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Abstract

Vaccines are arguably the most important medical technology developed to date.
However, effective treatment of diseases such as breast cancer have so far evaded
standard vaccination strategies. One popular target for cancer treatment is
the cell surface membrane protein, ErbB-2, also known as Her-2 or neu. It
is localised to the cell surface and has raised expression in 15 - 30% of all
breast cancers, as well as in ovarian, colon and lung cancer. Here, a liposomal
system comprised of spatially separated ErbB-2 peptide, to activate B cells,
and ovalbumin peptide OVA3o3_339, to provide non-cognate T cell support, was
used to generate antibodies against the epitope of the ErbB-2 protein targeted
by Pertuzumab, a monoclonal antibody licensed for the treatment of ErbB-
2 expressing cancers. After just 7 days a raised (7.3-fold, pj0.01), isotype-
switched, humoral immune response specific for the ErbB-2 peptide was achieved
in mice with pre-existing immunity of OVA which were exposed to liposomes
with external ErbB-2 and internal OVAgs3_339. The absence of pre-existing
OVA immunity in the mice or OVAg323_339 peptide in the liposomes removed
the effect. The effect of this anti-ErbB-2 antibody response was characterised
against an ErbB-2 overexpressing tumour cell line both n vitro and in wvivo.

Notably, antibody responses were demonstrated to induce cell death in wvitro,
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resulting in 96% reduction in viable cells. This study, therefore, demonstrates
the feasibility of this approach to generate a rapid, high-titre, isotype-switched,
antibody response that specifically targets ErbB-2 overexpression on tumour
cells and is capable of inducing cell death in vitro in the absence of complement
or immune cells.
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1. Introduction

There have been dramatic reductions in the mortality and morbidity result-
ing from infectious disease since Edward Jenner first developed his smallpox
vaccine. The World Health Organization (WHQO) estimates that vaccinations
for diphtheria, tetanus, whooping cough, and measles currently prevent 2 - 3
million deaths per year [I]. Although vaccines have been undeniably successful,
improvements in vector production and ease of use would still be of great ben-
efit. In particular, effective vaccines for cancer have for the most part evaded
standard vaccination technologies. Promising new approaches are increasingly
exploiting an improved knowledge of the immune system to design the next
generation of vaccines [2].

The development of targeted cancer therapies which can have a systemic
effect is a priority. An important first step in this process is the identifica-
tion of cancer cell-associated targets that play a key role in their growth and
survival. One popular target for cancer treatment is the cell surface protein,
ErbB-2, also known as Her-2 or neu. In particular, overexpression of ErbB-2
occurs in 15 - 30% of all breast cancers, as well as in other cancers, including
ovarian, colon and lung [3]. Some cancer patients have shown the ability to
mount weak immune responses against ErbB-2, indicating that it is possible to
overcome self-tolerance and initiate an immune response against ErbB-2 over-
expressing cancerous cells [, 5]. This makes ErbB-2 an appealing target for
cancer immunotherapy. The FDA-approved, humanised monoclonal antibodies,

Trastuzumab and Pertuzumab, are currently used for ErbB-2 overexpressing
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breast cancers. Typically for Trastuzumab patients will receive a dose every
three weeks over the course of one year. The efficacy of these biologic agents and
their relatively favourable toxicity profile compared to conventional chemothera-
peutics means they are viewed as an important part of cancer therapy. However,
whilst antibodies represent a growing class of therapeutics despite their great
expense, they are, as of yet, rarely completely curative, meaning there is much
contention regarding their impact on healthcare economics [6]. Therefore, there
is interest in developing vaccines that are both prophylactic and therapeutic
that could induce a sustainable ErbB-2 targeted immune response and have a
lower comparative cost.

ErbB-2 targeted vaccines often aim at eliciting a cytotoxic T cell response
[7,8]. However, due to the clinical success of monoclonal anti-ErbB-2 antibody
therapies (Trastuzumab and Pertuzumab), it is of interest to generate a humoral
response from an ErbB-2 targeted vaccine that is more cost effective than these
therapies. Indeed, there are several clinical trials underway that aim at eliciting
an anti-ErbB-2 humoral response [9, [I0]. Generation of an ErbB-2 humoral
response to a peptide-based vaccine is harder to achieve than a cellular response
due to the requirement that the peptide needs to be a good model of the native
structure of the cancer antigen. In contrast, in order to generate a cellular
response, peptide-vaccines do not need to be conformationally similar due to
the pre-processing of the peptides prior to MHC presentation. Peptide-based
vaccines designed to elicit B cell responses must also achieve T cell stimulation
in order to receive the necessary T helper cell signalling, this is most commonly
done by conjugation of the peptide to a large helper molecule, such as tetanus
toxoid or keyhole limpet hemocyanin [11J, [12].

Liposomes have mainly been used in vaccinology as either a delivery vehicle
or as an adjuvant [I3] [I4]. A key advantage of liposomes is their plasticity and
versatility; the choice of lipids and their formulation method allows control over
their charge, size and location of antigen incorporation [I5]. Some cationic li-
posomes, unlike anionic liposomes, are able to bypass the endosomal-lysosomal

route of degradation in cells [I6]. Antigens can be encapsulated within, con-
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jugated to the surface of, or embedded within the lipid bilayer of liposomes
[17, [I8]). The location of an antigen in or on liposomes influences the type of
immune response generated towards the vaccine. T cell responses are induced
by both encapsulated and surface-conjugated antigens, while B cell responses
are exclusively induced by surface-conjugated antigens [13].

We have previously reported the development of a vaccine approach for
malaria which makes use of peptides and liposomes [I8]. Like traditional fusion
peptide methods, this vaccine system works by boosting the immune response
to the target, ‘weak’, antigen by taking advantage of pre-existing immunity to
a second, ‘strong’, antigen. However, our approach differs from traditional pep-
tide conjugate vaccines as the liposomes utilised are formed by encapsulating the
strong antigen within the liposome and presenting the weak antigen exclusively
on the liposome surface. Thereby, this strategy spatially segregates the weak
and strong antigens, focusing the B cell response exclusively onto the external
weak target antigen. This prevents the humoral immune response from being
focused on the strong, helper antigents [I9]. The proposed mechanism of action
is shown in the schematic in supplementary figure [SI} B cells with receptors
specific for the liposomal surface antigen can, upon contact with the liposomes,
phagocytose the vaccine particles. Endosomal conditions lead to degradation
of the liposomes and the generation of peptide fragments from both the weak
and strong antigens. These peptides are then presented on B cell MHC class
IT molecules on the cell surface for CD4+ helper T cell recognition. Helper
CD4+ T cells can recognise the same epitope as the B cell (cognate) or an-
other protein simultaneously taken up by the B cell (non-cognate). Pre-existing
non-cognate CD4+ helper T cells that recognise the strong antigen provide cos-
timulatory signals to the B cell, resulting in confirmation of antibody production
[20]. These signals in turn lead to B cell proliferation, differentiation, antibody
production, somatic hypermutation and isotype switching. As the specificity of
this antibody response was initiated at the point of B cell receptor mediated
recognition of the external weak antigen on the liposomes, the antibodies pro-

duced will exclusively target the weak antigen. In our previous studies we used
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malaria circumsporozoite (CSP) as the weak antigen and an ovalbumin (OVA)
T cell epitope as the encapsulated strong antigen. We showed that in mice with
pre-existing anti-OVA CD4+ T cell immunity the vaccine evokes a rapid, high
titre, isotype switched CSP-specific antibody response. This was shown to be
consistent with the involvement of the anti-OVA T helper cells in confirming
activation of anti-CSP B cells [18]. Some previous studies have taken advan-
tage of strong T helper epitopes incorporated into liposomal vaccines [21], [22],
but our method of spatially segregating the target and helper peptides focuses
the immune response specifically onto the weak target antigen. Our method
of spatial segregation of target and helper antigens differes importantly from
traditional conjugate or virus-like particle based vaccine strategies, which can
be limited by dominance of the immune response against the helper molecule
[19, 23].

Here we describe the formulation and testing of a synthetic vaccine against
tumours overexpressing ErbB-2 by using the liposomal vaccine method described
previously [I8]. The external, weak antigen used is a modified version of the
immunogenic ErbB-2566_206 peptide described by Allen et al. currently used
in an ongoing phase I clinical trial [24, [9]. The internal, strong antigen used
was the model antigen, OVA3s3_339. After physicochemical characterisation of
the liposomes their ability to raise an anti-ErbB-2 antibody response in both
BALB/c and FVB/n mice was studied. FVB/n mice provide a useful control
as they lack the MHC II haplotype capable of presenting the OVA peptide and
so this removes the possibility of OVA driven non-cognate CD4+ T cell help
25, [26].

