haemophilus influen-
zae, and Toxoplasma gondii are examples of pathogens that use
this strategy to recruit host complement inhibitors to their
surfaces to evade the immune system.'®*%° Different factor H
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and C4BP recriuting-peptides have previously been used
as a means to augment the hemocompatibility of various
biomaterials.>**'~*?

In the present study, the ability of fHep-lipids to bind factor
H, C4BP, and AT was investigated in a model system with
purified proteins using a quartz crystal microbalance with
dissipation monitoring (QCM-D), which is often used for the
analysis of molecular interactions.* The liposomes were then
modified with fHep-lipids and characterized before being incu-
bated in pure factor H to investigate whether surface-bound
factor H could help cleave C3b to iC3b. fHep-lipid-modified
liposomes were also incubated in human EDTA plasma to study
whether factor H and AT could be recruited onto the surface.
We aimed to determine whether coating with fHep-lipids can
function with anticoagulant activity and/or complement activity
in vitro.

2. Materials and methods
2.1 Synthesis of heparin-conjugated lipids

Heparin-conjugated lipids were synthesized as described by
Asawa et al.™® In short, unfractionated heparin was mixed with
a solution of sulfuric acid and sodium nitrate to fragment the
heparin. The pH was adjusted to 7.0 and the fHep solution was
dialyzed against MQ-H,O. Next, the fHep solution was lyophilized.
Maleimide-PEG-lipids were prepared by mixing N-hydroxy-
succinimide-PEG-maleimide, triethylamine and 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine (DPPE) in dichloromethane.
Maleimide-PEG-lipids were obtained after precipitation with
diethyl ether.® After, a linker consisting of cysteine (C) and
different numbers of lysines (K) were conjugated to the malei-
mide-PEG-lipids via the thiol-maleimide Michael addition reac-
tion. The different peptide linkers used in this study were C, K1C,
K2C, K4C and K8C, which introduced 1, 2, 3, 5 or 9 amine groups.
The available amine groups on the KnC-lipids allowed for con-
jugation to an aldehyde group on fHep via Schiff base chemistry,
followed by reduction by sodium cyanoborohydride (NaCNBHj;).*®
Succinic anhydride was then added to the fHep-lipids, converting
any unreacted amine groups into carboxylic groups. The fHep-
lipid solutions were then purified using spin columns, lyophi-
lized, and the obtained fHep-lipid powder was stored at —20 °C
until use (Fig. 1A-C). The following lipids were used in this study:
fHep-C-lipids (10 kDa), fHep-K1C-lipids (17 kDa), fHep-K2C-lipids
(23 kDa), fHep-K4C-lipids (34 kDa), and fHep-K8C-lipids (56 kDa).
N-(Methyl polyoxyethylene oxycarbonyl)-1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine (MeO-polyethylene glycol (PEG)5k-lipids,
NOF Corporation, Tokyo, Japan) (5.7 kDa) was used as a control
(Fig. 1D).

2.2 Evaluation of factor H, C4BP, and AT binding to heparin-
conjugated lipids using QCM-D

The ability of heparin-conjugated lipids to bind complement-
regulators, factor H and C4BP, as well as AT, was analyzed using
QCM-D (QSense Pro, Biolin Scientific, Gothenburg, Sweden).
Briefly, gold-plated quartz crystals (Q-sense QSX 301 Au, Biolin

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Overview of fHep-lipid synthesis. (A) Unfractionated heparin is treated with HNO, to fragment the heparin. (B) A linker with different numbers
(n=0,1 2 4, 8) of lysine (K) and one cysteine (C), KnC, is conjugated to a maleimide-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE)-
PEG5k-lipid via the thiol-maleimide Michael addition click reaction. (C) The fragmented heparin is then conjugated to the KnC-lipid via the available
amine groups on the KnC-lipids. The amine groups allow for conjugation to an aldehyde group on fragmented heparin via Schiff chemistry, followed by
reduction by sodium cyanoborohydride (NaCNBH?s). (D) Illustration of the lipids used in this study.

Scientific AB), which were cleaned by ozone irradiation, were
incubated in 2 mM 1-dodecanethiol (Sigma-Aldrich, St. Louis,
MO, USA) diluted in 99.9% ethanol at room temperature (20—
25 °C) for 24 h to prepare a hydrophobic Cy,-self-assembled
monolayer (SAM) surface. The sensor was rinsed with ethanol
and dried with nitrogen gas to ensure the complete removal of
ethanol from the sensor surfaces before use. All QCM-D experi-
ments were performed in triplicate and were carried out at
22 °C. Phosphate-buffered saline (PBS, tablets, 0.14 M NaCl,
2.7 mM KCl, 10 mM phosphate buffer, pH 7.4, Medicago AB,
Uppsala, Sweden) was used as the running buffer for priming
and rinsing the sensors. The sensors were rinsed for 5 min
before, between, and after sample addition. The flow rate was
set to 20 pL, min~ " for the injection of all samples, as well as for
rinsing with running buffer. As the adsorbed protein layer is
rigid (AD < 1), the Sauerbrey equation®” was used to calculate
the mass of the proteins bound to the sensor surfaces using the
resonance frequency change (Af) at the 7th overtone. However,
to accurately quantify the mass of adsorbed lipids to the sensor
surface, a visco-elastic model should preferably be used as
AD > 1, which indicates that the lipid layer is well hydrated
with water molecules. Thus, the adsorbed water molecules
result in a lower Af, and if they are not accounted, it will result
in an inaccurate estimation of the calculated lipid mass. In this
study, we did not calculate the mass of the lipids, and only the

This journal is © The Royal Society of Chemistry 2023

mass of the proteins (AD < 1) adsorbed to the lipid layer was
estimated using Sauerbrey’s model.

