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ABSTRACT

The efficacy of synthetic peptide-based vaccines can be enhanced by formulating them 
in cationic liposomes. In this study we developed a multi-epitope vaccine consisting 
of both MHC class I and MHC class II neoepitopes. A total of seven different synthetic 
peptides encoding neoepitopes derived from seven point- mutated genes of the mouse 
colorectal cancer model (MC-38) were individually loaded in cationic liposomes. The 
peptide-loaded liposomes had comparable size distributions (Z-average diameter 125 – 
175 nm, polydispersity index 0.05 – 0.2) and were positively charged (zeta-potential: 20 
– 35 mV). The liposomally formulated long peptides of MHC-I class neoepitopes present 
in the mutated Adpgk and Rpl-18 genes efficiently activated neoepitope-specific CD8+ 
T-cells in vitro and in vivo. Mice vaccinated intradermally with a mixture of liposomal 
MHC-I neoepitopes and poly(I:C) developed robust neoepitope-specific CD8+ T-cell 
responses. Vaccination with a liposomal vaccine of two MHC-I neoepitopes (Adpgk & Rpl-
18) combined with three recently identified MHC-II neoepitopes (Ddr2, Zmiz1 & Pcdh18) 
significantly improved neoepitope-specific CD8+ T-cell induction. Furthermore, mice 
vaccinated with the liposomal combination vaccine of MHC-I and MHC-II neoepitopes 
were able to control outgrowth of MC-38 tumors. Surviving mice developed long-term 
tumor immunity, as they were able to reject a lethal rechallenge of MC-38 cells. In 
conclusion, cationic liposomes are a powerful delivery system for synthetic peptide-based 
neoepitope vaccines suited for further clinical development.
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1. INTRODUCTION

Cancer vaccines are able to induce anti-tumor immune responses resulting in activated 
T-cells which specifically recognize and subsequently destroy malignant cells (1-5). T-cell 
mediated tumor killing operates via the recognition of tumor-specific antigens on the cell 
surface of tumor cells. An important class of highly-specific tumor antigens which can 
be utilized for personalized cancer vaccines are neoantigens (3-5). These antigens arise 
from somatic DNA mutations that result in the expression of tumor-exclusive peptide 
epitopes, the so called neoepitopes, in MHC class I and MHC class II molecules (2, 5, 6). 
These mutations are induced randomly and are mostly passenger mutations, therefore 
they are tumor and patient-specific (1, 2).

Processing-dependent, long synthetic peptides (SPs) containing cytotoxic (CD8+) and 
helper (CD4+) T-cell epitopes have been used as vaccines to induce polyfunctional, 
antigen-specific T-cells in multiple preclinical and clinical studies (7-13). However, SPs 
are by themselves poorly immunogenic due to limited dendritic cell (DC) uptake, lack of 
maturation signals and consequently poor antigen-specific T-cell priming capacity (3, 
7, 14). Therefore SPs should be administered with a potent adjuvant and/or adequate 
delivery system. In our lab, a cationic SP-loaded liposome vaccination platform have been 
developed to efficiently induce antigen-specific and polyfunctional CD8+ and CD4+ T-cells 
(7, 15). Liposomes containing an antigenic human papilloma virus (HPV) E7-derived SP 
that were adjuvanted with the TLR3 ligand poly(I:C) (polyinosinic:polycytidylic acid) were 
able to induce T-cell responses that fully cleared established HPV-induced tumors in 
75% - 100% of the vaccinated mice (7). The SP loaded liposomes were more effective, 
even at a 65-fold lower dose than the SP emulsified in the clinically used Montanide oil-
in-water formulation, indicating the potency of the particulate cationic delivery system 
(7). Peptide loading has been optimized so that a wide range of physicochemically 
different antigenic SPs can be formulated rapidly in DOTAP-based liposomes (14). This 
is an important prerequisite for this formulation procedure, since every patient will have 
a unique set of neoepitopes from which a personalized vaccine composed of multiple 
molecularly different SPs can be designed(3, 14).

In this work we describe the application of cationic DOTAP:DOPC liposomes as a 
neoepitope vaccine delivery system. Both MHC class I and MHC class II neoepitopes 
of the colorectal mouse tumor MC-38 were individually loaded in cationic liposomes. We 
made use of the CD8+ T-cell neoepitopes Adpgk and Rpl-18, which have been reported 
to play an important role in anti-tumor T-cell responses (9, 16, 17). For the MHC-II 
neoepitopes we made use of three novel neoepitopes Zmiz1, Ddr2 and Pcdh18, which 
we have recently identified and were shown to induce functional T-helper responses 
(Hos et al. submitted for publication). All liposomal formulations had comparable 
physicochemical characteristics, efficiently activated neoepitope-specific CD8+ T-cells 

in vitro and vaccination induced neoepitope-specific CD8+ T-cells in vivo. A combined 
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vaccine of liposomal MHC class I and MHC class II neoepitopes significantly increased 
tumor-specific CD8+ T-cell priming efficiency and fully protected the majority of the 
vaccinated mice against a lethal dose of MC-38 tumor cells.