2. Material and Methods

2.1. Epitopes

OVAj323_339 peptide (Innovagen, Sweden) is a T cell epitope with the se-
quence ISQAVHAAHAEINEAGR. OVA peptide for a control liposomal for-

mulation with external OVA peptide was custom-made with a single cysteine
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residue added to the C-terminus of the OVAgza3_339 peptide, denoted Oc (syn-
thesised by custom peptide synthesis at ThermoScientific, Germany). ErbB-
2966—206 peptide (synthesised by custom peptide synthesis at ThermoScien-
tific, Germany) mimics the Pertuzumab binding region on the native ErbB-2
protein, with the sequence CGPSLLHCPALVTYNTDTFESMHNPEGRYTF-
GASCV. This sequence is a modified version of the immunogenic ErbB-2 pep-
tide described by Allen et al. [24] in which the measles virus fusion helper
peptide used is replaced with a single cysteine residue for liposome conjugation

purposes.

2.2. Liposomal Formulation

Liposomes were formed by lyophilisation as described by Szoka and Papa-
hadjopoulos [27]. Briefly, lipids were dissolved in a 2:1 chloroform:methanol mix
in a freeze-drying vial, to achieve a total lipid concentration of 20 - 40 mg/mL.
Liposomes were prepared to contain 43 mol% DMPC (1,2 - dimyristoyl - sn -
glycero - 3 - phosphocholine, Avanti Polar Lipids, USA), 42 mol% Cholesterol
(Sigma Aldrich, UK), 10 mol% DSPE-PEG2000-maleimide (1,2 - distearoyl - sn
- glycero3 - phosphoethanolamine - N - [maleimide(polyethylene glycol) - 2000],
Avanti Polar Lipids, USA), and 5 mol% DMPG (Avanti Polar Lipids, USA).

The chloroform and methanol was then removed using a high vacuum pump
overnight, leaving a lipid film on the bottom of the vial. The dried lipids were
then re-dissolved in cyclohexane to a concentration of 20-40 mg/mL. The lipid-
cyclohexane mixture was flash frozen by dipping the vial into liquid nitrogen
before being placed into a pre-cooled (-30°C) freeze dryer (FTS Lyostar I freeze
drying system, SP Industries, USA). Primary drying was carried out at -50°C
for 12 hours and secondary drying was performed at 20°C for 6 hours. Pressure
was kept constant at 50 mtorr during both drying phases. Freeze dryer vials
were then removed from the freeze dryer and the lipid cakes were hydrated
with 1 mL citrate buffer (20 mM, pH 6.3) containing 1 mg of OVAza3_3309.
The resulting liposome-OVA mixture was then extruded at 50°C on a hot plate
eleven times through a 400nm Nanosizer MINI (t&tScientific, USA) followed by
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eleven further passes through a 200nm Nanosizer MINI (t&tScientific, USA).
Liposomes were purified using a PBS-washed Sephadex G-75 filled size exclusion
column (Sigma Aldrich, UK) and collected into fractions. Purified liposomes, in
PBS, were immediately added to 100 uL of ErbB-2 or Oc peptide, also in PBS,
at a concentration of 10 mg/mL and left to react for 24 hours at 4°C. To remove
excess non-reacted ErbB-2 peptide, liposome solutions were then injected into
a 20K dialysis cassette (ThermoScientific, Germany) and immersed in PBS at
RT for one hour to remove free unreacted ErbB-2 peptide. The PBS was then
refreshed for another hour, before being refreshed a third time and left overnight

at 4°C.

2.8. Dynamic Light Scattering

Liposomal size was characterised by dynamic light scattering (DLS) using a
Zetasizer Nano ZS instrument (Malvern, UK) with a 1 mL sample dilution of
1:100 in PBS in UV grade cuvettes (Fisher Scientific, UK). Data was analysed
using Malvern Zetasizer software v6.32. Samples were analysed by 3 lots of 12

sub-runs and data is presented as intensity plots.

2.4. Zeta Potential

Surface charge of the liposomes was characterised by zeta potential using
the Zetasizer instrument with a 1 mL dilution of 3:100 in PBS in disposable
folded capillary cells (Malvern, UK). Data was analysed using Malvern Zetasizer

software v6.32.

2.5. Enzyme-linked immunosorbant assay (ELISA)

Antigen was plated onto Nunc Immuno MaxiSorp 96 well plates (Sigma
Aldrich, UK). Plates were sealed and incubated overnight at 4°C. Wells were
washed 6 times with 0.05% Tween-20 in PBS, blocked with 10% FCS in PBS and
incubated at RT for 1 hour. Plates were again washed 6 times before addition of
primary antibody or sample diluted, to a specified dilution, in PBS. After 2 hour

incubation at RT plates were washed 6 times and secondary antibody conjugated
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to HRP was added in a 1:10000 dilution in PBS. Plates were then incubated for
1 hour at RT before being washed a final 6 times. Ultra-TMB HRP substrate
(ThermoFisher, UK: 34029) was added to each sample well. After 30 minutes
the reaction was stopped by the addition of 0.5 M sulfuric acid. Absorbance of
the plate was then read at 450 nm using a BMG LABTECH FLUOstar Omega

plate reader, data was analysed using Omega software version 3.00 R2.

2.6. ELISA for peptide concentrations

ELISAs were used to quantify peptide concentrations in liposome samples
as described above with liposome sample as the initial antigen and either anti-
OVA393_339 antibody (Innovagen, Sweden: PA-0323-100) or plasma from pi-
lot studies containing anti-ErbB-2565_296 antibodies as the primary antibody.
Secondary antibodies used were a HRP conjugated anti-rabbit IgG antibody
(Abcam, UK: A0545) for OVA3z23_339 peptide quantification or a HRP conju-
gated anti-mouse IgG antibody (Sigma Aldrich, UK: A4416) for ErbB-2566_296
peptide quantification.

ELISAs were also used to confirm purification of liposome samples from non-
encapsulated OVA peptide with eluted fractions from a size exclusion column
being used as the initial antigen, anti-OVAge3_339 antibody (Innovagen, Swe-
den) as the primary antibody and a HRP conjugated anti-rabbit IgG antibody
(Abcam, UK) as the secondary.

2.7. Phospholipid quantification

Phospholipid concentration of liposomal samples was measured using a phos-
pholipid assay kit (Sigma Aldrich, UK: MAK122-1KT) according to manufac-

turers instructions.

2.8. Protein A purification
A protein A purification kit (ThermoFisher, UK) was used to confirm en-
capsulation of OVA peptide. Briefly, protein A spin columns were washed and

reconstituted with anti-OVAgas_339 antibody (Innovagen, Sweden). Unbound
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antibody was removed by washing 3 times with binding buffer before incubation
with pre-diluted liposomal samples for 10 minutes with end-over-end mixing.
Liposome samples were diluted to contain a calculated OVA concentration of
0.2 pg. Columns were then spun at 5000 xg and resulting flow-through was
collected and assayed for OVA peptide concentration by ELISA. Control sam-
ples consisted of either empty liposomes (negative control) or liposomes surface

decorated with Oc peptide (positive control).

2.9. Cell lines

Human lung carcinoma cells, A549 were purchased from the European Col-
lection of Authenticated Cell Cultures, UK and maintained according to the
suppliers’ guidelines. TUBO cells were gifted from Dr Natalia Saveyeva at the
University of Southampton, UK and were maintained similarly to A549 cells
with the exception that TUBO cells were grown in high glucose DMEM media
supplemented with 20% FBS. TUBO cells are mouse mammary gland tumour
cells spontaneously generated from a BALB-neuT mouse, which highly overex-
press the rat ErbB-2 protein on their cell surface [28]. A549 cells were used to
test the cytotoxicity of the liposomes, while TUBO cells were used to test the
ability of the generated antibodies to bind to their target on tumour cells and
their ability to induce in witro cell death. TUBO cells were also used in chal-
lenge studies. TUBO cell lysate was obtained using ice-cold NP40 lysis buffer
made using 150 mM sodium chloride (Sigma Aldrich, UK), 50mM Tris pH 8.0
(Sigma Aldrich, UK) and 1% Triton X-100 (Sigma Aldrich, UK).

2.10. In vitro cytotoxicity

Liposomal cytotoxicity tests were performed on A549 by an MTS assay. On
day 1, cells per well were plated out onto a sterile 96 well plate (Sigma Aldrich,
UK) at a density of 10,000 cells per well. The plate was then incubated at
37°C for 24 hours before the media in the wells was removed and replenished
with media mixed with varying liposome concentrations (0, 0.2, 1, 5, 10 %),

with n=5 repeats of each concentration. The plates were then incubated for
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another 24 hours. Next, the media-liposome solution in the wells was removed
and replaced with media containing 20% MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, Promega, USA).

The plate was incubated for 15 minutes before reading absorbance at 490 nm.