We analyzed factor H-binding to fHep-C-, fHep-K1C-, fHep-
K2C-, fHep-K4C-, fHep-K8C-, and MeO-PEG-lipids as follows:
5 min rinsing with PBS, 30 min rinsing with 0.1 mg mL™*
fHep-/MeO-PEG-lipid in PBS, 5 min rinsing with PBS, 30 min
rinsing with 1 mg mL™" bovine serum albumin (BSA, A4503,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany), 5 min
rinsing with PBS, 30 min rinsing with 50 pg mL~' human
factor H, purified in-house according to Hammer et al.,*® and,
lastly, 10 min rinsing with PBS.

We also analyzed C4BP-binding to fHep-C-, fHep-K1C-,
fHep-K2C-, fHep-K4C-, fHep-K8C-, and MeO-PEG-lipids as fol-
lows: 5 min rinsing with PBS, 30 min rinsing with 0.1 mg mL "
fHep-/MeO-PEG-lipid in PBS, 5 min rinsing with PBS, 30 min
rinsing with 1 mg mL ™" BSA (Sigma-Aldrich Chemie GmbH),
5 min rinsing with PBS, 30 min rinsing with 10 ug mL~" human
C4BP (A109, Complement Technology, Tyler, TX, USA), and,
lastly, 10 min rinsing with PBS.

In addition, we studied the binding capacities of human
factor H and AT to fHep-lipids. Human AT (0.5 g of human AT
with an activity of 1000 IU [Baxter AG, Vienna, Austria]) was
prepared by separation from human serum albumin using a
Heparin-Sepharose column (Pharmacia Biotech, Uppsala,
Sweden).*® A solution of 25 pg mL ™" human factor H in PBS,
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followed by 25 pug mL™' human AT in PBS was flowed over
different molar ratios (0:100, 25:75, 50:50, 75:25, and 100: 0
fHep-lipid : MeO-PEG-lipid) of fHep-K1C-lipid : MeO-PEG-lipids
and fHep-K8C-lipid : MeO-PEG-lipids. The QCM-D program was
set as follows: 5 min rinsing with PBS, 30 min rinsing with
fHep-lipid:MeO-PEG-lipid in different molar ratios in PBS,
5 min rinsing with PBS, 30 min rinsing with 1 mg mL™~" BSA
(Sigma-Aldrich Chemie GmbH), 5 min rinsing with PBS, 30 min
rinsing with human factor H, 5 min rinsing with PBS, 30 min
rinsing with human AT, and, finally, 10 min rinsing with PBS.
A similar setup was also used as a control for 25 g mL™" AT
binding to 0.1 mg mL ™" fHep-K1C-lipid, fHep-K8C-lipid, and
MeO-PEG-lipid, with the exception that the factor H step was
removed and different molar ratios of the lipids were not used.

2.3 Liposome preparation

Liposomes containing 60 mol% 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC, Avanti Polar Lipids Inc., Alabaster,
AL, USA) and 40 mol% cholesterol (Sigma-Aldrich Chemie
GmbH) were prepared using the thin-film hydration method,
followed by manual extrusion. DPPC (10 mg) and cholesterol
(3.5 mg) were dissolved in 99.9% ethanol solution (final
volume, 1.35 mL). A rotary evaporator was used to evaporate
ethanol and form a uniform lipid film. The lipid films were
dried in vacuo for 24 h at 25 °C to ensure the complete removal
of ethanol. The resulting lipid film was hydrated in MQ-H,O
(1 mL) using a magnetic stirrer for 2 h at room temperature, and
the liposome suspension was extruded through polycarbonate
membranes (pore sizes: 1000, 400, and 200 nm; Nuclepore™
Track-Etched Membrane; Whatman™, Cytiva, Buckinghamshire,
UK) using an Avanti Mini Extruder (Avanti Polar Lipids). The
lipid suspension was passed through each filter 21 times.
Dynamic light scattering (DLS, Zetasizer Pro, Malvern Panalyti-
cal, Worcestershire, UK) was used to characterize the liposomes
(see Section 2.5). The total cholesterol concentration in the
liposome solutions was determined using a chromogenic cho-
lesterol kit (LabAssay™ Cholesterol, FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan) according to the manufac-
turer’s instructions, with the exception that the liposomes and
cholesterol standard were diluted in 1 part sample in 1 part 20%
sodium dodecyl sulfate solution (SDS, VWR Chemicals, Ohio,
USA) and heated up at 95 °C for 15 min for solubilization. A total
of 100 pL of the suspension was added to a 96-well microtiter
plate, and the absorbance was measured at 600 nm (CLARIOstar
Plus, BMG Labtech, Ortenberg, Germany).

2.4 Modification of liposomes with fHep-lipids

To modify the surface of the liposomes with fHep-K8C-lipid or
MeO-PEG-lipids, a solution of fHep-lipids was mixed with the
liposomes. The liposome suspension (500 pL, [cholesterol] =
2.8 mg mL ') was pelleted by ultracentrifugation (Beckman,
Optima™ LE-80 K Ultracentrifuge with the Type 70.1 Ti rotor,
Beckman Coulter, Bromma, Sweden) at 100000 x g for 60 min
at 4 °C. The liposome pellet was resuspended in 500 pL of
1 mg mL~" fHep-K8C-lipid in PBS or 1 mg mL ™" MeO-PEG-lipid
in PBS as a control. The resultant mixed liposome suspension
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was incubated overnight at 37 °C at 20 rpm on a rotary wheel,
and the unincorporated lipids were removed by ultracentrifu-
gation at 100 000 x g for 60 min at 4 °C. The liposome pellet was
resuspended in 500 pL PBS and stored at 4 °C. The liposomes
were characterized using DLS before and after modification
(see Section 2.5).

2.5 Characterization and long-term stability of modified
liposomes

The average particle size, polydispersity index (PDI), and zeta
potential of the modified liposomes were determined using
DLS (Zetasizer Pro, Malvern Panalytical). The modified lipo-
somes were stored in PBS at 4 °C, and analyzed by monitoring the
size, PDI, and zeta potential over a long-term period (90 days).
All liposome samples (10 pL) were diluted in 1 mM NaCl aqueous
solution (990 pL) before measurement. All measurements were
performed at 25 °C. Data were analyzed using Malvern ZS Xplorer
(version 2.1.1.1) software.

