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Abstract:
Stimulation of monocytes with immunomodulating agents can harness the immune system to treat a

long range of diseases, including cancers, infections and autoimmune diseases. To this end we aimed
to develop a monocyte-targeting delivery platform based on cationic liposomes, which can be utilized
to deliver immunomodulators and thus induce monocyte-mediated immune responses while avoiding
off-target side-effects. The cationic liposome design is based on functionalizing the liposomal
membrane with a cholesterol-anchored tri-arginine peptide (TriArg). We demonstrate that TriArg
liposomes can target monocytes with high specificity in both human and murine blood and that this
targeting is dependent on the content of TriArg in the liposomal membrane. In addition, we show that
the mechanism of selective monocyte targeting involves the CD14 co-receptor, and selectivity is
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compromised when the TriArg content is increased, resulting in complement-mediated off-target
uptake in granulocytes. The presented mechanistic findings of uptake by peripheral blood leukocytes

may guide the design of future drug delivery systems utilized for immunotherapy.

1. Introduction

Immunotherapy is increasingly accepted as an appealing and effective alternative to conventional
treatment options [1], potentially allowing effective treatment of a variety of diseases, including
cancers, infections, and autoimmune diseases [2-4] . Vaccines against both cancers and infectious
diseases typically rely on delivery of an adjuvant and an antigen to dendritic cells (DCs) [5-7]. An
attractive, alternative approach to orchestrating a desired DC response is to target circulating
monocytes, which are readily accessible in the blood upon intravenous administration [8,9].
Monocytes can differentiate into DCs upon specific activation, present delivered antigen [9], and can
activate both the innate and adaptive immune system. Unspecific activation, such as activation of
TLRs in off-target cell populations, can potentially lead to pro-tumorigenic inflammation [10] or side
effects such as allergic reactions and septic shock [11], underscoring the advantage of a targeting

delivery platform.

Liposomal formulations can serve as excellent immune cell-targeting drug delivery platforms of
adjuvants and antigens [12-15]: Liposomes demonstrate low toxicity and offer the possibility to carry
both hydrophilic and hydrophobic drugs [12-15]. Additionally, they are versatile with respect to
engineering their surface structure and are relatively easy to manufacture [16-18]. The biocompatible
nature of liposomes renders them optimal for specific targeting of preferred immune cell subsets and
controlling the type and extent of immune response evoked by the adjuvants and antigens they carry
[19,20]. Our group has previously demonstrated a delivery platform targeting monocytes using
cationic DOTAP-based liposomes [21], showing that the targeted monocytes differentiated into
monocyte-derived DCs when the liposomes were loaded with a TLR7 agonist. The targeting capability
of the liposomes was based on a specific range of cationic charge: Whereas neutral liposomes did not

associate to leukocytes and highly cationic liposomes associated equally to all types of leukocytes,
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liposomes with an intermediate cationic charge induced specific liposome uptake by monocytes. This
simplicity in design is advantageous compared to antibody-based targeting in relation to clinical
translation [21]. Thus, cationic liposomes may represent a highly promising platform for targeting and

activating monocytes specifically in the blood.

Previous studies have shown that cationic peptides, in particular arginine-rich peptides, offer a unique
ability to cross cellular membranes with various cargoes [22-24]. Conjugation of an arginine-rich
peptide to a cholesterol anchor creates an amphiphilic construct that can be inserted into liposomal
membranes and facilitate cellular internalization of the liposomes [25]. Although a subject of some
debate, it is generally believed that arginine-rich peptides conjugated to large cargoes enter cells
through endocytosis [24,26-28], thus allowing for activation of TLR-7, -8 and -9 receptors in the
endosomes for monocyte stimulation [29]. Consequently, liposomes functionalized with arginine-rich
peptides could potentially target monocytes through their cationic charge and at the same time induce

effective internalization.
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Fig. 1. Liposomes functionalized with the TriArg lipopeptide

Liposome formulations used in the study. (a) The structure of the TriArg compound (Cholesterol-GWRRR). (b)
TriArg liposomes were formulated both with and without DOPE-PEGy,. (€) Cryogenic transmission electron

microscopy (cryoTEM) image of PEGylated liposomes with 6% TriArg lipopeptide.
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In the present work, we synthesized a cationic lipopeptide consisting of three arginine residues
(TriArg) conjugated to a cholesterol anchor (Fig. 1), facilitating incorporation into a series of liposome
formulations with and without polyethylene glycol (PEG). A Trp residue was also included in the
lipopeptide, as earlier studies have shown that the presence of tryptophans in polyarginines improves
their ability to enter cells [30-33]. The aim was to investigate whether liposomal monocyte targeting
could be achieved with these peptide-based cationic constructs and to investigate the mechanisms

behind the monocyte targeting in whole human blood (WHB).

We demonstrate that cationic TriArg liposomes, depending on design, can selectively target
monocytes in both human blood ex vivo and murine blood in vivo. The leukocyte uptake pattern, and
hence the monocyte targeting capabilities, were dependent on the TriArg content and hence surface
charge, which correlate with our previous findings for cationic DOTAP liposomes [21]. We find that
the monocyte targeting is mediated by CD14 co-receptor binding, which is abundantly expressed by
monocytes. We furthermore show that the complement system, which is known to be implicated in
liposomal clearance by leukocytes [34-36], direct off-target uptake in granulocytes depending on the
liposome surface charge. These mechanistic findings may help guide the design of new, improved

monocyte-targeted liposome formulations.
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2. Materials and methods:
2.1. Materials
All chemicals were purchased from Sigma-Aldrich Inc. (Broendby, Denmark) unless otherwise stated.

O-(7-Azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU) and all
Fmoc protected amino acids used for the solid phase peptide synthesis were purchased from Iris-
Biotech (Marktredwitz, Germany). Tentagel® Rink Amide Resin used for the solid phase peptide
synthesis was purchased from GL Biochem (Shanghai, China). 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) was purchased from Lipoid GmbH (Ludwigshafen, Germany). Cholesterol,
1-palmitoyl-2-(dipyrrometheneboron difluoride)-undecanoyl-sn-glycero-3-phosphocholine (TopFluor
PC), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene  glycol)-
2000](NH," salt) (DOPE-PEG,u0) Were purchased from Avanti Polar Lipids (Alabaster, AL, US).
Buffers for liposomes, DLS and zeta potential measurements were prepared using chemicals
purchased from Merck (Darmstadt, Germany). For washing cells, fetal bovine serum (FBS) was
purchased from Biowest (Nuaillé, France). Primary. APC-labelled CD14 antibodies for staining in
flow cytometry were purchased from BD Biosciences (Becton Dickinson, Franklin Lakes, NJ, US).
Anti-CD14 (clone 18D11) for blocking studies and control antibody (MOPC-21) was purchased from
Hycult Biotech (Uden, The Netherlands). The LDH toxicity assay (CytoTox 96) was purchased from
Promega (Madison, WI, US). All chemicals and reagents were of analytical grade and used without

further purification.

2.2. Synthesis instrumentation

Analytical reversed-phase high-performance liquid chromatography (RP-HPLC) was performed on a
Gilson HPLC (Gilson Valvemate, UV/Vis-155, 321 Pump, 234 Auto injector) by employing a Waters
XTerra C18 or XBridge C18 (5 um, 4.6 x 150 mm) column. Semi-preparative HPLC was performed
on a Waters Semi-preparative HPLC equipped with a Waters 600 Pump & Controller and a Waters
2489 UV/Vis Detector using a Waters XTerra C18 (5 um, 19 x 150 mm) or a Knauer Eurosphere 100-
5 C18 (20 x 250 mm) column. HPLC Eluent A consisted of a 5% CHs;CN aqueous solution with 0.1%
trifluoroacetic acid (TFA); HPLC Eluent B consisted of 0.1% TFA in CH3;CN. Preparative HPLC

analysis was monitored using UV/Vis detection at 220/280 nm. Mass spectra were recorded on a
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Bruker Autoflex™ MALDI-TOF MS Spectrometer using 2,5-dihydroxybenzoic acid (DHB) spiked
with sodium trifluoroacetate in CH3;OH as matrix. The Trp residue included in the TriArg peptide
allowed for determination of the concentration by measuring absorbance at 280 nm using a Nanodrop

2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, US).

