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ARTICLE INFO ABSTRACT

Keywords: Prevalent deposition of plasma proteins on nano-surface alters the synthetic identity of liposomes in blood
Liposome circulation. The key plasma protein(s) that can dominate in vivo fate of liposomes are of central importance for
gM preclinical design and precise medication of liposome-based therapeutics. Herein, natural IgM, but not IgG, is

Plasma protein
in vivo performance
Complement activation

identified to ubiquitously absorb on liposomal surface and takes the lead in complement activation of different
species. The absorbed natural IgM, which negatively correlates with the in vivo performance of liposomes, be-
comes a potential indicator to guide the de novo design and optimization of liposomes. More importantly, the

varying natural IgM levels in cancer patients may be one of the causal factors for clinical differences in response
to liposome-based therapeutics. Clinical monitoring of the natural IgM level and its binding with liposomes
becomes crucial to optimize the therapeutic regimen prior to the application of liposome-based therapeutics.

1. Introduction

During the past several decades, liposomes have been extensively
exploited as a class of versatile carrier for the delivery of anti-cancer
and anti-infection therapeutics [1-3]. Many efforts have been made to
understand the physical and biological characteristics of such bio-
compatible and surface-tunable lipid vesicles. Substantive progress has
been witnessed both in the basic research and the bench-to-bedside
translation of liposomes for therapy and diagnosis purposes [4,5]. So
far > 20 liposomal formulations have been approved globally for the
intervention of cancers and infectious diseases [6]. The application of
liposomes brings many advantages over the conventional formulations
to improve efficacy and/or mitigate side effects, including sustained or
controlled release of payloads, prolonged duration of therapeutic agents
in blood circulation via PEGylation, and separation of therapeutics from
healthy organs (i.e. doxorubicin v.s. heart) [7-10]. More interestingly, it
is capable of achieving spatiotemporal delivery of payloads by further
modulation of lipid bilayers with sensitive molecules and functionali-
zation of liposomal surface with targeting agents [11-16]. However,
both the bench-to-bedside translation and application of liposomes in

the clinic are in a dilemma due to ambiguous understandings on in vivo
delivery mechanisms.

The surface identity is crucial to the in vivo performance of lipo-
somes, including pharmacokinetic profile, biodistribution, im-
munogenicity, targeting yield, nanotoxicity, and many others [17].
Unfortunately, vigorous interaction between liposome and biomedia is
ubiquitous, making the surface identity of liposomes distinct from the
synthetic one. Upon entry into the blood stream, liposomes are sur-
rounded by heavy levels of plasma proteins, which spontaneously ab-
sorb on the nano-surface. The formation of so called “protein corona”
recomposes the surface identity of liposomes and severely affects in vivo
performance [18-22]. Such discrepancy between the synthetic and
biological identities presents a wide gap in the bench-to-bedside
translation of liposomes. Hundreds of plasma proteins have been re-
ported to deposit on doxorubicin loaded liposomes (Doxil), and some of
them exert significant impacts on the in vivo fate of liposomes [23,24].
The presence of targeting agents can alter the composition of protein
corona to a great extent, making the in vivo performance of liposomes
unpredictable [25,26]. Thus, it is urgent to identify the key plasma
protein(s) and to decipher their effects on in vivo fate of liposomes.
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More importantly, clinical application of the approved liposome-
based therapeutics also suffers a plight. In patients, the content and
component of plasma proteins undergo dynamic changes during the
progress of diseases, which may severely deteriorate the unpredictable
situation of clinically used liposomes. Validation of the key plasma
protein(s) that dominate the in vivo performance of liposomes and in-
terrogation of their regulatory mechanisms are useful to guide precise
medication of liposomes in the clinic.

In the present study, liposomes with different synthetic identities
are prepared and the composition of the formed protein corona is
characterized in different species. Natural immunoglobulin M (IgM)
ubiquitously deposits on the surface of all liposomes. The potential has
been analyzed of natural IgM as an indicator to guide de novo design
and optimization of liposomes. The clinical relevance of these findings
has been investigated by evaluating the binding with liposomes and
complement activation as functions of the varying levels of natural IgM
in cancer patients.