2.6 Functional assay of modified liposomes using factor H,
factor I, and C3b

To examine the interaction of fHep-lipid-modified liposomes with
purified human factor H, the MeO-PEG-lipid- and fHep-K8C-lipid-
modified liposome suspension (100 pL, [cholesterol] = 1 mg mL "
in PBS) was incubated with factor H (100 pL, [factor H] =
100 pg mL™' in PBS, A137, Complement Technology) for
60 min at 37 °C on a rotary wheel at 20 rpm. As a negative
control, a solution of factor H mixed with 100 uL PBS without
liposomes was used, and treated identically as the liposome-
containing samples. Thereafter, the resultant solution was
transferred into OptiSeal™ centrifuge tubes (8.9 mL, Beckman
Coulter) for ultracentrifugation at 100 000 x g for 60 min at 4 °C
(Optima™ LE-80 K Ultracentrifuge with the Type 70.1 Ti rotor,
Beckman Coulter) to remove unbound factor H. The pellet was
resuspended into PBS (100 pL), and 15 pL of the sample was
stored at —80 °C for further analysis of factor H using Wes
(see Section 2.9). The remaining sample (85 pL) was incubated
in a mixture solution (85 uL) of C3b (300 pg mL ™" in PBS, A114,
Complement Technology) and factor I (40 ug mL™" in PBS,
A138, Complement Technology) for 15 min at 37 °C (final
concentration: [C3b] = 150 pg mL ™", [factor I] = 20 pg mL ).
As a positive control, the interaction of fluid-phase factor H
with C3b and factor I was analyzed; a mixed solution of factor H
(50 ug mL "), C3b (150 ug mL ™), and factor I (20 pg mL™ ") in
PBS (170 pL) was used. The reaction was stopped by diluting
each sample (10 pL) in 0.1 x Wes Sample buffer (10 pL,
ProteinSimple, Santa Clara, California, USA) and then heating
it up at 95 °C for 5 min. The samples were then stored at —80 °C
for Wes analysis for iC3b generation (see Section 2.9).
The experiment was repeated thrice using three different lipo-
some batches.

We also examined if the concentration of factor I affected
iC3b generation. Here, 300 pL of fHep-K8C-/MeO-PEG-lipid-
modified liposomes in PBS with [cholesterol] = 1.0 mg mL ™"
were incubated in a final concentration of 50 ug mL~" factor H
(total volume 500 pL) for 60 min at 37 °C on a rotary wheel at

This journal is © The Royal Society of Chemistry 2023
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20 rpm. As a negative control, a solution of 50 pg mL™~" factor H
mixed with PBS (final volume 500 pL) without liposomes was
used and treated identically as the liposome-containing samples.
Thereafter, the resultant solution was transferred into OptiSeal™
centrifuge tubes (8.9 mL, Beckman Coulter) for ultracentrifugation
at 100000 x g for 60 min at 4 °C (Optima™ LE-80 K Ultracentrifuge
with the Type 70.1 Ti rotor, Beckman Coulter) to remove unbound
factor H. The pellet was resuspended into PBS (300 pL), and 15 pL
of the sample was stored at —80 °C for further analysis of factor H
using Wes (see Section 2.9). The liposomes were split into three
different tubes (85 pL per tube) and were incubated in a mixture
solution (85 uL) of C3b (150 ug mL™" in PBS, A114, Complement
Technology) and factor I (10/1/0.1 pg mL™" in PBS, A138, Comple-
ment Technology) for 15 min at 37 °C (final concentration: [C3b] =
75 pg mL~, [factor I] = 5/0.5/0.05 pg mL ™). As a positive control,
the interaction of fluid-phase factor H with C3b and factor I
was analyzed; a mixed solution of factor H (50 ug mL™"), C3b
(75 ng mL™"), and factor I (5/0.5/0.05 pug mL™") in PBS (final
volume 170 pL) was used. The samples were then stored at —80 °C
for Wes analysis for iC3b generation (see Section 2.9).

2.7 Blood collection

Human blood from three healthy donors was collected in EDTA
Vacuette®™ tubes (Greiner Bio-One GmbH, Kremsmiinster, Austria).
Donors had not received any medication in the past ten days.
Ethical approval was obtained from the regional ethics board
(Uppsala diary number 2008/264). For EDTA plasma preparation,
the blood was centrifuged at 2500 x g for 15 min at room
temperature and the supernatant (plasma) was collected and stored
at —80 °C until use.

2.8 Incubation of modified liposomes in human EDTA plasma

fHep-K8C-/MeO-PEG-lipid-modified liposomes were incubated
in human EDTA plasma to investigate whether the liposomes
could interact with factor H and AT in the plasma. fHep-
K8C-/MeO-PEG-liposomes (100 pL in PBS, [cholesterol] =
1.4 mg mL ") were incubated in human EDTA plasma (400 uL)
for 60 min at 37 °C on a rotary wheel at 20 rpm. PBS without
liposomes (100 pL) in EDTA plasma (400 pL) was used as a
negative control and treated in the same manner as the
liposome-containing samples. The liposomes were separated
from the unbound plasma proteins by ultracentrifugation. The
resultant plasma was transferred into OptiSeal™ centrifuge
tubes for ultracentrifugation at 100000 x g for 60 min at 4 °C
(Optima™ LE-80 K Ultracentrifuge with the Type 70.1 Ti rotor,
Beckman Coulter). This washing step was repeated thrice. The
supernatant was removed by decantation, and the liposome
pellet was resuspended in PBS to a final volume of 100 uL and
stored in the —80 °C freezer until analysis. The experiment was
repeated thrice using plasma from three different donors.