2.3. Synthesis of Chol-GWR;
The peptide H-GWR3-NH, was synthesized by standard solid phase peptide synthesis (SPPS) on a

Tentagel Rink Amide resin (Scale: 0.5 mmol; loading: 0.20 mmol g*) by standard Fmoc methodology.
Each coupling was performed using 4.0 equiv Fmoc protected amino acid, 3.95 equiv HATU, and 8
equiv 2,4,6-collidine in DMF for 30 min at room temperature (RT). Deprotection of the Fmoc-
protection group was achieved by subjecting the resin to 2x5 min of 20% piperidine in DMF. The first
glycine residue was double-coupled first with 5 min 75 °C .in a microwave and subsequently 30 min at
RT. The resin was cleaved with TFA:TIPS:H,O (95:2.5:2.5) for 3 h. The solvent was removed in
vacuo and the crude peptide was precipitated in cold diethyl ether. The isolated white peptide powder
was purified by semi-preparative HPLC by employing a Knauer Eurosphere 100-5 C18 (20 x 250 mm)
column. Gradient profile: Linear gradient from 0% B to 20% B over 20 min. R¢-value = 10 min. Flow
rate: 17 mL min™. UV detection at 220/280 nm. The solvent was removed in vacuo and the product
lyophilized from a mixture of H,O and CH3;CN to give a white fluffy powder (0.203 mmol, 41%,
purity 90-95%). MALDI-TOF MS (m/z): Calc. mass [M + H]": 729.86, found mass [M + H]": 729.81.
A flamedried RB flask was fitted with a magnet, septum and N,-atmosphere. The lyophilized peptide
(0.101 mmol) was dissolved in dry DMF (75 mL) and added to the RB flask followed by adding
DIPEA (441 uL, 2.533 mmol). Cholesteryl chloroformate (55 mg, 0.122 mmol) was dissolved in
CH,CI, (25 mL) and added to the RB flask. The reaction was left to react overnight. The solvent was
removed in vacuo and the crude cholesteryl-GWRs-NH, was purified by semi-preparative HPLC by
employing a Knauer Eurosphere 100-5 C18 (20 x 250 mm) column. Gradient profile: Linear gradient
from 50% B to 100% B over 20 min. Ri-value = 12 min. Flow rate; 17 mL min™. UV detection at
220/280 nm. The solvent was removed in vacuo and the product lyophilized from a mixture of H,O

and CHsCN to give a white fluffy powder (0.085 mmol, 84%, purity >98%). Purity assessment was
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done by analytical HPLC, see Supplementary Fig. S1). MALDI-TOF MS (m/z): Calc. mass [M+H]" =
1142.51; found mass [M+H]" = 1142.19 (spectrum shown in Supplementary Fig. S2). The overall
yield was 34%. The charge properties of the TriArg lipopeptide across various pH values are shown in
Supplementary Fig. S3, the logD profile is shown in Supplementary Fig. S4. These physicochemical
properties of the TriArg lipopeptide was calculated using the Chemicalize software (ChemAxon,

Budapest, Hungary).

2.4. Synthesis of Compstatin analog (4W9A)
The 4W9A Compstatin peptide analog, Ac-ICVWQDWGAHRCT-NH,, was synthesized by SPPS on

a Tentagel Rink Amide resin (Scale: 0.092 mmol; loading: 0.20 mmol/g) by standard Fmoc
methodology. Each coupling was performed using 4.0 equiv Fmoc protected amino acid, 3.95 equiv
HATU, and 8 equiv 2,4,6-collidine in DMF for 5 min with. 75 °C in a microwave. The arginine residue
was coupled at RT for 30 min. Deprotection of the Fmoc-protection group was achieved by subjecting
the resin to 2x5 min of 20% piperidine in DMF. The initial threonine residue was double-coupled first
with 5 min 75 °C in a microwave and subsequently 30 min at RT. Acetic anhydride in DMF (4 M) was
used for capping after the final isoleucine and first threonine residue. The resin was cleaved with
TFATIPS:H,O:EDT (20 mL, 94:1:2.5:2.5) for 2.5 h. The resin was washed with cleavage mix once
and 5 times with CH,Cl,. The solvent was removed in vacuo and the crude peptide was precipitated in
cold diethyl ether. The crude compound was dissolved in 30% CH3;CN in water with 0.1% TFA (148
mL) and the pH was adjusted to 7-8 using 0.1 M NaOH. Diluted H,0, (1:100, 6 mL) was added to the
solution under vigorous stirring. The cyclization was monitored by MALDI-TOF MS and HPLC. Full
conversion was observed after 2 h. The resulting solution was lyophilized. The isolated white peptide
powder was purified by semi-preparative HPLC by using Waters Xterra prep. RP C18 (5 um, 19 x 150
mm) column. Gradient profile: Linear gradient from 0% B to 40% B over 30 min. R¢-value = 18 min.
Flow rate: 17 mL min™. UV detection at 220/280 nm. The clean fractions were pooled, lyophilized
and resulting in white fluffy powder. The pure compound was re-dissolved and loaded onto a SPE
cartridge (Strata® C8, 55 um, 70 A, 2 g, 12 mL) for salt swapping. The cartridge was prepared (20

mL of 100%, 50% and 5% CHsCN in water) followed by loading the compound in <10% CH3CN in
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water (10 mL). The column was flushed with water (100 mL), water with 1% acetic acid (100 mL)
and the compound was eluted with 2x50 mL of 50%, 60% and 70% CHsCN in water with 0.1% acetic
acid. The desired fractions were lyophilized again giving a white fluffy powder (0.015 mmol, 16%
yield, purity >97%). MALDI-TOF MS (m/z): Calc. mass [M+H]": 1613.70; found mass [M+H]":

1613.73.

2.5. Liposome formulation
Lipids in powder forms were dissolved in tert-butanol:MQ water 9:1, mixed into the desired molar

ratios, and freeze-dried overnight. The lipid films were generally hydrated in a sterile 10 mM
phosphate buffer (pH 7.0) with 150 mM NacCl to a concentration of 20-25 mM total lipid, and put
under magnet stirring for minimum 1 h at 40 °C with vortexing every 20 min. Size of the liposomes
were controlled by extruding 21 times through a 100 nm Whatman filter using an Avanti mini-
extruder on a heating block at 40 °C.

To prepare gadolinium (Gd)-loaded liposomes for in vivo experiments, the lipid films were rehydrated
in a buffer containing 10 mM HEPES, 137.5 mM NaCl and 10 mM DOTA(Gd), pH 7.4. After 1 h
under 45 °C heating and magnetic stirring, the samples were exposed to 11 freeze-thaw cycles, by
repeatedly placing the vials for 1 min-in alternately liquid nitrogen and a 65 °C waterbath. After 1 h
more at 45 °C and magnetic stirring, the liposomes were extruded as described above. The liposomes
were then dialyzed against a buffer containing 10 mM HEPES and 150 mM NaCl (pH 7.4), using 3.5
kDa midi Pur-A-Lyzer tubes (Sigma). The dialysis was performed in two steps of 24 h with
replacement of the dialysis buffer in between. In both steps, a 100-fold volume of dialysis buffer

compared to the sample volume were used.

2.6. Liposome characterization

The total phosphorus concentration of the liposome stocks was determined using inductively coupled
plasma mass spectrometry (ICP-MS). Samples were diluted 10000 times in an ICP-MS diluent (2%
HCI, 10 ppb Ga) to fall within a set of standard samples from 25-100 ppb phosphorus, and phosphorus

content was measured on an ICAP-Q from Thermo Fisher Scientific. Based on the measured
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phosphorus concentrations, the lipid concentrations were estimated taking into account that cholesterol
and the TriArg lipopeptide did not contain any phosphorus.

The encapsulation efficiency of the Gd-loaded liposomes was calculated by the separating liposomes
from non-encapsulated DOTA(Gd) using PD10 columns and measuring the phosphorus and Gd
content in the eluted fractions using ICP-MS as described above, comparing the Gd content to a
standard ranging from 0.3 to 25 ppb. For all liposomes, approx. 10% of the Gd originally added to the

lipid films was recovered in the final product, hereof >92.6% Gd encapsulated in the liposomes.

