Universiteit

w4 Leiden
The Netherlands

Formulation of peptide-based cancer vaccines
Heuts, J.M.M.

Citation
Heuts, ]J. M. M. (2022, September 21). Formulation of peptide-based cancer
vaccines. Retrieved from https://hdl.handle.net/1887/3464323

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3464323

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3464323

CHAPTER 7

Liposomal charge of encapsulated peptide
vaccines determines antigen retention at the
site of injection, time of antigen presentation

and magnitude of T-cell activation

Jeroen Heuts'?, Jort van der Geest?, Robert Cordfunke, Natasja Dolezal,
Jan Wouter Drijfhout, Wim Jiskoot?, Koen van der Maaden'™
and Ferry Ossendorp™’

Manuscript in preparation for submission

"Department of Immunohematology, Leiden University Medical Centre, P.O. Box 9600, 2300 RC,
Leiden, The Netherlands

2 Division of BioTherapeutics, Leiden Academic Centre for Drug Research (LACDR), Leiden
University, P.O. Box 9502, 2300 RA, Leiden, The Netherlands




Chapter 7

ABSTRACT

Antigen-loaded cationic liposomes are effective in inducing antigen-specific T-cell
responses and therefore of interest for tumor specific immunotherapy. However, the
effect of liposomal charge on particle biodistribution and antigen-specific T-cell priming
remains unclear. In this work, the mechanisms of action of liposomes as cancer vaccines
formulation are explored. Liposomal biodistribution upon intradermal administration of
cationic, neutral and anionic liposomes with comparable physicochemical properties
was studied. The liposomes were loaded with near-infrared labeled lipopeptides that
contained an ovalbumin CD8* T-cell epitope, allowing both in vivo imaging and the
monitoring of specific T-cell responses. The cationic liposomes had the longest retention
time of both particle and antigen at the site of injection, up to 350 hrs post vaccination,
followed by neutral (150 h) and anionic liposomes (50 h). Only formulations containing
cationic liposomes with encapsulated antigen were able to induce functional specific
CD8+ T-cells, which were able to inhibit tumor outgrowth in all mice. Only 25% of mice
vaccinated with empty liposomes admixed with antigen survived a tumor challenge.
In addition, cationic liposomes were able to enhance uptake of both antigenic peptide
and protein by dendritic cells in vitro and antigen presentation was detectable up to 72
hours post incubation. In summary we show that antigen-loaded cationic liposomes
mediate prolonged antigen exposure at the site of injection and facilitate prolonged
antigen presentation by dendritic cells explaining the superior vaccination efficacy of
cationic liposome formulations.
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INTRODUCTION

Cationic liposomes have proven to be efficient delivery vehicles for peptide-based cancer
vaccines (1-4). Such vaccines consist of processing-dependent synthetic peptides that
can comprise tumor-specific cytotoxic (CD8+*) and/or helper (CD4*) T-cell epitopes.
Positively charged liposomes have shown to be able to encapsulate a wide range
of physicochemically-different peptides and, upon intradermal (i.d.) injection, induce
potent antigen-specific T-cell responses that can inhibit and clear established tumors
(2-6). Multiple mechanisms of action by which cationic nanoparticles increase vaccine
immunogenicity have recently been reviewed by us (1) and include: immunostimulating
properties (e.g., upregulation of co-stimulatory molecules, induction of cytokine
production) (7-9), increased uptake by dendritic cells (DCs)(10-13) and depot formation
at the site of injection (SOI)(14-17). However, which role the cationic charge in liposomes
play in the induction of tumor-specific T-cells still has many unknowns.

Prior to DC uptake, cationic liposomes interact with (macro)molecules at the site of
injection (SOI) and multiple reports have shown depot formation upon i.d., subcutaneous
(s.c.) and intramuscular (i.m.) administration of cationic nanoparticles. This depot is most
likely formed by complexation of cationic nanoparticles and negatively charged (macro)
molecules present in the interstitial fluids. These depots have been linked to increased
vaccine efficacy, since they facilitate prolonged antigen exposure to infiltrating antigen
presenting cells (15-18). However, not much is known yet about the relation between
depot formation and antigen-specific T-cell priming by such a depot. Our earlier studies
with peptide-based cationic liposomes show superior tumor-specific T-cell priming when
the peptide is encapsulated instead of admixed with cationic liposomes (3, 4) and [Heuts
et al. submitted for publication]. When encapsulated the peptide could be entrapped more
efficiently in the depot, resulting in prolonged uptake by DCs and ensure co-delivery
of both adjuvant, the liposome, and antigen in the same DCs. We suggested that both
factors contribute to the efficient induction of tumor-specific T-cells by cationic liposomes
loaded with peptide.