2.9 Analysis of factor H and AT recruitment onto the
liposomes and iC3b generation

We performed immunoassays using Wes (ProteinSimple,
Santa Clara, California, USA) to study the binding of factor
H to the modified liposomes incubated in factor H solution, as

This journal is © The Royal Society of Chemistry 2023
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described in Section 2.6. Goat anti-human factor H (4 ug mL™ ",
AF4779, R&D Systems, Minneapolis, MN, USA) was used as the
primary antibody together with the Wes goat detection module
(DM-006, ProteinSimple). The samples were diluted 1/5 in 0.1 x
Wes sample buffer. Factor H (0.31 pg mL~" in PBS) was used as
a positive control.

We also studied whether recruited factor H could work as a
cofactor in cleaving C3b to iC3b in the presence of factor I using
the prepared samples described in Section 2.8. A polyclonal
rabbit anti-human C3c antibody (Q0368, Dako, Glostrup, Den-
mark) diluted 1/100 was used as the primary antibody, together
with the Wes rabbit detection module (DM-001, ProteinSimple).
The samples were diluted 1/10 in 0.1 x Wes sample buffer, and
for the factor I titration experiment, the samples were diluted
1/5 in 0.1 x Wes sample buffer. Purified factor H, factor I, and
C3b (A137, A138, A114, Complement Technology) were used as
controls, which were diluted in 0.1 x Wes sample buffer to a
final concentration of 10 pg mL™~". Native C3 was purified from
plasma according to Hammer et al.,*® and iC3b, produced as
described by Ekdahl et al. by incubating C3b with factor I with
factor H as a cofactor,”® was used as a control. All controls were
diluted to a final concentration of 10 pg mL~'. We investigated
the binding of factor H to liposomes incubated in human EDTA
plasma using a goat detection module (DM-006, ProteinSimple)
and a goat anti-human factor H antibody (4 ug mL~", AF4779,
RnD) as the primary antibody. A standard curve of human
factor H (A137, Complement Technology) ranging from 2.5
to 0.16 pg mL~ ' was made to calculate the concentration
of factor H in the samples. Liposome samples were diluted 1/3.
To investigate AT binding to liposomes incubated in EDTA
plasma, we used the Wes anti-rabbit detection module (DM-001,
ProteinSimple) together with the primary rabbit anti-human AT III
antibody (A-9522, Sigma Chemical Company, St. Louis, MO, USA)
diluted 1/1000. Human AT (10 pg mL~'; Baxter AG) was used as a
positive control. The liposome samples were diluted to 1/5.

All Wes analyses were performed according to standard
settings, and the samples were prepared according to the
manufacturer’s protocol under reducing conditions with DTT.
The Wes EZ Standard pack 1 (molecular weight spans: 12-230 kDa,
PS-STO1EZ, ProteinSimple) was used for all analyses. All sam-
ples and controls were diluted in 0.1 x Wes sample buffer, and
the primary antibodies were diluted in Wes antibody diluent 2.
The samples were analyzed using Compass software (version
4.0.0), and a 4PL fit was used for the standard curve.

2.10 Statistical analysis

All experiments were repeated at least three times, except for
the DLS data of the liposomes before and after modification
with fHep-K8C-lipids. All data were analyzed using GraphPad
Prism 9 for Mac OS version 9.4.1 (GraphPad Software, La
Jolla, CA, USA). Data are presented as mean values + SD or
as representative images. Statistical calculations for the
QCM-D experiments were performed using a one-way ANOVA,
followed by Tukey’s multiple comparison test. For the Wes
data, statistical calculations were performed using the Wil-
coxon matched-pairs signed-rank test. The calculated p-values
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were defined as follows: *p < 0.05, **p < 0.001, ***p < 0.001,
and ***p < 0.0001.

3. Results

3.1 Evaluation of the interaction of factor H and C4BP with
different fHep-lipids

Heparin-conjugated lipids, fHep-C-lipid, fHep-K1C-lipid, fHep-
K2C-lipid, fHep-K4C-lipid, and fHep-K8C-lipid (Fig. 1A-C), were
synthesized as described previously.'* We analyzed the inter-
action of fHep-lipids with factor H or C4BP using QCM-D
(Fig. 2), where hydrophobic C;,-SAM coated gold sensors were
used for the immobilization of fHep-lipids."*> The QCM-D
analysis revealed that the fHep-lipids recruited more factor H,
as evident from the factor H binding values; fHep-C-lipid 30.6 +
30.6 ng cm >, fHep-K1C-lipid 58.3 + 41.8 ng cm >, fHep-K2C-
lipid 80.8 + 27.2 ng cm ™2, fHep-K4C-lipid 85.1 & 25.6 ng cm ™2,
and fHep-K8C-lipid 140.8 & 17.2 ng cm ™2, whereas little factor
H was bound to MeO-PEG-lipid (8.4 + 6.8 ng cm ™ ?) (Fig. 2A-C).
More factor H bound to fHep-lipids, with an increase in the
number of conjugated fHep molecules/chains compared to
MeO-PEG-lipids (p-value = 0.0419). fHep-K8C-lipids bound
more factor H than MeO-PEG-lipids (p-value = 0.0007) or
fHep-C-lipids (p-value = 0.0270). Representative complete sen-
sorgrams of factor H binding to MeO-PEG-lipids, fHep-C-lipid,
fHep-K1C-lipid, fHep-K2C-lipid, fHep-K4C-lipid, and fHep-K8C-
lipids are shown in Fig. S1A-F and S2A-F (ESIt). When analyz-
ing the binding of C4BP to fHep-lipids by QCM-D, more C4BP
bound to fHep-K8C-lipid (72.8 + 31.3 ng cm™ ?), which was
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significantly higher than the amount of C4BP bound to MeO-
PEG-lipid (2.1 + 3.6 ng cm %) (p-value = 0.0169) (Fig. 2D-F).
Conversely, little binding of C4BP was observed onto
other fHep-lipids-immobilized surfaces (fHep-C-lipid 19.3 +
12.0 ng cm ™2, fHep-K1C-lipid 28.7 + 30.4 ng cm ™2, fHep-K2C-
lipid 25.2 + 22.4 ng cm 2, and fHep-K4C-lipid 22.9 =+
15.6 ng cm ). Representative complete sensorgrams of the
binding of C4BP to MeO-PEG-lipids, fHep-C-lipid, fHep-K1C-
lipid, fHep-K2C-lipid, fHep-K4C-lipid, and fHep-K8C-lipids are
shown in Fig. S3A-F and S4A-F (ESIt). These results suggested
that fragmented heparin conjugated to lipids retains both
factor H- and C4BP-binding sites. The more heparin chains
conjugated to the lipids, the more factor H and C4BP were
bound, as demonstrated by the fact that fHep-K8C-lipids
recruited the most factor H and C4BP in the QCM-D experi-
ments. We also found similar results when we studied AT
binding to fHep-lipids using QCM-D, where more AT was
recruited to fHep-lipids with an increasing number of fragmen-
ted heparin chains.'® The fHep-K8C-lipid bound the most to
factor H and C4BP, indicating that there were more binding
sites available. However, even though fHep-K8C-lipids had
almost double the number of fHep-chains conjugated to lipids,
they did not recruit twice as much factor H as fHep-K4C-lipids
(Fig. 2C). Presumably, not all binding sites were fully accessible
because of the high density of heparin at the end of the lipid.
For the binding of C4BP to heparin, the correlation with the
heparin numbers is non-linear, as shown in Fig. 2F. Blom et al.
characterized the heparin-binding site at C4BP with a cluster of
four positively charged amino acids (Arg39, Arg64, Lys63, and
Arg66). Only fHep-K8C-lipid provided a sufficiently high density
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Fig. 2 QCM-D analysis of interaction with purified factor H and C4BP. (A)-(C) Analysis of interaction between MeO-PEG-lipid or fragmented-heparin-
conjugated lipids (fHep-lipids) with 50 pg mL~? complement-regulator factor H. BSA (1 mg mL~%) was used for blocking unspecific binding to the sensors.
Representative sensorgrams of: (A) MeO-PEG-lipid, (B) fHep-K8C-lipid. (C) Quantification of the amount of bound factor H to each of the lipids. (D)-(F)
QCM-D analysis of interaction between 0.1 mg mL™* MeO-PEG-lipid or fHep-lipids and 10 pg mL~* complement-regulator C4b-binding protein (C4BP).
Representative sensorgrams of: (D) MeO-PEG-lipid, (E) fHep-K8C-lipid. (F) Quantification of the amount of bound C4BP to each of the lipids. For all
experiments, n = 3. The washing steps with PBS are indicated by an asterisk (*). The sensorgrams show the resonance frequency change (Af) and the