2. MATERIALS & METHODS

2.1. Materials
The synthetic peptides (SPs) comprising MHC-I and MHC-II neoepitope sequences as 
well the 24-mer OVA24 SP, containing the ovalbumin derived CD8+ epitope SIINFEKL, 
were synthesized and purified at the peptide facility of the Department of Immunology at 
the Leiden University Medical Center (LUMC). In every SP of 15 to 23 amino acid residues, 
the minimal epitope was surrounded by the natural flanking regions (table 1) (8, 9) (Hos 
et al., submitted for publication). Both lipids, 1,2-dioleoyl-3-trimethylammoniumpropane 
(DOTAP) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), were purchased from 
Avanti Polar Lipids (Alabaster, Alabama, USA). Chloroform, methanol and acetonitrile 
were obtained from Biosolve BV (Valkenswaard, the Netherlands). Ammonium hydroxide 
25% (w/v) was purchased from Brocacef BV (Maarssen, the Netherlands) and trifluoracetic 
acid from Sigma Aldrich (Zwijndrecht, the Netherlands). Vivaspin 2 centrifuge membrane 
concentrators from Sartorius Stedim Biotech GmbH (Gӧttingen, Germany). Cells were 
cultured in Iscove’s modified Dulbecco’s medium (IMDM, Lonza Verviers, Belgium) 
supplemented with 8% (v/v) fetal calf serum (Greiner Bio-One, Alphen a/d Rijn, the 
Netherlands), 50 µM β-mercaptoethanol (Sigma-Aldrich, Zwijndrecht, the Netherlands) 
and either 2 mM Glutamax (Thermo Fisher, Bleiswijk, the Netherlands), 80 IU/ml sodium-
penicillin G (Astellas, the Netherlands) and 30% supernatant derived from murine 
GM-CSF producing NIH/3T3 cells, for the D1 dendritic cells (18) or 100 IU/ml penicillin/
streptomycin and 2 mM glutamine (Thermo Fisher, Bleiswijk, the Netherlands) for mouse 
derived T-cells. The fluorescent antibodies CD8α-brilliant violet 605 and CD3-brilliant 
violet 421 (Biolegend) as wells as the viability staining solution 7-Aaminoactinomycin 
(7-AAD) were obtained from eBiosciences (Landsmeer, the Netherlands) and BD 
biosciences (Breda, the Netherlands). Both fluorescently labelled MHC-I tetramers, 
Adpgk-Phycoerythrin (Db- A S M T N M E L M-PE) and Rpl-18-allophycocyanin (Kb- K 
I L T F D R L-APC), were produced and purified at the peptide facility of the LUMC. 
Phosphate buffer (PB) was composed of 7.7 mM Na2HPO4

. 2 H2O and 2.3 mM NaH2PO4
. 

2 H2O, pH 7.4 in deionized water with a resistivity of 18 MΩ•cm, produced by a Millipore 
water purification system (MQ water). The PB buffer was filtered through a 0.22 µm Millex 
GP PES-filter (Millipore, Ireland) prior to use. Phosphate-buffered saline was purchased 
from Frensius Kabi (Graz, Austria).
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Table 1. Amino acid sequences of the SPs containing the MC-38 neoepitopes. Amino acid residue 
positions are noted in between brackets and the mutated amino acids are noted in red.

Gene name harbouring 
neoepitope Amino acid sequence synthetic peptide Peptide solvent

Adpgk (305 – 319) E L A S M T N M E L M S S I V 0.04% NH4OH
Rpl-18 (118 - 132) G K I L T F D R L A L E S P K 0.04% NH4OH
Reps-1 (38 - 52) L F R A A Q L A N D V V L Q I 0.04% NH4OH
Dpagt (206 – 220) S I I V F N L L E L E G D Y R 0.04% NH4OH
Ddr2 (308 - 330) S E A S E W E P H A V Y F P L V L D D V N P S 0.04% NH4OH
Zmiz 1 (271 - 287) R P P A D F T Q P A A S A A A A A 0.04% NH4OH
Pcdh 18 (480 - 494)  P W A Y I T T V T A T D P D L CHCl3:MeOH:MQ

2.2. Mice
Female C57BL/6 (H-2b) mice were purchased from Charles River (L’Arbresle, France) 
and Janvier labs (Le Genest-Saint-Isle, France) and housed in the LUMC animal facility. 
Experiments were started when mice were 8 – 12 weeks old and all studies were carried 
out under the guidelines of the animal ethic committee of the Netherlands.

2.3. Formulation of neoepitope loaded liposomes
The SP loaded liposomes were prepared by using the thin film dehydration-rehydration 
method as described earlier (14, 15). In brief, both lipids (DOTAP:DOPC) were dissolved 
in chloroform and mixed in a 1:1 molar ratio in a round bottomed flask followed by rotary 
evaporation to obtain a dry lipid film. The SP was added either to the dry lipid film as a 1 
mg/ml solution in 0.04% (w/v) ammonium hydroxide or prior to rotary evaporation as a 1 
mg/ml solution in CHCl3:MeOH:MQ (60:36:4, v/v) (table 1) to the, in chloroform, dissolved 
lipids (14). The dry lipid film was hydrated, with either the 1 mg/ml SP solution in 0.04% 
(w/v) NH4OH or MQ, and briefly vortexed. The resulting dispersion was snap frozen in 
liquid nitrogen, followed by overnight freeze-drying in a Christ alpha 1–2 freeze-dryer 
(Osterode, Germany). The lipid-SP cake was rehydrated in three consecutive steps 
with PB to reach the initial volume. Next, the liposomes were down-sized by sequential 
extrusion through polycarbonate filters (Nucleopore Milipore, Kent, UK) of 400 and 200 
nm (four cycles through each filter). Purification and concentration of the SP loaded 
liposomes was done by centrifugation (931 G) in Vivaspin 2 centrifugation concentrators 
(molecular weight cut-off: 300 kDa).

