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Abstract

The filamentous bacteriophage are highly immunogenic particles that can be used as carrier proteins
for peptides and presumably other haptens and antigens. Our previous work demonstrated that the
antibody response was better focused against a synthetic peptide if it was conjugated to phage as
compared to the classical carrier, ovalbumin. We speculated that this was due, in part, to the relatively
low surface complexity of the phage. Here, we further investigate the phage as an immunogenic
carrier, and the effect reducing its surface complexity has on the antibody response against peptides
that are either displayed as recombinant fusions to the phage coat or are chemically conjugated to it.
Immunodominant regions of the minor coat protein, plll, were removed from the phage surface by
excising its N1 and N2 domains (A3 phage variant), whereas immunodominant epitopes of the major
coat protein, pVIII, were altered by reducing the charge of its surface-exposed N-terminal residues
(A 8 phage variant). Immunization of mice revealed that the A3 variant was less immunogenic than
wild-type (WT) phage, whereas the A8 variant was more immunogenic. The immunogenicity of two
different peptides was tested in the context of the WT and A3 phage in two different forms: (i) as
recombinant peptides fused to pVIII, and (ii) as synthetic peptides conjugated to the phage surface.
One peptide (MD10) in its recombinant form produced a stronger anti-peptide antibody response
fused to the WT carrier compared to the A3 phage carrier, and did not elicit a detectable anti-peptide
response in its synthetic form conjugated to either phage carrier. This trend was reversed for a
different peptide (4E10, ), which did not produce a detectable anti-peptide antibody response as a
recombinant fusion; yet, as a chemical conjugate to A3 phage, but not WT phage, it elicited a highly
focused anti-peptide antibody response that exceeded the anti-carrier response by ~ 65-fold. The
results suggest that focusing of the antibody response against synthetic peptides can be improved by
decreasing the antigenic complexity of the phage surface.
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1. Introduction

There is a growing need for vaccines that focus antibody (Ab) responses against conserved,
neutralizing epitopes on highly variable pathogens, such as HIV-1, hepatitis C virus, and
influenza virus. However, such epitopes may be weakly immunogenic, with other epitopes
dominating the Ab response [1-3]. Conjugate vaccines enhance immune responses through
chemical conjugation of a targeted antigen (e.g., amicrobial protein, peptide or polysaccharide)
to an immunogenic carrier protein. The targeted antigens are typically poorly immunogenic
by themselves, and thus are attached to carriers, which provide T-cell epitopes (TCEs) and
other stimulatory factors that enhance Ab responses and the development of immunological
memory. However, carriers themselves are typically large and complex proteins that may
generate unwanted Ab and T-cell cross-reactivities upon immunization [4]. Furthermore, it is
not clear whether Ab responses elicited by the carrier affect or skew the Ab response against
the targeted antigen. Several studies have shown that altering an immunodominant epitope
(e.g., by point mutation or glycosylation) can redirect Ab responses to other epitopes on a
peptide or protein [1,5-8] and can affect neutralizing activity [9]. However, to our knowledge
no studies have addressed the possibility of altering a carrier protein’s epitopes to improve the
Ab response to an associated hapten, peptide or carbohydrate antigen.

Previously, we reported that the filamentous phage carrier, f1.K, better focused the Ab response
against a synthetic peptide than the traditional carrier, ovalbumin (OVA), and hypothesized
that this was in part due to the reduced surface complexity (i.e., restricted number of B-cell
epitopes on the phage surface) of the phage particle compared to OVA [10], as most of the
phage surface comprises the 12 N-terminal residues of the major coat protein, pVIII. Based on
these results, we proposed that the phage surface could be engineered to reduce the number of
surface-exposed immunodominant B-cell epitopes, and that such modifications would both
enhance and focus the Ab response against a peptide (synthetic or recombinant) or other
antigen, as compared to peptides presented in the context of wild-type (WT) phage carrier. We
use these terms to mean that the anti-peptide Ab titers and the ratio of anti-peptide to anti-
carrier Ab titers, respectively, are higher than those elicited by the WT phage carrier. Thus,
our goal was to further engineer filamentous phage to serve as a vaccine carrier that would
both enhance and focus the Ab response against weakly immunogenic regions on pathogens,
including non-protein and polysaccharide antigens.