change in dissipation (AD) at the 7th overtone.
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Fig. 3 QCM-D analysis of interaction with purified factor H and AT. Analysis of different ratios of fragmented-heparin-conjugated lipids (fHep-
lipids) : MeO-PEG-lipids (0:100, 25:75, 50: 50, 75 : 25, and 100 : 0), followed by flowing of 25 pg mL~* factor H and then 25 pg mL~* antithrombin (AT). (A)
Quantification of the amount of factor H bound to different ratios of fHep-K1C-lipid : MeO-PEG-lipid, (B) quantification of the amount of AT bound to
different ratios of fHep-K1C-lipid : MeO-PEG-lipid, (C) summary of the amount of factor H and AT bound to different ratios of fHep-K1C-lipid : MeO-
PEG-lipid, (D) quantification of the amount of factor H bound to different ratios of fHep-K8C-lipid : MeO-PEG-lipid, (E) quantification of the amount of AT
bound to different ratios of fHep-K8C-lipid : MeO-PEG-lipid, and (F) summary of the amount of factor H and AT bound to different ratios of fHep-K8C-
lipid : MeO-PEG-lipid. For all experiments, n = 3. (G) Illustration of factor H (green) and AT binding (orange) to different ratios of fHep-KnC-lipids : MeO-

PEG-lipids (0:100, 25:75, 50:50, 75:25, and 100:0).

of heparin charges to enable complete binding, which was not
achieved for KnC with n = 0-4, which led to incomplete binding
of C4BP."

3.2 Influence of MeO-PEG-lipids on the interaction of fHep-
lipids with factor H and AT

We tested different ratios of fHep-lipids:MeO-PEG-lipids to
investigate whether the surface density of fHep-lipids affected
the binding of purified factor H and AT and whether factor H
and AT could compete for the same binding site in fHep-lipids
(Fig. 3). Herein, we mixed fHep-lipids with MeO-PEG5k-lipids,
which had the same phospholipid and PEG molecular weight
(5 kDa) but a non-functional methoxy group as the end group of the
PEG chain. We focused on fHep-K1C-lipid and fHep-K8C-lipid in
the present study because it would be easier to understand the
reactions by comparing higher and lower numbers of conjugated
heparin lipids. We used a mixture of fHep-K1C-lipid/fHep-K8C-lipid
and MeO-PEG-lipids with different molar ratios (0:100, 25:75,
50:50, 75:25, and 100:0 fHep-lipid : MeO-PEG-lipid) for QCM-D
analysis, and the biniding of factor H, followed by AT was analyzed.
Binding of AT to lipids without factor H is shown in Fig. S5 (ESIT).

3.2.1 Different ratios of fHep-K1C-lipids : MeO-PEG-lipids.
The binding of purified factor H to fHep-K1C-lipid : MeO-PEG-