2.4. Physicochemical characterization
The hydrodynamic diameter, polydispersity index (PDI) and zeta-potential were 
determined by making use of dynamic light scattering (DLS) and laser Doppler 
electrophoresis. All measurements were performed using a Zetasizer Nano (Malvern 
Instruments, Malvern Panalytical, UK) and samples were diluted 100-fold in PB prior to 
the measurement.

6
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2.5. Peptide and lipid recovery
The recovery of SP in the final formulation was determined by reversed phase UPLC-UV 
analysis (Waters Acquity UPLCâ combined with an Acquity UV detector and a Waters BEH 
C18 – 1.7 mm (2.1 ´ 50 mm) column) (Heuts et al. submitted for publication). An ACN/MQ 
with 0.1% TFA gradient with a flow rate of 0.5 ml/min was used and the SPs were detected 
by measuring the UV absorbance at λ = 214 nm. Quantification was done by integration 
of the area under the curve of the calibration lines by using MassLynx software (Waters, 
software 4.2.). The final peptide recovery was calculated according to equation 1:

(Eq. 1) 

Lipid recovery was determined by using the same reversed phase UPLC system coupled 
to an Waters Evaporative Light Scattering Detector (ELSD). Quantification of both 
lipids was done by integrating the area under the curve of both the DOTAP and DOPC 
calibration curves.

(Eq. 2) 

2.6. In vitro antigen presentation
D1 dendritic cells were incubated overnight with either free or liposomal SPs containing 
the Adpgk or Rpl-18 CD8+ T-cell neoepitopes. The following day T-cell bulks specific for 
the neoepitopes of Adpgk and Rpl-18 were added to the SP loaded D1 cells (8). The cells 
were co-cultured during 5 hours in the presence of brefeldin A (2 µg/mL), after which 
an intracellular cytokine staining was performed with fluorescently labeled antibodies 
against IFNy and TNFα, CD8 and CD3. During the co-culture cells were cultured in 
supplemented IMDM in an incubator at 37oC and 5% CO2. Frequencies of cytokine-
producing neoepitope-specific T-cells were determined after sample acquisition with 
the BD LSR-II flow cytometer (Biolegend, San Diego, USA) followed by data processing 
with Flowjo V10 (Biolegend).

2.7. vaccination of naïve mice
Mice were immunized intradermally (i.d.) at the tail base with a total volume of 30 µL. SP 
loaded liposomes or the free SP (1 nmol per peptide) were adjuvanted with poly(I:C) (1 
µg/mouse) and administered in PBS. The prime vaccination was given on day 0 and the 
booster vaccine on day 14.

2.8. Ex vivo analysis of neoepitope-specific CD8+ T-cells
Frequencies of neoepitope-specific CD8+ T-cells were determined in the peripheral blood 
of vaccinated mice. Blood samples of mice were obtained from the tail vein at different 
time points during the in vivo experiments. Next, the red blood cells in the samples were 
lysed followed MHC class I tetramer staining specific for the CD8+ T-cell neoepitopes 
Adpgk and Rpl-18. The staining was performed for 30 minutes at room temperature. 
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Subsequently, the cells were stained with fluorescently-labeled antibodies specific for 
CD8 and CD3 for 30 minutes on ice. The live and dead cells were distinguished by making 
use of the 7-AAD viability staining solution. Data were acquired with the BD LSR-II flow 
cytometer and analyzed by making use of the Flowjo software.

2.9. Prophylactic and therapeutic vaccination
In the prophylactic vaccination setting mice were vaccinated according to the prime-boost 
regimen (2.7). For the tumor experiments a dose of 10 nmol per neoepitope was used 
based on recent literature (16). On day 23 the mice were subcutaneously injected in the 
flank with 3.5x105 MC-38 tumor cells in 200 mL PBS. In the therapeutic tumor setting mice 
were injected 3.5x105 MC-38 tumor cells in the flank. When tumors were palpable (day 5 
– 7), mice were given a prime vaccination and one week thereafter a booster vaccination. 
Tumors were measured in three dimensions 2 to 3 times a week by making use of 
a caliper. When tumor size exceeded 1000 mm3, the mice were sacrificed for ethical 
reasons. Throughout the complete experiment the animal wellbeing was monitored.

2.10. Statistical analysis
Statistical significance was calculated by making use of the GraphPad Prism 8 software 
(San Diego, USA). Depending on the experiment the unpaired T-test, analysis of variance 
(ANOVA) followed by Bonferroni’s multiple comparison test or the log-rank (Mandel-Cox) 
test was used.