The filamentous phage has a number of characteristics that make it an excellent model system
for studying Ab responses. It is highly immunogenic, eliciting high-titer serum Abs even at
low doses and without adjuvant [10,11]. While phage elicit T cell responses [12], its
immunogenicity is also enhanced by virion-associated lipopolysaccharide (LPS) [13,14] and
the phage’s particulate nature. Unlike classical antigens (like OVA), small amounts of phage
will produce a detectable "burst" of Ab-secreting cells in the blood by the third day after
subcutaneous immunization without adjuvant (our unpublished results), making it well suited
for studies of early stages in the cellular response to immunization. Despite its intensity, the
Ab response against the phage is restricted to the twelve N-terminal residues of the major coat
protein, pVII1 [15], and to the N1 and N2 domains of the minor coat protein, plll. Moreover,
the phage is relatively easy to engineer and to use for chemical conjugation [10]. It has been
used as an immunogenic carrier for producing Abs against many different peptides fused to
the N-terminus of pVII1 ([16,17] and thoroughly reviewed in [11]), or conjugated to the phage
coat [10], and we previously showed that it can focus the Ab response against a conjugated
peptide, by increasing the ratio of the anti-peptide to anti-phage serum titer [10].

To reduce the immunogenicity of plll, asingle-stranded DNA (ssDNA) mutagenesis procedure
was used to delete a segment encoding the N1 and N2 domains of plll from the phage genome
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(A3 phage). To reduce the immunogenicity of pVIII, three residues (E2A, D5S and K8Q
[15]) that are required for Ab binding to pV1II (i.e., critical binding residues; CBRs [18,19])
were modified in both WT phage (A8 phage) and A3 phage (A8A3 phage). Thus, we tested as
carriers: i) WT phage, ii) A3 phage bearing WT pVIII and truncated plll, iii) A8 phage bearing
modified pVII1 and WT plll, and iv) ABA3 phage, a double mutant bearing both modified pV1II
and truncated pl11. Ab responses produced by mice immunized with the different phage variants
revealed that A3 phage were significantly less immunogenic than WT phage. Unexpectedly,
phage bearing the A8 modification produced stronger Ab responses than WT phage. Thus, the
A3 phage was chosen for testing as a carrier for enhancing and/or focusing the Ab response
against recombinantly displayed or synthetically conjugated peptides.

We examined the impact of removing the outer domains of plll on the Ab response against
two weakly immunogenic peptides (MD10 and 4E10; ~/B; 4E10, A and 4E10, B are virtually
identical peptides differing by a single amino acid residue) that were recombinantly displayed
on the phage coat or chemically conjugated to it. The anti-peptide Ab response elicited by the
recombinant MD10 peptide-pV 11 fusion was stronger when displayed on WT carrier as
compared to display on the A3 carrier, whereas anti-peptide responses were undetectable for
either carrier bearing chemically-conjugated peptide. In contrast, the anti-peptide Ab response
elicited by synthetic 4E10, B peptide was far stronger against peptide conjugated to A3 carrier,
as compared to WT carrier; remarkably, the Ab response against this peptide dwarfed the
response against the A3 carrier. No anti-peptide Ab response was observed for WT or A3 phage
displaying 4E10, ” peptide as a recombinant fusion. Taken together, our results show that
removal of immunodominant domains of plll decreased phage immunogenicity, and enhanced
and focused the Ab response against one of the two chemically-conjugated synthetic peptides
tested, but neither of the recombinantly displayed ones. We surmise this effect depends on a
given peptide's copy number, its inherent immunogenicity, and the manner in which it is
presented on the phage surface.