DCs play an orchestrating role in the induction of tumor-specific T-cell responses as they
engulf and process liposomal cancer vaccines (1, 19-23). After antigen processing the
DCs are able to prime naive T-cells via the presentation of the exogenous derived antigen
(e.g., peptide-loaded liposomes) in MHC class | and class Il molecules (20-22, 24). Upon
adequate stimulation of the DCs T-cell expansion takes place, which is amplified by
several immune-stimulating molecules (e.g., cytokines, surface proteins) produced by
the DCs. Multiple reports have shown that cationic lipids and polymers stimulate T-cell
priming by activation of DCs, resulting in the upregulation of co-stimulatory molecules,
induction of cytokine production, and an enhanced antigen presentation (1, 5, 7-9, 15,
25-28). DC have also been shown to continuously present antigen and prime T-cells
over prolonged periods of time (23), resulting in robust and effective antigen-specific
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immune responses (19, 28-30). In mice prolonged antigen presentation has been shown
up to 72 hours post intravenous (i.v.) administration of antigenic proteins and peptide
conjugates (29, 30). Upon DC uptake antigen was stored in lysosome-like organelles
that facilitate prolonged antigen supply to MHC class | molecules up to several days
(23). The prolonged antigen presentation could be a factor contributing to the efficacy of
antigen-loaded cationic liposomes.

In this work we report the influence of liposomal charge and antigen encapsulation on
biodistribution and T-cell priming in vivo. We studied the effect of liposomal charge on
the biodistribution profiles of both nanoparticles and (lipo)peptide in detail. The influence
of charge on the induction of specific T-cells and their functionality to control a lethal in
vivo tumor challenge was determined as well. Finally, we analyzed the uptake of peptide
loaded cationic liposomes and subsequent antigen storage and presentation by dendritic
cells.

2. MATERIALS & METHODS

2.1 Materials

Ovalbumin protein labeled with Alexa 647 was purchased from Thermo Fisher (Bleiswijk,
the Netherlands) and the near-infrared dyes IRDye680RD maleimide and IRDye800CW-
NHS were obtained from LI-COR Biosciences (Lincoln, USA). The lipids 1,2-dioleoyl-
3-trimethylammoniumpropane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPCQ), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1,2-dioleoyl-sn-
glycero-3-phospho-(1-rac-glycerol) (DOPG) were purchased from Avanti Polar Lipids
(Alabaster, Alabama, USA). Chloroform (CHCI,), methanol (MeOH) and acetonitrile (ACN)
were obtained from Biosolve BV (Valkenswaard, the Netherlands). Ammonium hydroxide
25% (w/v) was purchased from Brocacef BV (Maarssen, the Netherlands) and from Sigma
Aldrich (Zwijndrecht, the Netherlands) trifluoracetic acid (TFA), NP-40, chlorophenol red-
B-galactopyranoside (CPRG), dimethyl sulfoxide (DMSO) and 50 yM B-mercaptoethanol
(2-BME) were obtained. Vivaspin 2 centrifuge membrane concentrators from Sartorius
Stedim Biotech GmbH (Géttingen, Germany). Iscove’s modified Dulbecco’s medium
was purchased from Lonza (Lonza Verniers, Belgium) and fetal calf serum from Greiner
Bioscience (Alphen a/d Rijn, the Netherlands). Glutamax, glutamin and penicillin/
streptomycin were obtained from Thermo Fisher (Bleiswijk, the Netherlands) and 80 1U/
ml sodium-penicillin G from Astellas (Leiden, the Netherlands). Hygromycin B (500 g/
ml) from AG Scientific (San Diego, USA). Paraformaldehyde and fluorescent labeled
antibodies for CD8 and CD3 for flow cytometry analysis were obtained from BioLegend
(London UK). The fluorescent labeled SIINFEKL specific MHC class | tetramer was
produced by the peptide facility of the Department of Immunology at the Leiden University
Medical Center (LUMC). Phosphate buffers were composed of 7.7 mM Na,HPO,- 2 H,0
and 2.3 mM NaH,PO, 2 H,0, pH 7.4 (10 mM PB, pH 7.4) in deionized water with a
resistivity of 18 MQ-cm, produced by a Millipore water purification system (MQ water).
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The PB buffer was filtered through a 0.22 ym Millex GP PES-filter (Millipore, Ireland)
prior to use.

2.2 (Lipo)peptide and fluorescent lipid synthesis

All synthetic peptides and lipopeptides were synthesized and purified at the peptide
facility of the Department of Immunology at the LUMC. Lipopeptides were composed
of the OVA24 peptide (table 1), containing the ovalbumin derived SIINFEKL epitope,
and a lipid tail (stearyl on the N-terminus of the OVA24 peptide by hot solid phase
peptide synthesis. The OVA24-stearyl was then purified by preparative HPLC on a Jasco
HPLC system equipped with a C4 column with a flow rate of 4 mi/min. Identification was
performed by MALDI-TOF and final quantification was done by measuring the absorbance
at 214 nm. To prepare fluorescent (lipo)peptides, first OVA24-C with and without stearyl
were synthesized, whereby the glutamic acid of the OVA24 sequence was replaced by a
cysteine. Subsequently, the near-infrared label IRDye680RD-maleimide was covalently
coupled to the cysteine of the OVA24-C (lipo)peptide (table 1). Fluorescent DOPE was
prepared by covalent attachment of the near-infrared label IRdye800CW-NHS to the
primary amine in the polar part of DOPE in methanol for one hour at 30°C. Subsequently,
the unattached dye was removed from the reaction mixture by performing a Bligh-and-
Dyer extraction (methanol/chloroform/0.1M HCI) 10 times, whereby the water/methanol
phase (that contained to non-reacted/free dye) was removed after each repetition (suppl
fig. 1). Finally, the DOPE-IRdye800 in the chloroform phase was dried under a stream
of nitrogen and was dissolved in methanol. The concentration of DOPE-IRdye800
was determined by measuring the absorbance at 778 nm and using the specific molar
extinction coefficient of the dye (according to manufacturer’s protocol) and the final ration
free DOPE/DOPE-IRdye800 was [3:1], as determined by RP-HPLC.