Hydrodynamic diameter and polydispersity (PDI) of all formulations were measured by dynamic light
scattering (DLS) using a ZetaPALS from Brookhaven Instruments (Holtsville, New York, US).
Liposomes were diluted to 70 UM lipid in the same sterile phosphate buffer they were also formulated
in, and measurements performed as 3 runs of 30 sec at RT. The count rate was kept at 400-600 kcps.
Zeta potential of the liposomes was measured using the same instrument by phase analysis light
scattering (PALS) in a glucose buffer (300 mM glucose, 10 mM HEPES, 1 mM CaCl, at pH 7.4).
Liposomes at a concentration of 75 pM lipid were measured with 10 runs with a target residual set to

0.04.

For imaging liposomes with cryoTEM, 3 ul of liposome solution was placed on a non-glow
discharged 300 mesh copper grid with a lacey carbon support (Ted Pella, Redding, CA, US). The
solution was allowed to sit for 10 sec before the excess was blotted away and plunge frozen in liquid
ethane using a Vitrobot Mark IV (Thermo Fisher Scientific). Samples were imaged using a FEI
Tecnai G2 20 TWIN transmission electron microscope (Thermo Fisher Scientific) operated at 200 keV
in low dose mode with a FEI High-Sensitive (HS) 4k x 4k Eagle camera. Images were acquired at the

Core Facility for Integrated Microscopy at University of Copenhagen.

2.7. Incubation of liposomes with whole human blood

Whole human blood (WHB) was obtained from healthy volunteers under signed content and collected

in hirudin tubes (Roche Diagnostics, Mannheim, Germany). The identity of the blood donors were
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unknown to the researchers involved in the study, and all requirements for blood collection at the
Technical University of Denmark was followed in agreement with the guidelines of the National
Committee on Health Research Ethics. The blood was added to eppendorf tubes containing liposomes
pre-diluted in RPMI, giving a final liposome concentration of 500 uM total lipid. The volume
percentage of WHB in the tubes was always kept above 80%. The tubes were incubated for 60 min at

37 °C with 5% CO, under rotation.

2.8. Flow cytometry on human leukocytes

After WHB incubation with liposomes, cells were washed 3 times in PBS containing 1% FBS. In
between each wash, cells were centrifuged at 200g for 5 min and the supernatant discarded. In
experiments with heparin washing, 3 extra washing steps with PBS containing 0.1 mg mL™ (50 units
mL™) heparin was introduced at this point. In each of these washing steps, samples were allowed to

incubate 2-3 min with the buffer at RT before centrifugation was initiated.

Erythrocytes were lysed using BD PharmLyse lysis buffer. Four mL lysis buffer was added per 200
uL blood, followed by 15 min incubation in dark at RT. After centrifugation at 200g for 5 min and
removal of supernatant, a second lysis with 1 mL lysis buffer for 5 min was done. Cells were washed
twice in cold PBS (1% FBS) to stop the lysis. Human IgG was added to a concentration of 2 ug per
10° cells to block unspecific binding and incubated on ice for 10 min before transferring to a Nunc
round-bottomed 96 well plate (Thermo Fischer Scientific — Nunc A/S, Roskilde, Denmark). Ten pL of
APC pre-conjugated CD14 specific antibodies was added to stain monocytes and incubated on ice and
in dark for 30 min. No CD14 staining was done in the experiments where CD14 had already been
blocked with antibodies (see below). The plate was then spun for 8 min at 400g and washed with PBS
twice. Finally, cells were resuspended in 100 pL PBS. Flow cytometry was performed using an
ACCURI C6 flow cytometer from BD, where a minimum of 100,000 cells were acquired. APC
fluorescence from the CD14 staining was measured by exciting at 640 nm and detecting at 675/25 nm
(FL4). Single cells were gated in FSC-A/FSC-H plot, and cell subsets were gated using APC

fluorescence and a SSC-A/FSC-A plot (see Supplementary Fig. S5). The association of liposomes
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with cells was evaluated using TopFluor or DiO emission measured at 533/30 nm with excitation at

488 nm (FL1). The analysis was done in the FlowJo software.

2.9. Mouse studies
Experimental work with mice was done on 12 weeks old female BALB/cJRj mice obtained from

Janvier Labs (Le Genest-Saint-Isle, France) and conducted at the Technical University of Denmark.
All procedures were approved by the Danish National Animal Experiments Inspectorate. Liposomes
labeled with 0.1% DiO and loaded with Gd were injected intravenously in a total volume of 125 pL in
the tail vein. All liposome formulations were administered at a dose of 250 pumol/kg phospholipid,

resulting in approx. 14-16 pmol/kg Gd.

2.10. Flow cytometry on murine blood samples

Sublingual blood was drawn 10 min, 30 min, 1 h, 2 h, or 4 h after injection into tubes with EDTA
(final EDTA concentration ~10 mM). For flow cytometry, aliquots of blood were taken from the 10
min and 4 h blood samples. Blood was erythrolyzed (Versalyze, Beckman Coulter, Brea, CA, US),
washed in FACS buffer (0.5% BSA, 0.1% NaN; in PBS) and Fc-blocked (clone 2.4G2, BD
Biosciences). Subsequently, all samples were stained with an eFluor780 viability dye (1:400; Thermo
Fisher Scientific), 1 pg/mL BUV395 anti-mouse CD45 (clone 30-F11; BD Biosciences), 0.5 pg/mL
BV785 anti-mouse Ly6c (clone HK1.4; BioLegend, San Diego, CA, US), 0.5 pg/mL PE-CF anti-
mouse Ly6g (clone 1A8; BD Biosciences), 0.5 pg/mL AF647 anti-mouse CD11b (clone M1/70; BD
Biosciences) for 30 min on ice in darkness. Samples were washed, fixed in 1% formaldehyde for 20
min and acquired on a BD LSRFortessa X-20 (BD Biosciences) using FACSDiva (BD Biosciences).
The analysis was performed in FlowJo VV10.8.1. The gating strategy is shown in Supplementary Fig.

S6.

2.11. Measurement of Gd content in biological samples for PK and BD studies

Organs (liver, lung, spleen and blood) were harvested in pre-weighed 15 mL falcon tubes. The tissue
was dissolved by overnight incubation in 750 pL HNOs, 75 pL HCI and 450 pL H,0, at 65 °C. The

blood samples (see Section 2.10) were dissolved in 500 uL HNOs, 50 pL HCI and 300 pL H,0,. All

11
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samples were further diluted 6-100 times in 2% HCI with 10 ppb Ga, and the Gd content in the

samples measured by ICP-MS on an ICAP-Q .

2.12. ELISA against complement fragments
WHB was tapped in hirudin tubes, transferred to falcon tubes and centrifuged at 15009 for 5 min in

order to separate cells from plasma. The plasma was transferred to eppendorf tubes containing
liposomes diluted in PBS to a final concentration of 1 mM total lipid. Assuming a 50% haematocrit,
this concentration corresponds to the liposome concentration used in the WHB studies described
above. As a positive control for complement activation, 0.2 mg/mL zymosan in MQ water was used.
Pure PBS was used as negative control. The plasma was incubated under rotation for 30 min in 5%
CO, at 37 °C. After incubation ice cold 25 mM EDTA solution was added to stop complement
reactions. Tubes were spun at 21000g for 30 min at 4 °C, and the supernatant was transferred to new
eppendorf tubes and stored at -80 °C until the time of running ELISA. MicroVue ELISA kits from
Quidel (San Diego, CA, US) against C4d (31-A008), iC3b (31-A006), Bb (31-A027), C3a (31-A032)
and sC5b9 (31-A029) were run according to manufacturer’s recommendations, and absorbance

measured with a Victor3 microplate reader from PerkinEImer (Waltham, MA, USA).

2.13. Inhibition studies
WHB was pre-incubated in eppendorf tubes for 30 min with or without the given inhibitor before

transferring blood to the tubes with liposomes. The liposome pre-dilutions in RPMI were adjusted in

order to have the same concentration of blood and liposome as in experiments without inhibitor.

The complement system was inhibited using the compstatin analog 4W9A (see above). A linear
version of the peptide acquired from Tocris/Biotechne (Abingdon, UK), unable to form the disulphide
bond necessary for creating the circular structure needed for the effect of the peptide, was used as

control. The peptides were diluted to 360 UM in RPMI and diluted 1:9 in WHB for the pre-incubation.

