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Abstract

Background: Virus-like particles (VLPs) represent a signi cant advance in the development of subunit vaccines, com-
bining high safety and e cacy. Their particulate nature and dense repetitive subunit organization makes them ideal
sca olds for display of vaccine antigens. Traditional approaches for VLP-based antigen display require labor-intensive
trial-and-error optimization, and often fail to generate dense antigen display. Here we utilize the split-intein (SpyTag/
SpyCatcher) conjugation system to generate stable isopeptide bound antigen-VLP complexes by simply mixing of the
antigen and VLP components.

Results: Genetic fusion of SpyTag or SpyCatcher to the N-terminus and/or C-terminus of the Acinetobacter phage
AP205 capsid protein resulted in formation of stable, nonaggregated VLPs expressing one SpyCatcher, one SpyTag

or two SpyTags per capsid protein. Mixing of spy-VLPs with eleven di erent vaccine antigens fused to SpyCatcher or
SpyTag resulted in formation of antigen-VLP complexes with coupling e ciencies (% occupancy of total VLP binding
sites) ranging from 22 88 %. In mice, spy-VLP vaccines presenting the malaria proteins Pfs25 or VAR2CSA markedly
increased antibody titer,a nity, longevity and functional e cacy compared to corresponding vaccines employing
monomeric proteins. The spy-VLP vaccines also e ectively broke B cell self-tolerance and induced potent and durable
antibody responses upon vaccination with cancer or allergy-associated self-antigens (PD-L1, CTLA-4 and IL-5).

Conclusions: The spy-VLP system constitutes a versatile and rapid method to develop highly immunogenic VLP-
based vaccines. Our data provide proof-of-concept for the technology s ability to present complex vaccine antigens
to the immune system and elicit robust functional antibody responses as well asto e ciently break B cell self-toler-
ance. The spy-VLP-system may serve as a generic tool for the cost-e ective development of e ective VLP-vaccines
against both infectious- and non-communicable diseases and could facilitate rapid and unbiased screening of vac-
cine candidate antigens.

Background

Active vaccination against infectious diseases has been
one of the most e ective medical interventions in human
history with a tremendous impact on global health. Due
to safety-, manufacturing- and reproducibility concerns,
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global vaccine development has gradually turned its focus
away from whole-pathogen based vaccines and towards
recombinant subunit vaccines based on de ned antigen
components [1]. e e ectiveness of simple subunit vac-
cines is, however, considerably inferior to that of whole-
pathogen-based vaccines and the successful development
of soluble proteins as vaccine candidates has in many
cases been a disappointment. e low immunogenicity
of soluble protein antigens has been attributed to their