Table 1. Amino acid sequence of the peptides used in this study. The CD8* T-cell epitope is
indicated in italic and the cysteine to which the near-infrared label is attached is indicated in bold.

Name Sequence
OVA24 DEVSGLEQLE-SIINFEKL-AAAAAK
OVA24-1R680 DCVSGLEQLE-SIINFEKL-AAAAAK
OVA24, ... Stearyl- DEVSGLEQLE-SIINFEKL-AAAAAK
OVA24, . -IR680 Stearyl- DCVSGLEQLE-S/INFEKL-AAAAAK
NBD labeled SIINFEKL NBD-G-RKDDKDDKDLA-SIINFEKL-AAAK

2.3 Liposome formulation

Liposomes loaded with peptide were prepared by the earlier described thin film
dehydration-rehydration method (2, 4). In brief, the lipids (table 2) were dissolved in CHCI,
followed by rotary-evaporation to obtain a dry lipid film. The lipid film was rehydrated
with a 1 mg/ml solution NBD labeled OVA24 in ACN/MQ (1:1, v/v) or 1 mg/ml solution
of the full ovalbumin protein admixed with it’s Alexa 647 labeled analog (weight ratio
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1:0.1). The resulting dispersion was snap-frozen followed by overnight lyophilization in
a Christ alpha 1-2 freeze dryer (Osterode, Germany). Lipopeptide-loaded liposomes
were prepared by adding the lipopeptide (dissolved in MeOH) to the lipid mixtures (in
CHCI,) followed by rotary evaporation to obtain a dry lipid film. For all formulations the
dry lipid cake or dry lipid film was rehydrated with PB in three consecutive steps: twice
the addition of 25% of the final volume (30 minutes equilibration after each addition) and
as a third step the remaining 50% of the final volume was added (followed by 1 hour
equilibration). All liposomes formulations were down-sized by extrusion with a Lipex
extruder (Northern Lipids Inc., Canada), the particles were extruded four times through a
400 nm and four times through a 200 nm polycarbonate filter (Nucleopore Milipore, Kent,
UK). Finally the peptide-loaded liposomes were purified and concentrated by making
use of Vivaspin 2 centrifugation concentrators (molecular-weight-cut-off of 300 kDa),
as described previously (2, 4). The liposomal dispersions were concentrated 5-fold by
centrifugation at 931 g (2000 rpm). Subsequently, the formulations were re-diluted with PB
to its initial volume after which the concentration step was repeated. During purification,
samples of the liposomal fraction and the flow-through were taken to determine free and
encapsulated peptide, as described below.

Table 2. Composition and method of preparation of the liposomal formulations used in this study

Cargo DOPE-
. DOTAP DOPC DOPG
Formulation Cargo amount IR
9 (M) (mM) (mM) (mM) (i
) L'[‘;,‘;Sp?mes OVA24 393 6.74 6.74 n.a n.a
(+) Liposomes OVA24-
[Lipopep] stearyl 393 6.74 6.74 n.a n.a
(0) Liposomes OVA24-
[Lipopep] stearyl 393 n.a. 13,48 n.a n.a
(-) Liposomes OVA24-
[Lipopep] stearyl n.a. n.a. 6.74 6.74 n.a.
Fluorescent liposomes
) Li‘l’gsomes' n.a. n.a. 6.74 6.74 n.a 0.125
800
(+) Liposomes  NBD labeled
[Pep-NBD] SIINFEKL 393 6.74 6.74 n.a n.a.
(+) Liposomes Ovalbumin
[Prot.Alexa648] Alexa fluor 393 6.74 6.74 n.a n.a.
647
) L"I’gsomes' n.a. n.a. 6.74 6.74 n.a 0125
800
(+) Liposomes- B
IR800 OVAIZI% 393 6.74 6.74 n.a 0.125
[Lipopep-IR,,] stearyl-Rey,
(0) Liposomes- OVA24-
IR, [Lipopep- stearyl-IR,,, 393 n.a. 13.48 n.a 0.125
680-
(-) Liposomes- B
OVA24 393 n.a. 6.74 6.74 0125

IR
[LipopeigglRm] stearyl-IR,,,
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2.4 Physicochemical properties of liposomal formulations

The hydrodynamic diameter (Z-average) and the polydispersity index (PDI) were
determined by using dynamic light scattering (DLS). The zeta-potential was determined
by using laser Doppler electrophoresis. Both measurements were performed on a
Zetasizer Nano (Malvern Instruments, Malvern, UK) and prior to analysis the samples
were diluted 100 fold in PB. The physicochemical properties of all liposomal formulations
were determined at several time points form the day of production until 8 weeks after
production to determine liposome stability.