This journal is © The Royal Society of Chemistry 2023

lipid at different molar ratios was analyzed (Fig. 3A). There was
more binding of factor H to fHep-K1C-lipid : MeO-PEG-lipid
with a molar ratio of 75:25 (39.3 £ 8.5 ng cm ?) when
compared to molar ratios of 0:100 (p-value = 0.0051) and
50:50 (p-value = 0.0057). More factor H was also bound to
fHep-K1C-lipid : MeO-PEG-lipid with a molar ratio of 100:0
(40.5 + 3.7 ng cm %) when compared to molar ratios of
0:100 (p-value = 0.0041) and 50:50 (p-value = 0.0045). Con-
versely, low binding of factor H was observed for fHep-K1C-
lipid : MeO-PEG-lipid with ratios of 0:100 (7.0 + 6.0 ng cm™?),
25:75 (21.7 + 12.1 ng em™ %), and 50:50 (7.4 = 8.7 ng cm ™ 2).
Therefore, almost the same amount of factor H was bound to
fHep-K1C-lipid : MeO-PEG-lipid at molar ratios of 75:25 and
100: 0. The representative complete sensorgrams are shown in
Fig. S6A-E and S7A-E (ESIT). For the binding of AT after the
flowing of factor H to different molar ratios of fHep-K1C-
lipid : MeO-PEG-lipid, a significant increase in AT binding
was observed at molar ratios of 25:75 (32.7 + 13.0 ng cm™?)
(p-value = 0.0243 when compared to a molar ratio of 0:100),
50:50 (42.8 & 7.2 ng cm™?) (p-value = 0.0026 when compared
to a molar ratio of 0:100), and 75:25 (39.1 £+ 7.9 ng cm?)
(p-value = 0.0058 when compared to a molar ratio of 0:100)
(Fig. 3B and C).
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Fig. 4 DLS analysis of modified liposomes. Analysis of liposomes before modification (black) and after modification with MeO-PEG-lipid (blue) or fHep-
K8C-lipid (red) in 1 mM NaCl aqueous solution by measuring (A) size, (B) polydispersity index (PDI) and (C) zeta potential (n = 4). Long-term stability test
(90 days) of liposomes modified with MeO-PEG-lipid and fHep-K8C-lipid stored in PBS at 4 °C. (D) Size, (E) PDI and (F) zeta potential (n = 4).

3.2.2 Different ratios of fHep-K8C-lipids : MeO-PEG-lipids.
There was a tendency that the binding of purified factor H
increased with an increase of the ratio of fHep-K8C-lipid, and
the binding of factor H significantly increased to fHep-K8C-
lipid : MeO-PEG-lipid with a molar ratio of 100:0 (61.9 +
20.8 ng cm ™ ?) when compared to a molar ratio of 0:100 (7.2
+ 6.2 ng cm %) (p-value = 0.0079) (Fig. 3D). No significant
difference in factor H binding was observed among the molar
ratios of 0:100, 25:75, 50:50, and 75:25. The binding of
purified AT following the flowing of factor H, a significant
increase in AT-binding was observed at the molar ratio of 50: 50
(39.6 + 23.5 ng cm %) when compared to a molar ratio of 0: 100
(p-value = 0.0389) (Fig. 3E and F). Although there was no
significant difference between the molar ratio of 50:50 and
the molar ratio of 100:0 (20.9 4+ 6.8 ng cm™ ), it seemed that
there was a decrease in AT-binding. Representative complete
sensorgrams are shown in Fig. S8A-E and S9A-E (ESIt). The
general trend observed in these experiments was that higher
molar ratios of fHep-lipids used more factor H to be recruited
to the surface, whereas the binding of AT decreased with an
increase in factor H-binding beyond the maximum AT surface
density at a 50: 50 molar ratio (Fig. 3G). These results indicated
that factor H either bound close to the binding site of AT on
fragmented heparin or sterically hindered AT binding. This is a
competitive test in a model system using purified proteins;
therefore, this binding profile may not be present in a more
complex system, such as human blood. Factor H-related pro-
teins can possibly interact with fHep-lipids because of their
structural similarity to factor H; therefore, we must consider
this when evaluating the regulatory effect of fHep-lipids on the
complement system.>”

3.3 Characterization of modified liposomes

Next, we analyzed the liposomes before and after exogenous
addition of fHep-K8C-lipids using DLS. The DLS data showed

11128 | J Mater. Chem. B, 2023, 11, 11121-11134

that the size of the liposomes increased by an average of 23 nm
in diameter after modification with fHep-K8C-lipids (Fig. 4A),
and the PDI values indicated the absence of any aggregation for
the modified liposomes, as the value was <0.1 (Fig. 4B). The zeta
potential shifted to the negative side from —5.8 £ 9.0 mV for
non-modified liposomes to —22.0 + 2.9 mV for MeO-PEG-lipid-
modified liposomes, and —52.6 + 3.4 mV for fHep-K8C-lipid-
modified liposomes (Fig. 4C). This suggested that the liposomes
could be modified via external modification, where liposome
surfaces are modified by exogenously mixing fHep-lipids with
liposomes.*! The long-term stability of the modified liposomes
was also monitored over a period of 90 days, and no changes in
size (Fig. 4D), PDI (Fig. 4E), or zeta potential (Fig. 4F) were
observed over 60 days. However, after 90 days, the PDI for some
of the modified liposome batches was > 0.1, indicating that this
may be the limit of liposome stability. Nevertheless, modifica-
tion with fHep-lipids was stable over time, and most of the fHep-
K8C-lipid did not detach from the bilayered membrane. The DLS
data for the non-modified liposomes are shown in Fig. S10
(ESIt). We previously described a two-step coating method using
a heparin-binding peptide-conjugated PEG-lipid, followed by
heparinization, which was used to modify cell surfaces and
prevent thromboinflammation in vitro.*> However, the advantage
of fHep-lipids is that they are facile single-step coatings that can
be used to modify the surface of both liposomes and cells for
transplantation."