" 2016 Thrane et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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small size (<10 nm), susceptibility to proteolytic degrada-
tion, and a low capacity for activating the innate immune
system. Virus-like particles (VLPs) represent a speci ¢
class of particulate subunit vaccines, which are highly
immunogenic due to sharing key characteristics with live
viruses [2]. Several VVLP-vaccines have already been com-
mercialized e.g. Engerix (hepatitis B virus) and Cervarix
(human papillomavirus) by GlaxoSmithKline, Recom-
bivax HB (hepatitis B virus) and Gardasil (human papil-
lomavirus) by Merck, and Hecolin (hepatitis E virus) by
Xiamen Innovax [3]. VLPs are safe non-replicating shells
consisting solely of viral structural proteins that, when
overexpressed, self-assemble into dense multi-protein
arrays with icosahedral or rod-like structures. e size of
VLPs (20 200 nm) allows for direct drainage into lymph
nodes and is optimal for uptake by antigen-presenting
cells and cross-presentation [4].  eir highly repetitive
surface structures moreover enable complement xation
and B cell receptor clustering, altogether leading to the
activation of the innate immune system, greater B cell
activation and ultimately increased antibody production
[4 6]. Importantly, it has been established that hetorol-
ogous antigens displayed on VLPs can assume a similar
immunogenicity as the underlying particle, creating a
strong rational for using VLPs as antigen-presenting plat-
forms to increase immune responses against otherwise
poorly immunogenic antigens [2, 7]. Antigen display has
traditionally been achieved by either genetic fusion of
heterologous epitopes into the self-assembling coat pro-
tein or by conjugation to preassembled VLPs. Genetic
fusion of smaller peptides (often single epitopes) has in
several cases been successful, whereas insertion of larger
sequences generally prevents VLP-assembly [2, 8, 9]. Even
if VLP-assembly is achieved, chimeric particles are often
instable and the functional conformation of the inserted
epitope may not be retained. Consequently, the genetic
fusion approach is inevitably based on substantial trial-
and-error optimization and is largely restricted to con-
tinuous epitopes thus requiring the pre-identi cation of
such determinants in the target-antigen. Chemical cross-
linking chemistry has been employed to conjugate target
antigens to pre-assembled VLPs by stimulating covalent
linkage between reactive amino acid side chains in the
antigen and coat protein sequences, respectively [10, 11].
Complex antigens, however, generally present multiple
reactive sites hampering consistent directional coupling
of the antigen to the VLP required for optimal epitope
display. In addition, such chemical reactions often result
in a lower than optimal density of the VLP-displayed
antigen [10, 12]. Other strategies, involving non-covalent
antigen-VLP conjugation have also been pursued, each
with individual advantages and disadvantages [13, 14].

e most successful general approach was developed by
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Cytos Biotech and involves the terminal addition of a
reactive Cysteine residue to the target-antigen followed
by addition of a hetero-bifunctional cross-linker to medi-
ate coupling between the reactive sulfhydryl group (Cys)
and the N-term of Lysine residues exposed on the sur-
face of Qbeta VLPs [10, 15]. Several promising VLP-vac-
cines have been developed by this technology, although
this method su ers from an inconsistent ability to dis-
play complex antigens with conformation-dependent
epitopes.  erefore, there is a strong interest in devel-
oping new methods to obtain optimal VLP-display for
complex target-antigens. Herein we report the use of the
split-intein (SpyTag/SpyCatcher) conjugation system [16]
to facilitate conjugation of target antigens to VVLPs under
physiological conditions. is conjugation system takes
advantage of the spontaneous formation of an isopeptide
bond between a Lys and an Asp present in two split units
of the Streptococcus pyogenes bronectin-binding pro-
tein FbaB.  ese split units consist of a peptide (SpyTag)
and a protein (SpyCatcher), which in solution interact to
form a highly stable amide bond. e irreversible reac-
tion occurs within minutes and so this technology o ers
a simple way to conjugate antigen to VLPs. We devel-
oped a panel of genetically modi ed Acinetobacter phage
AP205 VLPs displaying either the SpyCatcher protein
(116 amino acids) or the SpyTag peptide (13 amino acids)
in regular arrays. We also engineered an AP205 VLP pre-
senting two SpyTags per VLP subunit (2xSpyTag-VLP).
We characterized these spy-VLPs in terms of stability
and antigen display capacity using a variety of antigens
and discuss how the di erent spy-VLPs can be used to
increase the versatility of the spy-VLP display system.
Using two malaria antigens, we demonstrate that the spy-
VLP system elicited high levels of high a nity 1gG, which
e ectively inhibited key processes in the parasite devel-
opment. Finally, we show that B cell self-tolerance can
be overcome by the spy-VLP system, which e ectively
induced 1gG against a range of self-antigens including
PD-L1, CTLA-4and IL-5. us, the data demonstrate the
broad usability of the spy-VLP platform and validate its
ability to facilitate strong functional antibody responses
against complex vaccine antigens.