The CD14 pathway was inhibited using an anti-CD14 monoclonal antibody (clone 18D11 from Hycult
Biotech). The antibody was diluted in PBS to 25 ug mL™ and added 1:10 to WHB. As a negative

12
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control, the 1gG1 clone MOPC-21 from Abcam (Cambridge, UK) was prepared in the same dilution.

Also, pure PBS without antibody was used as negative control.

Upon pre-incubation with the various inhibitors, WHB was mixed with liposomes and incubated for
60 min at 37 °C with 5% CO, under rotation. Cell isolation and staining, and flow cytometry was then

performed as described above.

2.14. Statistical analysis

Statistical analyses were performed using GraphPad Prism v9.0.0 (GraphPad Software, San Diego,
CA, US). Error bars show standard error of mean (SEM) unless otherwise is specified. Association of
liposome formulations to different cell populations (Fig. 2 and 4) were analyzed using a two-way
ANOVA with Tukey’s multiple comparison post hoc test. Concentration of complement proteins (Fig.
5) were compared using a two-way ANOVA with Dunnett’s multiple comparison post hoc test.
Inhibition effect (Fig. 6 and 7) was analyzed using a two-way ANOVA with Dunnett’s multiple
comparison post hoc test. The results of all statistical analyses are listed in Supplementary Table S1-

S7, with references given to the relevant table in the individual figure caption.
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3. Results and Discussion
3.1. Liposome characteristics
Liposomes containing the TriArg lipopeptide (Cholesterol-GWRRR) were formulated with and

without PEG coating and characterized. Non-PEGylated liposomes were formulated with POPC,
cholesterol and 1-3% TriArg. The zeta potentials of these liposomes were in the range of 20-40 mV
(Table 1). PEGylated liposome formulations with 5% DOPE-PEG,q, containing POPC, cholesterol
and the TriArg lipopeptide were also prepared, but to compensate for the negative charge on the
DOPE anchor, the PEGylated liposomes were prepared with a higher content of TriArg (2-8%). For
the PEGylated liposomes, the zeta potential reached a plateau of approximately 16-19 mV when 4% or
more TriArg was added to the formulation (Table 1). Liposomes without TriArg had a slightly
negative zeta potential. Liposome size was determined by DLS and ranged between 125 and 170 nm
with a low polydispersity index (PDI) (Table 1). The relatively low standard deviations illustrate that

the liposomes were made with high reproducibility.

Table 1. Characteristics of TriArg liposomes included inthe study
Overview of the liposome formulations tested in the present study. The 30 mol% cholesterol in the formulations
does not include the 1-8% cholesterol on the TriArg lipopeptide. The results are shown as the mean + SD for all

batches produced of a given formulation. Between two and seven batches were produced of each formulation.

Name Composition [molar ratio%] Zeta potential [mV]  Size [nm] PDI

POPC:Chol:TriArg:DOPE-MPEG

0% TriArg 70:30:0:0 -3.2+13 169.1 £7.4 0.08 #0.00
1% TriArg 69:30:1:0 19.8 £4.0 1453 #11.7 0.09 #£0.02
2% TriArg 68:30:2:0 312 #55 136.1 #17.8 0.08 £0.03
3% TriArg 67:30:3:0 405 £3.2 136.6 #16.3 0.06 £0.02
0% TriArg-PEG 65:30:0:5 -83£14 129.5 #13.1 0.08 #0.01
2% TriArg-PEG 63:30:2:5 0348 1325 #£9.2 0.10 #0.01
3% TriArg-PEG 62:30:3:5 119 #£2.9 136.7 #0.9 0.16 #0.04
4% TriArg-PEG 61:30:4:5 157 £2.0 125.8 £8.4 0.08 £0.07
6% TriArg-PEG 59:30:6:5 19.0 £3.5 126.0 £14.6 0.07 #0.03
8% TriArg-PEG 57:30:8:5 159 #£55 123.9 £15.2 0.07 #0.04
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Fig. 2. Uptake of TopFluor-labeled TriArg liposomes by monocytes, granulocytes, and lymphocytes.

(a) Percentage of TopFluor-positive cells. (b) TopFluor median fluorescence intensity (MFI) of cells. At low
percentages of TriArg in the formulation, the liposome uptake is highest in monocytes compared to the
granulocytes and lymphocytes. The monocytes uptake further increases as TriArg content increases. At the
highest percentages of TriArg tested, there is also increased uptake in granuiocytes and slightly in lymphocytes.
The trend is the same for PEGylated and non-PEGylated liposomes, but a higher TriArg content is required in
the PEGylated liposomes to achieve the same level of cellular uptake. Error bars show SEM, and n=4 except for
3% TriArg (n=8) and 2% TriArg-PEG (n=3). A statistical analysis was carried out, and the resulting p-values
for all relevant comparisons are shown in Supplementary Table S1. For gating strategy, see Supplementary Fig.
S5.

To confirm the formation of vesicular structures, the liposomes were imaged using cryoTEM. As
illustrated in Fig. 1c with the 6% TriArg-PEG formulation as example, the majority of the imaged
liposomes were unilamellar with sizes varying from approx. 75 to 150 nm. Some of the PEGylated
liposomes contained a single, smaller liposome with a size varying from 30 to 80 nm (Fig. 1c and
Supplementary Fig. S7). The majority of the non-PEGylated TriArg liposomes were also unilamellar,
but they co-existed with a population of multilamellar vesicles (Supplementary Fig. S8), indicating

that the PEG layer ensures a more unilamellar morphology of the liposomes.

To allow tracking of the liposomes in the cellular uptake studies, all liposomes were labeled with 0.1%
TopFluor-PC. To validate that the findings were independent on the choice of fluorescent lipid used to
label the liposome [37], uptake experiments were also performed using liposomes formulated with an

alternative fluorophore (DiO) (see Supplementary Fig. S24-26).

3.2.  Cellular uptake of TriArg liposomes in whole human blood
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Following formulation and characterization, the uptake of TriArg liposomes by peripheral blood
leukocytes was investigated. Liposomes were incubated for 60 min with fresh WHB, and monocyte,
lymphocyte and granulocyte uptake was determined by means of flow cytometry after lysis of red
blood cells. Monocytes were identified based on a morphological forward/side scatter (FSC/SSC) gate
and CD14 positive staining within this gate. Granulocytes and lymphocytes were identified based on
morphological gates in FSC/SSC plots (Supplementary Fig. S5). The results presented in Fig. 2a
demonstrate that exposure of WHB to non-PEGylated 1% TriArg liposomes resulted in liposomes
associating with approximately 50% of the monocytes, whereas on average less than 10% of the
granulocytes and lymphocytes exhibited liposomal uptake. When increasing the TriArg content to 2%,
the uptake of the liposomes in monocytes increased to nearly 100%, whereas a more moderate
increase was observed in the other cell populations. Interestingly, when comparing the median
fluorescence intensity (MFI) of the monocytes exposed to the 2% TriArg liposome formulation to the
MFI of the granulocytes in the same sample, a 20-fold higher MFI could be observed for the
monocytes (Fig. 2b). Upon further increasing the TriArg content to 3%, the cellular uptake of the
liposomes reached nearly 100% for granulocytes as well, and was about 40% for lymphocytes. Also,
while the MFI increased in both monocytes and granulocytes upon treatment with the 3% TriArg
liposomes, the MFI of the monocytes was only 10-fold higher than that of the granulocytes. This may
overall indicate that the 2% TriArg liposomes were more selective towards monocytes compared to

granulocytes and lymphocytes than liposomes with 1% TriArg or 3% TriArg.

We also investigated the leukocyte uptake of the PEGylated TriArg liposomes, using the same
procedure as for the non-PEGylated liposomes. For the PEGylated liposomes, the same tendencies
were observed, although at higher TriArg content: Neutrally charged 2% TriArg-PEG liposomes (zeta
potential of -3.1 mV, see Table 1) were taken up by less than 20% of the monocytes, while no uptake
was detected in granulocytes and lymphocytes for these liposomes. Increasing the TriArg content
gradually from 2% to 6% increased liposome uptake in monocytes, both with respect to percentage of
TopFluor-positive cells and the MFI (Fig. 2). However, further increasing the TriArg content to 8%,

resulted in an increase in uptake by granulocytes but not by the monocytes. This indicates that the
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most selective monocyte targeting for the PEGylated liposomes was achieved with 6% TriArg,
whereas higher content of TriArg reduced the selectivity by increasing the off-target uptake by other

cell types.