2. Methods
2.1. Reagents and antibodies

Pcpx  (GPRPEPIPRPTGPRPAPEPRPWPSPEPKPF), RGD (GRGDSP),
A7R (ATWLPPR), ANG (TFFYGGSRGKRNNFKTEEY) were chemically
synthesized via Fmoc-based solid-phase peptide synthesis [27] (CS336
peptide synthesizer, CSBio (Shanghai) Ltd.). FA-PEG3400-DSPE was
chemically synthesized as previously reported [28]. Mal-PEG3400-
DSPE, HSPC (hydrogenated soy phosphatidylcholine) and mPEG2000-
DSPE were purchased from A.V.T. Pharmaceutical, Co., Ltd. (Shanghai,
China). Sephadex G50 and Dil (1,1’-dioctadecyl-3,3,3’,3’-tetra-
methylindocarbocyanine) were from Sigma-Aldrich (St. Louis, MO).
Cholesterol was acquired from Nippon Fine Chemical, Co., Ltd. (Taka-
sago, Japan). Goat anti-mouse IgM mu chain (HRP) (ab97230, 1:5000),
goat anti-rat IgM mu chain (HRP) (ab97180, 1:5000), goat anti-rabbit
IgM mu chain (HRP) (ab97195, 1:5000), goat anti-human IgM mu
chain (HRP) (ab97205, 1:5000), rabbit polyclonal CD31 antibody
(ab28364, 1:20) and mouse monoclonal IgM (ab18400), mouse IgG
(ab188776), mouse complement C5a ELISA kit (ab193718), human
complement C5a ELISA kit (ab193695), were from Abcam (Cambridge,
MA). 3,3',5,5-Tetramethylbenzidine (TMB) chromogen solution for
ELISA assay, DAPI (4’,6-diamidino-2-phenylindole), fast silver stain kit
and SDS-PAGE sample loading buffer (5% ) were purchased from Be-
yotime Biotechnology (Jiangsu, China). Gradient precast poly-
acrylamide gels (4-20%) (Cat# 456-1093) and protein dual color
standards (Cat# 1610374) were from BIO-RAD (Hercules, CA). Dox-
orubicin hydrochloride and daunorubicin hydrochloride were pur-
chased from Dalian Meilun Biotechnology Co., Ltd. (Dalian China).

2.2. Cell line, animals and human serum

Neuro-2a cell line was from the Type Culture Collection of Chinese
Academy of Sciences (Shanghai, China). Adult male BALB/c mice,
Sprague-Dawley rats, New Zealand rabbits and SCID (Severe combined
immunodeficiency) mice were acquired from Shanghai SLAC
Laboratory Animal Co., LTD (Shanghai, China) and kept under SPF
condition. All animal experiments were carried out in accordance with
guidelines evaluated and approved by the ethics committee of Fudan
University. The use of human serum in this study was approved by the
Ethics Committee of the Fudan University Shanghai Cancer Center and
informed consent was obtained from each health donor and cancer
patient.

2.3. Preparation of peptide-PEG3400-DSPE

Peptides (°CDX, RGD, A7R, ANG) containing an additional cysteine
were conjugated with Mal-PEG3400-DSPE via sulfhydryl-maleimide
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coupling method [29]. Mal-PEG3400-DSPE (50 mg) was dissolved in
chloroform and evaporated to form a thin film, then dried for 2 h under
vacuum and hydrated with ultrapure water (UPW, 5 ml) at 37 °C.
Thiolated peptide was dissolved in 2 ml UPW and mixed with Mal-
PEG3400-DSPE micelle (peptide: Mal-PEG3400-DSPE = 1.5: 1, molar
ratio), then 0.1 M phosphate-buffered solution (pH = 7.4, 3 ml) was
added in the mixture to react for 6 h at room temperature under
magnetic stirring. The mixture was placed in a dialysis bag with the
molecular weight cutoff (MWCO) of 8000-14,000 Da in UPW for 48 h
to remove any residual free peptides and salts. All peptide modified
lipids were freeze-dried for further use.

2.4. Preparation and characterization of liposomes

Plain PEGylated liposomes (sLip) were prepared by the thin film
hydration and extrusion method [30]. A mixture of HSPC/cholesterol/
mPEG-DSPE (molar ratio of 52:43:5) were dissolved in chloroform and
vacuum-rotary evaporated to form a thin film, then dried overnight
under vacuum. The dried lipid film was hydrated with saline at 60 °C.
The lipid dispersion was extruded through polycarbonate membranes
with pore diameters of 200 nm and 100 nm. For the conventional li-
posomes (Lip, without PEGylation), HSPC and cholesterol (55:45) were
dissolved in chloroform to form the thin film. Other populations of li-
posomes containing different molar ratio of targeting ligand modified
PEG3400-DSPE were prepared following the same methods except for
the addition of 0.5%, 1% and 2% targeting ligand-PEG3400-DSPE be-
fore the formation of thin film (the molar ratios of mPEG2000-DSPE
were decreased to 4.5%, 4% and 3%, respectively). Dil-loaded lipo-
somes were prepared by adding 0.5% molar ratio of Dil before the
formation of lipid thin film. Doxorubicin-loaded liposomes were pre-
pared using ammonium sulfate gradient method [31]. Briefly, the dried
lipid film was hydrated with 0.32 M ammonium sulfate at 60 °C. The
lipid dispersion was extruded through polycarbonate membranes with
pore diameters of 200 nm and 100 nm, and the external phase was
replaced with saline by Sephadex G50 column. Doxorubicin hydro-
chloride (DOX) was added into liposomes (DOX/lipid, mass ratio 1:10)
and the mixture was incubated at 60 °C for 20 min, then free doxor-
ubicin was removed by G50 column. Lipid concentration was measured
using phosphorus assay [32] and DOX concentration was measured by
reversed-phase high performance liquid chromatography (HPLC). The
size and zeta-potential of liposomes were measured in deionized water
at a lipid concentration of 0.5 mM using ZetasizerNano ZS90 (Malven
Instrument, southborough, MA).