2.5 (Lipo)peptide quantification by RP-UPLC-UV

The recovery of the (lipo)peptide in the liposomal formulations was determined by RP-
UPLC-UV analysis (Waters Acquity UPLC2combined with an Acquity UV detector and a
Waters BEH C18 — 1.7 mm (2.1 * 50 mm) column). An ACN/MQ with 0.1% TFA gradient
with a flow rate of 0.5 ml/min was used. The run was initiated with 95% solvent A (MQ
water with 0.1% TFA) and 5% solvent B (ACN with 0.1% TFA) followed by a linear gradient
to 100% solvent B in 7 minutes staying at 100% B until 9 minutes and back to the initial 5%
solvent A at 9.1 minutes. (Lipo)peptides were detected by measuring the UV absorbance
at A = 214 nm. Liposomal samples were diluted 20-fold in 1:1 (v/v) MeOH:MQ water prior
to injection on the UPLC system. Calibration curves for both peptides were prepared
by automated injections of increasing volumes (5-50 pL) from a 50 pg/ml (lipo)peptide
solution in 1:1 (v/v) MeOH:MQ water. Quantification was done by integration of the peptide
peaks to obtain the area under the curve (AUC) of all calibration samples, based on
the AUC linear calibration curves were fitted. The AUC of the (lipo)peptide peaks in the
samples was determined by peak integration using MassLynx software (Waters, software
4.2.) and was followed by interpolation of the AUCs and standard curve by interpolation
using Graphpad prism 8.

2.6 Lipid quantification by RP-UPLC-ELSD

Lipid recovery was determined by using the same RP-UPLC-UV system coupled to
a Waters ACQUITY UPLC® ELS Detector. The same gradient method was used as
described under 2.5. Liposomal samples were diluted 100-fold in 1:1 (v/v) MeOH:MQ
water prior to injection of 10 pL, and calibration curves for DOTAP, DOPC, DOPG and
DOPE-IR,,, were prepared by automated injections of increasing volumes of 5-50 pl from
a 50 pg/mL lipid stock solutions in 1:1 (v/v) MeOH:MQ water solution. Quantification was
done by integration of the lipid peaks to obtain the AUC of all calibration samples. Based
on the AUCs, calibration curves were fitted by second order polynomial regression.
The AUC of the lipid peaks in the samples determined by integration was determined
by interpolation of sample AUC on the corresponding lipid calibration. Peak integration
and interpolation was done by using MassLynx software (Waters, software 4.2.) and
interpolation by using Graphpad prism 8.
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2.7 In vivo imaging

To investigate the influence of liposomal charge on the residence time at the site of
injection and biodistribution live imaging using the IVIS spectrum (Perkinelmer) was
performed. For the biodistribution studies albino C57BL/6 (B6/Rj-Tyr) were obtained
from Janvier labs (Le Genest-Saint-Isle, France). Experiments started when the mice
were 8 — 12 weeks old and all studies were carried out under the guidelines of the animal
ethic committee of the Netherlands. Mice were (i.d.) injected with the compounds in a
total volume of 30 uL of PBS.

2.8 Prophylactic vaccination studies of liposomal formulations in vivo

In order to study the influence of liposomal charge on CD8* T-cell priming a prophylactic
tumor experiment was performed. The in vivo induction of SIINFEKL CD8+ T-cells in
blood was determined in mice immunized (i.d.) at the tail base. All mice were vaccinated
with 10 nm of liposomal or free (lipo)peptide on day 0 (prime) and day 14 (boost). Blood
samples were obtained from the tail vein at multiple timepoints after which red blood
cell lysis was performed. The remaining cells were stained with fluorescently labeled
antibodies against CD8, CD3 and the MHC class | Kb tetramers presenting the SIINFEKL
peptide epitope. Live and dead cells were distinguished by using the 7-AAD viability
staining solution. Cells were analyzed with the BD LSR-II flow cytometer and data was
analyzed by making use of the Flowjo software. At day 32 mice were s.c. injected in the
flank with 1x1075 B16 tumor cells in 200 pyL PBS and tumor size was measured 2 to 3
times per week by making use of a caliper. Mice were euthanized when tumor volume
exceeded 1500 mmé2.

2.9 Antigen uptake and prolonged storage

To determine the effect of liposomal encapsulation on antigen uptake and storage the
immortalized murine dendritic cell line D1 were incubated with plain or liposome-loaded
peptide or protein. The DCs were incubated for 2.5 hours with nitrobenzoxadiazole
(NBD) labeled SIINFEKL (4 yM) (table 1) or OVA-Alexa647 (0.1 uM) as free compound
or encapsulated in cationic liposomes. DCs were washed with IMDM and cultured for
0, 24, 48 or 72 hours. Next, the cells were washed in staining buffer (PBS + 0.1% (w/v)
bovine serum albumin (BSA) + 0.05% (w/v) sodium azide) and fixated for 30 minutes
in 0.5% paraformaldehyde. Finally, the DCs were measured on a LSR-II flow cytometer
(BD Bioscience, San Jose, CA) to determine the peptide or protein uptake and storage.
Data were analyzed with FlowJo software v10.6.1.