As previously discussed, the safest and most effective therapeutic outcome relies on a liposome
formulation with the highest selectivity towards monocytes and the least off-target association [10,11].
We therefore assessed the monocyte targeting specificity of each formulation by calculating the ratio
between the donor mean MFI of monocytes and the donor mean MFI of all remaining peripheral blood
leukocytes. Fig. 3a shows the calculated specificities, which varied with the TriArg content in the
liposomes. In agreement with the data in Fig. 2, the investigated formulations were generally specific
to monocytes, and the TriArg content in the formulations did not correlate directly with the specificity.
While the targeting specificity gives an indication of the number of liposomes per cell in monocytes
versus other cell types, other recent publications have focused on the total association, which is the
total number of liposomes delivered to the entire cell population [38,39]. Hence, it is highly dependent
on the number of cells in each population. Despite the relatively low frequency of monocytes in blood
(<5% of the blood leukocytes), the total amount of TriArg liposomes taken up by the monocytes were
generally higher than the total amount taken up by all of the other leukocytes in the blood

(Supplementary Fig. S9).

In a further attempt to identify a correlation between liposome characteristics and the monocyte
targeting capabilities, the targeting specificity was plotted as a function of the zeta potential and net
charge per 100 lipids, respectively (Fig. 3b and c). However, neither of these parameters were
exclusively accountable for the targeting specificity of the investigated liposome formulations. The
charge and zeta potential comparison of the TriArg and TriArg-PEG formulations indicates that
PEGylation introduces a non-trivial effect with respect to biological interactions between liposomes

and cells.

17



Journal Pre-proof

a b C

> > 125 r125 S
5 125 5 - TriArg 3
% 100 "‘:-, 100 - TriArg-PEG 100 ©
@ @ =
Q 75 Q 75 F75 @
» ) o
2 50 2 s0 50 B
g 25 g 25 25 g
Ll = 0 o <

> 0 20 40 0 5 10 15 20
LI L L & & .
VOO N ST ST S A Zeta potential (mV) # of charges

N

DA P\ R R R g

o o\

A L P

Fig. 3. Monocyte targeting specificity of TriArg liposomes.

(a) Targeting specificity of all formulations calculated by dividing the MFI of the monocyte population with the
MFI of all other cells. (b) Targeting specificity as a function of zeta potential. (c) Targeting specificity as a
function of the charge per 100 lipids. There is no straightforward correlation between the targeting specificity
and zeta potential or the charge per 100 lipids in the formulation. The net number of charges per 100 lipids is
calculated using that TriArg carries three positive charges and that DOPE-PEG carries one negative charge.
Vertical error bars show SEM, and n=4 except for 3% TriArg (n=8)-and 2% TriArg-PEG (n=3). Horistontal

error bars show SD according to Table 1, n=2-7.

Further investigating the effect of PEGylation, we studied the stability of the liposomes in plasma
using flow cytometry. It was observed that the highly charged 2% and 3% TriArg liposomes without
PEGylation tended to form large aggregates when incubated in plasma (Supplementary Fig. S10-S13),
whereas there was no detectable aggregation for the 1% TriArg liposomes. In comparison, the
PEGylated TriArg liposomes shiowed higher stability — even in plasma — with almost no detectable
aggregation (Supplementary Fig. S11-S13). This indicates that the PEGylated TriArg liposomes are
more suitable candidates for monocyte-targeting nanocarrier therapies than the non-PEGylated TriArg

liposomes.

To confirm that the liposomes were internalized by the monocytes, we tested the effect of washing the
cells with heparin after liposome incubation prior to performing flow cytometry. This washing
procedure is routinely used to remove unspecifically bound particles of several different types, ranging
from supercharged proteins to viral peptides such as TAT and octa-arginine [40,41]. The treatment has
also previously been demonstrated to remove surface-bound cationic liposomes [42,43]. As illustrated
in Supplementary Fig. S14, the introduction of this washing step did not reduce the association of the

liposomes with the monocytes significantly, except for the non-PEGylated 3% TriArg formulation.
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The diminished association for the 3% TriArg liposomes suggests that for this formulation, the
observed association is a combination of surface binding and internalization. For the remaining
formulations, the data demonstrate that the MFI of the monocytes represents liposome uptake and not
just association with the outer surface of the cell membrane. Similarly, the observed association with
granulocytes and lymphocytes in Fig. 2 and 3 represent uptake, as illustrated in Supplementary Fig.
S14. Cellular internalization of the liposomes was further confirmed by confocal microscopy,
revealing the TopFluor label of the 2% TriArg liposomes appearing as intense dots inside the
leukocytes (Supplementary Fig. S15). This is an advantage, as uptake of liposomes can facilitate
delivery of relevant immunomodulating agents to intracellular receptors such as TLR 3, 7, 8 and 9

[29,44].

Finally, we found that the liposomes did not result in any changes in cell number, indicating low or no
adverse effects of the liposomes on leukocyte viability in general and monocyte viability in particular
(Supplementary Fig. S16). Neither did treatment with TriArg liposomes lead to an increase in LDH
leakage from blood cells, compared to cells treated with liposome-free PBS (Supplementary Fig. S17).

Together, these results indicate that the liposomes are non-toxic to blood cells.

3.3.  Invivo performance of TriArg liposomes
To support our ex vivo findings in human blood, we also investigated the blood leukocyte uptake of

TriArg liposomes in vivo using mice. For this experiment, 2% TriArg liposomes without PEGylation
or 6% TriArg-PEG liposomes were administered intravenously. For comparison, both PEGylated and
non-PEGylated liposomes without TriArg were also administered. Blood samples were collected
either 10 min or 4 h after injection, and the leukocyte uptake was measured by flow cytometry tracing
a DiO label on the liposomes. As shown in Fig. 4a and b, all types of liposomes were taken up by
monocytes within 10 min of injection, and this uptake strongly increased by incorporation of TriArg
into the formulation. Notably, there was a higher monocyte uptake of the PEGylated than of the non-
PEGylated TriArg liposomes. There was only little liposome uptake by the other types of leukocytes,

although the lymphocyte uptake was more prominent than neutrophil uptake in vivo in mice than ex
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vivo in human blood. Overall, the data only revealed minor differences in the leukocyte uptake of the

liposomes between the investigated species and between in vivo and ex vivo conditions.
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Fig. 4. Monocyte targeting of TriArg liposomes in vivo

(a) Percentage of liposome-positive cells in murine blood 10 min or 4 h after intravenous injection. (b) MFI of
cell populations in murine blood 10 min or 4 h after intraveneous injection. There was a higher uptake of the
liposomes in the monocytes than in the other cell populations. Inclusion of the TriArg in the liposomes further
increased their uptake in monocytes. (c) Blood concentration of Gd-loaded liposomes in mice following
intravenous injections. (d) Organ distribution of Gd-loaded liposomes 4 h after intraveneous injection.
Incorporation of TriArg in the liposomes decreased the circulation time. More of the PEGylated than the non-
PEGylated TriArg liposomes remained in circulation. Error bars show SEM. n = 3-8 for flow cytometry
samples, n=5 for organ samples, n = 3 for blood samples. A statistical analysis was carried out, and the

resulting p-values for all relevant comparisons are shown in Supplementary Table S2 and S3.

The association of the TriArg-containing liposomes to the monocytes decreased from the 10 min time
point to the 4 h time point. To investigate this observation, we measured the pharmacokinetics and
biodistribution of the four liposome formulations by loading them with gadolinium (Gd) and
measuring the Gd content in the blood, liver, lungs, and spleen using ICP-MS. As shown in Fig. 4c,
the TriArg liposomes were quickly cleared from circulation, although significantly more of the
PEGylated than the non-PEGylated TriArg liposomes remained in the blood over the experimental

time course. This could possibly be explained by the higher uptake of the PEGylated than of the non-
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PEGylated TriArg liposomes in the monocytes. The biodistribution data in Fig. 4d indicate that the
TriArg liposomes primarily accumulated in the liver and spleen. This could either indicate that the
liposomes quickly associated to monocytes, which then immediatly left the bloodstream and travelled
to the liver and spleen, or alternatively, that the liposomes travelled to the liver and spleen to directly

associate with cells in these organs.