3. RESULTS

3.1 Characterization of the synthetic peptide loaded liposomes
Seven different SPs comprising neoepitopes with naturally-flanking sequences from 
the murine colon carcinoma MC-38 model (see Table 1) were individually loaded in 
cationic liposomes (DOTAP:DOPC, 1:1 molar ratio). The seven different SPs were 
individually encapsulated and the corresponding liposomal dispersions had comparable 
hydrodynamic diameters (Z-average: 125 – 175 nm) and polydispersity (PDI: 0.05 – 0.2), 
and were positively charged (zeta potential 20 – 35 mV) (Fig. 1A–D). The five different 
liposomal formulations could be mixed without notable changes in the physicochemical 
characteristics (Fig. 1 A-C). The physicochemical characteristics of the liposomes did not 
notably change upon storage during 8 weeks at 4 °C (Supplementary Fig. 1). Peptides 
and lipids were separated by UPLC, the SPs eluted between 2 and 4 minutes (the exact 
elution time was SP dependent), DOTAP at 8 minutes and DOPC at 8.25 minutes (Fig. 
1F). Allowing efficient separation followed by the quantification of both lipids and the SPs 
in one UPLC run. The average peptide recovery for the formulated SPs was 25.8 ± 6.1 
%, indicating efficient loading of the SPs. Peptide recovery appeared to be dependent on 
the physicochemical characteristics of the SPs, which is in line with our previous findings 
with DOTAP:DOPC liposomes (Fig. 1E) (14). Both lipids, DOTAP and DOPC, showed 

6
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comparable recoveries of 53.8 ± 3.3 % and 14.2 ± 59.6 %, respectively. Altogether, all 
seven SPs were encapsulated with reproducible efficiencies.

Figure 1. Physicochemical characteristics of neoepitope loaded liposomes. (A) Z-average 
(B) average polydispersity index and (C) average zeta potential of empty liposomes, liposomes 
loaded with 7 different neoepitopes (four CD8 & three CD4 neoepitopes), the mix of the liposomal 
formulations and the mix adjuvanted with poly(I:C) (pIC). Z-average and PDI were determined by 
dynamic light scattering (DLS) and the zeta-potential by laser doppler velocimetry. Data shown as 
mean ± SD, n=3 (D) Representative size distribution plots as determined with DLS. (E) Average 
recovery of peptide, DOTAP and DOPC after formulation, quantified by UPLC-UV and UPLC-ELSD. 
Data represent mean ± SD, n=3 (E) UPLC chromatogram of liposomal Ddr2 with ELSD detection, 
illustrating the separation of peptide and both lipids. n.d. = not determined.
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3.2 Efficient CD8+ T-cell activation by liposomally formulated CD8 neoepitopes
The liposomal formulated MHC-I neoepitopes Adpgk and Rpl-18 were first evaluated 
in vitro. Dendritic cells loaded with liposomal SPs efficiently activated two neoepitope-
specific CD8+ T-cell lines for Adpgk and Rpl-18 respectively, to produce TNF and IFNy 
(Fig. 2). This shows that the SPs, when encapsulated in cationic liposomes, were 
efficiently processed and presented by DCs. When the free SPs were admixed with 
empty liposomes (instead of encapsulated), only low frequencies of neoepitope-specific 
CD8+ T-cell activation were observed (data not shown), which is in line with previous our 
previous studies with other antigenic peptides (15). DCs incubated with empty liposomes 
or liposomes loaded with the OVA24 peptide, containing an ovalbumin derived CD8+ 
T-cell epitope, as a negative control for this study, did not activate the neoepitope-specific 
CD8+ T-cells (Fig. 2)(7).

6
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Figure 2. In vitro activation of neoepitope specific CD8+ T-cells. Murine dendritic cells were 
loaded with either free or liposomal Adpgk or Rpl-18 peptide, control liposomes loaded with the 
OVA24 peptide or empty liposomes (2.5 µM per peptide). DCs were co-cultured with Adpgk or 
Rpl-18 specific CD8+ T-cell lines followed by intracellular cytokine staining. CD8+ T-cells positive 
for both INFγ and TNFα were quantified by flow cytometry. (A) Representative dot plots of (top) 
Adpgk and (bottom) Rpl-18 specific CD8+ T-cells and (B) average of five independent T-cell bulk 
lines experiments. Data shown as mean ± SD, *p < 0.05, ** p<0.01, one-way Anova with Bonferroni’s 
multiple comparisons test.

To analyze the formulated SPs in vivo, naïve mice received a prime vaccination (day 0) 
followed by a booster vaccination (day 7) with either the free SP or the liposomal SP 
containing a MHC-I the neoepitope, Adpgk or Rpl-18, (1 nmol) adjuvanted with the TLR-3 
ligand poly(I:C) (1 µg/mouse). Induction of neoepitope-specific CD8+ T-cells in blood was 
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3 to 5 fold higher in blood when the SPs were formulated in cationic liposomes compared 
to free SPs admixed with poly(I:C) (Fig. 3). Robust T-cell priming ex vivo was observed 
for all four neoepitopes and was not influenced by the physicochemical characteristics 
(e.g., solubility, iso-electric point) of the SP (Fig. 3). The administration of a vaccine 
composed of a mixture of all four liposomal SPs was comparable to T-cell priming with 
three out of four single liposomal SP vaccines (Fig. 3). This indicates the feasibility of 
mixing multiple liposomal formulations for these neoepitopes without compromising T-cell 
priming capacity. The in vivo experiments show that encapsulation of the SPs is essential, 
as SPs admixed with empty liposomes did not induce high levels of neoepitope specific 
CD8+ T-cells (Fig. 3).