2. Materials and methods

2.1 Materials and animals

Five-week-old BALB/c mice were purchased from Charles River Laboratories Inc. (Saint-
Constant, QC). The f8-5 phage (WT phage) is described in [20]. The gel-purified
oligonucleotide primer for making the A3 phage (primer 1: 5°p
TGCCATTTTTTCATAATCAAAATCACCGGAACCTTCAACAGTTTCAGCGGAGTG
AGAATA GAAAGG 3) was synthesized by the NAPS Unit at the University of British
Columbia. Complementary oligonucleotides for producing A8 phage were produced by
Invitrogen Corp. (Carlsbad, CA) with the following sequences: A8#1: 5’
pPGCGGGTGACTCTCCCGCACAGGCGGCCTTTGACTCCCTGCAAG, and A8#2: 5’
CTAGCTTGCAGGGAGTCAAAGGCCGCCTGTGCGGGAGAGTCACCCGCTGCA,;
both were gel-purified by urea-PAGE [21]. The primers used to sequence gene3 were pll1Fwd:
5" CAAGCTGTTTAAGAAATTCACCTCG and pllIRev: 5’
GCCCTTTTTAAGGAAAGTAAGCAGA, and those used to sequence gene8 were pVIIFwd:
5" GGTTGGTGCCTTCGTAGTGGC and pVIIIRev: 5 GCGAATAATAATTTTTTCACG.
The MD10 peptide [22] was selected from a phage-displayed peptide library by monoclonal
(M)Ab SYA/J6, which was elicited against an oligosaccharide from the LPS of Shigella
flexneri [23]. The synthetic MD10 peptide that was used in ELISAs is biotinylated and bears
the sequence NH3*-MDWNMHAAGG-ornithine(biotin)-K-CONH, (MW: 1556.1, 95% pure,
synthesized at Alberta Peptide Institute, University of Alberta, Edmonton); the synthetic MD10
peptide that was conjugated to phage bears the sequence NH3*-MDWNMHAAGGC-
CONH;, (MW: 1190.2, 95% pure, synthesized by EZBiolab Inc., Westfield, IN). The
4E10, B synthetic peptide was selected from a phage-displayed random peptide library using
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MADb 4E10, a broadly neutralizing Ab against HIV-1,; its affinity for the MAb was further
optimized through selection from a sublibrary whose sequences were biased toward the
consensus sequence obtained in the primary selection [24]. The 95% pure 4E10, B sequence,
NH3"-AEPAENNWFMLTYFLAAEGC-CONH, (MW: 2255.87) was synthesized by
EZBiolab Inc. The crosslinking agent, N-succinimidyl-3-(2-pyridyldithio)propionate
(SPDP), which contains a 6.8 A cleavable spacer arm, was from Pierce Chemical Co.
(Rockford, IL); the 2-pyridyldithio group reacts optimally with sulfhydryls (at the C-terminus
of the peptide) and the N-hydroxysuccinimide (NHS) ester reacts with primary amines on the
N-terminus of the phage coat and Lys residues. Recombinant streptavidin from Streptomyces
avidinii was produced in Escherichia coli by Roche Diagnostics (Indianapolis, IN).

2.2 Engineering A3 phage: removing the plll N1 and N2 domains from f8-5

To remove regions of the f8-5 genome encoding the N1 and N2 domains of plll, ssSDNA
mutagenesis was performed using a single primer that anneals at two sites, encoding both the
plll signal peptide and the CT domain, and thus “loops out” a 744-base pair (bp) segment of
DNA. This loop is bypassed during synthesis of the second DNA strand, resulting in deletion
of its DNA (Figure 1 A and B). To prepare ssDNA for cloning, f8-5 virions were propagated
ata large scale using standard methods [25], and ssSDNA was purified from polyethylene glycol
(PEG)/NaCl-precipitated virions by phenol-chloroform extraction followed by ethanol
precipitation [25]. DNA quality and size were confirmed by 0.8% agarose gel electrophoresis
of viral DNA from SDS-lysed phage in 4x GBB buffer [26]. To anneal Primer 1 to the sSSDNA
template, 13 pmol Primer 1 and 700 fmol f8-5 ssSDNA were mixed in 100 pl annealing buffer
(10 mM Tris-HCI pH 7.5, 500 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA)), so
that the final ratio of primer to template was 18:1. The mixture was incubated at 72°C for 10
minutes, then slowly cooled to 30°C and placed on ice. The primed template (100 pl) was
added to an extension reaction containing dNTPs (26 UM each), 50 units (u) T4 ligase
(Invitrogen) and 16.25 u Sequenase Version 2.0 DNA polymerase (USB Corp., Cleveland,
OH) in a total volume of 150 pl T4 DNA ligase buffer (Invitrogen). The extension reaction
was incubated on ice for 5 minutes, at 25°C for 5 minutes, then at 37°C for one hour. The
reaction was then brought to a volume of 2.2 ml with water and concentrated using an Ultra-15
10K NMWCO Amicon® centrifugal filter device (Millipore Corp., Bedford, MA), followed
by one wash with 4 ml 0.1x Tris-EDTA buffer (10 mM Tris-HCI pH 7.5, 1 mM EDTA), and
one wash with 4 ml water. The retentate was dried in a Speed Vac, dissolved in water, then
split between two aliquots of electrocompetent E. coli MC1061 cells and electroporated in 0.1
cm cuvettes using a Bio-Rad gene pulser [27].