Results

Development, expression and characterization of spy-VLPs
A panel of SpyTag or SpyCatcher presenting VLPs was
designed based on the Acinetobacter phage AP205 coat
protein. Expression of this protein in Escherichia coli
results in the assembly of 29 nm icosahedral (T  3) VLPs
consisting of 180 subunits [17]. Precisely, the 116 amino
acid SpyCatcher sequence was fused to the N-terminus
(SpyCatcher-VLP) of the AP205 coat protein (Gene ID:
956335). In addition, the 13 amino acid SpyTag peptide
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was fused to N-terminus (SpyTag-VLP) or to both N- and
C-terminus (2xSpyTag-VLP) of the AP205 coat protein
(Fig. 1a). Recombinant E. coli expression of spy-AP205
coat proteins was con rmed by SDS-PAGE analysis of
fractions collected following density gradient ultracen-
trifugation. Reduced SDS-PAGE showed pure protein
bands of expected sizes (Additional le 1: Figure S1).
VLP-assembly of each spy-AP205 coat proteins was
evaluated by transmission electron microscopy (TEM)
(Fig. 1b) and dynamic light-scattering (DLS) analysis.
For all recombinant particles the DLS analysis revealed a
homogenous population of non-aggregated particles with
an average estimated size of 36 nm [Pd  12.1] (SpyTag-
VLP), 42 nm [Pd  21.6] (2xSpyTag-VLP) and 43 nm
[Pd 9.7] (SpyCatcher-VLP). In comparison, unmodi ed
AP205 VLPs were determined by DLS to have an average
sizeof 35 nm [Pd  10.7].

To test if the recombinant spy-VLPs could form a cova-
lent interaction with an antigen through their SpyTag
or SpyCatcher, individual spy-VLPs were mixed with
antigen fused to the corresponding binding-partner and
formation of antigen-VLP subunit conjugates was sub-
sequently con rmed by SDS-PAGE analysis. For all spy-
VLP types and all tested antigens the SDS-PAGE revealed
the occurrence of a protein band matching the combined
size of the antigen and VLP subunit, as exempli ed in
Fig. 1c. Mixing of SpyTag- or SpyCatcher-fused antigen
with unmodi ed AP205 VLPs did not produce this band-
ing pattern (data not shown).

Versatility of the spy-VLP platform

To explore the versatility of the spy-VLP antigen display
system we cloned and expressed 11 vaccine candidate
antigens genetically fused to either a SpyTag or a Spy-
Catcher (Additional le 2: Table S1). e panel of spy-
antigens, representing very diverse proteins with respect
to origin, structure and size (14.5 118 kDa) included;
(@) malaria proteins: CSP, CIDR, VAR2CSA, and Pfs25,
which are expressed at di erent developmental stages
of the complex life cycle of Plasmodium falciparum and
used in di erent vaccine strategies to reduce malaria
transmission or disease [18, 19]; (b) the Mycobacterium
tuberculosis protein, Ag85A, in development for a tuber-
culosis vaccine; (c) mouse proteins involved in cancer
(CTLA-4, PD-L1, Survivin and HER2), asthma/allergy
(IL-5) or cardiovascular disease (PCSK9). e latter self-
proteins are targets of therapies employing monoclonal
antibody. e vaccine antigens were mixed with corre-
sponding spy-VLPs and the antigen couplinge ciency (%
occupancy of total VLP binding sites) and antigen display
capacity (number of antigens per VLP) was estimated
for each reaction by SDS-PAGE densitometric analysis.
Standard molar mixing ratio was 1:1.5 (VLP:antigen) and
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Fig. 1 The spy-VLP antigen display platform. a Three types of spy
expressing VLPs were constructed by genetic fusion of SpyTag or
SpyCatcher to the virus-like particle (VLP)-forming AP205 capsid
protein. (1) SpyTag-VLP had the SpyTag fused to the N-terminus

of the AP205 capsid protein and present 180 potential SpyCatcher-
antigen binding motifs (2) 2xSpyTag-VLP had SpyTag fused to both
the N- and C-terminus of the AP205 capsid protein and present 360
potential SpyCatcher-antigen binding motifs; (3) SpyCatcher-VLP
had SpyCatcher fused to the N-terminus of the AP205 capsid protein
and present 180 potential Spytag-antigen binding motifs. b Transmis-
sion electron microscopy (TEM) images showing the SpyTag-VLP,
2xSpyTag-VLP and SpyCatcher-VLP. Puri ed spy-VLP samples were
placed on carbon, adsorbed to a grid and negatively stained with