2.10 In vitro antigen presentation

The in vitro antigen presentation by D1 dendritic cells was monitored up to 72 hours post
incubation to study antigen presentation of liposomal antigen compared to plain antigen.
The D1 cells were incubated with 2 uM of either plain peptide or peptide formulated in
liposomes in IMDM (supplemented with 7.5 % fetal calf serum, 2 mM Glutamax and 80
IU/ml sodium-penicillin G) and during 2.5 hours at 37 °C and 5% CO,. Next cells were

140



Liposomal charge of encapsulated peptide vaccines determines antigen retention at the site of
injection, time of antigen presentation and magnitude of T-cell activation

washed with IMDM to remove the excess of formulation and plated on 30 mm dishes
(3x1075 cells/dish) and cultured for 0, 24, 48 or 72 hours. Subsequently, cells were
harvested, counted and plated on a 96-well plate (5x1074 cells/well) and CD8* T-cell
hybridoma B3Z cells (5x10*cells/well) were added for an overnight co-culture. The B3Z
cell line is specific for the H-2K° —presented SIINFEKL epitope and contains the LAcZ
reporter under regulation of NF-AT element of the IL-2 promotor (31). Upon binding of its
T-cell receptor with Kb- SIINFEKL complexes on the D1 cell surface 3-galactosidase is
produced upon T-cell activation. The following day the cells were washed in PBS and
incubated with a CPRG-containing lysis buffer (PBS + 1% 18 mg/ml CPRG + 0.9% 1 M
MgCI2 + 0.125% NP40 + 0.71% 14.3 M 2-BME) , allowing colorimetric quantification of
the enzymatical conversion. The OVA8 peptide containing only the SIINFEKL minimal
epitope (100 ng/ml in PBS) was used as positive control and D1 cells loaded with empty
liposomes served as negative control. The optical density (OD) was determined with an
iMark™ microplate reader at a wavelength of 595 nm.

3.RESULTS

3.1 Physicochemical properties of liposomal formulations

Liposomes varying in charge, antigen cargo and fluorescent label were prepared to study
particle behavior and antigen delivery, both in vitro and in vivo (table 3). All liposomes
had comparable hydrodynamic diameters and PDIs, but had different zeta potentials
dependent on the lipid composition. The formulations were composed of di-oleoyl lipids,
similar to the cationic DOTAP:DOPC liposomes used in our previous studies (2-4, 32, 33).
In order to exclude varying peptide loading efficiencies for cationic, neutral and anionic
liposomes a lipopeptide was designed containing the processing-dependent ovalbumin
derived SIINFEKL CD8* T-cell epitope (table 1). Encapsulation of the lipopeptide resulted
in high encapsulation efficiencies (>90%, as determined by rp-UPLC) irrespective of
liposomal charge. Final lipid content of all formulations varied in-between 1 and 5 mM
(table 3, suppl. fig 2). The incorporation of IRdye, , labeled lipids and IRdye ,, labeled
lipopeptides did not alter liposomal physicochemical characteristics (table 3). Stability
of the lipopeptide loaded liposomes was determined up to 8 weeks of storage (2 — 8
°C) and no notable changes in hydrodynamic diameter, polydispersity index (PDI) and
zeta-potential were observed for the cationic and anionic liposomes. An increase of
hydrodynamic diameter and PDI was observed for the neutral liposomes throughout
storage (suppl. fig 3).
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Table 3. Physicochemical properties of the prepared liposomal formulations containing di-oleoyl
lipids. Formulations were composed of 10 mg/ml of lipids and 1 mg/ml of (lipo)peptide. (+) = cationic,
(0) = neutral and (-) = anionic. The loaded (fluorescent) antigen is indicated in between squared
brackets. [pep] = peptide, [pep.NBD] = Nitrobenzoxadiazole conjugated peptide, [Prot. AL] = Alexa
648 conjugated ovalbumin protein, [pept.IR] = IRdye conjugated peptide Stearyl indicates the
lipopeptide. Data shown as mean + SD (n=3).

Hydrodynamic Zeta-potential

Formulation diameter (nm) PDI (mV)
(+) Liposomes 137.8 £2.2 0.13 27407
(+) Liposomes
[Pep] 1442 +£1.0 0.13 25.3+0.14
(+) Liposomes [Lipopep] 1311 +£0.3 0.11 23.2+11
(0) Liposomes 160.0 8.4 0.18 -19+0.74
[Lipopep]
(-) Liposomes 142.8 +0.9 0.17 -47.7 £0.24
[Lipopep]
Fluorescent liposomes
(+) Liposomes
[Pep-NBD] 126.2+1.4 0.14 24.0+0.6
(+) Liposomes 185.7 + 6.3 0.31 331 +1.2

[Prot.Alexa648]
(+) Liposomes-IR, 194.5+0.6 0.18 32.0+0.9
(+) Liposomes-IR,

. 169.6 +1.7 0.22 27.8 +11
[Lipopep-IR,]
(0) Liposomes-IR E
[Lipopep-IR680]800 194.5+0.6 0.18 74 +0.9
() Liposomes-IR,, 193.5+27 0.27 67.2+0.7

[Lipopep-IR,]