2.11. Flow cytometry of TUBO cells

TUBO cells were suspended at 1x10° cells/mL in chilled media and spun at
500 xg for 5 minutes. Cells were resuspended in chilled media with/without a
1:500 dilution of anti-rat ErbB-2 antibody conjugated to AF488 (Novus Biolog-
icals, UK) and left on ice in the dark for 30 minutes. Cells were washed and
loaded onto a Becton Dickson FACSCalibur. Data was then analysed using the
software FlowJo version 10 (FlowJo LLC, USA).

2.12. Flow cytometry of resected tissues

Tumours and spleens were resected, weighed, suspended in FACS buffer
(5% FBS in PBS) and placed on ice during tissue collection. Tumour samples
were then placed in 10mL tumour digestion media, consisting of high glucose
DMEM media supplemented with 1.25 mg/mL collagenase (Sigma Aldrich, UK)
and 0.3 mg/mL DNase I (Sigma Aldrich, UK) in a C-MACS tissue dissociator
tube (Miltenyi Biotec, UK). Tumours underwent mechanical disruption using
a gental MACS tissue dissociator (Miltenyi Biotec, UK). Dissociated tumours
were then poured through a 70 pm cell strainer (Sigma Aldrich, UK) with
mashing to break up remaining clumps of tissue. Spleen samples were mashed
straight onto a 70 um cell strainer (Sigma Aldrich, UK) and flushed through
with FACS buffer. Samples, once in single-cell suspensions, were centrifuged
at 520 xg for 5 minutes at 4°C and the resulting supernatants were removed.
Spleen sample pellets were resuspended in red cell lysis buffer (Sigma Aldrich,
UK) to remove red blood cells. Spleen samples were incubated for 5 minutes
at RT before being centrifuged as before. All tissue samples were then washed
twice with PBS by centrifugation to remove free protein. After the last wash,

tumour cells and splenocytes were resuspended in PBS to a concentration of 100

10
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ug of starting tissue/mL to adjust for approximate number of cells. Samples
were then aliquoted into a round-bottomed 96 well plate, with 200 pL of each
sample. Plates were then centrifuged at 520 xg for 5 minutes at 4°C before
removal of the supernatant. Cell pellets were resuspended in a given dilution of
Zombie Violet viability stain (Biolegend, USA) in PBS (table[S1)) and incubated
at RT in the dark for 20 minutes. Plates were then centrifuged and cell pellets
were resuspended in 1:40 dilution of purified anti-mouse CD16/32 antibody
(Biolegend, USA) in FACS Buffer and incubated in the dark at 4°C for 15
minutes in order to block cellular Fc receptors. Plates were again centrifuged,
and cell pellets were resuspended in a given antibody panel stain (table
diluted in FACS buffer. Plates were incubated for 30 minutes in the dark at
4°C, before being centrifuged, and washed once in FACS Buffer. Samples were
then loaded onto and run on a Becton Dickson FACSCanto IT until 500,000 non-
debris events were collected. Pooled single-cell suspensions of individual tissue
types were used for single-marker staining and full-minus-one (FMO) staining
to aid in gating strategies. Data was then analysed using the software FlowJo

version 10 (FlowJo LLC, USA).

2.18. Mice

Female BALB/c and FVB/n mice were purchased from Charles Rivers at 4
- 6 weeks old, housed in specific-pathogen-free conditions at the University of
Oxford animal facility and used between 5 and 18 weeks of age. Animal weights
were recorded twice a week from the start of treatment until cull. Animal exper-
imentation was performed in accordance with institutional and UK Home Office
guidelines. All mice showed consistent weight gain throughout the experiment
and there was no evidence of toxicity (piloerection, lack of movement/activity,
lack of socialisation, etc.) in any mouse. At the cinclusion of the experiment,
post-cull, major mouse organs including the heart (important with respect to

potential cardiotoxicity) showed normal appearance and weight.

11
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2.14. Vaccination

All injections were performed subcutaneously under anaesthetic. Mice first
received a dose of either PBS or OVAg3s3_339 peptide mixed with adjuvant in a
1:1 dilution. Adjuvant used was either TitreMax Gold (TMG) (Sigma Aldrich,
UK) or Addavax (Invivogen, France) as specified in figure captions. Mice re-
ceiving the OVAs93_339 dose were administered a total of 10 pug of peptide. An
identical booster OVA or PBS dose was given 2 weeks later. After a further 2
weeks, mice were vaccinated with: PBS; free ErbB-2566_296 peptide, denoted
'E’; ErbB-2966_29¢ presenting, empty liposomes, denoted "E()’; or OVAsas_339

encapsulating, ErbB-2465_296 presenting liposomes, denoted 'E(O)’.

2.15. Plasma collection

Weekly blood samples were collected from the tail vein of mice after dosing
with liposomal vaccines. Blood samples were immediately diluted 1:10 in PBS
before being centrifuged at 1000 xg for 5 minutes. Supernatants were collected

and frozen at -20°C until analysis.

2.16. ELISA for anti-ErbB-2 humoral responses

ELISAs were performed to quantify the anti-ErbB-2 total IgG titre in plasma
samples as described above, using ErbB-2565_29¢ as the initial antigen at a
concentration of 10ug/mL. Plasma used from mice was at varying dilutions as
the primary antibody and a HRP conjugated anti-mouse IgG antibody as the
secondary (Sigma Aldrich, UK: A4416). The titre of plasma was defined to
be the last dilution tested that gave an absorbance reading above 0.05 after
subtraction of the average absorbance and 2 standard deviations of 16 blank
wells treated with PBS instead of plasma.

ELISAs were also used to quantify anti-ErbB-2 IgM, IgG1, IgG2a, IgG2b,
IgG3 concentrations in mouse blood using ErbB-266_29¢ as the initial antigen
at a concentration of 10ug/mL. Plasma used from mice was at varying dilutions
as the primary antibody and a HRP conjugated anti-mouse IgM, IgG1, IgG2a,
IgG2b or IgG3 antibody as the secondary (Abcam, UK: ab97240, ab97245,

12
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ab97250, ab97260, ab97230). The concentration of plasma samples was calcu-
lated by using isotype controls (Biolegend, UK: 401401, 401501, 401201, 401301,
401601) as the initial antigen on the same ELISA plate as samples, with PBS as
the primary antibody. Isotype plasma concentrations were then back calculated
to find concentrations in whole blood. Calculated concentrations represent lower
bounds of the actual blood concentration due to competitive binding between

different isotypes within samples.

2.17. Tumour inoculation

Mice were challenged with subcutaneous injections of 3x10* TUBO cells.
Tumours were allowed to grow for 25 days and measured at least twice a week

in three orthogonal axes (x, y and z). Tumour volumes were calculated as xyz/2.

2.18. Western Blot

Samples were diluted in a 1:1 dilution with Laemmli sample buffer (Bio-Rad,
USA) with 5% S-mercaptoethanol (Sigma Aldrich, UK) before heating to 95°C
for 5 minutes. Samples consisted of either the recombinant extracellular domain
of ErbB-2 protein (Abcam, UK: ab191967) or TUBO cell lysate (as described
above). Samples were then run on a pre-cast 4-20% polyacrylamide gel (Bio-
Rad, USA) with 1x Tris-Glycine-SDS running buffer (Bio-Rad, USA) and 160V
for 1 hour using a Mini-PROTEAN Tetra Vertical electrophoresis kit (Bio-Rad,
USA). Gels were transferred onto a 0.2um pore size nitrocellulose membrane
(Bio-Rad, USA) with 30V overnight using a Mini Trans-Blot Western blotting
system (Bio-Rad, USA). Membranes with transferred proteins were blocked with
5% skimmed milk (Sigma Aldrich, UK) in PBS for 1 hour before being washed
with 0.05% Tween-20 in PBS and incubated with plasma from mice diluted
1:1000 in PBS 0.5% skimmed milk for 1 hour. Next, membranes were washed
with 0.05% Tween-20 in PBS and incubated with a HRP conjugated anti-mouse
IgG antibody raised in goat (R&D Systems, USA) at a dilution of 1:1000 in PBS
0.5% skimmed milk for a further hour. Immobilon Western HRP Substrate

(Merck Millipore, USA) was used for chemiluminescent detection of protein.

13
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Membranes were washed with 0.05% Tween-20 in PBS before addition of the
substrate for 3 minutes. Excess substrate was then drained before exposing the
membranes to X-ray films (ThermoFisher, UK) for approximately 10 seconds.

Films were developed using an Agfa CP 1000 film processor.

2.19. Cell death

Ability of plasma samples, positive for anti-ErbB-266_29¢ antibodies, to in-
duce cell death was tested on TUBO cells. Cells were plated onto a 96 well
plate at 10,000 cell/well and incubated for 24 hours. The media was then re-
moved and replaced with fresh media containing different dilutions of either
PBS, anti-ErbB-2566_296 negative plasma (from pre-treatment bleeds), or anti-
ErbB-2566_296 positive plasma (from OVA+E(O) treated mice). Plasma sam-
ples started at a 1:10 dilution in PBS and were complement-deactivated by
heating to 55°C for 30 minutes prior to dilution with media. Cells were then
incubated for a further 24 hours before replacement of the media dilutions with
fresh media. Cells were then imaged using brightfield microscopy on an Eclipse
TT inverted microscope (Nikon Inc, USA) at 10x magnification.