Lung accumulation has often been discussed as an artifact for cationic nanoparticles [45]. Specifically,
it is hypothesized that cationic nanoparticles, including liposomes, form aggregates, which are then
trapped in the lungs [46,47]. However, almost no accumulation of TriArg liposomes was observed in
the lungs (Fig. 4d). Despite the tendency of the 2% TriArg liposomes to form aggregates in plasma

(Supplementary Fig. S11 and S12), lung accumulation hence did not appear to be an issue.

3.4. Activation of the complement system by TriArg liposomes

In order to identify the molecular mechanism behind the observed monocyte selectivity of the TriArg
liposomes, we investigated the effect of the 2% TriArg, 4% TriArg-PEG and 6% TriArg-PEG
formulations on the complement system. The complement system was investigated as it is known to
be involved in recognition of pathogens, nanoparticles and liposomes [48,49]. It consists of 30 soluble
proteins activated by distinct pathways, recognizing various foreign surfaces [50,51]. All pathways
(the classical, alternative and lectin pathways) converge on the central protein C3, which in turn has
the ability to opsonize foreign substances through its cleavage product C3b/iC3b [52]. Complement
activation was measured using ELISA for determining the plasma content of five different
complement fragments: The anaphylatoxin C3a and the opsonin iC3b were used to measure C3
cleavage. To elucidate the pathway involved in complement activation, the C4d fragment was used to
probe activation of the classical and lectin pathways, and the Bb fragment was used to determine
activation of the alternative pathway. Finally, the terminal complement pathway complex was
measured through analysis of the sC5b9 fragment of the Membrane Attack Complex. The

concentrations of complement fragments in liposome-treated samples were normalized to the
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concentrations arising from spontaneous background activation in the corresponding donor (Fig. 5).

The measured concentration of the fragments can be found in Supplementary Fig. S18.
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Fig. 5. Complement activation increase in plasma upon exposure to TriArg liposomes

Concentration of complement fragment in plasma normalized to the control sample for every single donor,
giving the fold increase in concentration of each complement fragment upon exposure of plasma to liposomes.
Concentrations of complement fragments C3a and iC3b increase over the background when exposed to 2%
TriArg and 4% TriArg-PEG liposomes, indicating that the complement system is activated. Comparing the
increase in Bb (alternative pathway) and C4d fragments (classical or lectin pathway) indicates that the
activation is through the alternative pathway. An increase in sC5b9 show that the terminal pathways of
complement is also initiated. The 6% TriArg-PEG liposomes do not give rise to a significant increase in
concentration for any of the complement fragments tested. n=4, error bars show SEM. A statistical analysis was

carried out, and the resulting p-values for all relevant comparisons are shown in Supplementary Table S4.

In agreement with previously published results, the data in Fig. 5 demonstrate that activation of the
complement system by the liposomes was highly donor dependent [53]. Specifically, the data
demonstrate that the 2% TriArg and 4% TriArg-PEG formulations activate the alternative pathway of
the complement system, as evident by a general increase in all donors for C3a, iC3b and Bb. On the
other hand, the concentration of the C4d fragment was unaffected in two of the four donors and
increased two-fold in the two other donors, indicating activation of the classical pathway in these two
donors. The increase in the sC5b9 fragment for the 2% TriArg and 4% TriArg-PEG formulations
suggests formation of the membrane attack complex. In case of the 6% TriArg-PEG liposomes,

activation of complement was more irregular. While two donors did not respond to the treatment, the
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classical pathway was activated in the other two donors, as seen by an increase in C3a, iC3b, C4d and

to some extent SC5h9.

Overall, there were no obvious correlations between complement activation properties and the TriArg
content, zeta potential, or uptake properties of the liposomes. Of the three liposomes investigated, the
only one not showing a significant increase in complement activation, the 6% TriArg-PEG
formulation, was the most specific to monocytes (Fig. 3a) as well as the one with the highest
monocyte uptake (Fig. 2b). To further explore these observations, the effect on the monocyte uptake

when the complement system was inhibited was investigated.
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Fig. 6. Uptake of TriArg liposomes in leukocytes upon inhibition of the complement system

The complement system in fresh whole human blood was inhibited using the compstatin-analog 4W9A before
adding liposomes and investigating leukocyte uptake by flow cytometry. Uptake of liposomes in granulocytes (a)
and monocytes (b) upon pre-incubation of blood with either complement inhibitor 4W9A or an inactive linear
control peptide. The 4W9A peptide reduces the liposome uptake in the granulocytes, but not in the monocytes or
lymphocytes. n=4, error bars show SEM. A statistical analysis was carried out, and the resulting p-values for all
relevant comparisons are shown in Supplementary Table S5.

3.5.  Cellular uptake of TriArg liposomes upon inhibition of the complement system

Complement inhibition studies were performed by blocking C3 cleavage, thus preventing formation of
the cleavage product C3b which can otherwise opsonize liposomes and drive their cellular uptake. The
clinically approved cyclic peptide compstatin can protect C3 from enzymatic cleavage [54]. Here, we
inhibited C3 cleavage by pre-incubating WHB for 30 min with the compstatin analog 4W9A, which is

45-fold more potent than the parental peptide [55], before adding the liposomes to the blood. As a
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negative control, the blood was pre-treated with a linear inactive control peptide of comparable
sequence to compstatin. This strategy for inhibition of complement is much more specific and precise
than, for example, heat treatment of serum or addition of EDTA, two popular alternatives for
inhibition of complement [56,57]. Liposome uptake was evaluated with flow cytometry, as described
above. The ability of 4W9A to inhibit complement activation (and the lack of inhibition by the control

peptide) is demonstrated in a proof of concept assay in Supplementary Fig. S19.

The uptake in granulocytes and monocytes upon complement inhibition is shown in Fig. 6a and b,
respectively. Compared to untreated blood or blood pre-incubated with the control peptide, pre-
treatment with 4W9A decreased liposome uptake in granulocytes irrespective of formulation.
Interestingly, the decrease correlated with the TriArg content of the liposomes, so the highest
inhibitory effect was observed for liposomes formulated with a high percentage of TriArg, both in the
case of non-PEGylated and PEGylated liposomes (Supplementary Fig. S20). In contrast, 4W9A
treatment did not generally reduce the uptake in the monocytes (Fig. 6b), but actually showed a trend
towards a slight increase in monocyte uptake. This is supported by the results in Supplementary Fig.
S20 showing that 4W9A inhibition does not decrease the monocyte targeting specificity, but rather
trends towards an increase in.monocyte targeting specificity. Consequently, we conclude that the
complement system is not the mechanism responsible for the monocyte targeting of the TriArg
liposomes; instead, the complement system is involved in the mechanism of uptake in granulocytes.
This mirrors earlier studies, finding that neutrophil uptake of liposomes is mediated by the

complement system [39,58].

The complement system-mediated off-target uptake in granulocytes could potentially explain the
differences in monocyte uptake ex vivo in human blood and in vivo in mouse blood. In human blood,
the granulocyte uptake was second-highest, only surpassed by monocytes, whereas in mouse blood,
the granulocyte uptake was lower than in lymphocytes. This could be explained by differences in the

complement system between mice and human.[59-61]
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3.6. Cellular uptake of TriArg liposomes upon CD14 blockade
In a further attempt to identify the mechanism governing the monocyte targeting of TriArg liposomes,

the CD14 pathway was investigated. The membrane-bound version of the CD14 receptor (mCD14)
has, in addition to being a differentiation marker for monocytes, been shown to be involved in
signaling in response to cationic liposomes [62,63]. To test the potential involvement of CD14, WHB
was pre-incubated for 30 min with either a CD14-blocking antibody (clone 18D11) or an unspecific

isotype antibody prior to liposome incubation for 60 min and subsequent assessment of uptake by flow

cytometry.
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Fig. 7. Inhibition of cellular uptake of TriArg liposomes with a CD14 blocking antibody.