3.2 Effect of liposomal charge on retention at the site of injection and T-cell
induction

3.2.1. Antigen and particle retention of antigen-loaded liposomes

The in vivo biodistribution of lipopeptide-loaded cationic, neutral and anionic liposomes
was determined upon i.d. administration. In order to monitor the behavior of both liposome
and peptide IRdye labeled variants of the liposomes and lipopeptides were used (table
3). The lipopeptide formulated in cationic liposomes resulted in the longest retention
at the SOI, up to 350 hours post vaccination. When formulated in neutral and anionic
liposomes the lipopeptide was detectable at the SOI 150 and 50 hours post vaccination,
respectively (fig 1). A similar trend was observed for the liposomal label, with decreasing
liposomal charge the retention time at the SOI decreased as well (fig 1). The SOI exposure
(sustained presence), determined as the area under the curve (AUC), of both empty and
lipopeptide loaded cationic liposomes was significantly higher compared to the neutral
and anionic formulations (fig 2).
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Figure 1. Encapsulation of lipopeptide in cationic liposomes increased retention time at the SOI.
Encapsulation in neutral or anionic liposomes did not or minimally extended retention at the SOI.
Data shown as mean +/- SD (n=3).
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Figure 2. Exposure (sustained presence) of liposomes (left) and lipopeptide (right) at the site of
injection after i.d. administration. Exposure was determined by AUC of data shown in figure 1.
Cationic liposomes had a significant higher exposure at the SOl compared to neutral and anionic
liposomes. The same trend was observed for the encapsulated peptide in these liposomes. Data
shown as mean + SD (n=3) and analyzed by one-way Anova with Tukey’s multiple comparisons
test. *p < 0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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3.2.2 T-cell induction upon vaccination

The priming and functionality of SIINFEKL specific CD8* T-cells upon vaccination with
(lipo)peptide- loaded cationic, neutral and anionic liposomes was evaluated in mice.
Induction of antigen-specific CD8* T-cells was only observed in mice vaccinated with
both cationic liposomes and encapsulated antigen (fig 3). Vaccination with lipopeptide-
loaded cationic liposomes induced the highest levels of SIINFEKL-specific CD8* T-cells
and 75% of the vaccinated mice were able to inhibit tumor outgrowth after a lethal tumor
challenge. Both neutral and anionic lipopeptide-loaded liposomes did not differ from the
control group (plain peptide), no induction of tumor specific T-cells and all mice developed
tumors after the tumor challenge (fig. 3). Both neutral and anionic liposomes were able
to, moderately, activate SIINFEKL specific CD8* T-cells in vitro (suppl. fig 4). Confirming
that both formulations contained functional peptide.

€D8* T-cell induction Survival

6 100
100

-e- (+) Liposomes [Lipopep]
-=- (0) Liposomes [Lipopep]
-+
—

-) Liposomes [Lipopep]
Plain Peptide

Percent survival
o
=]
1

o 0 LI T T T 1
7 10 14 18 21 25 30 37 53 0 20 40 60 80 100
Time (days) Days post tumor challenge

Figure 3. Induction (left) of SINFEKL-specific CD8 T-cells in peripheral blood upon vaccination with
the indicated formulations. SIINFEKL-specific CD8* T-cells were determined by tetramer staining
and flow-cytometry and data is shown as mean+ SD. Survival of mice (right) of mice vaccinated
with indicated formulations after a challenge with 1x105 ova-B16 tumor cells (n=4). All mice were
i.d. vaccinated on day 0 and day 14 with 1 nmol of peptide in 30 pL of PBS.

3.3 Effect of antigen encapsulation in cationic liposomes on SOl retention,
CD8+ T-cell induction and antigen presentation

3.3.1 Retention of antigenic peptide formulated in cationic liposomes at the site of
injection

Next, we studied the effect of antigen loading on antigen retention at the SOI. Therefore,
mice were vaccinated with antigenic peptide admixed with or encapsulated in cationic
liposomes. The labeled cationic liposomes were detectable at the SOI up to 300 hours
post injection (fig. 4). When the OVA,,-IR680 was mixed with empty liposomes prior
to injection the peptide was detected up to 300 hours post injection at the SOI (fig.
4). Encapsulation of the OVA_,-IR680 in labeled liposomes prolonged detection of the
peptide up 380 hours post injection at the SOI. Throughout the whole experiment the
relative fluorescence at the SOI was highest for the liposomal encapsulated OVA,,,-IR680
(fig. 4). Liposomes were able to prolong OVA,,-IR680 retention at the SOI upon mixing,
however, encapsulation prolonged retention of the peptide (fig. 4, 5). The exposure at the
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SOl of liposomal loaded peptide was significantly higher compared to peptide admixed
with empty liposomes (fig 6). Encapsulation of the peptide also resulted in a higher
exposure of the liposomes at the SOI (fig 6).
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Figure 4. In vivo retention at injection site of fluorescent cationic liposomes and fluorescent peptide
(top left) injected separately; fluorescent peptide with empty fluorescent liposomes mixed prior
to injection (bottom left) and liposomal encapsulated fluorescent peptide (bottom right). Results
shown as mean = SD (n=3).
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Figure 5. Representative images of mice injected fluorescent peptide (n=3) (left panel, Indicated
in red) and/or fluorescent liposomes (n=3) (right panel, indicated in green).
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Figure 6. Exposure (sustained presence) of liposomes (left) and peptide (right) at the site of injec-
tion after i.d. administration. Peptide encapsulated in cationic liposomes had a significant higher
exposure at the SOl compared to peptide admixed with cationic liposomes. Data shown as mean
+ SD (n=3) and analyzed by one-way Anova with Tukey’s multiple comparisons test. *p < 0.05, **
p<0.01, *** p<0.001, ****p<0.0001.