2.5. Characterization of protein corona

Whole blood was collected from BALB/c mice, SD rats and rabbits,
and kept at room temperature for 30 min and centrifuged at 1000 x g
to collect the serum. One hundred microliters liposomes (containing
8 mM HSPC) were incubated with the same volume of serum in low
protein binding tubes at 37 °C for 1 h, then 800 pL chilled phosphate
buffered saline (PBS) was added and centrifuged at 14,000 x g for
30 min. The pellets were rinsed with chilled PBS (300 pL) thrice under
the same condition and re-suspended in a solution containing 30 pL
PBS, 7.5 uL SDS-PAGE sample loading buffer (5x) and 2 puL B-mer-
captethanol. Protein aliquots were separated by size on a 4%-20%
gradient polyacrylamide gel and transferred to PVDF membrane.
Nonspecific binding sites on PVDF membrane were blocked by in-
cubation in PBST (PBS plus 0.1% Tween 20) containing 5% dry
skimmed milk at room temperature for 1 h, followed by incubation
overnight at 4 °C with goat anti-mouse, rat or rabbit IgM antibody
conjugated with horseradish peroxidase. The signal was imaged
(ChemiScope 6000, Clinx Co. Ltd) and the data was analyzed by Image
J software (see supplementary Fig. 7a, 8, 9, 10 and 11).

BALB/c mice were intravenously injected via the tail vein with Dil
loaded liposomes (50 mg HSPC per kg of mice) and anesthetized at 1 h.
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Blood was sampled and the serum was collected after centrifugation at
1000 xg. The fluorescence intensity of serum was measured by fluor-
escence detector to quantify the concentration of Dil loaded liposomes
(Ex at 550 nm and Em at 570 nm). The liposome-protein complex was
collected and measured following the same methods as aforementioned
except that the loading quantity of protein sample was quantified by the
concentration of Dil loaded liposomes (see supplementary Fig. 7b).

2.6. Neuro-2a cell culture and bioactivity of CDX on liposomal surface

Neuro-2a cells were cultured in DMEM medium containing 10%
FBS, 100 units/mL penicillin and 100 pg/mL streptomycin with 5% CO,
at 37 °C. Cells were harvested after trypsinization and suspended in
chilled PBS (1 x 10° cells in 270 pL PBS). Dil loaded liposomes with
different modification degree of PCDX (lipid concentration
10 mg mL™ ") pre-incubated with the equal volume (15 uL) of either
fresh BALB/c mouse serum or PBS for 1 h at 37 °C were added. After
incubation overnight, cells were centrifuged at 130 X gand rinsed with
chilled PBS (1 mL) thrice. Dil positive cells were counted using flow
cytometry.

2.7. Pharmacokinetic studies

SD rats (23 mg HSPC per kg of rats), BALB/c mice (50 mg HSPC per
kg of mice) and New Zealand rabbits (12 mg HSPC per kg of rabbits)
were intravenously injected with Dil loaded liposomes. At pre-
dominated time points, blood was sampled and plasma was separated
by centrifugation at 1000 x g for 10 min. The plasma concentration of
liposomes was detected by a fluorescence spectrophotometer (Ex at
550 nm and Em at 570 nm).

To study the accelerated blood clearance (ABC) phenomena, SD rats
were intravenously injected a low dose of liposomes without Dil
loading (2.3 mg HSPC per kg of rats). After 5 days, the pretreated rats
were intravenously injected with Dil labeled liposomes (23 mg HSPC
per kg of rats) and plasma was collected after centrifugation at
1000 x g for 10 min. Plasma concentration of Dil after the second
injection was studied as aforementioned. Anti-PEG IgM titration in SD
rat plasma (collected before the second injection) was detected by
ELISA assay.

The pharmacokinetic profile of loaded doxorubicin in different po-
pulations of liposomes was also studied in SD rats after intravenous
injection (2 mg DOX per kg of rats). Blood was sampled at 5 min,
15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h and 24 h post injection. Plasma
was separated by centrifugation at 1000 X g for 10 min, and 50 pL
plasma was mixed with 50 uL. UPW, 100 pL methanol (containing
10 pg/mL daunomycin as the internal standard) and 400 pL chloroform
to extract DOX. After 1 min vortex and 15 min centrifugation at
8000 x g, the chloroform phase was transferred into a new tube and
dried overnight. Samples were re-dissolved in 30% acetonitrile and
DOX was measured after centrifuged at 12000 x g for 8 min by re-
versed-phase HPLC coupled with a fluorescence detector (Ex at 480 nm
and Em at 550 nm).

2.8. C5a quantification

Mouse serum was collected from BALB/c and SCID mice and stored
at —80 °C. Human serum was collected from cancer patients and
healthy donors with informed consent. IgM depleted serum was ob-
tained by incubation with 0.2 M B-mercaptoethanol at 37 °C for an
hour. For reconstitution, mouse IgG and mouse IgM were added to
depleted serum or SCID serum. Liposomes (containing 8 mM HSPC)
were incubated with normal, depleted or reconstituted serum at 37 °C
for 40 min. Complement activation end-product C5a in serum was de-
termined using mouse or human complement C5a ELISA kit according
to manufacturer's instructions.
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2.9. Immunogenicity of the liposomes

BALB/c mice were intraperitoneal injected four doses (by weekly,
50 mg HSPC per kg of mice) of liposomes. Blood was sampled 7 days
after the fourth injection and kept at room temperature for 30 min.
Serum was collected after centrifugation at 1000 X g for 10 min and
stored at -80 °C. Anti-PEG IgM / IgG titrations in BALB/c serum were
detected by ELISA assay using mPEG-DSPE (sLip) or "CDX-PEG-DSPE
(0.5%"CDX-sLip, 1% °CDX-sLip and 2% °CDX-sLip) as antigens.