After induction of the tetracycline (tet) resistance gene in NZY/tet (0.2 ug/ml) for 1 hour at
37°C, E. coli MC1061 cells transformed with the mutagenesis reaction were grown in a 400-
ml overnight (O/N) NZY/tet (10 pg/ml) culture at 37°C, and replicative form (RF) DNA was
purified from bacterial pellets using a Qiagen® plasmid midi kit using the manufacturer’s
protocol for low copy-number plasmids. To select for the desired RF, 10 ug of total RF DNA
was digested with Bme15801 and BseRI (New England Biolabs, Ipswich, MA), whose
restriction sites are present in gene3 of WT phage but not in the A3 variant). The digested RF
DNA was purified by phenol-chloroform extraction followed by ethanol precipitation, and 1.6
g was used to transform electrocompetent E. coli MC1061 cells. The transformed cells were
propagated as above and RF DNA was prepared for a second round of negative selection. After
selection, an undigested RF DNA band, corresponding to the expected genome size of the
desired clone, was gel-purified and used to transform electrocompetent E. coli MC1061 cells.
Transformed cells were induced and plated on NZY agar containing 40 pg/ml tet, and 100
single colonies were picked, grown O/N at 37°C in 2 ml NZY/tet (10 pg/ml) starter cultures.
Culture supernatants were screened for phage production by agarose gel electrophoresis of
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viral DNA as described. Of the 11 clones that produced phage, 5 bore the desired sequence
(Figure 1 B).

2.3 Altering immunodominant residues on pVIll on f8-5 and A3 phage

To alter CBRs on pVII1 that are known to be essential for binding by MADs raised against
whole phage (A8 variant, Figure 1 C), f8-5 and A3 RF were digested with Pstl and Nhel (New
England Biolabs) to excise the DNA encoding the N-terminal region of pVIl1, followed by gel
purification to remove the digested fragment. Oligonucleotides A3#1, and A3#2, which encode
complementary sites, were annealed in equimolar amounts as described above. The resulting
fragment, bearing overhangs for Pstl and Nhel restriction sites, was ligated to digested f8-5 or
A3 RF using T4 DNA ligase (New England Biolabs). The ligation mixtures were used to
transform Subcloning Efficiency™ DH50™ Competent Cells (Invitrogen) according to the
manufacturer’s instructions. After induction in NZY/tet (0.2 pg/ml), transformed cells were
selected on NZY agar containing 40 pg/ml tet and single clones were screened by digestion
with BamHI (New England Biolabs); this site is absent in clones bearing the changes to
gene8. Clones were confirmed by DNA sequencing.

2.4 Large-scale preparation of f8-5, A3, A8, and A8A3 phage

Large-scale phage stocks were prepared using standard methods [25], with the exception that
heat-shock transformation of phage RF DNA was used in place of infection; A3 phage are
rendered non-infectious by the removal of the N1 and N2 domains of plll. Fifty-ul aliquots of
CaCl,-competent E. coli MC1061 cells were transformed by heat shock [28] with 500 ng phage
RF. Tet-resistant transformed cells were induced and plated on NZY/tet agar plates and single
colonies were grown in 2-ml starter cultures as described. Large-scale cultures (500 ml - 1 L
NZY /tet (10 pg/ml)) were inoculated with 500 pl - 1 ml of starter culture and grown at 37 °C
with shaking (250 rpm) for ~20 hours, and virions were purified from the culture medium by
PEG/NaCl precipitation [25], followed by CsClI density gradient centrifugation [29]. Phage
concentrations were determined by absorbance measurement as described in Smith and Scott
[29] and confirmed by agarose gel electrophoresis of viral DNA as described.