3.3.2 T-cell induction upon vaccination

The priming and functionality of SIINFEKL specific CD8* T-cells upon vaccination
cationic liposomes loaded with or mixed was evaluated in mice. Vaccination with cationic
liposomes loaded with peptide induced the highest levels tumor specific T-cells and
protected all mice against tumor outgrowth (fig 7). Plain peptide admixed with cationic
liposomes induced lower levels of tumor-specific CD8* T-cells and only 25% of these
mice survived the tumor challenge.
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Figure 7. Induction (left) of SIINFEKL-specific CD8 T-cells in peripheral blood upon vaccination with
the indicated formulations. SIINFEKL-specific CD8* T-cells were determined by tetramer staining
and flow-cytometry and data is shown as mean+ SD. Survival of mice (right) of mice vaccinated
with indicated formulations after a challenge with 1x105 ova-B16 tumor cells (n=4). All mice were
i.d. vaccinated on day 0 and day 14 with 1 nmol of peptide in 30 pL of PBS.
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3.3.3 Intracellular storage of antigen-loaded cationic liposomes in dendritic cells

Next, we studied uptake and intracellular storage of peptide- and protein-loaded cationic
liposomes in DCs. These antigen-presenting cells are specialized in uptake and handling
of several antigen-formulations. Targeting of different receptor mediated uptake routes
lead to storage of antigen and sustained antigen processing and presentation (23, 30).
A NBD labeled peptide, containing the SIINFEKL epitope, or the full ova protein, labeled
with Alexa 648, were loaded in cationic liposomes to track the antigen in live DCs. Both
the free peptide and protein did not show detectable uptake by the DC (fig. 8). Liposomal
encapsulation enhanced uptake of both the fluorescently labeled peptide and the protein,
which is in-line with literature (1, 28, 34). Besides enhanced uptake both the peptide and
protein were detected in the DCs for at least 72 hours post incubation (fig 8).
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Figure 8. In vitro uptake and sustained storage of cationic liposomal antigenic peptide or protein
(2 uM) by DCs. The DCs were loaded with (left) liposomal or free NBD labeled peptide, containing
the SIINFEKL epitope, and (right) liposomal or free fluorescently labeled OVA protein (right). Cells
were incubated for 2,5 hours with either free or liposomal fluorescent peptide (left) or protein (right).
After washing, cells were fixated on the indicated time points and antigen loading was analyzed
by flow cytometry. Data shown as geometric mean of NBD (left) or alexa647 (right) positive cells.

3.3.4 Liposomal antigen facilitates prolonged epitope presentation by DCs

Antigen presentation of the stored peptide antigen was studied by culturing the loaded
DCs up to 72 hours post loading. At 24 hour time intervals the ability of DC to activate
SIINFEKL-specific CD8* T-cells was determined. The DCs loaded with free peptide only
activated SIINFEKL-specific CD8* T-cells directly after loading and overnight incubation
(T= 0 hours), however, no more activation was observed 24 hours post 2.5 h pulse-
incubation. In contrast, DCs incubated with cationic liposomal formulated peptide were
still able to activate the SIINFEKL specific CD8* T-cells up to 72 hours post loading and
incubation, indication enhanced sustained storage of liposome formulated antigen.

147



Chapter 7

Antigen presentation B3Z controls
1.5 1.5
Em Liposomal peptide T
— Hm Free peptide —
E 1.0 E 1.0+
[Ye]
8 8
. &) 0.5+
8 0.5 i o)
0.0- r ’ == 0.0  E——
> ]
& & & & O &
& o o o &
Q o ) o zo°° Q&o
Incubation time e\\c‘ <
<° @@Q

Figure 9. Sustained antigen presentation by dendritic cells. Activation of SIINFEKL-specific CD8*
T-cells by mouse DCs loaded with either free or liposomal SIINFEKL containing long synthetic
peptide (2 uM). Cells were incubated for 2.5 hours with the indicated compounds, next cells were
washed and cultured during the indicated time periods. SIINFEKL-specific CD*8 T-cells were in-
cubated overnight with the DCs to determined specific antigen presentation. The OVA8 peptide
containing the SIINFEKL minimal epitope served as a positive control (100 ng/ml in PBS) and
empty liposomes as the negative control. Data shown as mean + SEM (n=3) OD = optical density.

DISCUSSION

Cationic liposomes have shown to induce strong and effective T-cell responses in a wide
variety of vaccines and are therefore of particular interest for cancer vaccines (1-4, 15,
32). In this work we explored the pharmaceutical and immunological mechanisms that
contribute to efficient priming of antigen specific CD8* T-cells upon i.d. administered of
peptide-loaded cationic liposomes.