3.4 Factor H recruitment and iC3b generation via
immobilized fHep-lipids

Next, we aimed to investigate factor H recruitment on the
modified liposome surface using the Wes (ProteinSimple)
immunoassay, where the amount of bound factor H on the
liposome surface could be quantified (Fig. 5). The liposomes
were incubated in purified factor H, and unbound proteins
were removed by ultracentrifugation. More factor H was

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb01721d

Open Access Article. Published on 31 October 2023. Downloaded on 8/1/2025 12:36:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry B Paper
A e 123 4 B o 100000
230- g
Q
180- S N -Factor H 3 80000 — PBS
2 60000 )
e E — MeO-PEG-liposomes
5 40000 — fHep-K8C-liposomes
" £ 20000
F—
] 0

0 50 100 150 200 250

40-

1000000

800000
600000
400000
200000

©® MeO-PEG-liposomes
® fHep-K8C-liposomes

E—T
W

Peak area

0

Fig. 5 Wes immunoassay of modified liposomes. Measurements of factor H recruitment to the surface of 100 uL 1.0 mg mL™* cholesterol MeO-PEG-
lipid- (blue) and fHep-K8C-lipid- (red) modified liposomes incubated in 100 pL 50 ug mL™* factor H for 60 min at 37 °C at 20 rpm, followed by the
removal of unbound factor H using ultracentrifugation. A sample with only PBS and no liposomes, treated the same way as the liposome-containing
samples, was used as a negative control. A goat-anti-human factor H antibody was used as the detection antibody. (A) Representative Wes virtual blot,
lane 1: negative control with the PBS sample, lane 2: MeO-PEG-liposomes, lane 3: fHep-K8C-liposomes, and lane 4: positive control with 0.31 ug mL~t
factor H. (B) Representative chromatogram of the peak area of recruited factor H, and (C) comparison of peak area of factor H recruited to MeO-PEG-
liposomes and fHep-K8C-liposomes (n = 3).

detected on the surface of fHep-K8C-lipid-modified liposomes liposomes enabled the factor I-mediated degradation of C3b
than on the surface of MeO-PEG lipid-modified liposomes. to iC3b, as indicated by the generated 40k-fragment and the
Although there was non-specific binding of factor H on MeO- reduction in the a-chain band at around 110 kDa (Fig. 6A). C3b
PEG-lipid-modified liposomes, factor H-binding was more pro- bound to factor H undergoes conformational changes, result-
nounced for the fHep-K8C-lipid on the membrane (Fig. 5A-C). ing in a 15-fold increase in its affinity for factor 1.**** As
We also found that the factor H bound to the modified described above, the heparin-binding sites of factor H have
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Fig. 6 (A) Wes immunoassay of modified liposomes for iC3b. Measurements of iC3b generation by MeO-PEG-liposomes and fHep-K8C-liposomes
after being incubated in 50 pg mL™2 factor H, followed by incubation in 150 pg mL™ C3b and 20 pg mL™2 factor | for 15 min at 37 °C. Additionally, a
sample with PBS and no liposomes, treated the same way as the liposome-containing samples, was used as a negative control. A sample with no
liposomes and 50 pg mL~* factor H, 150 pg mL™* C3b, and 20 pg mL~* factor |, which had not been subjected to ultracentrifugation, was used as a
positive control. A polyclonal rabbit anti-human C3c antibody was used as the primary antibody. Representative Wes virtual blot, lane 1: negative control
with the PBS sample, lane 2: MeO-PEG-liposome, lane 3: fHep-K8C-liposome, lane 4: positive control with factor H, C3b, and factor |, lane 5: 10 pug mL~?
native C3, lane 6: 10 pg mL™! C3b, lane 7: 10 pg mL~iC3b, lane 8: 10 pg mL™* factor H, and lane 9: 10 pg mL~ factor |. For all experiments, n = 3. (B) Wes
immunoassay measurements of iC3b generation by MeO-PEG-liposomes and fHep-K8C-liposomes after being incubated in 50 pg mL~? factor H,
followed by incubation in 75 ng mL™* C3b and 5/05/0.05 ug mL~* factor | for 15 min at 37 °C. Additionally, a sample with PBS and no liposomes, treated
the same way as the liposome-containing samples, was used as a negative control. A sample with no liposomes and 50 pg mL~? factor H, 75 ng mL~?
C3b, and 5/05/0.05 pg mL~2 factor |, which had not been subjected to ultracentrifugation, was used as a positive control. A polyclonal rabbit anti-human
C3c antibody was used as the primary antibody. Representative Wes virtual blot, lane 1: 12-230 kDa biotinylated ladder, lane 2-4: 5/0.5/0.05 pg mL™*
factor | plus C3b incubated with the negative control with the PBS sample, lane 5-7: 5/0.5/0.05 pg mL™* factor | plus C3b incubated with factor
H-incubated MeO-PEG-liposomes, lane 8—10: 5/0.5/0.05 ug mL™* factor | plus C3b incubated with factor H-incubated fHep-K8C-liposome, lane 11-13;
5/0.5/0.05 ug mL~? factor | plus C3b incubated with 50 pg mL™? factor H, as a positive control, lane 14; 10 pg mL™1iC3b (n = 1).
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Fig. 7 Wesimmunoassay of modified liposomes for factor H and AT. Measurements of factor H recruitment to the surface of MeO-PEG-lipid- (blue) and
fHep-K8C-lipid- (red) modified liposomes incubated in human EDTA plasma (from three different donors) for 60 min at 37 °C at 20 rpm, followed by the
removal of unbound plasma proteins using ultracentrifugation. A sample with only PBS and no liposomes, treated the same way as the liposome-
containing samples, was used as a negative control. A goat-anti-human factor H antibody was used as the detection antibody. (A) Representative Wes
virtual blot, lane 1. negative control with the PBS sample, lane 2: MeO-PEG-liposomes, lane 3: fHep-K8C-liposomes, and lane 4: positive control with
0.625 pg mL™* factor H. (B) Representative chromatogram of the peak area of recruited factor H, and (C) quantification of the peak area of factor
H recruited to MeO-PEG-liposomes and fHep-K8C-liposomes (n = 3). (D) and (E) Wes immunoassay measurements of antithrombin (AT) recruitment to
the surface of MeO-PEG-lipid and fHep-K8C-lipid-modified liposomes incubated in human EDTA plasma for 60 min at 37 °C at 20 rpm, followed by the
removal of unbound plasma proteins using ultracentrifugation. A sample with PBS and no liposomes, treated the same way as the liposome-containing
samples, was used as a hegative control. A rabbit anti-human ATIIl antibody was used as the detection antibody. (D) Representative Wes virtual blot, lane
1: negative control with the PBS sample, lane 2: MeO-PEG-liposomes, lane 3: fHep-K8C-liposomes, and lane 4: positive control with 10 ug mL™* AT.