2.10. ELISA assay

High binding 96-well ELISA plates were coated with 2 pg mPEG-
DSPE or PCDX-PEG-DSPE per well for immunogenicity studies, or li-
posomes containing 20 pg HSPC per well for the studies on natural IgM
absorption. All wells were rinsed with PBST thrice and blocked with 3%
BSA at 37 °C for 1 h. Serum was gradually diluted with PBS and in-
cubated in the microtiter wells at 37 °C for 1 h. After rinses with PBST
thrice and blocking with 3% BSA at 37 °C for 30 min, horseradish
peroxidase labeled goat anti-IgM or IgG antibody was added to react
with IgM or IgG at 37 °C for 1 h. TMB (3,3’,5,5"-Tetramethylbenzidine)
was added for 5-15 min and 0.18 M sulfuric acid was used to terminate
the reaction. UV absorbance at 450 nm was measured.

2.11. Biodistribution study

To quantify the brain distribution of different populations of lipo-
somes in healthy BALB/c mice, Dil-loaded Liposomes were in-
travenously injected via the tail vein (50 mg HSPC per kg of mice). At
4 h and 8 h after injection, the main organs were dissected and the
brains were fixed in 4% paraformaldehyde solution overnight and an-
hydrated in 30% sucrose solution for 48 h. After cryostat sectioned with
16 um thickness, the brain slices were stained with anti-CD31 antibody
and DAPI, then visualized using a confocal microscope. The Dil positive
areas were calculated using the Image Pro software.

Liver and spleen dissected at 4 h and 8 h after injection were
weighted and transferred into a 2 ml tube and 5% triton-X 100 (10 mL
5% triton-X 100 per gram organ) was added. The tissues were smashed
by a tissue grinder and the fluorescence intensity of tissue homogenates
was detected by a fluorescence spectrophotometer (Ex 550 nm/Em
570 nm).

2.12. Statistical analysis

Data are means *+ standard deviations (SDs) and analyzed by
Student's t-test with GraphPad Prism software 6.0.4. p < .05 was
considered statistically significant (N.S.: p > .05, 0.01 < *p < .05,
0.001 < **p < .01, ***p < .001).

3. Results

3.1. Dose-effect relationship between natural IgM and "CDX modified
liposomes

PCDX peptide is a stable D-peptide brain targeting ligand by re-
cognition of nicotinic acetylcholine receptors (nAChRs) expressed on
the brain capillary endothelial cells [33,34]. In our previous reports
[35,36], natural IgM was prone to depositing on the surface of °CDX
peptide modified liposomes via electrostatic interaction, demonstrating
negative regulatory effects on the immunocompatibility of liposomes.
To investigate if any “dose-effect” relationship, we modulated the
natural IgM deposition on liposomal surface by regulating the mod-
ification degree of °CDX peptide (supplementary table 1). High mod-
ification degree resulted in high zeta-potential, which may be attributed
to the positive charges in °CDX peptide. Meanwhile, modification de-
gree of °CDX did not alter the size of liposomes after extrusion through
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Fig. 1. Effect of "CDX modification on natural IgM absorption and the performance of liposomes. Natural IgM absorption on liposomal surface in vitro (a) and in vivo
(b). Protein coronas were separated from liposomes after 1 h incubation with the equal volume of BALB/c mouse serum or 4 h after intravenous injection, and
quantified by western blot assay, n = 5. (c) Correlation between in vitro and in vivo natural IgM absorption. Specific IgM (d) and IgG (e) titrations after four sequential
doses (by weekly) of corresponding liposomes, n = 3. Titration was calculated as log(Ky) using the embedded equation of specific binding in GraphPad Prism 6.0. (f)
Effect of in vitro natural IgM absorption on immunogenicity. N.D. indicates non-detectable and the titration was set as 0. (g) Effect of serum on "CDX bioactivity
(n = 3), and (h) correlation between in vitro natural IgM absorption and the decrease of bcpx activity after pre-incubation with BALB/c mouse serum. Yellow, red,
blue and purple circles indicate sLip, 0.5% CDX-sLip, 1%°CDX-sLip and 2%°CDX-sLip, respectively. Data are means + SDs and analyzed with GraphPad Prism 6.0. *
p < .05, **p < .01 by student's t-test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

membranes of predetermined sizes (see Methods).