Uptake of liposomes in granulocytes (a) and monocytes (b) upon pre-incubation of blood with either CD14-
blocking antibody (clone 18D11) or an isotype antibody (clone MOPC21), as well as in the absence of any
antibodies. n=4 except for 2% TriArg and 6% TriArg-PEG with n=6. Error bars show SEM. A statistical
analysis was carried out, and the resulting p-values for all relevant comparisons are shown in Supplementary
Table S6.

We investigated the uptake of the TriArg liposomes in both granulocytes and monocytes upon
treatment with a CD14-blocking antibody (Fig. 7). The monocyte uptake was drastically reduced for
the non-PEGylated 2% TriArg liposomes, as well as for the 6% TriArg-PEG and 8% TriArg-PEG
liposomes in blood pre-treated with the CD14-blocking antibody compared to untreated blood and
blood pre-treated with an isotype antibody (Fig. 7b). The granulocyte uptake for the same liposomes
was also reduced upon CD14 blockade, but only to a lesser extent (Fig. 7a and Supplementary Fig.
S21). Consequently, the monocyte targeting specificity was found to decrease for the liposomes upon
blockade of CD14 (Supplementary Fig. S21). The extent of inhibition was dependent on the antibody

concentration, again being most pronounced in monocytes followed by granulocytes, but with little
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effect on lymphocyte uptake (Supplementary Fig. S22). This strongly suggests the involvement of
CD14 in the uptake mechanism of the TriArg liposomes. Worth noting, the 3% TriArg formulation,
which exhibited a high uptake in both the granulocytes and monocytes, was less affected by the
blockade of CD14. However, as mentioned above, these liposomes formed aggregates in plasma
(Supplementary Fig. S11). Ahl et al. demonstrated that size and aggregation is an important
determinant for liposome clearance, independent on opsonization of the liposomes [64]. Accordingly,
aggregation could potentially explain the inconsistent behavior we observed for the 3% TriArg

liposomes.

To further support the role of the CD14 pathway in monocyte targeting, we also inhibited the LPS
Binding Protein (LBP), which is upstream of CD14 (Fig. 8) in the TLR4 response to bacterial lipids
[65], using the inhibitor sesamol. As shown in Supplementary Fig. S23 we observed an inhibition
similar to the one with the CD14-blocking antibody, being most effective in monocytes, less

pronounced in granulocytes and with limited effect in lymphocytes.

Based on the above data, we propose that the monocyte specificity is in part mediated by the CD14
pathway. While mCD14 was originally assumed to be exclusively expressed on monocytes, it is today
accepted that the receptor is also weakly expressed on other cell types, e.g. neutrophils that make up
the vast majority of the granulocytes [66]. Furthermore, a soluble version of the CD14 receptor
(sCD14) can also mediate uptake in other cell types than monocytes, and sCD14 is believed to be
secreted by monocytes in order to help other types of peripheral blood leukocytes in clearing LPS and
other lipids [66]. It is thus logical that CD14 (both in membrane-bound and soluble form) is not solely

involved in monocyte uptake, but also in the uptake in other cell types.

It is not clear if the pathway dependency is related to the cationic charge of TriArg alone or whether it
has to do with the structure of the TriArg lipopeptide being a specific ligand for CD14. In any case,
monocyte uptake [21] and stimulation of inflammatory pathways [63] by cationic particles has indeed

been observed for other cationic lipids, but variations in the immune responses of different lipids
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suggest that different mechanisms are in play [67]. Alternative pathways including scavenger
receptors, integrins as well as antibody-mediated routes may thus also play a role in clearance of the
TriArg liposomes. Future studies might reveal the role of CD14 in uptake of other liposomes
formulated with different cationic lipids. Interestingly, charge targeting can also be used to target other
peripheral blood leukocyte populations than monocytes, as anionic liposomes have been demonstrated
to primarily associate to neutrophils in mouse blood [39]. Importantly, the neutrophil targeting
capacities were found to depend on the activation state of the cells, as enhanced neutrophil uptake was
observed upon LPS pre-stimulation of the mice. The authors also observed that LPS pre-stimulation
resulted in increased monocyte-association of cationic liposomes in mouse blood [39]. Future
investigations may reveal if inflammation will also enhance the monocyte-targeting capabilities of

cationic liposomes in blood from human donors.

3.7.  Proposed mechanism of uptake

It has previously been illustrated how cationic liposomes trigger CD14-mediated signaling processes
in immune cells [63]. As mentioned above, the CD14 protein exists both in a membrane-bound
version (mCD14) and in a soluble version (sCD14). CD14 was originally identified as being a TLR
co-receptor, accountable for controlling the TLR4 mediated response to LPS: In the absence of CD14,
TLR4 is located at the plasma membrane even when engaged in signaling; in the presence of CD14,
the receptor complex is endocytosed when activated, see Fig. 8 [65,68]. CD14 has also been shown to
be involved in intracellular signaling in response to cationic lipids [63,69], in endocytosis of dead cell
components [70], in extracellular trafficking of several types of phospholipids [71], and to mediate
signaling and uptake through other receptors, such as CR3 and TLR2 [69,72]. Based on this
knowledge, taken together with the data on complement-, CD14- and LBP-inhibition presented in this
work, we propose the uptake mechanisms illustrated in Fig. 8 for the liposome formulations

investigated in the current work.
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Fig. 8. Proposed pathway for uptake of TriArg liposomes through the CD14 receptor.

CD14 exists both as a membrane bound version (mCD14) and as a soluble version (sCD14). The former is
primarily expressed on monocytes, and can thus directly facilitate uptake in-monocytes (1). TLR4 signaling, e.g.
in response to LPS on gram-negative bacteria, usually happens with the receptor being located at the plasma
membrane [65,68]. The TLR4 receptor alone is not able to bind LPS directly, but needs an accessory protein
[68]. When this accessory protein is CD14, TLR4 in complex with the ligand is endocytosed, instead of being
located at the membrane [68,69]. The CD14/TLR-4 complex can in this way facilitate internalization of the
bacteria [73], apoptotic cells [74], or other lipid particies recognized by CD14, e.g. the cationic liposomes
presented here. CD14 can directly bind LPS on gram-negative bacteria, PS on apoptotic cells, and a range of
other lipids, but the LPS Binding Protein (LBP) can promote this binding (2) [71,75,76], thereby enhancing the
TLR4 activation in response to LPS 100-1000 fold compared to serum without LBP. In addition, LBP is involved
in CD14-mediated phagocytosis [73]. Furthermore, the soluble version of CD14, sCD14, can facilitate uptake in
both monocytes (3) and non-myeloid cells such as granulocytes (4). The figure illustrates how CD14 could thus
serve as a co-receptor driving endocytosis of cationic liposomes in both CD14 positive monocytes and in cells
with low or none mCD14 expression. It should be noted, that a low degree of mCD14 expression in granulocytes
could also mediate uptake in these cells in parallel to the complement-mediated opsonization. The results
presented in this paper supports that this LBP/CD14-pathway, previously demonstrated for monocyte
phagocytosis of bacteria [73], is also involved in uptake of cationic liposomes. In parallel, however, the
complement system can also facilitate uptake in granulocytes (5). This pathway seems to dominate when the

TriArg content is increased (see data in Fig. 7).

4. Conclusion:

We have demonstrated that the cationic TriArg liposomes designed in this study are taken up
specifically by monocytes in WHB ex vivo and in mouse blood in vivo. PEGylation improved the

stability of the liposomes by efficiently preventing aggregation in plasma, without compromising their
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targeting capacity. The selective monocyte uptake of the liposomes renders them as promising tools in

stimulating the activation and differentiation of monocytes by means of delivering immunostimulants.

Precise understanding of how immune cell targeting can be achieved through natural immune
mechanisms is essential for developing directed vaccines and immune modulating therapies within
cancer, infectious and autoimmune diseases. In line with this, the current study illuminates important
mechanisms underlying monocyte targeting and establishes that while the targeting to monocytes is
mediated by the CD14 pathway, the complement system is activated by the TriArg liposomes and
results in off-target uptake in granulocytes. These findings represent an important step forward in

achieving in-depth mechanistic understanding that ultimately aids rational design of directed vaccines.
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Supplementary figures associated with this article can be found in the online version of the paper.
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Fig. 1. Liposomes functionalized with the TriArg lipopeptide

Liposome formulations used in the study. (a) The structure of the TriArg compound
(Cholesterol-GWRRR). (b) TriArg liposomes were formulated both with and without DOPE-
PEG2000. (€) Cryogenic transmission electron microscopy (cryoTEM) image of PEGylated

liposomes with 6% TriArg lipopeptide.