Cells treated with media only and the highest dilutions of PBS, and anti-
ErbB-2566_206 negative and positive plasma were also washed with fresh media
and analysed on a Becton Dickson FACSCalibur until 5000 events per sample
were collected to measure the amount of debris in the samples (n=3). Data was

then analysed using the software FlowJo version 10 (FlowJo LLC, USA).

2.20. Statistics

Statistical analysis was performed using R. Cytotoxicity means were com-
pared with one-way ANOVA followed by Tukey’s post-test. ELISA results were
first tested for normality by Shapiro-Wilks test with a p-value less than 0.05 and
thus were analysed using non-parametric tests. Kruskal-Wallis and Conover-
Iman tests were used to find differences between antibody responses of groups.
Differences were considered to be significant when the p-value was less than
0.05. Indicators of statistical significance: ns, p>0.05, *, p<0.05; ** p<0.01;
ik p<0.001.

14
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3. Results

3.1. Formulation and characterisation

Liposomes were formulated as described in the methods section. Four differ-
ent liposome formulations were prepared: OVAgs3_339 encapsulating liposomes,
denoted ‘(O)’; liposomes with external ErbB-2566_296, but no OVAgza3_339 ‘E()’;
liposomes with internal OVAgzes_339 and external ErbB-2566_296, ‘E(O)’; and
liposomes with OVAg23_339 containing a cysteine residue at the C-terminus ex-
ternally conjugated , ‘Oc()’. Samples of (O), E() and E(O) liposomes were used
in vaccination studies, while Oc() liposomes were only used as a control during
characterisation.

During formulation, liposomes go through two purification processes to re-
move unincorporated peptide. The first of these removes non-encapsulated OVA
peptide using a size exclusion column. The first ten 1mL fractions which passed
through the column after the void volume were collected. Figure shows
enzyme-linked immunosorbant assay (ELISA) results for OVA peptide presence
in fractions collected from the size exclusion column. Visual inspection showed
fractions 1 and 2 to be opaque identifying them as containing liposomes (data
not shown). Encapsulated OVA was present in fractions 1 and 2, while free
OVA peptide was eluted in later fractions (figure .

ELISAs were used to calculate concentrations of peptides incorporated into
liposome formulations (table . The OVA encapsulation efficiency of the
liposomal-vaccine particles after all purification steps was found to be approxi-
mately 0.5%, whilst the binding efficiency of ErbB-2 peptide to lipoomal surface
was approximately 90%. This low OVA incorporation is due to inherently poor
passive loading efficiency of liposomes. Similar OVA encapsulation levels were
seen previously by Hills, et al. [I8]. All liposome formulation were found to
have comparable phospholipid concentrations, with each sample having 5.6-
6.1mg/mL phospholipid concentration, with a molarity of 8-9mM (table [S2).
Samples were adjusted to have the same concentrations of ErbB-2 and/or OVA

peptide.
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Figure 1: Assessment of the presence and location of OVA peptide using an anti-OVA column.
Samples of liposomal formulations were first diluted and then passed through a protein A col-
umn primed with anti-OVA323_339 antibody to capture available OVA peptide. Resultant
spinout from the columns were then assayed by ELISA for OVA peptide concentration. Each
bar represents blank corrected mean absorbance of n=2 sample wells. E() denotes liposomes
surface decorated with ErbB-2 peptide but with no OVA; E(O) denotes OVA peptide encap-
sulating, ErbB-2 peptide surface decorated liposomes; and Oc() denotes liposomes with an
externally conjugated OVAga3_339 peptide. The black bar represents the amount of OVA
detected in the sample before passage through the anti-OVA column, the grey bar represents

the amount of OVA detected in the eluate from the column.

Sample of liposome formulation were diluted and purified by protein A-anti-
OVA antibody columns. Attachment of liposomes to the column was evidence
of externally presented OVA, whilst presence of OVA in the eluate evidenced
that the OVA was internal and unable to bind the protein A-anti-OVA antibody
(figure . No OVA peptide could be detected in the E() liposomes before or
after purification, see ‘Empty E()’ columns on figure Positive control lipo-
somes with an externally conjugated OVA peptide, Oc(), were not detected in
the eluate (i.e. no grey bar), indicating they were efficiently removed by binding
to the column. Notably, high levels of OVA was confirmed to be in the sam-

ple before its addition to the column(black bar). Use of this positive control
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Figure 2: Physciochemical characterisation of liposomes: Size and polydispersity was char-
acterised by dynamic light scattering (DLS), while surface charge was characterised by Zeta
potential as described in the methods section. Panel A shows the intensity plot of sizes of
liposome samples, panel B shows the polydispersity index of samples, and panel C shows
the frequency plot of sample surface charges. Results were obtained by 3 measurements per

sample, made up of 12-14 sub-runs.
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confirms the ability of the assay to identify samples with surface bound OVA.
For E(O) liposomes a similar high level of OVA content was measured in the
sample before addition to the column. However, in contrast to the Oc() sample,
the level of OVA detected in the eluate was reduced by just 10%, showing 90%
to be encapsulated and unavailable for binding to the column. The low level
of column-binding-available OVA in the sample may be free peptide, peptide
associated with the liposome surface or encapsulated peptide released due to
disruption of the formulation during its passage through the column. Supple-
mentary table [52] demonstrates that regardless of the reason for its presence it
is likely that almost 1000-fold more ErbB-2 peptide than OVA will be present
on the surface of the liposomes, based on quantification of ErbB-2

Liposomal size was measured by DLS. Liposomes were formulated to have an
approximate size of 200nm so as to be approximately the size of a viral particle
(20 - 400 nm). (O), E() and E(O) had average sizes of 191.7 nm, 200.7, and
211.4 nm respectively (figure ) Both formulations had a low polydispersity
index showing the liposomes in the samples to be monodisperse (figure )

Zeta Potential was used to characterise the surface charge of liposomes. All
liposomes were made to be anionic, with (O), E() and E(O) liposomes having
surface charges of -21.8, -20.8, and -18.8 mV, respectively (figure )

Cytotoxicity of liposomes was examined via an MTS assay on human lung
carcinoma cells, A549. Cells were cultured with liposomes for 24 hours at vary-
ing liposome:media ratios. There was no statistically significant difference in
viability for cells receiving any formulation of liposome up to a concentration
of 10% liposomes in media as determined by one-way ANOVA tests at the a =
0.05 confidence level (figure [S3).

8.2. Proof of mechanism

The proposed mechanism of action for the liposomal vaccine was tested
by comparing the ability of BALB/c and FVB/n mice to generate anti-ErbB-
2966—206 antibodies after vaccination. Mice first received two identical 100uL

doses of either PBS or 10ug of OVA peptide, emulsified with immunoadjuvant
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OVA or PBS dose | Liposomal Number of Number of
(Weeks -4 and -2) | vaccination FVB/n mice | BALB/c mice

(0) 5 5
PBS + TMG

E(O) 5 5

E() 5 5
OVA + TMG

E(O) 5 5

Table 1: Number of mice in each group for vaccination study confirming proposed mechanism
of action. Identical groups are used for both BALB/c and FVB/n mice. TMG is an im-
munoadjuvant called TitreMax Gold; OVA is a peptide of Ovalbumin; (O) denotes liposomes
encapsulating OVA peptide; E() liposomes surface decorated with ErbB-2 peptide; E(O) OVA
peptide encapsulating, ErbB-2 peptide surface decorated liposomes.

TitreMax Gold (TMG) at a 1:1 ratio, two weeks apart to generate pre-existing
anti-OVA helper T cell immunity in some of the mice, as described previously
[18]. Two weeks after the second OVA or PBS dose, mice were injected with
either OVA323_339 encapsulating liposomes, denoted (O); ErbB-2966_29¢ pre-
senting, empty liposomes, denoted E(); or OVAjsa3_339 encapsulating, ErbB-
2966—206 presenting liposomes, denoted E(O). Identical samples and treatment
groups were used for both BALB/c and FVB/n mice (table [I)). Mice in the
PBS+E(O) group (table 1)) lack the non-cognate CD4+ T cell populations ca-
pable of providing activating signals to B cells to initiate antibody responses
[18], this should, therefore, limit the amount of antibody produced. Similarly,
B cells should not receive activation signals when the pre-existing anti-OVA im-
munity is present, but the OVA peptide is missing from the liposome construct,
as is the case for OVA+E() group.