To study the effect of P°CDX modification degree on the composition
of protein corona, all liposomes were incubated with the equal volume
of fresh BALB/c mouse serum for 1 h at 37 °C. The formed protein
coronas were collected by centrifugation and rinsed with chilled
phosphate buffered saline (PBS). Natural IgM was quantified using

western blot assay (Fig. 1la and supplementary Fig. 1a). Low mod-
ification degrees of DCDX (0.5% and 1%) slightly enhanced the de-
position of natural IgM compared to sLip (PEGylated liposomes without
PCDX modification). However, 2% PCDX modification resulted in a
sharp increase (12.6 folds in comparison to that of sLip) of natural IgM
absorption. The deposition of natural IgM on liposomal surface was also
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studied in vivo. Protein coronas were collected at 4 h after intravenous
injection (see Methods), and the content of IgM was quantified (Fig. 1b
and supplementary Fig. 1b). Only 2%°CDX-sLip showed significant
enhancement of natural IgM deposition in comparison to sLip. Natural
IgM absorption in vitro and in vivo demonstrated similar tendency
(Fig. 1c), suggesting in vitro determination could reflect the in vivo IgM
absorption.

2%PCDX-sLip exhibited significant immunogenicity in our previous
report [35]. Since P°CDX modification degree severely affected the ab-
sorption of natural IgM, lower modification degrees of "°CDX may result
in improved immunocompatibility. Here the immunogenicity of dif-
ferent populations of liposomes was evaluated in BALB/c mice. IgG and
IgM antibodies were detected after four sequential injections of lipo-
somes (by weekly, 50 mg HSPC per kg of mice) using ELISA assay (see
Methods). As shown in Fig. 1d and e, only 2%°CDX-sLip generated
detectable anti-°’CDX-PEG3400-DSPE IgG and IgM, indicating lower
modification degree of °CDX could successfully mitigate the im-
munogenicity of liposomes. The effect of natural IgM absorption on
immunogenicity was fitted (Fig. 1f), where antibody titration was
quantitated as the Log(Ky) value using the embedded equation of spe-
cific binding in GraphPad Prism 6.0 and non-detectable
munogenicity was set as 0. High absorption of natural IgM in 2%°CDX-
sLip became the causal factor of the elevated immunogenicity. The
binding affinity of "CDX on liposomal surface was evaluated using
neuro-2a cells that overexpress nAChRs (receptors for "CDX peptide).
As shown in Fig. 1g, higher modification degree of °CDX resulted in
higher binding with neuro-2a cells, suggesting that the function of
PCDX on liposomal surface was preserved to some extent. However,
pre-incubation with BALB/c mouse serum slightly affected binding of
sLip, 0.5%°CDX-sLip and 1%"CDX-sLip with neuro-2a cells, demon-
strating 1.1-1.2 folds decrease of the mean fluorescence intensity. In
contrast, 2%°CDX-sLip displayed a sharp decrease (1.6 folds) in neuro-
2a cell binding after pre-incubation with BALB/c mouse serum. The
effect of BALB/c mouse serum on "CDX activity was consistent with the
tendency of the natural IgM absorption (Fig. 1h).

2%PCDX-sLip demonstrated rapid blood clearance in our previous
report, which was driven by the enhanced absorption of natural IgM
[35]. To study if the pharmacokinetic profile is as a function of natural
IgM absorption, different populations of liposomes were fluorescently
labeled with Dil and the plasma concentration of liposomes was mea-
sured in rats at predetermined time points after intravenous injection
(see Methods). As shown in Fig. 2a, 2%”CDX-sLip demonstrated rapid
clearance as expected. It is interesting that 1%°CDX-sLip and
0.5%"CDX-sLip displayed comparable pharmacokinetic profile to that
of sLip, suggesting good correlation between liposome pharmacokinetic
profile and natural IgM deposition.

Accelerated blood clearance (ABC) phenomenon of liposomes has
been previously reported [37,38]. Animals receiving a pre-dose (rela-
tively low dose) of PEGylated liposomes can generate anti-PEG IgM,
which is peaked at 5-7 days after injection and induces rapid blood
clearance of the second injection of liposomes [39,40]. To study the
ABC phenomenon, SD rats were intravenously injected with a low dose
of blank liposomes (without Dil labeling, sLip, 0.5%°CDX-sLip,
1%°CDX-sLip, or 2%°CDX-sLip, 2.3 mg HSPC per kg of rats), followed
by a second injection of Dil labeled liposomes (23 mg HSPC per kg of
rats, see Methods) 5 days after the first injection. As shown in Fig. 2b,
0.5%"°CDX-sLip and 1%°CDX-sLip exhibited comparable ABC phe-
nomenon to that of sLip in rats. After a pre-dose, sLip, 0.5%"CDX-sLip
and 1%°CDX-sLip showed 5.5-7.9 folds decrease of the AUC. In sharp
contrast, 2% CDX-sLip displayed 14.4 folds decrease of the AUC in
comparison to that in rats without a pre-dose of liposomes. The effect of
in vitro natural IgM absorption on ABC phenomenon induced the AUC
decrease of liposomes was shown in Fig. 2c and supplementary Fig. 2,
suggestive of the correlation between them. SD rats receiving a pre-dose
of sLip generated relatively low titration of anti-PEG IgM. The increase
of °CDX modification degree resulted in enhancement of IgM titrations

im-

375

Journal of Controlled Release 319 (2020) 371-381

(Fig. 2d). These results were consistent with immunogenicity shown in
Fig. 1f, indicating that high modification degree of "CDX was prone to
initiating enhanced immunogenic response in SD rats.