Both the cationic liposomes and the encapsulated peptide were detectable at the SOI
up to 2 weeks post vaccination, while neutral and anionic liposomes and the loaded
lipopeptide were not detectable after 7 and 4 days respectively. The prolonged deposition
at the SOl of the cationic liposomes most likely results from the interaction with a variety
of (macro)molecules (e.g., proteins, lipids, sugars) present in the biological fluid upon
injection (1, 17, 35). This interaction results in the coating of the liposomal surface
and a so-called protein corona, resulting in alterations of liposomal physicochemical
characteristics that can result in particle aggregation (17, 36-39). In various studies the
deposition of cationic nanoparticles has been observed for the subcutaneous route and
intramuscular route as well and was dependent on the cationic nature of the nanoparticles
(1, 40). In this work we show that retention time at the SOl decreased when the zeta-
potential is reduced (cationic > neutral > anionic), indicating that electrostatic interactions
in-between anionic (macro)molecules and the positively charged liposomal surface could
be a driving force in the depot formation.
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The prolonged liposome and peptide presence at the SOI can contribute to improved
CD8* T-cell priming as shown in this study. The formed depot allowed prolonged antigen
presence at SOI and can facilitate continuous uptake of both antigen and liposomes
by DCs that engulf the injection site. Additionally, there can be sustained draining of
the peptide loaded liposomes to the lymph nodes where the nanoparticles are taken
up by DCs and T-cell priming takes place (14, 17, 40-43). In order to further unravel the
routing of the liposomes to the lymph nodes, either transport by DCs/APCs or direct
draining, further imaging studies should be conducted. The most efficient priming was
observed for peptide-loaded cationic liposomes and, interestingly, this formulation had
the longest retention at the SOI for both peptide and liposomes. Admixing of peptide
with empty cationic liposomes did induce antigen specific CD8* T-cell priming, however,
not as much as encapsulated peptide, indicating different draining and/or transportation
kinetics from the formed depot. The dissociation of peptide and liposomes can result in
separate uptake of peptide and cationic liposome by DCs, resulting in inefficient CD8*
T-cell priming (1-4, 32). In a different study similar observations were made for cationic
nanoparticles in which encapsulated antigen outperformed particles admixed with antigen
(44).

In addition, we explored the antigen handling by dendritic cells after engulfment of the
cationic nanoparticles. Increased uptake of positively charged liposomes has been
reported for multiple cell types and a possible explanation is the interaction between
the negatively charged cell membrane and cationic liposomes (1, 11, 45). However, the
protein corona also has an influence on nanoparticle uptake and can enhance receptor
mediated uptake (37, 39, 46-50). Upon uptake our data suggest the intracellular storage
of peptide loaded cationic liposomes similar to our previously published work with other
antigen delivery systems like FcR, TLR and CLR targeted systems. A similar trend of
sustained presence and antigen presentation capacity in MHC class | was observed for
both peptide antigen formulated in cationic liposomes up to 72 hours post uptake. These
results suggest that uptake of cationic liposomes by DCs is very efficient and are likely
stored in mild endolysosomal compartments to sustain a continuous supply of antigenic
peptides to MHC class | molecules. Future studies of more in-depth tracking of both
antigen and liposomes upon uptake are required to determine intracellular handling of
cationic nanoparticles by DCs. Additionally, comparison of multiple positively charged
lipids would allow for identification of DOTAP specific effects on immune cell activation.

Altogether our data and published observation suggest that retention at the SOI, improved

uptake, and sustained antigen storage contribute to the superior characteristics of
cationic liposomes to achieve specific T-cell immunity.
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CONCLUSION

Cationic liposomes mediate depot formation upon i.d. vaccination, prolonging peptide
retention at the SOI and facilitate continous antigen presentation by DCs. The
encapsulation of peptide in cationic liposomes induced more potent antigen specific
CD8* T-cell compared to admixing and could be detected longer at the SOI. Neutral and
anionic peptide loaded liposomes were cleared relatively quick from the SOI and did not
induce antigen specific CD8* T-cells. These results indicate a significant advantage of
cationic charge and form the basis for further exploration of immunological mechanisms
of action of cationic liposome-based T-cell vaccines.
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SUPPLEMENTARY FIGURES

1. Purification of fluorescent DOPE
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Supplemenrtary figure 1. Purification of fluorescent DOPE from the free near-infrared label IRdye-
800CW-NHS by repeated Bligh-and-Dyer extractions.

2. Lipid and peptide content
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Supplementary figure 2. Lipid and peptide recovery of peptide loaded cationic, neutral and anionic
liposomes.Peptide content was determined by UPLC-UV and lipid content by UPLC-ELSD (Heuts
et al. submitted for publication).
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3. Liposome stability upon storage
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Supplementary figure 3 Physicochemical properties of the prepared empty, peptide and lipopep-
tide loaded liposomes throughout storage. The liposomes were stored during 8 weeks at 4°C. Every
week the diameter and polydispersity index were determined by dynamic light scattering, and zeta
potential by laser Doppler velocimetry. Data are displayed as average + SD (n=3).
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4. In vitro activation of CD8* T-cell activation

In vitro CD8" T-cell activation
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Supplementary figure 4. In vitro activation of the B3Z cells, SIINFEKL-specific hybridoma CD8*
T-cells, by DCs incubated with titrated amounts of lipopeptide loaded neutral and anionic liposomes.
Data shown as mean + SD (n=4).
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