Weekly plasma samples were collected from both FVB/n (figure [3|A) and
BALB/c (figure ) mice, which first showed an antibody response 7 days after
vaccination. At 14 days post-vaccination, no statistically significant difference
was found between the mean responses of any FVB/n mice exposed to any form

of ErbB-2946_29¢. This indicates that anti-OVAgzs3_339 non-cognate CD4+ T
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Figure 3: Anti-ErbB-2 IgG responses in FVB/n (Panel A) and BALB/c (Panel B) mice:
Plasma samples were taken from the mice on 0, 7, and 14 days post liposomal vaccination
and tested by ELISA to detect if the mice had generated an antibody response to the ErbB-2
peptide. Plasma samples were run using a 1:400 dilution. Mice dosed with PBS or OVA
peptide are shown with striped or solid bars, respectively. Mean of n=>5 mice, error bars
represent standard deviation. Indicators of statistical significance: ns, p>0.05; *, p<0.05; **

p<0.01; *** p<0.001.
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cells have not played a role in activation of antibody production. In contrast,
BALB/c mice, at 14 days, showed a significantly (p<0.01) raised (4.2-fold) re-
sponse in the OVA+E(O) group, which has pre-existing anti-OVAgza3_339 immu-
nity and was vaccinated with E(O) liposomes. Notably, there was no difference
between the PBS+E(O) group and the OVA+E() group, as in both cases non-

cognate T cells were unable to produce helper signals to the B cells.

3.3. Larger cohort tumour challenge study

Having confirmed the mechanism of action, the anti-tumour effect of the
response generated against ErbB-2 could be tested by challenging immunised
mice with TUBO cells shown to overexpress the target (figure . Furthermore,
this second study on a larger cohort of BALB/c mice permitted the assessment
of the necessity of each vaccination component (table and the kinetics of
the humoral antibody response.

Mice received two identical doses of either PBS or OVA peptide with im-
munoadjuvant, Addavax, on weeks -4 and -2 (figure ) Then on weeks 0, 1 and
4 mice were injected with identical doses of PBS; free ErbB-2 peptide, denoted
E; or liposome formulations E() or E(O). Weekly plasma samples were collected
from the day of the first liposomal vaccination which were subsequently tested
for anti-ErbB-2946_29¢ antibody responses. On week 5, mice were challenged
with the TUBO tumour cell line. Tumours were allowed to grow for 25 days
before sacrifice.

Figure @ B-H shows the anti-ErbB-2546_29¢ total IgG titres of individual
mice over the duration of the experiment. At week 0 (figure 4| B), the day of
initial liposomal dose, there was no detectable antibody response showing that
the mice do not have a detectable pre-existing humoral IgG response towards the
ErbB-2 peptide target. After just 1 week (figure[4C), all mice in the OVA+E(O)
(solid blue circles) group generated high antibody levels (Geometric mean titre
(GMT) of 2467), with the PBS+E(O) (empty blue circles) and OVA+E() (solid
red circles) groups also demonstrating a detectable antibody response but with a

GMT of 7.3, and 9.5 fold lower than those in the OVA+E(O) group, respectively.
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Figure 4: Anti-ErbB-2 IgG titres in BALB/c mice: Weekly plasma samples were taken from

mice and tested by ELISA to detect an antibody response to the ErbB-2 peptide. The titre

of plasma was defined to be the last dilution tested that gave an absorbance reading above

0.05 after subtraction of the average absorbance and 2 standard deviations of 16 blank wells

that received PBS instead of plasma. Panel A shows a timeline of the experiment and panels

B-H show weekly titres of individual mice from the day of first liposomal vaccination (Panel

B) to cull (Panel H). Lines represent geometric means of n=8. Vaccines were administered in

100pL doses and those which contained ErbB-2 had a concentration of 100ug/mL of ErbB-2.

Indicators of statistical significance: ns, p>0.05; *, p<0.05; ** p<0.01; *** p<0.001, for all

groups compared to OVA+E(O) group.
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Figure 5: IgM and IgG isotype concentrations in the blood of mice in OVA+E(O), PBS+E(O),
and OVA+E() groups were quantified by ELISA. Panel A shows a timeline of experiment and
a key for the rest of the figure. Panels B, C, D, E, and F show the boxplots of whole blood
concentrations of IgM, IgG1l, IgG2a, IgG2b and IgG3, respectively. Each boxplot is made
from n=8 data points. To avoid zero values for log-scaling on the y-axis, all data points had
1 added to them. Indicators of statistical significance: ns, p>0.05; *, p<0.05; ** p<0.01; ***,
p<0.001, for all groups compared to OVA+E(O) group.
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Figure 6: Western blots were used to test the ability of plasma from mice with and without
anti-ErbB-2266_296 antibodies to bind to whole ErbB-2 protein on ErbB-2 overexpressing
TUBO tumour cells. Lanes 1 and 2 were incubated with a 1:1000 dilution of plasma from
mice which had been dosed with PBS and then vaccinated with (O). While lanes 3 and 4 were
incubated with a 1:1000 dilution of plasma from mice in the OVA+E(O) group. Lanes 1 and
3 were loaded with the extracellular domain of a recombinant rat ErbB2 protein while lanes
2 and 4 contain TUBO cell lysate. Recombinant ErbB-2 protein used has a molecular weight
of 29 kDa while cellular ErbB-2 has an estimated molecular weight of 137 kDa. TUBO cells

are a mouse mammary carcinoma cell line that overexpress rat ErbB-2.

The speed and level of the response achieved is in accordance with the findings of
Hills, et al. [18]. At week 1, mice also received their first booster dose. By week 2
(ﬁgure D), one week post first boost, the IgG levels of all liposomal vaccinated
mice increased, with both the PBS+E(O) and OVA+E() vaccinated groups
having GMTs 5.7 fold lower than the OVA+E(O) vaccinated group (GMT of
12800). These titres were maintained through to week 4 (figure [4| E-F) when
the third and final dose was given. At week 5, the third liposomal dose did
not appear to have any effect in increasing the antibody levels further (figure
Ié-_ll G). In summary, this data demonstrates the value of this approach, as only
in instances when an encapsulated antigen, with pre-existing immunity towards
it, is used, is a rapid and maximal response achieved.

Antibody responses of PBS+E(O), OVA+E(), and OVA+E(O) groups were
further characterised by measuring the concentration of each isotype of anti-

ErbB-2antibody in whole blood (ﬁgure. All groups showed anti-ErbB-2546_296
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IgM and IgG3 responses prior to initial liposomal vaccination (figure [5| B and
F) but low IgG1, IgG2a and IgG2b levels (figure 5| C-E). Upon first exposure to
liposomal vaccine, both groups generated increased anti-ErbB-2546_29¢ IgM and
IgG subtype antibody levels, with stronger class switching to IgG1 occurring in
the OVA+E(O) group. The effect of the booster liposomal vaccines can be seen
to increase the concentrations of all IgM and IgG subtypes. Anti-ErbB-2546_296
IgM levels of all three groups remained relatively consistant throughout the du-
ration of the experiment, with a slight increase in concentration after the second
liposomal vaccination (figure [5| B). The combination of pre-existing anti-OVA
immunity and liposomally-encapsulated OVA peptide, led to consistently higher
anti-ErbB-2966_29¢ IgG1 levels and initially higher IgG3 levels (figure |5| C,F).
The ErbB-2546_206 sequence contains two cysteine residues and a third cys-
teine residue was included to the C terminus to allow conjugation to maleimide-
bearing liposomes. It is possible that a proportion of ErbB-2565_29¢ peptides
are conjugated via cysteine residues contained within the peptide sequence,
rather than at the C terminus. To ensure that ErbB-2 presented on liposomes
was capable for eliciting antibody responses that recognised ErbB-2 in it’s na-
tive conformation, antibodies generated against ErbB-2 peptide were tested for
their ability to bind to ErbB-2 protein from cell lysate by Western blot. Lanes
1 and 2 in figure [6] were probed with plasma from mice in the PBS+PBS group,
while lanes 3 and 4 were stained with plasma from mice in the OVA+E(O)
group. Lanes 1 and 3 contain the extracellular domain of a recombinant rat
ErbB2 protein while lanes 2 and 4 contain TUBO cell lysate. The recombinant
ErbB-2 protein used has a molecular weight of 29 kDa while cellular ErbB-2
has an estimate molecular weight of 137 kDa. In lane 3, a band can be seen
at approximately 30 kDa which corresponds to the extracellular domain of a
recombinant rat ErbB-2 protein. This band does not appear in lane 1 indicat-
ing that the OVA dosed E(O) treatment produces antibodies that specifically
target the desired ErbB-2,46_296 peptide sequence. Similarly, a band can be
seen at approximately 140 kDa in TUBO lysate stained when probed with anti-

ErbB-2566_206 antibodies (lane 4) but not when anti-ErbB-2s66_296 antibodies
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are absent (lane 2) showing the vaccine generated anti-ErbB-2 antibodies are
able to bind to ErbB-2 protein from cells.