3.2. Natural IgM takes the lead in complement activation

Natural immunoglobulins (such as IgG and IgM) have been re-
cognized as efficient opsonins to activate complement, thus to accel-
erate blood clearance of nanocarriers and to stimulate immune response
[41-44]. Although the most abundant immunoglobulin IgG is believed
to be one of the primary factor that opsonize liposomes in vivo, IgM is a
very polyreactive immunoglobulin, demonstrating 100-fold higher ef-
ficiency of opsonization than IgG [45,46]. Complement can be acti-
vated via three pathways: classical pathway, lectin pathway and alter-
native pathway [47,48]. All three pathways converge at the point factor
C3. After activation, the produced C3b plays pivotal roles to cleave C5
factor to C5a and C5b-9, which are the end-products of the complement
activation pathways [49,50]. Herein, C5a was selected as the indicator
to evaluate complement activation.

As shown in Fig. 3a, sLip could slightly increase the C5a con-
centration (15.3 ng mL™Y) in serum in comparison to PBS
(12.0 ng mL™1). 2%°CDX-sLip were much more efficient to activate
complement, elevating the C5a concentration to 25.4 ng mL™'. To
understand the effect of natural IgM absorption on complement acti-
vation, SCID mouse serum lack of immunoglobulins (natural IgG and
IgM were undetectable using ELISA kits) was applied (Fig. 3b).
2%PCDX-sLip generated relatively lower C5a concentration in SCID
mouse serum (16.4 ng mL™?) than that in BALB/c mouse serum (con-
taining the full spectrum of immunoglobulins). Supplement of mouse
IgM (1 mg mL™") in the SCID mouse serum elevated the C5a con-
centration to 34.6 ng mL ™! after 2%°CDX-sLip incubation, while that of
mouse IgG (2 mg mL™1) only slightly increased the C5a concentration
to 22.5 ng mL~'. The pivotal roles of natural IgM on complement ac-
tivation were further studied in BALB/c mouse serum by using 3-mer-
captoethanol to reduce the intramolecular disulfide bonds and deacti-
vate natural IgM [51]. Complement activation by Z%DCDX—sLip could
be strongly attenuated after the addition of B-mercaptoethanol
(Fig. 3b), which was recovered after addition of mouse IgM
(1 mg mL™!). These results reveal that natural IgM is one of the most
important immunoglobulins dominating complement activation of li-
posomes, at least partially explaining the correlation between natural
IgM absorption and in vivo performance of liposomes.

3.3. Natural IgM absorption on liposomes is ubiquitous

To study if it is ubiquitous of the correlation between natural IgM
deposition and the in vivo performance of liposomes, some of the most
popular targeting agents (e.g folic acid, RGD peptide, Angiopep-2 and
A7R peptide) during the past decades were modified on the surface of
PEGylated liposomes with different molar ratios [52-59] (see the
characterization of liposomes in supplementary table 2). The mod-
ification degree of targeting agents was 2% molar ratio to lipids if it was
not shown in the name of liposomes. Meanwhile, conventional lipo-
somes without PEGylation (Lip) were also prepared and characterized.
As shown in Fig. 4a, modification of targeting agents resulted in varying
pharmacokinetic profiles of these liposomes in SD rats. Natural IgM was
detected and semi-quantified using western blot assay (see Methods,
supplementary Fig. 3). Natural IgM was ubiquitously deposited on the
surface of all tested liposomes with a wide range of capacity. The linear
regression between normalized natural IgM (supplementary Fig. 3b)
and the AUC in Fig. 4a was analyzed with GraphPad Prism 6.0 (Fig. 4b).
All these liposomes fitted the linear correlation (R* = 0.66), suggesting
natural IgM a potential indicator to predict in vivo performance of li-
posomes. Among these targeting agents, folic acid (FA) and Angiopep-2
(ANG) are respective small-molecule and peptide ligand for cancer and
brain targeting, both registering high natural IgM deposition after
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modification on liposome surface at a molar ratio of 2% to lipids.
Natural IgM deposition could be efficiently attenuated by reducing
modification degree of both targeting agents. The modification of A7R
(for VEGFR and NPR-1 targeting) and RGD (for integrins targeting) did
not induce significant increase of natural IgM deposition even at high
modification degree (2% molar ratio), demonstrating moderate phar-
macokinetic profile in rats.

Besides the correlation between the pharmacokinetic profile of li-
posomes (lipid content was measured based on the incorporated
fluorescent probe Dil), we also investigated that between the pharma-
cokinetic profile of liposome-encapsulating doxorubicin and natural
IgM absorption (Fig. 5 and supplementary Fig. 4). Most of the doxor-
ubicin loaded liposomes fitted the linear correlation (R? = 0.90) except
for RGD-sLip/DOX, which exhibited very low natural IgM absorption
but relatively rapid blood clearance. RGD peptide is a versatile tar-
geting ligand to achieve specific delivery of diagnostic probes or

therapeutic agents for different diseases [60-64]. There are many types
of integrins expressed in endothelial cells, immune cells, and diseased
cells/tissues [65-67]. The lack of specificity for a designated integrin
subunit makes the in vivo delivery of RGD-sLip/DOX very complicated.
The direct interactions between RGD and integrins in neutrophils/
monocytes, resident macrophages, and endothelial cells would strongly
affect the in vivo performance of liposomes [68-70]. Further studies are
necessary to understand the interactions between RGD-sLip/DOX and a
variety of cells, as well as their contributions to the leakage of en-
capsulated DOX and the rapid clearance of liposomes. These data also
warn that protein corona is not the only factor affecting in vivo per-
formance of active targeting liposomes. Natural IgM is a negative reg-
ulator for in vivo delivery of liposomes; however, low absorption of
natural IgM does not guarantee favorable performance. As expected,
both FA-sLip/DOX and ANG-sLip/DOX demonstrated heavy absorption
of natural IgM and very rapid blood clearance in SD rats.
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a b Fig. 4. Correlation between natural IgM absorption
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3.4. Interspecies correlation