Figure 3. In vivo CD8+ T cell priming of liposomal neoepitope cocktail. Naïve C57BL/6 received 
a prime and boost vaccination with either a single MC-38 neoepitope in liposomes (from left to 
right: Adpgk, Rpl-18, Reps-1 and Dpagt), the liposomal cocktail of all 4 neoepitopes or the free 
SPs admixed with empty liposomes. Empty liposomes alone served as the negative control. Mice 
were vaccinated on day 0 and 14 with a dose of 1 nmol per SP adjuvanted and all vaccines were 
adjuvanted with 1 µg poly(I:C) per mouse. Levels of neoepitope specific CD8+ T-cells in C57BL/6 
mice were determined in blood on day 22 by flow cytometry. Neoepitope-specific CD8+ T-cells were 
fluorescently stained with in-house developed MHC class I-peptide tetramers. Data represented as 
mean ± SD, n=3, *p < 0.05, **p<0.01, one-way anova with Bonferroni’s multiple comparisons test.

3.3 Liposomal MHC class I and MHC class II neoepitopes administered as a 
cocktail efficiently enhance neoepitope-specific CD8+ T-cell priming
Next, we studied neoepitope-specific T-cell priming by a liposomal vaccine containing 
CD8+ as well as CD4+ T-cell neoepitopes. The neoepitopes were administered in vivo 
as a liposomal mixture in one cocktail. In both naïve (Fig 4B) and tumor-bearing mice 
(Fig 4A,C) which were vaccinated with liposomal CD8+ and CD4+ T-cell neoepitopes, at 
least twofold higher frequencies of both Adpgk and Rpl-18 neoepitope-specific CD8+ 

6
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T-cells in blood were observed compared to mice vaccinated with only liposomal CD8+ 
T-cell neoepitopes. Thus, the addition of liposomal CD4+ T-cell neoepitopes to CD8+ 

T-cell neoepitopes significantly improved priming of tumor specific CD8+ T-cells. The 
encapsulated CD8+ and CD4+ SPs outperformed the mixture of free SPs with empty 
liposomes (Fig. 4B,C), indicating that liposomal encapsulation improved CD4+ T-help 
supported CD8+ T-cell priming for these neoepitopes. Based on these results, we 
analyzed our liposomally formulated SPs in a therapeutic setting in tumor-bearing mice.

Figure 4. In vivo CD8+ T-cell priming by liposomal vaccine containing MHC class I (Adpgk & 
Rpl-18) and MHC class II neoepitopes (Ddr2, Zmiz1 & Pcdh18). (A) Representative dot plots of 
neoepitope-specific CD8+ T-cell responses for Adpgk or Rpl-18 in blood of vaccinated tumor-bearing 
mice. Mice were vaccinated with 1 nmol of SP per neoepitope adjuvanted with 1 µg poly(I:C) per 
mouse. Vaccination with the liposomal cocktail induced the highest levels of Adpgk and Rpl-18 
specific CD8+ T-cells in (B) naïve mice and (C) tumor-bearing mice. Tetramer positive CD8+ T cells 
were measured in blood by flow cytometry on day 21. Data shown as mean ± SEM, n= 5 (B) and n=8 
(C). *p<0.05, **p<0.01, determined by one-way anova with Bonferroni’s multiple comparisons test.
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3.4 Liposomal vaccine containing multiple neoepitopes protects mice against 
MC-38 tumor outgrowth
The functionality of the induced neoepitope-specific T-cells by the liposomal vaccine 
was evaluated by a MC-38 tumor challenge in vaccinated mice. The animals received 
the liposomal vaccine composed of five neoepitopes, two MHC class I (Adpgk and Rpl-
18) and three MHC class II (Ddr 2, PcdH18, and Zmiz1) neoepitopes, after which the 
mice received a lethal dose of MC-38 tumor cells. In both the free SP group and the 
empty liposome group no detectable induction of tumor-specific T-cells in blood was 
observed after vaccination (Supplementary Fig. 2). The MC-38 challenge resulted in a 
rapid outgrowth of tumors in these control groups and all mice were sacrificed within 25 
days after the challenge (Fig. 5 A-C). Tumor-specific CD8+ T-cells were, as previously 
observed, effectively induced after vaccination with the liposomal combination vaccine 
containing both MHC class I and MHC class II neoepitopes (Supplementary Fig. 2). In 
this group only three out of eight mice developed a tumor with a delayed tumor growth 
(Fig. 5A). The remaining five mice fully controlled tumor outgrowth and survived the 
tumor challenge. The surviving mice received a second challenge with MC-38 cells 100 
days after the first challenge. No tumor outgrowth was observed and all mice survived 
the lethal dose of MC-38 cells up until at least 116 days after the booster vaccination 
(Fig. 5D). This indicates that the mice developed a functional memory response against 
MC-38 cells. Finally, the liposomal vaccine was tested in a therapeutic setting in which 
tumor-bearing mice were vaccinated. Mice received a booster vaccine 7 days after the 
first therapeutic vaccination, without additional treatment. The liposomal multi-neoepitope 
was able to significantly delay the outgrowth of the MC-38 tumors in the vaccinated mice 
(Fig. 5 E).