Figure [f] evidences the ability of antibodies raised to bind the ErbB-2 target.
Before challenging mice with tumour cells it was important to validate whether
such binding would lead to cell death in wvitro. Therefore, plasma from mice,
both positive and negative for anti-ErbB-2566_296 antibodies, was tested in vitro
for ability to induce cell death by adding plasma to a monolayer of TUBO cells.
Figureshows that increasing the concentration of anti-ErbB-2966_296 antibody
positive plasma from OVA+E(O) vaccinated mice increases the amount of in
vitro TUBO cell death evident by microscopy, whereas addition of equivalent
concentrations of antibody negative plasma or PBS does not impact markedly
on cell morphology. This was supported by flow cytometric analysis of cells 24-
hours post exposure which showed that for a monolayer of TUBO cells exposed
to only media 82.2+2.1% of events were live at 24 hours, while cells challenged
with PBS or anti-ErbB-2566_29¢ negative plasma had a marginal decrease in the
proportion of live cells (68.9+£1.0% and 65.8+0.7% events, respectively) (figure
. Cells treated with anti-ErbB-2566_296 positive plasma, however, showed
that only 4.040.2% of events were live (figure . Notably this plasma was
heat-treated and there were no leukocytes present so this only accounts for
the direct (i.e. non ADCC or CDC) mediated death that could potentially be
achieved in vivo [29].

Once the level and nature of the antibody response generated had been
characterised, the response was tested to see if it would provide protection
against tumour challenge (ﬁgure@. The take rate of the tumours did not reach
100%, with 3 mice having no signs of palpable tumours at the time of cull. The
incomplete take rate was unlikely to be due to treatment as 2 of the mice without
tumours were in the PBS+PBS group, while the remaining mouse was in the
OVA+E(O) group. With the exception of the PBS+PBS group, tumour growth
profiles largely aligned with measured antibody responses (figure 7 however,
there was high within-group variability. As a result no meaningful difference

could be observed. While not group-dependent, a linear relationship between
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Figure 7: Cell death of TUBO cells incubated for 24 hourswith varying dilutions of PBS
or anti-ErbB-2966_296 negative (-ve plasma) or positive (+ve plasma) obtained from pre-
vaccination or OVA+E(O) vaccinated mice TUBO cells were plated in 96 well plates for
24 hours before exposure to dilutions of either negative plasma. which was pooled plasma
from pre-vaccine blood samples, or positive plasma, which was pooled plasma from mice in
the OVA+E(O) group taken at week 4 (i.e. before mice were implanted with TUBO cells).
Starting plasma samples were at a 1:10 dilution and complement-deactivated. Images shown

are representative of 5 replicate samples.
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Figure 8: Impact of mouse serum on in vitro TUBO cell monolayer viability as assayed by
flow cytometry. Cells were incubated with media only; a 1:1 dilution of PBS in media; or anti-
ErbB-2266—296 negative (-ve plasma) or positive (+ve plasma) plasma for 24 hours. Negative
plasma was pooled plasma from pre-vaccine blood samples, while positive plasma was pooled
plasma from mice in the OVA+E(O) group before they were implanted with TUBO cells.
Plasma samples were complement-deactivated and diluted 1:1 with fresh media and thus had
a final dilution of 1:20. Data represents the average (n=3) proportion of events contained

within live-cell gating, £+ 1 standard deviation.

the weights of tumour and spleens at cull was seen, suggesting the presence of
an immune response against the tumours.

At week 8, the 4 largest tumours in each group were resected, along with the
corresponding mouse’s spleen for cellular analysis by flow cytometry. Resected
tumours were processed into single-cell suspensions and examined for ErbB-2
expression on non-immune cells (CD45-) and the presence of tumour-infiltrating
lymphocytes. Meanwhile, isolated splenocytes were tested for B cell populations
(B220+CD19+4), helper T cell populations (CD3+CD4+), and cytotoxic T cell
populations (CD3+CD8+). Figure shows the gating strategy for single-cell
suspensions of tumour and spleen samples. Images shown in figure are the

result of concating 20 samples. The majority of live cells isolated from the
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Figure 9: Mice were subcutaneously injected with 3.4x10* TUBO tumour cells and checked
daily for the presence of tumours. Tumours were measured twice a week with callipers in
three orthogonal directions (x, y, and z) with volume calculated as xyz/2. Panel A shows
the average tumour growth curve, bars representing 95% confidence intervals. Panel B shows
the comparison of the weight of tumour and spleen resected from mice at cull. The take rate
of the tumours did not reach 100%, with 3 mice having no signs of palpable tumours at the
time of cull. Tumours were not evident in three mice at the time of sacrifice and therefore
these data represent n=6 in the PBS+PBS group, n=7 in the OVA+E(O), and n=8 in the
PBS+E(O), OVA+E(O), OVA+E() groups.

tumours are ErbB-2-ve CD45-ve perhaps indicating they are stromal cells or
have lost ErbB-2 expression (ﬁguresand ) Analysis of the cell population
with poor or no viability (i.e. medium or intense zombie violet staining) showed
no difference between groups.

Figure shows the average percentage populations of cell types success-
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Figure 10: Bar chart showing the average percentage populations of cell types (£ 1 standard
deviation) isolated from resected tumours (panel A) and spleens (panel B). Tumours and
spleens were resected from 4 mice in each group with the largest tumours and processed into
single-cell suspension as described in section [2.12} Data represents the percentage of all non-
debris, singlet, live events gated for. Data for CD3+CD4+ and CD34+CD8+ are presented as
percentages of CD3+ gated events. Gating strategy for flow cytometry of isolated single-cell

suspensions from resected tumours and spleens of mice is given in figure [S5]

fully isolated alive from resected tumours for each group. As seen in the pooled
samples of figure[SHA, a very small proportion of live cells were ErbB-2+CD45-
(0.8-3.0%). The majority of isolated live cells (67-98%) were ErbB-2-ve and
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CD45-ve and so were likely mainly consisting of tumour cells that have lost
their ErbB-2 expression, fibroblasts and other tumour co-opted host cells. This
may, therefore, be the reason for the lack of any significant difference between
the tumour growth curves of any treatment group (figure E[) The decision to
assay the largest tumours from each group was necessitated by processing losses
but ultimately may have selected the least therapy responsive mice.

The cellular immunological profile was explored by looking at splenocytes to
see if the treatment had an effect on the number of B and T cell populations
(figure [I0B). No differences could be seen in the proportion of circulating B
(B2204+-CD19+) or T cells (CD3+) between groups, nor for the proportion of
helper (CD4+CD8-) and cytotoxic (CD4-CD8+) T cells (figure [I0B).

While there were no group-dependencies on the cellular populations anal-
ysed, a negative linear trend between the spleen weight and some of the cell
populations was seen (figure . Sample cell numbers were first adjusted by
the weight of the resected tissue prior to staining. Figure §56] shows that the
increase in size of the spleen resulted in a lower proportion of singlets being iso-
lated from the samples. The relationships in figures §56] C and D indicate that
the increase in spleen weight in response to the increase in tumour size (figure
Ep) is not due to an increase in the number of B cells or T cells. Therefore, this

increase in size may be due to an increase in other leukocyte populations.

4. Discussion

This study describes a novel development of the liposomal vaccine platform
described by Hills, et al. [I8] to target the cancer antigen ErbB-2 which is over-
expressed in 15 - 30% of all breast cancers, as well as in many other cancers such
as ovarian, renal, colon and lung [3]. Many patients with ErbB-2 overexpressing
tumours have previously shown an ability to mount a weak immune response
towards this antigen, showing that it is possible to overcome the self-tolerance
associated with it [4, B]. Trastuzumab, a monoclonal humanised antibody that

targets ErbB-2, licensed in 1998, was one of the first target-specific drugs to be
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used in the clinic [30]. A large proportion of treatment regimes for ErbB-2 over-
expressing tumours now include Trastuzumab due to its favourable therapeutic
index [311, 32, B3]. Pertuzumab, licensed in 2012, is a more recent addition to
the options for treatment of ErbB-2 overexpressing cancers. Pertuzumab is a
humanised monoclonal antibody which it binds to a region of ErbB-2 that in-
hibits ErbB-2 dimerisation with ErbB-3, rather than ErbB-2 homodimerisation
like Trastuzumab [34], [35]. The peptide sequence used/targeted in the studies
reported here, was originally described by Allen, et al. [24], and mimics the
Pertuzumab binding region, and hence appeared to be a good target. The anti-
bodies generated in response to the vaccine should, therefore, provide the same
therapy as Pertuzumab, by inhibiting ErbB-2 dimerisation with ErbB-3.