2 % phosphotungstic acid. Scale bar 50 nm. Images show uniform,
non-aggregated particles of approximately 30 nm (SpyTag-VLP and
2xSpyTag-VLP) and 42 nm (SpyCatcher-VLP). c Reduced SDS-PAGE
gels loaded with VLP vaccines demonstrating that vaccine proteins
had formed covalent bonds to the AP205 capsid protein. Left panel
shows that mixing of SpyTag-VLPs with SpyCatcher-IL-5 resulted in
three protein bands corresponding to the size of an antigen-VLP
capsid protein conjugate (48 kDa) (top), uncoupled vaccine antigen
(33 kDa) (middle) and unconjugated SpyTag-VLP capsid protein

(16.5 kDa) (bottom). The middle panel shows that mixing of 2xSpyTag-
VLP with SpyCatcher-IL-5 resulted in four protein bands represent-
ing; a conjugate of two vaccine antigens bound to each end of

a 2xSpyTag-VLP capsid protein (83 kDa), a conjugate of the 2xSpyTag-
VILP capsid protein and a single vaccine antigen (48 kDa), uncoupled
vaccine antigen (33 kDa) and unconjugated 2xSpyTag-VLP capsid
protein (18.5 kDa). The left panel shows that mixing of SpyCatcher-VLP
with PD-L1-SpyTag resulted in three protein bands representing; an
antigen-VLP capsid protein conjugate (50 kDa), uncoupled vaccine
antigen (33 kDa) and unconjugated SpyCatcher-VLP capsid protein
(27 kDa)
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reactions occurred over night at 4 C. A similar coupling
e ciency was observed using three-hour incubations at
37 C (data not shown). Overall, antigen-coupling e -
ciencies ranged from 22 88 %, corresponding to 40 159
antigens displayed per VLP (Table 1).

ere was a negative correlation between antigen size
and the number of antigens bound per VLP (Spearman
Rank Order Correlation Coe . 0.75, P 0.02) (the
2xSpyTag-VLP constructs were excluded from the analy-
sis).  ere was no signi cant di erence in the antigen
coupling e ciency in SpyTag-VLP and SpyCatcher-VLP
reactions. However, the estimated coupling capacity was
higher for the reaction between SpyCatcher-IL-5 and
2xSpyTag-VLP (193 antigens per VLP) compared with
mixing similar amounts of SpyCatcher-1L-5 with SpyTag-
VLP (138 antigens per VLP) (Table 1; Additional le 3:
Figure S2D).

Immunogenicity of spy-VLP vaccines

To assess the immunogenicity of spy-VLP delivered anti-
gens, we tested two clinically relevant malaria proteins,
Pfs25 and VAR2CSA, and evaluated humoral responses
in mice after intramuscular immunizations. Pfs25 is
expressed on the P. falciparum ookinete surface within
the mosquito. Immunization with recombinant Pfs25
formulated in Montanide ISA51 induced Pfs25-speci ¢
antibodies with capacity to block parasite infectivity to
mosquitoes in a Phase 1 human clinical trial but the vac-
cine had unacceptable side e ects [20]. e Pfs25 antigen
is poorly immunogenic by itself and development of an
e ective transmission-blocking Pfs25 vaccine has been
hampered by the requirement of a strong adjuvant [20
22]. SpyCatcher was fused to the C-terminus of Pfs25 and
Pfs25-SpyCatcher was expressed and puri ed from E. coli

Table 1 Estimation of antigen couplinge ciency
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SHu e®cells. isenabled high level expression of solu-
ble correctly folded Pfs25-SpyCatcher as veri ed by bind-
ing of the transmission-blocking anti-Pfs25 monoclonal
antibody, mAb 4B7 [23] (Additional le 4: Figure S3).