6



573633-L-bw-Heuts573633-L-bw-Heuts573633-L-bw-Heuts573633-L-bw-Heuts
Processed on: 14-7-2022Processed on: 14-7-2022Processed on: 14-7-2022Processed on: 14-7-2022 PDF page: 124PDF page: 124PDF page: 124PDF page: 124

124

Chapter 6

Figure 5. Tumor control by multi-neoepitope vaccination in prophylactic (A-D) and therapeu-
tic setting (E).(A) Individual tumor growth curves per group with the number of surviving mice at 
the end of the experiment. (B) Average tumor sizes per group, data shown as mean ± SEM, n=8. 
(C) Overall survival curve, ***= p<0.001 determined by Log-Rank test and (D) Survival curve after 
tumor re-challenge at day 100 in which naïve mice served as the negative control in this experiment. 
Mice were vaccinated with 10 nmol of SP per neoepitope adjuvanted with 1 µg poly(I:C) per mouse. 
(E) The average tumor outgrowth after therapeutic vaccination. Mice received 3.5x105 MC-38 cells. 
When tumors were palpable, mice received a prime vaccination followed by a booster 7 days later. 
Vaccines contained 10 nmol of each neoepitope and were adjuvanted with 1 µg poly(I:C) per mouse. 
Data shown as mean ± SEM, n=8. * = P<0.05 determined by an unpaired t-test.
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DISCUSSION

In this work we have shown the potency of cationic liposomes as delivery system for 
neoepitope-based cancer vaccination. Encapsulation of MHC class I neoepitopes in the 
DOTAP-based liposomes improved priming of tumor-specific CD8+ T-cells in vitro and in 
vivo, which was independent of the physicochemical characteristics of the SP. Addition of 
liposomal MHC class II neoepitopes significantly enhanced CD8+ T-cell priming in naïve 
mice. The induced neoepitope-specific T-cells were able to inhibit tumor outgrowth of a 
lethal dose of MC-38 tumor cells and induced long term tumor immunity. The capacity 
of the liposomal vaccine to accommodate and efficiently deliver both MHC class I and 
MHC class II neoepitopes in vivo shows great potency for developing personalized cancer 
vaccines. Our data is in line with literature that for optimal anti-tumor immunity both CD8+ 

and CD4+ T-cells are required (19-22).

For all evaluated neoepitopes in this study, both MHC class I and MHC class II, liposomal 
encapsulation outperformed the analyzed mixtures of empty liposomes and free SPs. 
Encapsulation most likely supports efficient uptake of both antigen and adjuvants (cationic 
lipids and poly(I:C)) by the same dendritic cell, resulting in optimal T-cell priming (3, 4, 23). 
In comparison, the cationic adjuvant formulation (CAF) is an established adjuvant platform 
in which the antigen is admixed with the cationic liposomes (24, 25). This is in line with our 
observations, but we show that for synthetic peptides, antigen encapsulation is crucial for 
eliciting effective T cell immune responses and tumor control. In addition, differences in 
liposomal composition, antigen format, adjuvant dosing and administration routes play a 
role in the potency of different delivery platforms. Currently, further mechanistic studies 
are on-going in our group to gain more insight into the immunological mechanism of 
action of SP loaded DOTAP:DOPC liposomes.

Several nano-sized delivery systems have recently been evaluated in the MC-38 
model. Similar to our liposomal platform the rationale is to co-deliver neoepitopes and 
adjuvants in the same APC to induce a cellular anti-tumor immune response (16, 26). 
Self-assembling nanoparticles based on antigenic SPs conjugated to TLR-7/8a ligands 
have been evaluated in a prophylactic MC-38 tumor setting. The tumor challenge in 
vaccinated mice resulted in delayed outgrowth of the MC-38 tumors, however, no overall 
survival data was reported (26). Lipid based nano-discs loaded with antigenic SPs and 
the TLR-9 ligand CpG showed tumor regression in a therapeutic MC-38 model when 
the vaccine was combined with multiple administrations of anti PD-1 treatment (16). The 
administration of anti-PD-1/PD-L1 blocking antibodies results in the removal of inhibitory 
signals for tumor-specific T-cells and multiple reports have shown that MC-38 tumors 
are sensitive for this treatment (27-29). Our therapeutic tumor experiments showed a 
significant delay in tumor outgrowth in mice vaccinated with the liposomal vaccine but 
limited long term survival. For instance, liposomal multi-neoepitope vaccination combined 
with checkpoint therapy could be a potential treatment for tumors with an immune 
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suppressive microenvironment expressing co-inhibitory molecules (2, 3, 30). Further 
studies in neoepitope model systems are required to develop optimal immunotherapy 
regimens including liposomal neoepitope-based vaccines.

An important advantage of the liposomal platform is the simple particle composition 
and feasibility of production process. The liposomal platform consists of only two 
lipids, DOTAP and DOPC, a synthetic peptide and the clinically used adjuvant poly(I:C). 
Previously we have reported the optimization of SP loading which allows loading of a wide 
range of physicochemical different SPs (14). Hereby the SPs can be rapidly formulated 
yielding liposomes with a particle size under 200 nm, allowing sterile filtration of the 
vaccine after production. From a clinical perspective, the production time of personalized 
cancer vaccines should be as short as possible and GMP compatible. Liposomes have 
proven to be the most translatable category of nanoparticles from bench to bedside so far 
(31-33). Therefore, a framework of adequate technologies and regulatory requirements 
will allow further clinical development of our cationic liposomal platform.

CONCLUSION

In conclusion, we describe a cationic liposomal platform that is suitable for the 
formulation of personalized SP-based cancer vaccines. Both CD8+ as well as CD4+ T-cell 
neoepitopes can be individually loaded in DOTAP:DOPC liposomes. Independent of the 
physicochemical properties of the peptide, all peptide were encapsulated in cationic 
nanoparticles with comparable physicochemical characteristics. The SP-loaded cationic 
liposomes efficiently induced priming of functional neoepitope-specific CD8+ T-cells 
upon intradermal injection which is strongly enhanced in the presence of CD4+ T cell 
neoepitopes. The liposomal multi-neoepitope vaccine efficiently protected mice against 
a lethal dose of tumor cells and induced long term tumor protection.