2.5 Western blot analysis

The coat proteins from 2x1010 (8-5) or 2.3x101° (A3) CsCl-purified phage particles
(comprising 640 ng pVI111) were separated by SDS-PAGE [30], then transferred onto PVDF
Immobilon-PSQ transfer membranes (Millipore) using a Trans-Blot SD Semi-Dry Transfer
Cell (Bio-Rad Laboratories, Richmond, CA) [31]. Membranes were blocked O/N at 4°C with
5% (w/v) skim milk (Bio-Rad Laboratories, Hercules, CA) in Tris-buffered saline (TBS; 50
mM Tris-HCI, pH 7.5, 150 mM NaCl), then incubated with pooled mouse-anti-phage immune
sera in TBS containing 2.5% (w/v) dried skim milk and 0.05% (v/v) Tween 20 (Sigma, St.
Louis, MO) for 2 hours at room temperature (RT). Serum dilutions were normalized according
to their average anti-phage 1gG titers: 1/3,000 for anti-f8-5, 1/1,000 for anti-A3, 1/8,000 for
anti-A8, and 1/14,000 for anti-A8A3. Membranes were washed with TBS containing 5% dried
skim milk for 20 minutes, then four times in TBS containing 0.1% Tween 20. Mouse Abs were
detected with goat-anti-mouse 1gG (Fc)-horseradish peroxidase (HRP) conjugate (Pierce) at
a dilution of 1/1500. After washing with TBS containing 0.1% Tween 20, the bound HRP
conjugate was detected with an ECL western blot detection reagent kit (Amersham
International PLC, Buckinghamshire, United Kingdom), and exposed to Safelight Medical X-
ray film (Fuji Photo Film Co. Ltd., Tokyo, Japan) for visualization.

2.6 Preparation of hybrid phage bearing recombinant MD10 or 4E10, A peptide

Hybrid phage bearing recombinant MD10 or 4E10, A peptide were prepared by co-
transforming E. coli MC1061 cells with phage RF DNA and an ampicillin (amp)-resistant
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plasmid (pBRXN/MD10/pVII1 or pBRXN/4E10, A/pVI11) [32] bearing the recombinant
gene8 cassette from f88-4 expressing either the MD10 peptide-pVI111 or the 4E10, A peptide-
pV 111 fusion protein. CaCl,-competent E. coli MC1061 cells were transformed by heat shock
[28] with one of the above plasmids, and selected on NZY agar plates containing 100 pg/ml
amp O/N at 37°C. A single amp-resistant colony was grown O/N at 37°C in 2 ml NZY/amp
(100 pg/ml) and made CaCl,-competent [28]. These cells were then transformed by heat shock
with WT, A3, or ABA3 phage RF DNA, and selected on NZY agar containing 40 pg/ml tet and
100 pg/ml amp, allowing selection of clones bearing both phage RF DNA and either of
pBRXN/MD10/pVIII or pBRXN/4E10, A/pVIII. Single colonies were selected and used to
prepare large-scale cultures of virions using standard methods [25], with the exception that 10
pg/ml tet and 100 pg/ml amp were used in culture, along with 1 mM isopropyl g-D-1-
thiogalactopyranoside (IPTG) to induce the expression of the MD10/pVIII or 4E10, A/pV1II
fusion proteins. The resulting virions were purified from the culture medium by PEG/NaCl
precipitation followed by CsClI density-gradient centrifugation. The presence of the MD10 or
4E10, A peptides on hybrid virions was confirmed by ELISA with MAbs SYA/J6 or 4E10 (see
below); similar amounts of peptide were observed on the 8-5 and A3 phage (f8-5/MD10rec
vs. A3/MD10rec and 8-5/4E10; Arec vs. A3/4E10, Arec, respectively).