VAR2CSA is a uniqgue member of the P. falciparum
erythrocyte membrane protein 1 (PfEMP1) protein fam-
ily. is protein binds parasite-infected erythrocytes
to placental chrondroitin sulphate A (CSA) [24]. Anti-
VAR2CSA antibodies can prevent this binding [25, 26],
and clinical testing of a protein-based VAR2CSA vac-
cine to protect women against placental malaria has
been initiated [27]. SpyTag was genetically fused to the
N-terminus of the CSA binding domain of VAR2CSA
(domains DBL1-1D2a) and expressed and puri ed from
E.coli SHu e®cells. e protein expressed well and was
folded correctly as measured by its binding to decorin, as
described in [28].

Spy-VLP vaccine induced IgG titers

e antigen display capacities for Pfs25 and VAR2CSA
were 109 and 61 proteins per VLP, respectively (Table 1;
Additional le 3. Figure S2C, K). e antigen-speci ¢
1gG titer was measured by enzyme-linked immune-sorb-
ent assay (ELISA) 2 weeks after each immunization (on
days 14, 35 and 56) as well as at day 212 (Pfs25) and 137
(VAR2CSA) (Fig. 2a). e Pfs25 spy-VLP vaccine induced
higher antigen-speci ¢ IgG titers than the control vac-
cine at all the tested time-points (P < 0.01 (day 14, 35 and
56); P 0.03 (day 212), Mann Whitney Rank Sum Test)
(Fig. 2a). At day 212, there was a 37-fold increase in the
geometric mean titer (GMT) of IgG in sera from spy-
VLP vaccinated mice compared to mice vaccinated with
the same amount of soluble Pfs25 plus untagged AP205
VLPs.

Spy-VLP Potential Spy-antigen Antigen Coupling Display capacity
binding motifs size (kDa) e ciency (%) (antigens/VLP)
SpyTag 180 SpyCatcher-CIDR 32 76 136
SpyTag 180 SpyCatcher-IL-5 33 77 138
SpyTag 180 SpyCatcher-Ag85A 48 75 134
SpyTag 180 CSP-SpyCatcher 53 48 86
SpyTag 180 SpyCatcher-HER2 83 22 40
SpyTag 180 PCSK9-SpyCatcher 84 23 42
2xSpyTag 360 SpyCatcher-Survivin 30 52 (104)° 187
2xSpyTag 360 SpyCatcher-IL-5 33 54 (107)2 193
2xSpyTag 360 Pfs25-SpyCatcher 40 30 (61)2 109
SpyCatcher 180 CTLA-4-SpyTag 15 88 159
SpyCatcher 180 PD-L1-SpyTag 27 45 81
SpyCatcher 180 SpyTag-VAR2CSA 118 34 61

2 9 occupancy of total VLP subunits: number of displayed antigens/total number of VLP subunits ( 180) 100
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Fig. 2 Antigen-speci c IgG levels in mice after immunization with soluble or spy-VLP displayed malaria antigens. (a, upper panels) Antigen-speci ¢

IgG levels (OD Elisa) in serum from mice (n 5 per group) immunized with a Pfs25 2xSpyTag-VLP vaccine ( lled circles) or with a control vaccine

consisting of soluble Pfs25 mixed with untagged AP205 VLPs (open squares). Both vaccines were formulated using aluminum hydroxide adjuvant

(Statens Serum Institut, Copenhagen, Denmark). Mice were immunized on days 0, 21 and 42 and serum was collected on the indicated days after
rstimmunization. Di erences in median endpoint titers between vaccination groups were analyzed using Mann Whitney Rank Sum test; day

14 (P < 0.01), day 35 (P < 0.01), day 56 (P < 0.01) and day 212 (P 0.03). (a, lower panels) Similar results for the VAR2CSA based vaccines (VAR2CSA

SpyCactcher-VLP and soluble VAR2CSA plus untagged AP205 VLP), which were formulated without extrinsic adjuvant. Statistical analysis; day 14