573633-L-bw-Heuts573633-L-bw-Heuts573633-L-bw-Heuts573633-L-bw-Heuts
Processed on: 14-7-2022Processed on: 14-7-2022Processed on: 14-7-2022Processed on: 14-7-2022 PDF page: 127PDF page: 127PDF page: 127PDF page: 127

127

Efficient tumor control by vaccination with MHC class I and class II neoepitopes formulated in 
cationic liposomes

REFERENCES

1. Schumacher TN, Schreiber RD. Neoantigens in cancer immunotherapy. Science. 
2015;348(6230):69-74.

2. Sahin U, Türeci Ö. Personalized vaccines for cancer immunotherapy. Science. 
2018;359(6382):1355-60.

3. Hu Z, Ott PA, Wu CJ. Towards personalized, tumour-specific, therapeutic vaccines for cancer. 
Nat Rev Immunol. 2018;18(3):168-82.

4. Sahin U, Derhovanessian E, Miller M, Kloke B-P, Simon P, Löwer M, et al. Personalized 
RNA mutanome vaccines mobilize poly-specific therapeutic immunity against cancer. Nature. 
2017;547(7662):222-6.

5. Ott PA, Hu Z, Keskin DB, Shukla SA, Sun J, Bozym DJ, et al. An immunogenic personal 
neoantigen vaccine for patients with melanoma. Nature. 2017;547(7662):217-21.

6. Verdegaal EM, de Miranda NF, Visser M, Harryvan T, van Buuren MM, Andersen RS, et 
al. Neoantigen landscape dynamics during human melanoma-T cell interactions. Nature. 
2016;536(7614):91-5.

7. Varypataki EM, Benne N, Bouwstra J, Jiskoot W, Ossendorp F. Efficient Eradication of 
Established Tumors in Mice with Cationic Liposome-Based Synthetic Long-Peptide Vaccines. 
Cancer Immunol Res. 2017;5(3):222-33.

8. Hos BJ, Camps MGM, Bulk Jvd, Tondini E, Ende TCvd, Ruano D, et al. Identification of 
a neo-epitope dominating endogenous CD8 T cell responses to MC-38 colorectal cancer. 
OncoImmunology. 2019;9(1).

9. Yadav M, Jhunjhunwala S, Phung QT, Lupardus P, Tanguay J, Bumbaca S, et al. Predicting 
immunogenic tumour mutations by combining mass spectrometry and exome sequencing. 
Nature. 2014;515(7528):572-6.

10. Kenter GG, Welters MJ, Valentijn AR, Lowik MJ, Berends-van der Meer DM, Vloon AP, et al. 
Phase I immunotherapeutic trial with long peptides spanning the E6 and E7 sequences of 
high-risk human papillomavirus 16 in end-stage cervical cancer patients shows low toxicity 
and robust immunogenicity. Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2008;14(1):169-77.

11. Kenter GG, Welters MJ, Valentijn AR, Lowik MJ, Berends-van der Meer DM, Vloon AP, et 
al. Vaccination against HPV-16 oncoproteins for vulvar intraepithelial neoplasia. The New 
England journal of medicine. 2009;361(19):1838-47.

12. Melief CJ, van der Burg SH. Immunotherapy of established (pre)malignant disease by 
synthetic long peptide vaccines. Nature reviews Cancer. 2008;8(5):351-60.

13. Ott PA, Hu-Lieskovan S, Chmielowski B, Govindan R, Naing A, Bhardwaj N, et al. A Phase 
Ib Trial of Personalized Neoantigen Therapy Plus Anti-PD-1 in Patients with Advanced 
Melanoma, Non-small Cell Lung Cancer, or Bladder Cancer. Cell. 2020;183(2):347-62 e24.

14. Heuts J, Varypataki EM, van der Maaden K, Romeijn S, Drijfhout JW, van Scheltinga AT, et 
al. Cationic Liposomes: A Flexible Vaccine Delivery System for Physicochemically Diverse 
Antigenic Peptides. Pharm Res. 2018;35(11):207.

15. Varypataki EM, van der Maaden K, Bouwstra J, Ossendorp F, Jiskoot W. Cationic liposomes 
loaded with a synthetic long peptide and poly(I:C): a defined adjuvanted vaccine for induction 
of antigen-specific T cell cytotoxicity. AAPS J. 2015;17(1):216-26.

16. Kuai R, Ochyl LJ, Bahjat KS, Schwendeman A, Moon JJ. Designer vaccine nanodiscs for 
personalized cancer immunotherapy. Nat Mater. 2017;16(4):489-96.

17. Hos BJ, Camps MGM, Bulk Jvd, Tondini E, Ende TCvd, Ruano D, et al. Identification of 
a neo-epitope dominating endogenous CD8 T cell responses to MC-38 colorectal cancer. 
OncoImmunology. 2019.

18. Winzler C, Rovere P, Rescigno M, Granucci F, Penna G, Adorini L, et al. Maturation Stages 
of Mouse Dendritic Cells in Growth Factor–dependent Long-Term Cultures. Journal of 
Experimental Medicine. 1997;185(2):317-28.