2.7 Conjugation of MD10 or 4E10, B peptide to 8-5 and A3 phage

The synthetic MD10 and 4E10, B peptides were conjugated to f8-5 and A3 phage using the
crosslinking agent SPDP. Phage particles were activated with the crosslinking agent in a
reaction containing 250 pg phage protein (7.8 x 1012 particles for f8-5, and 8.8 x 1012 particles
for A3) and 1 mM final concentration of SPDP, in a total volume of 1.4 ml phosphate-buffered
saline (PBS; 137 mM NaCl, 2.7 mM KCI, 12 mM NayHPOy, 1.2 mM KH,;POy, pH 7.4) (166
pg/ml phage protein). The reaction was incubated for 1.5 hours with rotation at RT, and
quenched by the addition of 166 pl 3M Tris-HCI, pH 8.3 (2 mM final concentration) with
incubation for 15 minutes at RT. To remove excess crosslinker from the activated phage, the
volume was brought up to 5 ml with PBS, and virions were purified by PEG/NaCl precipitation.
Phage were resuspended in 1.4 ml PBS containing 1 mM EDTA, and 160 pug MD10 or
4E10, B peptide was added, bringing the final concentrations of phage and peptide to 166 ug/
ml of phage protein, and 106 pg/ ml of peptide (0.03 mM and 0.5 mM, respectively). These
amounts produced a ratio of ~16 peptide molecules for each pVI1I molecule. After incubation
with the activated virions for two days with rotation at 4°C, unbound peptide was removed by
three rounds of PEG/NaCl precipitation. Phage treated with SPDP crosslinker and blocked
with cysteine (SPDP-Cys) were also prepared as described above except that 80 pl 100 mM
L-cysteine (final concentration 5 mM) (Sigma) was added instead of peptide. Conjugates were
stored at 4°C in PBS.

2.8 Immunization schedule

As summarized in Supplemental Table S1, groups of 6-8 week old BALB/c mice (n=5) were
immunized five times via subcutaneous (SC) injection at two sites between the shoulder blades
with 100 ul PBS containing 10 g phage protein (3.1 x 1011 virions for f8-5, A8, f8-5/MD10rec,
f8-5/MD10conj, 8-5/4E10, Arec, £8-5/4E10, Bconj and f8-5/SPDP-Cys or 3.4 x 1011 virions
for A3, ABA3, A3/MD10rec, A3/MD10conj, A3/4E10, Arec, A3/4E10, Bconj and A3/SPDP-
Cys). Calculations of phage protein are based on the amount of pVIII per virion, which is
determined by the genome size (1 pVIII molecule for every ~2.3 — 2.4 nucleotides in the phage
genome [33, 34]; mature pVIII is 50 residues long). Immunizations were performed at weeks
0,2, 4,6, and 8, and blood was collected via the saphenous vein at weeks 0, 2, 4, 6, and 8; final
bleeds and euthanasia were performed on week 10 by cardiac puncture under CO5 anaesthesia.
All protocols involving mice were approved by the SFU Animal Care Committee in compliance
with the Canadian Council on Animal Care. Blood was allowed to clot at RT for 24 hours, and
sera were collected by centrifugation and stored at —20°C. Identical conditions were used in
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immunizations with the MD10, 4E10; B and SPDP-Cys phage conjugates with the exception
that 2 pg phage protein was used. Lower amounts of phage were used to equalize the amount
of peptide on the different immunogens, since phage conjugates typically carry at least five
times more peptide than phage bearing recombinantly displayed peptide [10].