The peptide described by Allen, et al., mimicking the binding region of Per-
tuzumab has been used in a vaccination approach in combination with a peptide
mimicking the Trastuzumab binding region found by Garrett, et al. [36] in an
ongoing phase I trial. Each peptide was conjugated to independent measles
virus fusion protein helper epitopes. This trial has recently completed its first
stages [37, @]. The objective of the first stage of the trial was focused on es-
tablishing the safety profile of the vaccine and ascertaining any dose-limiting
toxicities, as such it was open to all patients with metastatic, incurable solid
tumour malignancies, regardless of ErbB-2 expression [9]. The second stage of
the trial, which is currently ongoing, is applying the optimised vaccine dose to
vaccinate patients with ErbB-2 overexpressing tumours (NCT01376505). The
first stage of the trial found the vaccine elicited sustained ErbB-2-specific hu-
moral responses in a majority of the patients across the different dose levels [9].
Of the 35 evaluable patients, 19 had progressive disease, 14 had stable disease,
and 2 showed partial responses, though this limited response may be due to
enrolled patients having non-ErbB-2 overexpressing tumours [9]. One of the
patients with a partial response continued to receive 6 month booster doses for
3.D years.

One concern with the generation of ErbB-2 antibody responses would be the

risk of cardiotoxicity, a majore adverse effect of Trastuzumab and Pertuzumab
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therapy. Costa, et al. performed a meta-analysis of several ErbB-2 vaccines
and found that their cardiotoxicity profile compared favourably to those of both
Trastuzumab and Pertuzumab [38]. Regardless, future pre-clinical and clinical
work with vaccine strategies eliciting anti-ErbB-2 antibodies should assess for
symptomatic and asympomatic reductions in ventricular ejection fraction.

A vaccine would enable the patient to produce their own antibodies towards
the target and generate immunological memory for a sustained response. Iden-
tification of cancer antigens has opened up many new possibilities for the devel-
opment of effective cancer immunotherapies [39]. A notable portion of cancer
immunotherapy has been directed to the development of cancer vaccines, this is
in large part due to the success of anti-viral vaccines. Peptide vaccines target an
immunogenic region on a tumour antigen to initiate an immune response against
the target protein. A large number of peptide-based vaccines are conjugated to
a second helper peptide or protein that is known to elicit a strong immune
response, so as to cause a stronger response to the target antigen. However,
this approach can result in the immune response against the helper peptide or
protein dominating over the response against the target antigen [40, 4Tl [42].
By spatially segregating the helper peptide, as we do in our vaccine platform
[18], the immune response generated is exclusively targeted towards the target
peptide itself.

Here, liposomes were formulated to address the hypothesis of non-cognate
T cell support for B cell production of antibodies against the ErbB-2 cancer
antigen. Physiochemical characterisation showed their size, polydispersity, pro-
tein content, surface charge, and cytotoxicity levels to be suitable. Free non-
encapsulated OVA peptide was shown to be successfully separated from lipo-
somes by size exclusion, an essential step in ensuring the desired mechanism of
action. The concentration of OVA present in liposome samples after all purifi-
cation steps was found to be approximately 4 pg/mL. This is much lower than
the initial concentration of peptide added to the dried lipids (1mg/mL) due to
dilution factors in the purification steps and inherent poor passive loading effi-

ciency of liposomes. Hills, et al., used a similar liposomal formulation method
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and saw similarly low levels of OVA encapsulation [18]. This poor-loading is
widely-recognised problem and should be addressed in the development of fu-
ture liposomal vaccine strategies. Several techniques have been proposed in-
cluding hydration of lipids with buffer containing the peptide to be loaded, in
the presence of 30% ethanol, which increased loading efficiency 5-fold compared
to hydration with peptide containing buffer alone [3]. Freeze-thaw cycles in-
crease loading efficiency [44], however, with the risk of maleimide hydrolysation,
this method may not be well suited to the current liposome formulation. The
concentration of cholesterol incorporated into the liposome structure also plays
a role, as while cholesterol increases the structural stability of liposomes, it also
has been shpwn to inhibit liposomal loading [45]. Liposomes were designed to be
anionic to prevent them from escaping endosomal degradation once engulfed by
B cells [16]. The mechanism of action requires vaccine particles to be degraded
once engulfed so that B cells can present peptide fragments on their MHC II
proteins for helper T cell recognition. Zeta potential measurement showed them
to have a net negative surface charge around -20 mV. DLS showed their size to
be approximately 200 nm in diameter, which falls within the expected range for
a virus particle (20-400 nm). Larger liposomes (>500 nm) tend to have a much
shorter in vivo half-life due to phagocytosis [46]. It has also been indicated that
small liposomes (20-200 nm) can freely traffic into draining lymph nodes [47].
Carrasco, et al. showed that after administration, 200 nm particles coated with
protein, accumulated in the boundary of the lymph node follicles where B cells
initially encounter their cognate antigen [48]. Liposomes were also found to be
non-cytotoxic in vitro.

The proposed mechanism of action for the vaccination platform was first
tested by comparing the anti-target antibody responses generated by FVB/n
and BALB/c mice (figure [3). FVB/n mice, which are unable to present the
helper OVA peptide on the surface of their B cells [25] 26], generated similar
anti-ErbB-2546_296 total IgG responses with or without the help of non-cognate
CD4+ T cells (figure [3| A). BALB/c mice, which are able to present the OVA

peptide on their B cell surface for T cell recognition, showed an increase in
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anti-ErbB-2966_296 total IgG levels only when mice had pre-existing anti-OVA
immunity and were vaccinated with the full vaccine construct, E(O) (figure
B). This provided further exquisite proof that the mechanism proposed by Hills,
et al. and developed here is capable of generating increased antibody levels by
non-cognate T-helper cell activation of B cells, activated by a liposomal vector
with precise spatial separation of B cell receptor and T-helper cell peptides.
The mechanism of action, kinetics and necessity for each component of the
vaccine was then explored for its influence on anti-ErbB-2566_29¢ antibody re-
sponses in a tumour challenge study with BALB/c mice. It was found that
mice with pre-existing anti-OVA immunity, achieved by OVA dosing, which were
then vaccinated with E(O) liposomes, generated rapid (within 7 days), substan-
tially (7.3-fold) and significantly (p<0.001) raised antibody titres compared to
all other groups (figure . Of particular note was the similarity between the
PBS+E(O) group and the OVA+E() group as neither of these could recruit
non-cognate CD4+ T cells to help activate B cells and in turn stimulate in-
creased antibody production (figure [4]).The isotype profiles of the PBS+E(O),
OVA+E() and OVA+E(O) groups were then characterised. Each individual iso-
type interacts with the immune system differently [49] and also differently than
their human counterparts [50, [6I]. IgM is the first antibody isotype produced
after initial antigen exposure [52]. The IgM responses of all mice increased after
vaccination and remained relatively constant until week 8 when none could be
detected, which is likely the result of a steady decline between weeks 5 and cull
(figure ) Mice showed consistently higher IgG1 class-switching when they
had pre-existing anti-OVA immunity, from just one week after initial exposure
to ErbB-2 peptide (figure ) IgG1 is the same isotype as the pre-clinical stud-
ies version of Pertuzumab, prior to humanisation [53]. Therefore, this particular
anti-ErbB-2566_296 antibody isotype should not only bind to the same region of
the protein as Pertuzumab, but also interact with the immune system identi-
cally. Indeed, none of the pre-clinical studies of Pertuzumab demonstrated the
antibodies ability to induce ADCC or CDC [54]. Production of IgG1 is increased

in the presence of T cell-dependent B cell activation, such is the case for the pro-
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posed mechanism of action here [50]. Its contribution to protective immunity is
largely unclear, as in mice it is unable to fix complement and only engages with
the inhibitory FeyRIIb receptor of effector cells [50]. IgG1’s main role is there-
fore believed to be in limiting inflammatory responses and neutralising target
molecules from binding their receptor [50]. All of the isotyped groups showed
high levels of IgG2a and IgG2b class switching which is, therefore, unlikely due
to the mechanism of action and may in fact simply be due to the adjuvanting
effect of the liposome present. IgG2a and IgG2b both have similar functions
in mice with IgG2a levels linked to an increase in cytotoxic T cell levels and
IgG2Db levels linked to T cell independent B cell activation [50]. Both isotypes
are able to fix complement and have strong interactions with FcyR effector cells
[50]. Though the combination of encapsulated OVA peptide and pre-existing
OVA immunity generated increased anti-ErbB-2566_296 IgG3 levels early on in
the experiment, mice in the PBS+E(O) group soon generated comparable IgG3
levels to the OVA+E(O) group, while the OVA+E() group continuously had
lower levels (figure 5| F). IgG3 is the earliest produced IgG isotype and is able
to fix complement well which leads to a cascade of inflammatory responses [50].