The source of plasma proteins has been recognized as one of the
most important variables that impair the understanding of the bio-nano
interfaces [71]. Interspecies transferability of the function of the key
plasma proteins on in vivo performance of liposomes is of central im-
portance for clinical translation [72]. Thus, the ubiquitous absorption
of natural IgM and its regulatory effect on liposomes were further
studied in mice and rabbits. As shown in Fig. 6 and supplementary
Fig. 5, there was significant linear correlation between natural IgM
deposition and in vivo pharmacokinetic profile of liposomes in both
species (R? = 0.78 in mice and R? = 0.91 in rabbits), validating the
universal regulatory role of natural IgM from different sources on the in
vivo fate of liposomes. It is worth of noting that Lip (without PEGyla-
tion) did not well obey to the linear correlation in mice and rabbits. Lip
displayed relatively low natural IgM absorption but rapid clearance in
both species, indicating that PEGylation is an important factor to
modulate the composition and function of the formed protein coronas
on liposomal surface in some species.

Natural IgM was collected in the present study from the hard corona
by centrifugation (see Methods), where binding affinity of the plasma
protein is the driving force [73]. The interaction between natural IgM
and liposomes was further investigated using ELISA assay (see
Methods). Liposomes were immobilized on 96-well ELISA plates and
incubated with serially diluted serum of mice and rabbits (see

100 A7R-sLip/DOX

1 RGD-sLip/DOX
T FA-sLip/DOX

methods). As shown in Fig. 7, the binding of natural IgM demonstrated
similar tendency to that in western blot assay (Fig. 6 and supplementary
Fig. 5). FA-sLip, PCDX-sLip and ANG-sLip exhibited strong interaction
with natural IgM of mice and rabbits; while Lip, sLip and RGD-sLip
possessed low binding with natural IgM. A7R-sLip showed relatively
higher binding with natural IgM from mouse serum than that from
rabbit serum, which was also consistent with that in the western blot
assay (Fig. 6 and supplementary Fig. 5). There are still no methods so
far to accurately separate and reveal the whole functions of protein
coronas. The SDS-PAGE and western blot assays have demonstrated
capacity in our previous reports for the identification and semi-quan-
tification of the key plasma protein (natural IgM) in the formed protein
corona that regulates in vivo performance of liposomes [35]. Given that
the preparation of protein corona is less reproducible among different
researchers, ELISA provides a method to directly detect the interaction
between liposomes and natural IgM. The consistency between western
blot and ELISA assay suggested that binding affinity evaluation between
natural IgM and liposomes might be an alternative method to predict in
vivo performance of liposomes.

3.5. Natural IgM guides precise medication of liposomes in the clinic

In the present study, natural IgM was revealed to be ubiquitously
associated with liposomes, and the content in the formed protein
corona could be used to predict in vivo performance of liposomes to

Fig. 5. Effect of natural IgM absorption on the area
under the curve (AUC) of doxorubicin loaded lipo-
somes. Modification degree of all targeting agents
was 2% molar ratio to lipids. (a) The effect of time on
the plasma concentration of doxorubicin. Data are
means + SDs (n = 4). (b) Linear regression between
the normalized natural IgM and the area under the
curve (AUC) (except for RGD-sLip/DOX) analyzed
with GraphPad Prism 6.0. Data of each rat were
staggered presented.
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Fig. 8. Clinical relevance. (a) Quantification of natural IgM levels in cancer patients. (b) Interaction between PEGylated liposomes (sLip) and natural IgM from
normal serum (Normal) or cancer patients. ECso was calculated using the embedded equation of sigmoidal dose-response in GraphPad Prism 6.0. (c) C5a con-
centration in the serum of cancer patients after incubation with sLip. Data are means = SD (n = 3).