(P 003),day35( 0.09),day56 (P 0.09)andday137 (P 0.03). b Antibody avidity was assessed on days 35 and 56 in serum samples from

mice vaccinated with the Pfs25 or VAR2CSA vaccines. Avidity index values were determined by measuring the resistance of antibody-antigen com-

plexes to 8 M urea. The avidity index was calculated as the ratio of the mean ELISA OD,4, value of urea-treated wells to PBS control wells multiplied

by 100. Mann Whitney Rank Sum test was used for statistical comparisons. ¢ The distribution of IgG1, IgG2a and IgG2b relative to the total vaccine-

induced IgG response in mice (n

5 per group) following Pfs25 or VAR2CSA immunization. Anti-Pfs25 and anti-VAR2CSA sera (left) were obtained
on days 98 and 88, respectively. Mann Whitney Rank Sum test was used for statistical comparisons

e GMT of VAR2CSA-speci ¢ IgG was consistently
higher in the group immunized with the VAR2CSA spy-
VLP vaccine compared to the control group vaccinated
with uncoupled VAR2CSA. However, the di erence in
GMTs between the two groups was not as profound as
seen in the Pfs25 study and only reached statistical sig-
ni cance atdays 14 (P 0.03, Mann Whitney Rank Sum
Test) and 137 (P 0.03, Mann Whitney Rank Sum Test)
(Fig. 2a).

Avidity of spy-VLP vaccine induced I1gG

In order to further examine qualitative di erences in
humoral responses, we investigated the avidity of 1gG
antibodies induced after immunizations with spy-VLP
vaccines compared to control vaccines (uncoupled anti-
gen untagged AP205 VLPs). e avidity index val-
ues of serum IgG were determined by measuring the
resistance of antibody-antigen complexes to 8 M urea
by ELISA, as described [29]. Avidity index values can
be divided into three categories denoting: high avidity
(avidity index values higher than 50 %), intermediate
avidity (between 30 and 50 %) and low avidity (>30 %)
[29]. Prior to measuring avidity, pre-determined IgG
antibody levels in individual mouse serum samples were
equalized by dilution. Both the Pfs25 and VAR2CSA
spy-VLP vaccines induced antigen-speci ¢ 1gG with sig-
ni cantly higher avidity-index values compared to cor-
responding control vaccines P 0.015 (Pfs25 day 35)
and P 0.032 (Pfs25 day 56) and P 0.032 (VAR2CSA
day 35) and P 0.056 (VAR2CSA day 56), Mann Whit-
ney Rank Sum Test) Fig. 2b. e mean avidity index
value of anti-Pfs25 sera obtained at day 35 was 46 % for
the spy-VLP group, thus falling within the intermediate
avidity category, whereas the mean value of the control
group was only 22 % (i.e. low avidity). e correspond-
ing values for day 56 were 57 % (i.e. high avidity) and
30 % (i.e. intermediate avidity) for the spy-VLP and con-
trol group, respectively. e mean avidity of antibodies
induced by the VAR2CSA spy-VLP vaccine was 63 and

62 % (both high avidity) in sera obtained at day 35 and
56, respectively. In comparison, mean avidity of anti-
bodies induced by the control vaccine was 39 and 42 %
(both intermediate avidity) in sera obtained at day 35
and 56, respectively.

Subclass pro ling of vaccine induced IgG

e relative proportion of 1gG subclasses elicited in the
spy-VLP vaccinated groups and the control groups was
also compared. Measurements were performed on sera
obtained at day 98 (Pfs25) or 88 (VAR2CSA) and cal-
culations were based on ELISA measurements using
subclass-speci ¢ (IgG1, 1gG2a and IgG2b) secondary
anti-mouse 19gG antibodies for quanti cation. Anti-
mouse total 1gG secondary antibody was used for nor-
malization. 1gG1 was the dominant 1gG subclass in all
sera. Sera from Pfs25 vaccinated mice contained 1gG1
and 1gG2b and the spy-VLP vaccine induced signi cantly
higher 1gG2b (P 0.03) and signi cantly lower (P 0.03)
IgG1 levels compared to the control vaccine (Fig. 2c, left).
Sera from VAR2CSA vaccinated mice contained 19G
of all subclasses. e distribution of 1gG subclasses was
similar in mice vaccinated with the two VAR2CSA vac-
cines. (Fig. 2c, right).