After challenge with rat ErbB-2 overexpressing TUBO tumour cells, anti-
ErbB-2966_206 1gG levels could be detected by ELISA in mice not previously
exposed to the ErbB-2 peptide, confirming the peptide is representative of the
epitope exposed on the tumour cells (figure 4 G-H). A Western blot was used
to further confirm that the peptide is representative of the epitope on TUBO
cells, by probing with plasma samples from a high-responding mouse in the
OVA+E(O) group and a pre-vaccination plasma sample of the PBS+4(O) group
(figure [6]).

Plasma samples positive for anti-ErbB-2946_29¢ antibodies, were subsequently
shown to induce in vitro cell death (figures m and . This is likely due to the
bloackage of ErbB-2/ErbB-3 dimer formation, and thus a reduction of ErbB-2
activation. Cuello, et al. previously demonstrated that anti-ErbB-2 therapy
could induce apoptosis in ErbB-2 overexpressing cell lines, but not in cell lines

with low levels of ErbB-2 expression [55]. This may explain why plasma positive
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for anti-rat-ErbB-2 could induce apoptosis in TUBO cells in vitro despite its
co-expression of mouse ErbB-2 in these cells. A primary function of ErbB-2 is
suppression of apoptosis to enhance cell survival, thus inhibition of its activa-
tion will increase cellular apoptosis [56] [57]. This, therefore, demonstrates the
ability for the vaccine-induced immune response to inhibit the growth of ErbB-2
overexpressing tumour cell lines.

Despite achieving the desired specificity of the antibody response and the
high anti-ErbB-2 antibody titres, no statistically significant differences in tu-
mour growth were seen (figure E[) The less than 100% take rate in this study
was likely due to insufficient cells being administered to challenge the mice
rather than the vaccination treatment (figure [JJA) [28]. To probe if success-
ful mechanism of action was being concealed by tumour growth and structure
heterogeneity, mice with the 4 largest tumours from each group, at cull, had
their tumours and spleens resected and processed into single-cell suspensions
to analyse the cellular populations contained within them. The live CD45-ve
cells were found to have lost their overexpression of ErbB-2 in all of the tu-
mours, giving reason as to why the anti-ErbB-2546_29¢ humoral responses had
no marked effect in inhibiting the tumour take rate or growth rate (figures
and . TUBO cells are a transgenic cell line spontaneously developed by a
BALB/c mouse transformed to express the rat ErbB-2 oncogene [28]. The loss
of rat ErbB-2 expression may, therefore, be due to in vivo selective pressures
increasing the burden on cells expressing this transgene, resulting in the loss of
its expression in favour of its already existing mouse ErbB-2 protein. Plasma
samples positive for anti-ErbB-2566_29¢ antibodies, were subsequently shown to
induce in vitro cell death (figures [7| and . This is likely due to the blockade
of ErbB-2/ErbB-3 dimer formation, and thus a reduction of ErbB-2 activation.
The discrepancy between in vitro and in vivo inhibitions may be due to dif-
fering amounts of anti-ErbB-2546_29¢ antibodies present in the vicinity of the
cells. Whereas in vitro studies in a monolayer permit simple access of antibod-
ies to target cells, the combination of the binding site barrier and the lack of

convection across tumours leads to restricted movement of antibody molecules
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into and throughout 3D tumour masses. This ultimately, allows the tumour
cells in vivo more time to adapt to the selective pressures present. It is clear
that further optimisation of the formulation, dosing stategy and model will be
needed to reveal the full potential of the system. This particular application of
the approach ultimately seeks to address the breaking of tolerance. Hence, in
future studies, it would also be useful to perform a set of studies in Her-2/Neu
(neu-N)-transgenic mice as these represent a clinically relevant model of breast

cancer and recapitulate immunotolerance to ErbB-2 [58].

5. Conclusion

Our study has demonstrated the ability of a liposomal-based vaccine, which
spatially segregates target and helper peptides, to generate a rapid, high-titre,
isotype-switched, humoral immune response against the cancer antigen ErbB-2,
by repurposing pre-existing non-cognate CD4+ T helper cells. These generated
antibodies were subsequently demonstrated to be able to induce cell death of

an ErbB-2 overexpressing cell line in vitro.
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Figure S1: Proposed mechanism of action for Hills, et al. vaccine platform. (1) B cells with
specific B cell receptor (BCR) bind to target antigen. (2) B cells engulf and digest vaccine
particles and present epitopes on MHC class II. (3) CD4+ T helper cells bind to presenting
MHC class II with their specific T cell receptor (TCR). (4) Non-cognate T cells provide helper

signals to stimulate antibody production, specific for the target antigen.

49



Panel Stain Purpose Dilution
Zombie Violet" Viability stain 1:500
Tumour
ErbB-2 - AF4882 Target expression 1:1000
Panel 1
CD45.2 - PE-Cy7? Leukocyte population 1:1000
Zombie Violet* Viability stain 1:500
CD3e - AF488' T cell population 1:100
Tumour
CD4 - PerCp-Cy5.5% CD4+ T cell subpopulation 1:1000
Panel 2
CDS8 - APC-CyT7* CD8+ T cell subpopulation 1:1000
Zombie Violet? Viability stain 1:1000
Spleen Panel CD3e - AF488? T cell population 1:100
1 CD4 - PerCp-Cy5.5% CD4+ T cell subpopulation 1:1000
CDS8 - APC-Cy7? CD8+ T cell subpopulation 1:500
Zombie Violet' Viability stain 1:1000
Spleen Panel
) B220 - PE-Cy7* B cell population 1:500
CD19 - APC! B cell population 1:1000

Table S1: List of staining panels used for flow cytometry of cells extracted from tissue samples.

Dilutions were optimised for each tissue type in preliminary studies. ': Biolegend, USA; 2:

Novus Biologicals, USA; 3: Invitrogen, USA;?: eBioscience, USA.
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Figure S2: Purification of liposomes: Liposomes were passed through size exclusion columns
and collected into 1mL fractions to purify away unencapsulated OVA peptide. Visual inspec-
tion showed fractions 1 and 2 to be opaque identifying them as liposome containing (data
no shown). Fractions were assayed for OVA peptide content using an enzyme-linked im-
munosorbant assay (ELISA) (see methods section), only fractions from OVA encapsulating
formulations gave absorbance readings above background. Each bar represents blank corrected

mean absorbance of n=2 sample wells.
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Formulation | OVAgs3_339 ErbB-2566_296 Phospholipid Phospholipid
(ug/mL) (ng/mL) concentration molarity (mM)
(mg/mL)
(0) 4 0 6.1 9.0
E() 0 929 5.8 8.5
E(O) 5 892 5.6 8.3

Table S2: Protein and phospholipid concentrations incorporated into liposomal formulations as

found by ELISA and phospholipid quantification assay. (O) denoted liposomes encapsulating
OVA peptide; E(), liposomes surface decorated with ErbB-2 peptide; and E(O), OVA peptide

encapsulating, ErbB-2 peptide surface decorated liposomes.

OVA or PBS dose | Liposomal Number of
(Weeks -4 and -2) | vaccination mice
PBS + PBS 8
Addavax E(O) ]
E 8
OVA +
E() 8
Addavax
E(O) 8

Table S3: Number of mice in each group for vaccination study with a larger cohort. Addavax is

an immunoadjuvant similar to MF59; OVA is a peptide of Ovalbumin; E denotes free ErbB-2

peptide; E() liposomes surface decorated with ErbB-2 peptide but not containing OVA; E(O)

OVA peptide encapsulating, ErbB-2 peptide surface decorated liposomes.
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Figure S3: Cytotoxicity of liposomes: in wvitro cytotoxicity of the liposomes was tested by
an MTS assay on A549 cells, as described in methods section. Data is presented as a ratio
of viability of sample wells compared to the average viability of untreated cells. Each bar

represents the mean of n=5 wells, error bars represent standard deviation.
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Figure S4: Flow cytometry of TUBO murine mammary cancer cells expression of rat ErbB-2
receptor. Grey histogram is unstained cells, while red is cells incubated with anti-rat ErbB-2
conjugated to AF488 on ice in the dark for 30 minutes. Each histogram represents the results

of 10,000 events. Gating was chosen so that 5% of unstained cells were ErbB-2 false-positive.

Profile representative of n=3.
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Figure S5: Gating strategy for flow cytometry of isolated single-cell suspensions from resected
tumours (A) and spleens (B) of mice. Tumours and spleens were resected from 4 mice in each
group with the largest tumours and processed into single-cell suspension as described in the
methods section. Gating strategies were chosen based on comparing unstained, single-stained
and full-minus-one (FMO) stained samples. Images shown here are the result of 20 samples

pooled together for each respective tissue type.
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Figure S6: Linear trends between resected spleen weight and isolated cellular populations.
Panel A shows a legend for the plots, panels B-D compare the spleen weight to the percentage
of isolated singlets (panel B), B220+CD19+ (panel C), and CD3+ (panel D).
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