(E) Representative chromatogram of the peak area of recruited AT. For all experiments, n = 3.

been shown to exist within CCP 6-8, 19-20 and CCP 11-13.%* In
our study, we could not determine to which of the factor H CCP
domain(s) the fragmented heparin bound to. However, we
found that factor H recruited onto the liposome surface was
still active, that is, it assisted in the degradation of C3b to iC3b,
suggesting that the N-terminal CCP1-4 domains are still avail-
able and not rigidly bound to the fHep-lipids.>*** Interestingly,
factor H also bound to MeO-PEG-liposomes, which was unex-
pected because we did not observe strong binding in the QCM-
D study. Presumably, the PEG density on the liposomes was
different from that on the QCM sensor chip surface, which
enabled factor H to interact with the PEG chains directly or be
caught between PEG chains. We also changed the concen-
tration of factor I (5, 0.5 and 0.05 pg mL™ ') for this study,
and found that the fHep-K8C-liposomes pre-incubated with
factor H were more effective at cleaving C3b to iC3b (Fig. 6B),

1M30 | J Mater. Chem. B, 2023, 11, 11121-11134

indicating that the more the factor H that is found on the
liposome surface, the more effective it is at degrading C3b.

3.5 Factor H and AT recruitment to liposomes incubated in
human plasma

We then attempted to detect factor H on the modified liposome
surfaces after exposure to human EDTA plasma (from three
donors) using the Wes immunoassay (Fig. 7A-C). There was a
strong binding of factor H detected on fHep-K8C-lipid-
modified liposomes (0.99 + 0.54 ug mL™" on liposomes with
[cholesterol] = 1.4 mg mL ") when compared to MeO-PEG-lipid-
modified liposomes (0.29 + 0.21 pg mL '), where non-specific
binding of factor H was observed on MeO-PEG-lipid-modified
liposomes, as described in the previous section. However,
factor H-binding on the membrane was more pronounced by
fHep-K8C-lipid as well, even in the presence of human plasma.

This journal is © The Royal Society of Chemistry 2023
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For all donors, there was a clear trend that more factor H was
recruited to fHep-K8C-lipid-modified liposomes than to MeO-
PEG lipid-modified liposomes (Fig. 7C). When we studied
AT-binding on modified liposomes after exposure to human
EDTA plasma using the Wes immunoassay, AT was also speci-
fically detected on fHep-K8C-lipid-modified liposomes but not
on MeO-PEG-lipid-modified liposomes (Fig. 7D and E). In
Fig. 7D, an additional band was detected at approximately 90
kDa, in addition to the AT band (60 kDa). We speculate that the
90 kDa band could be a complex of AT with thrombin (37 kDa).
These results clearly indicated that fHep-K8C-lipid-modified
liposomes were able to specifically recruit both factor H and
AT onto the surface of human plasma. This is in line with the
results from the QCM-D experiments (Fig. 2 and 3) as well as the
results from the binding assay with purified factor H (Fig. 5).

4. Discussion

Liposome coatings are used to reduce protein adsorption on
liposomal surfaces, thus trying to avoid the rapid clearance of
liposomes. Consolidated identities, such as lipid composition,
surface charge, and liposome size, influence the proteins that are
adsorbed to the surface, thereby giving liposomes their biological
identity.*>*® One approach to suppress the activation of the
immune system against liposomes is to recruit specific proteins,
such as complement regulators, to the liposomal surface.
Currently, the gold standard coating for clinically used
liposomes is PEG coating.””*® Although PEGylation is not
sufficient to regulate immunity, as there are no regulators of
PEGylated liposomes. In 2000, Dams et al. published a paper
showing that PEGylated liposomes are rapidly removed from
the circulation upon repeated injections in rats by the genera-
tion of anti-PEG antibodies, which was called the accelerated
blood clearance (ABC) effect.”*”>" The ABC effect has been
described in several other animal models.>*>® Recently, this
phenomenon has been observed in humans.>* In our system,
fHep is conjugated to a PEG-lipid, where it can recruit specific
proteins, such as factor H, C4BP, and AT, which contain
heparin-binding domains. When using fHep-lipids for coating
transplanted cells, the ABC effect, in theory, should not be an
issue unless the patient has pre-existing anti-PEG antibodies,>”
since the coated transplanted cells are intended to be injected
into the body only once. In this paper we showed that fHep-
K8C-lipids can successfully be used for the stable coating of
liposomes (60 days). Therefore, they have the potential to be
used as a coating strategy for liposomal drug-delivery systems
to suppress immune activation due to the surface recruitment
of factor H and C4BP. However, considering the ABC-effect in the
development of immunologically inert liposomal drug-delivery
systems, it would be interesting to investigate fHep-conjugation
with different polymer lipids, for example, poly(2-methacryloyl-
oxyethyl phosphorylcholine)-conjugated lipids.**™>° To support
these in vitro findings of fHep-lipids, conducting in vivo experi-
ments is an essential next step to further evaluate the

This journal is © The Royal Society of Chemistry 2023
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hemocompatibility and potential of the fHep-lipids to recruit
complement regulators to suppress innate immunity.

5. Conclusions

The factor H-, C4BP-, and AT-binding capacity of fHep-lipids
increased with increasing numbers of conjugated heparins
and higher surface densities of fHep-lipids. Liposomes were
successfully coated with fHep-K8C-lipids and their size, PDI,
and zeta potential were stable over time (60 days). Factor H
bound to fHep-K8C-lipid-modified liposomes enabled factor
I-mediated degradation of C3b to iC3b. Finally, fHep-K8C-
liposomes can recruit factor H and AT from human plasma.
Therefore, in addition to being a promising coating strategy of
therapeutic cells to suppress the coagulation system by recruit-
ing AT to the cell surface after injection, our in vitro findings
suggest that coating with fHep-lipids could also be a potential
liposome and cell-surface coating strategy to regulate the
activation of the immune system on the coated surface by
recruitment of complement regulators factor H and C4BP.
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