Functional activity of spy-VLP induced humoral responses

For most vaccines only a fraction of the induced 1gG is
biologically active in inhibiting the development of the
targeted microorganism and the level and overall avid-
ity of vaccine induced IgG responses does not necessarily
re ect the anti-microbial functional activity. e goal of
the Pfs-25 vaccine is to block parasite development inside
the mosquito. We therefore used the standard membrane
feeding assay (SMFA) to measure transmission-blocking
(TB) activity of the antibodies induced by the two vac-
cines [30]. e Pfs25 spy-VLP vaccine showed more than
99 % transmission-reducing activity (TRA) (one oocyst
found in the 20 investigated mosquitos) compared to
pre-immune serum (82 oocysts detected) or serum from
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mice immunized with the control vaccine (85 oocysts
detected) (Fig. 3a). In a second study, BALB/c mice
(n  7) were immunized with the Pfs25 spy-VLP vaccine
at days 0 and 14, and di erent concentrations of puri ed
IgG from pooled anti-Pfs25 serum samples were subse-
quently tested in the SMFA assay. At the highest IgG con-
centration (750 g/ml) serum from the Pfs25 spy-VLP
vaccinated mice completely blocked oocyst formation
(Table 2).

Serum concentrations of 250 and 83.3 g/ml showed
more than 95 % transmission-reducing activity com-
pared to 1gG puri ed from ovalbumin immunized mice
(Table 2).

e aim of VAR2CSA vaccines is to induce 1gG, which
inhibit the binding between parasite-infected erythro-
cytes and placental chondroitin sulfate. We therefore
compared the vaccines ability to elicit 1gG inhibiting
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the binding between VAR2CSA expressed on infected
erythrocytes and chondroitin sulfate in an in vitro assay
(Fig. 3b). e mean EC50 calculated from the dose
response curve of serum from VAR2CSA spy-VLP immu-
nized mice was eightfold higher, [Cl 95 % 3.213 14.41],
than the mean EC50 in serum from mice vaccinated with
VAR2CSA that was not bound to VLPs (Fig. 3b).

Breaking self-tolerance by spy-VLP display

To examine the capacity of the spy-VLP system to over-
come B cell self-tolerance and induce autoantibody
responses upon vaccination with self-antigens, mouse
proteins PD-L1, CTLA-4 and interleukin-5 were recom-
binantly expressed with SpyTag or SpyCatcher and
formulated as spy-VLP vaccines. PD-L1 and CTLA-4
down regulate T cell function. Expression of these pro-
teins in tumors has been linked to poor prognosis and

Fig. 3 Functional activity of spy-VLP vaccine-induced humoral responses. a Transmission reducing activity (TRA) of anti-Pfs25 (day 56) sera follow-

Y-axis shows the number of oocysts identi ed in the midgut of each of 20 A. stephensi mosquitoes. Pre-immunization mouse serum was used as
additional negative control. Mann Whitney rank sum test was used for statistical comparisons. b Binding between VAR2CSA expressing infected
erythrocytes and CSA in the presence of di erent concentrations of serum from immunized mice. Binding in the presence of serum from non-
immunized mice was set to 100 %. Serum pools were from groups of 5 mice immunized with the VAR2CSA spy-VLP vaccine (black circle) or with
control vaccine (empty square). The EC50 value for the spy-VLP vaccinated mice was 8.8 fold higher [3.213 14.41] than the value from mice receiving
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untagged AP205 VLP) as described in Fig. 2a.