Fig. 2. Uptake of TopFluor-labeled TriArg liposomes by monocytes, granulocytes, and
lymphocytes.

(a) Percentage of TopFluor-positive cells. (b) TopFluor median fluorescence intensity (MFI)
of cells. At low percentages of TriArg in the formulation, the liposome uptake is highest in
monocytes compared to the granulocytes and lymphocytes. The monocytes uptake further
increases as TriArg content increases. At the highest percentages of TriArg tested, there is
also increased uptake in granulocytes and slightly in lymphocytes. The trend is the same for
PEGylated and non-PEGylated liposomes, but a higher TriArg content is required in the
PEGylated liposomes to achieve the same level of cellular uptake. Error bars show SEM, and
n=4 except for 3% TriArg (n=8) and 2% TriArg-PEG (n=3). A statistical analysis was carried
out, and the resulting p-values for all relevant comparisons are shown in Supplementary Table

S1. For gating strategy, see Supplementary Fig. S5.

Fig. 3. Monocyte targeting specificity of TriArg liposomes.
(a) Targeting specificity of all formulations calculated by dividing the MFI of the monocyte

population with the MFI of all other cells. (b) Targeting specificity as a function of zeta
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potential. (c) Targeting specificity as a function of the charge per 100 lipids. There is no
straightforward correlation between the targeting specificity and zeta potential or the charge
per 100 lipids in the formulation. The net number of charges per 100 lipids is calculated using
that TriArg carries three positive charges and that DOPE-PEG carries one negative charge.
Vertical error bars show SEM, and n=4 except for 3% TriArg (n=8) and 2% TriArg-PEG
(n=3). Horistontal error bars show SD according to Table 1, n=2-7.

Fig. 4. Monocyte targeting of TriArg liposomes in vivo

(a) Percentage of liposome-positive cells in murine blood 10 min or 4 h after intravenous
injection. (b) MFI of cell populations in murine blood 10 min or 4 h after intraveneous
injection. There was a higher uptake of the liposomes in the imonocytes than in the other cell
populations. Inclusion of the TriArg in the liposomes further increased their uptake in
monocytes. (c) Blood concentration of Gd-loaded liposomes in mice following intravenous
injections. (d) Organ distribution of Gd-loaded liposomes 4 h after intraveneous injection.
Incorporation of TriArg in the liposomes decreased the circulation time. More of the
PEGylated than the non-PEGylated TriArg liposomes remained in circulation. Error bars
show SEM. n = 3-8 for flow cytometry samples, n=5 for organ samples, n = 3 for blood
samples. A statistical analysis was carried out, and the resulting p-values for all relevant
comparisons are shown in Supplementary Table S2 and S3.

Fig. 5. Complement activation increase in plasma upon exposure to TriArg liposomes

Concentration of complement fragment in plasma normalized to the control sample for every
single donor, giving the fold increase in concentration of each complement fragment upon
exposure of plasma to liposomes. Concentrations of complement fragments C3a and iC3b
increase over the background when exposed to 2% TriArg and 4% TriArg-PEG liposomes,
indicating that the complement system is activated. Comparing the increase in Bb (alternative
pathway) and C4d fragments (classical or lectin pathway) indicates that the activation is
through the alternative pathway. An increase in sC5b9 show that the terminal pathways of
complement is also initiated. The 6% TriArg-PEG liposomes do not give rise to a significant

increase in concentration for any of the complement fragments tested. n=4, error bars show

38



Journal Pre-proof

SEM. A statistical analysis was carried out, and the resulting p-values for all relevant

comparisons are shown in Supplementary Table S4.

Fig. 6. Uptake of TriArg liposomes in leukocytes upon inhibition of the complement
system

The complement system in fresh whole human blood was inhibited using the compstatin-
analog 4W9A before adding liposomes and investigating leukocyte uptake by flow cytometry.
Uptake of liposomes in granulocytes (a) and monocytes (b) upon pre-incubation of blood with
either complement inhibitor 4W9A or an inactive linear control peptide. The 4W9A peptide
reduces the liposome uptake in the granulocytes, but not in the monocytes or lymphocytes.
n=4, error bars show SEM. A statistical analysis was carried out, and the resulting p-values

for all relevant comparisons are shown in Supplementary Table S5.

Fig. 7. Inhibition of cellular uptake of TriArg liposomes with a CD14 blocking antibody.
Uptake of lipesomes in granulocytes (a) and monocytes (b) upon pre-incubation of blood with
either CD14-blocking antibody (clone 18D11) or an isotype antibody (clone MOPC21), as
well as in the absence of any antibodies. n=4 except for 2% TriArg and 6% TriArg-PEG with
n=6. Error bars show SEM. A statistical analysis was carried out, and the resulting p-values

for all relevant comparisons are shown in Supplementary Table S6.
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Fig. 8. Proposed pathway for uptake of TriArg liposomes through the CD14 receptor.

CD14 exists both as a membrane bound version (mCD14) and as a soluble version (sCD14).
The former is primarily expressed on monocytes, and can thus directly facilitate uptake in
monocytes (1). TLR4 signaling, e.g. in response to LPS on gram-negative bacteria, usually
happens with the receptor being located at the plasma mermbrane [63,66]. The TLR4 receptor
alone is not able to bind LPS directly, but needs an accessory protein [66]. When this
accessory protein is CD14, TLR4 in complex with the ligand is endocytosed, instead of being
located at the membrane [66,67]. The CD14/TLR-4 complex can in this way facilitate
internalization of the bacteria [71], apoptotic celis [72], or other lipid particles recognized by
CD14, e.g. the cationic liposomes presented here. CD14 can directly bind LPS on gram-
negative bacteria, PS on apoptatic celis, and a range of other lipids, but the LPS Binding
Protein (LBP) can promote this binding (2) [69,73,74], thereby enhancing the TLR4
activation in response to LPS 100-1000 fold compared to serum without LBP. In addition,
LBP is involved in CD14-mediated phagocytosis [71]. Furthermore, the soluble version of
CD14, sCD14, can facilitate uptake in both monocytes (3) and non-myeloid cells such as
granulocytes (4). The figure illustrates how CD14 could thus serve as a co-receptor driving
endocytosis of cationic liposomes in both CD14 positive monocytes and in cells with low or
none mCD14 expression. It should be noted, that a low degree of mCD14 expression in
granulocytes could also mediate uptake in these cells in parallel to the complement-mediated
opsonization. The results presented in this paper supports that this LBP/CD14-pathway,
previously demonstrated for monocyte phagocytosis of bacteria [71], is also involved in
uptake of cationic liposomes. In parallel, however, the complement system can also facilitate
uptake in granulocytes (5). This pathway seems to dominate when the TriArg content is

increased (see data in Fig. 7).
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Table 1. Characteristics of TriArg liposomes included in the study

Overview of the liposome formulations tested in the present study. The 30 mol% cholesterol
in the formulations does not include the 1-8% cholesterol on the TriArg lipopeptide. The
results are shown as the mean £ SD for all batches produced of a given formulation. Between

two and seven batches were produced of each formulation.
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Statement of Significance
for manuscript

Mechanisms of Selective Monocyte Targeting by Liposomes Functionalized with a Cationic,

Arginine-Rich Lipopeptide

Monocytes are attractive targets for immunotherapies of cancers, infections and autoimmune diseases.
Specific delivery of immunostimulatory drugs to monocytes is typically achieved using ligand-
targeted drug delivery systems, but a simpler approach is to target monocytes using cationic
liposomes. To achieve this, however, a deep understanding of the mechanisms governing the
interactions of cationic liposomes with monocytes and other leukocytes is required. We here
investigate these interactions using liposomes incorporating a cationic arginine-rich lipopeptide. We
demonstrate that monocyte targeting can be achieved by fine-tuning the lipopeptide content in the
liposomes. Additionally, we reveal that the CD14 receptor is involved in the targeting process,
whereas the complement system is not. These mechanistic findings are critical for future design of
monocyte-targeting liposomal therapies.
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