19. Borst J, Ahrends T, Babala N, Melief CJM, Kastenmuller W. CD4(+) T cell help in cancer 
immunology and immunotherapy. Nat Rev Immunol. 2018;18(10):635-47.

6



573633-L-bw-Heuts573633-L-bw-Heuts573633-L-bw-Heuts573633-L-bw-Heuts
Processed on: 14-7-2022Processed on: 14-7-2022Processed on: 14-7-2022Processed on: 14-7-2022 PDF page: 128PDF page: 128PDF page: 128PDF page: 128

128

Chapter 6

20. Ossendorp F, Mengedé E, Camps M, Filius R, Melief CJM. Specific T Helper Cell Requirement 
for Optimal Induction of Cytotoxic T Lymphocytes against Major Histocompatibility Complex 
Class II Negative Tumors. Journal of Experimental Medicine. 1998;187(5):693-702.

21. Alspach E, Lussier DM, Miceli AP, Kizhvatov I, DuPage M, Luoma AM, et al. MHC-II neoantigens 
shape tumour immunity and response to immunotherapy. Nature. 2019;574(7780):696-701.

22. Ahrends T, Spanjaard A, Pilzecker B, Babala N, Bovens A, Xiao Y, et al. CD4(+) T Cell Help 
Confers a Cytotoxic T Cell Effector Program Including Coinhibitory Receptor Downregulation 
and Increased Tissue Invasiveness. Immunity. 2017;47(5):848-61 e5.

23. Zaks K, Jordan M, Guth A, Sellins K, Kedl R, Izzo A, et al. Efficient immunization and cross-
priming by vaccine adjuvants containing TLR3 or TLR9 agonists complexed to cationic 
liposomes. Journal of immunology (Baltimore, Md : 1950). 2006;176(12):7335-45.

24. Korsholm KS, Hansen J, Karlsen K, Filskov J, Mikkelsen M, Lindenstrom T, et al. Induction 
of CD8+ T-cell responses against subunit antigens by the novel cationic liposomal CAF09 
adjuvant. Vaccine. 2014;32(31):3927-35.

25. Tandrup Schmidt S, Foged C, Korsholm KS, Rades T, Christensen D. Liposome-
Based Adjuvants for Subunit Vaccines: Formulation Strategies for Subunit Antigens and 
Immunostimulators. Pharmaceutics. 2016;8(1).

26. Lynn GM, Sedlik C, Baharom F, Zhu Y, Ramirez-Valdez RA, Coble VL, et al. Peptide-TLR-7/8a 
conjugate vaccines chemically programmed for nanoparticle self-assembly enhance CD8 
T-cell immunity to tumor antigens. Nat Biotechnol. 2020;38(3):320-32.

27. Kleinovink JW, Marijt KA, Schoonderwoerd MJA, van Hall T, Ossendorp F, Fransen MF. PD-L1 
expression on malignant cells is no prerequisite for checkpoint therapy. Oncoimmunology. 
2017;6(4):e1294299.

28. Kleinovink JW, van Hall T, Ossendorp F, Fransen MF. PD-L1 immune suppression in cancer: 
Tumor cells or host cells? Oncoimmunology. 2017;6(7):e1325982.

29. Juneja VR, McGuire KA, Manguso RT, LaFleur MW, Collins N, Haining WN, et al. PD-L1 on 
tumor cells is sufficient for immune evasion in immunogenic tumors and inhibits CD8 T cell 
cytotoxicity. J Exp Med. 2017;214(4):895-904.

30. Saxena M, van der Burg SH, Melief CJM, Bhardwaj N. Therapeutic cancer vaccines. Nature 
reviews Cancer. 2021.

31. Crommelin DJA, van Hoogevest P, Storm G. The role of liposomes in clinical nanomedicine 
development. What now? Now what? J Control Release. 2020;318:256-63.

32. Shreffler JW, Pullan JE, Dailey KM, Mallik S, Brooks AE. Overcoming Hurdles in Nanoparticle 
Clinical Translation: The Influence of Experimental Design and Surface Modification. Int J 
Mol Sci. 2019;20(23).

33. Slingerland M, Guchelaar HJ, Gelderblom H. Liposomal drug formulations in cancer therapy: 
15 years along the road. Drug discovery today. 2012;17(3-4):160-6.



573633-L-bw-Heuts573633-L-bw-Heuts573633-L-bw-Heuts573633-L-bw-Heuts
Processed on: 14-7-2022Processed on: 14-7-2022Processed on: 14-7-2022Processed on: 14-7-2022 PDF page: 129PDF page: 129PDF page: 129PDF page: 129

129

Efficient tumor control by vaccination with MHC class I and class II neoepitopes formulated in 
cationic liposomes

SUPPLEMENTARY FIGURES

Supplementary figure 1. Physicochemical stability of two independently prepared liposome batch-
es containing 5 different neoepitopes after production (T = 0 weeks) and after 8 weeks of storage 
at 4°C (T = 8 weeks). (A) Z-average diameter and (B) polydispersity index were determined by dy-
namic light scattering, and (C) zeta potential by laser Doppler velocimetry. Data of two independent 
batches are displayed (3 measurements per batch) ± range (of two different batches).
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Supplementary figure 2. Induction of Adpgk and Rpl-18 specific CD8+ T-cells in blood of mice 2 
days prior to the tumor cell inoculation. Data shown as mean ± SEM, n=8.
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