some extent. Heavy absorption of natural IgM normally indicated un-
favorable immunocompatibility. Liposomes are among the most pop-
ular nanomedicines. However, there are significant differences in the
reactions (both therapeutic efficacy and side effects) of patients after
receiving liposome-based therapeutics [74,75]. Precise medication of
liposomes is still an unmet clinical need. To tackle this dilemma, we
analyzed the natural IgM concentration and its interaction with lipo-
somes from different lung cancer patients. As shown in Fig. 8a, natural
IgM exhibited broad distribution among those cancer patients, ranging
from 1.9 mg mL ™' (patient #1, P1) to 0.1 mg mL™! (patient #9, P9).
Meanwhile, natural IgM from P1 demonstrated the highest binding with
sLip in an independent ELISA assay (Fig. 8b, sLip was used as the an-
tigen immobilized on 96-well ELISA plates, see Methods). Low content
of natural IgM (such as P2, P7 and P9) showed low binding with sLip.
As expected, sLip could readily trigger complement activation in the
serum of P1 that demonstrated high binding affinity (Fig. 8c) with li-
posomes. Interestingly, binding avidity (Fig. 8b) of natural IgM with

sLip demonstrated higher consistency with complement activation
(Fig. 8c) than the abundance of natural IgM in serum (Fig. 8a). For
instance, the content of natural IgM from patient #9 (P9) was the
lowest among all tested samples. However, its binding avidity with sLip
was higher than that from patient #2 (P2) and #7 (P7). Thus, sLip in P9
exhibited enhanced complement activation in comparison to that in P7.

Varying levels and binding avidity with liposomes of natural IgM in
cancer patients might be a causal factor for individual differences in
response to the application of liposome-based therapeutics. High
binding avidity of patient's IgM leads to significant complement acti-
vation. It is not difficult to imagine that liposomes would demonstrate
distinct in vivo performance in these cancer patients. For example, in-
fusion reaction that relates to complement activation is more likely to
occur in Patient #1 possessing high binding avidity of natural IgM with
sLip than in Patients #7 and #9. Our results suggested that natural IgM
level in the cancer patient's serum and the binding avidity with lipo-
somes may be potential indicators for clinical precise medication of
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liposome-based therapeutics.
4. Discussion

As soon as liposomes enter the body and contact with blood stream,
they are surrounded by heavy levels of plasma proteins and other
biomolecules, which absorb on the liposomal surface. The formed
protein corona alters the biological identity of liposomes, determining
the interactions with organisms [76]. Comprehensive analysis on the
composition and functions of protein corona has gained increasing at-
tention during the past decade; however, it remains challenging due to
technical difficulties. Protein corona is a sensitive equilibrium between
absorption and desorption of plasma proteins, following the rule of
Vroman effect [77,78]. Plasma proteins that exhibit high binding affi-
nities with nano-surface directly absorb on liposomes to form hard
corona. In contrast, soft corona is a highly dynamic and loose protein
layer. Hundreds of plasma proteins have been characterized in the
protein corona on liposomal surface, but little is known about their
accurate functions in regulating the interactions of liposomes with or-
ganisms in vivo [24]. Thus, it is of central importance to validate the key
plasma protein(s) that dominate the in vivo fate of liposomes.

The debate on separation techniques starts since the first publica-
tion of protein corona. Centrifugation used in the present study is a very
common method to separate the hard corona, in which the plasma
proteins are of relatively high binding affinities with liposomes in
theory [79-82]. The natural immunoglobulin IgM is less abundant than
IgG, but demonstrates higher binding affinity with °CDX modified li-
posomes in a separate ELISA assay (supplementary Fig. 6). It is con-
sistent with the results in the western blot assay (Fig. 1a and supple-
mentary Fig. 1a), suggesting that high binding of natural IgM with
liposomes results in high deposition. Natural IgM, but not IgG, is found
to ubiquitously absorb on liposomal surface, acting as a predominant
factor for complement activation.

The modification of targeting ligands RGD peptide and A7R peptide
at a molar ratio of 2% does not significantly alter the deposition of
natural IgM. Folic acid, Angiopep-2 peptide and °CDX peptide sig-
nificantly enhance the deposition of natural IgM, which can be atte-
nuated by decreasing the modification degree. High absorption of
natural IgM is readily to induce rapid blood clearance, elevated im-
munogenicity and loss of targeting yields of liposomes. Even though the
binding mode between liposomes and natural IgM may vary among
different surface identities, natural IgM still presents a predicting factor
for the de novo design and optimization of liposomal formulations. In
particular, the evaluation of binding affinity with natural IgM (such as
ELISA assay in this study) may be more practical in preclinical
screening and optimization of liposomes. Active targeting is of in-
creasing scrutiny during the past decades due to its potential to achieve
improved clinical outcome. Many efforts have been made to move
forward this strategy for clinical translation. The present study validates
that targeting ligands on liposomal surface may still effective after
absorption of protein coronas. However, it remains unpredictable if the
modification of targeting ligands changes the interaction between na-
nomedicines and organism. The immune system displays a large body
of receptors and/or antigens that may scavenge the circulated lipo-
somes and induce unexpected accumulation in healthy organs. The
studies on in vivo delivery mechanism of such active targeting nano-
medicines become critical for clinical translation. In addition, it is of
importance to understand the effects of modification degree of tar-
geting ligands and the encapsulated drugs on in vivo delivery process.

Our results also demonstrate high clinical relevance. Natural IgM in
cancer patients can efficiently facilitate complement activation of
clinically used liposomes (such as DOXIL) in a concentration-dependent
manner. Varying levels of natural IgM in cancer patients due to immune
disorders may explain the individual difference in response to liposome-
based therapeutics. Natural IgM is very potential to be an indicator to
guide precise medication of liposomes in the clinic. In other words,
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clinical monitoring of the natural IgM level becomes crucial to optimize
the therapeutic regimen prior to the treatment of liposomes.
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