Table 2 Transmission-reducing activity of Pfs25 spy-VLP vaccine induced IgG

Control serum

Serum from Pfs25 spy-VLP immunized mice

Tested concentrations ( g/ml) of puri ed total serum IgG 750
Detected oocysts per 20 tested mosquitoes 133
Median (25 and 75 percentiles) 5.5(3:10)

Transmission-reducing activity (%)?
P value®

750 250 833 278

0 1 5 97

0(0:0) 0(0:0) 0(0:0) 4.0 (26.75)
100 99.2 96.2 271
<0.001 <0.001 <0001 0.704

2 Total oocyst count in mosquitoes fed with anti-Pfs25 IgG/total oocyst count in mosquitoes fed with control serum IgG

® Mann Whitney Rank Sum Test

100
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antibody-targeting of the proteins is showing promise
in cancer treatment [31]. Antibody measurements of
anti-sera obtained at day 56 showed that the PD-L1 and
CTLA-4 spy-VLP vaccines induced signi cant antibody
responses against the self-antigens compared to the solu-
ble protein (P 0.01 and P < 0.01, respectively) (Fig. 4a,
b).

e therapeutic use in severe asthma of antibodies tar-
geting IL-5 is supported by abundant data from in vitro
experiments, animal models and clinical trials [32]. e
SpyCatcher was fused at the N-terminus of mouse IL-5.
Antibody measurements of anti-IL-5 in sera obtained
at day 56 showed that the spy-VLP vaccine induced sig-
ni cant antibody responses against this self-antigen
compared to the control vaccine (P 0.02) (Fig. 4c).

e autoantibody response elicited by the spy-VLP

Page 8 of 16

vaccine did not decay rapidly as the titers measured at
day 112 (Fig. 4d) were similar to those measured at day 56
(P 0.02) (Fig. 4c).

Mixing SpyCatcher-IL-5 with 2xSpyTag-VLPs resulted
in a higher antigen coupling capacity than when mixing
the same antigen with SpyTag-VLPs (Table 1; Additional

le 3: Figure S2D).  ese two mixtures were adminis-
tered to mice to compare IgG levels elicited by the two
vaccines. e GMT titer of sera obtained at day 35 from
mice vaccinated with the IL-5 2xSpyTag-VLP vaccine
(GMT  580) was 13 fold higher than for the anti-1L-5
SpyTag-VLP sera (GMT  41) (P  0.06, Mann Whit-
ney Rank Sum test), suggesting that the increased anti-
gen coupling capacity of the 2xSpyTag VLP had an e ect
on the immunogenicity of the vaccine (Additional le 5:
Figure S4).

using Mann Whitney Rank Sum test. ¢, d BALB/c mice (n
IL-5 untagged AP205 VLP) (n

Fig. 4 Breakage of self-tolerance. IgG autoantibody responses measured by standard ELISA. a, b C57BL/6 mice (n
with a PD-L1 (a) or CTLA-4 (b) SpyCatcher-VLP vaccine ( lled circles) or with a control vaccine (n
antigen mixed with untagged AP205 VLPs (open squares). Both vaccines were formulated using aluminum hydroxide adjuvant (Statens Serum Insti-
tut, Copenhagen, Denmark). Mice were immunized with a dose of 5 g antigen on days 0, 21 and 42 and serum was collected on day 56 after rst
immunization. Median endpoint titers were compared for the PD-L1 vaccination groups (P 0.01) and the CTLA-4 vaccination groups (P 0.01)
4) were immunized with an IL-5 SpyTag-VLP vaccine or a control vaccine (soluble

5) which were both formulated with aluminum hydroxide (Statens Serum Institut, Copenhagen, Denmark). Mice
were immunized on days 0, 21 and 42 with antigen doses of 5,25 and 25 g, respectively, and serum was collected on days 56 (c) and 112 (d).
Median endpoint titers for the two vaccination groups were compared using Mann Whitney Rank Sum test; day 56 (P 0.2) and day 122 (P  0.2)

10 per group) were immunized
3 per group) consisting of similar amounts of spy-
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