2.9 ELISA and determination of serum titers

ELISAs were performed using titrated sera as follows: 1 g streptavidin in 35 pl or 200 ng
4E10, B peptide in 35 pl TBS was adsorbed to wells of Costar High-binding Easy Wash
microtiter/96-well plates (Corning Inc., Corning, NY) O/N at 4°C. The following day, wells
were aspirated and plates were washed once with 200 pl/well TBS, then 1010 biotinylated f8-5,
A3, A8, or ABA3 phage particles, or 200 ng biotinylated-MD10 peptide were added in 35 pl
TBS to wells containing streptavidin and allowed to bind for >30 minutes. Each well was
blocked with 200 pl TBS containing 2% (w/v) bovine serum albumin (BSA; Sigma) for 1 hour
at 37°C, and then washed three times with TBS containing 0.1% Tween 20. Sera were diluted
in TBS containing 0.1% Tween 20 and 1% BSA, starting at a 1/100 dilution, and titrated in
1/3 dilutions. The titrated sera, in a volume of 35 pl, were added to each well and incubated
for 2 hours at RT. The wells were then washed six times with TBS containing 0.1% Tween 20
and bound Ab was detected by a 45-minute incubation at RT with goat anti-mouse 19G
(Fc):HRP conjugate (Pierce) diluted 1/1500 in TBS containing 0.1% Tween 20 and 1% BSA.
HRP was detected with 35 pl 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS;
Sigma) solution containing H,O5 [25]. The ODy4g5_49¢ Of each well was measured using a
SpectraMax ELISA plate reader (Molecular Devices, Sunnyvale, CA). The data from each
titration, after subtraction of background signals from sera plated on BSA-coated wells, were
analyzed to give the dilution factor (the inverse of the titer) corresponding to the half-maximal
ODy5-_490 reading (approximately 0.55 ODg4q5_49¢ for the majority of serum samples). Serum
samples that showed weak binding, but did reach the half-maximal OD4gs_490, Were assigned
atiter of 50. The arithmetic mean and standard error of the mean are reported for each treatment

group.

2.10 Statistical analysis

3. Results

Where appropriate, data were analyzed by ANOVA [35] using MS Excel to determine the
variance within and between groups. Differences between groups were considered significant
if the ANOVA p-value was below 0.05. Standard error of the mean was calculated using MS
Excel.

3.1 Removal of immunodominant epitopes from phage coat proteins, plll and pVII

The minor coat protein plll comprises three structural domains: the exposed N1 and N2
domains (shown in Figure 1 A), which elicit a significant proportion of the Ab response to
filamentous phage, and the C-terminal (CT) domain, which is required for phage assembly.
To remove the N1 and N2 domains of plll, an oligonucleotide was synthesized that is
complementary to two sites in the f8-5 genome. This oligonucleotide anneals to viral DNA at
a 5’ site (encoding the signal peptide and N-terminus of mature plll) and a 3’ site (encoding
glycine linker #2 adjacent to the N-terminal portion of the CT domain) of gene3; as it does not
anneal to the intervening sequence, it essentially “loops out” the DNA encoding the N1 and
N2 domains. Thus, after synthesis of the second strand of viral DNA, a small fraction of the
resulting RF contains the deletion. WT RF encoding the N1 and N2 regions was cleaved by
restriction enzymes Bme15801 and BseRI (whose sites are present in the “looped out” DNA
sequence). Thus, after the initial synthesis and ligation, the RF was amplified in E. coli MC1061
cells, the WT fraction encoding N1 and N2 was linearized and the resulting product was used
to transform E. coli cells. After two rounds of this negative selection, 5 out of 100 single phage
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clones produced by the RF bore the desired mutation. As shown in Figure 1 B, the A3 clone
expresses the CT domain of plll fused to the four N-terminal residues of the N1 domain, which
were preserved in order to maintain the signal peptide cleavage site.

In addition to removing the exposed domains of plll, immunodominant CBRs near the N-
terminus of pVIII were modified to reduce Ab binding. Knessel et al. (1991) defined the
epitopes for three murine MADbs against the pV 111 of f1 phage (A8 in Figure 1 C) to CBRs Glu2,
Asp4, Asp5, Pro6, Lys8, Phell and Asp12 [15]. One of these residues, Phell, is also critical
for phage assembly [36, 37], and thus was not altered. Four pVIII variants were designed in
order of increasing complexity. The first contained three amino acid changes
(AAGDSPAQAAFD, Figure 1 C) whereas the second contained changes to five residues
(AAGSSPAQAAFN) [15]. Two additional pVIII variants bearing more drastic changes were
also designed: one composed mostly of Gly and Ala residues (AAGGGPAAAAFN), and one
(ADPAQAFN) in which four residues were deleted (E2, G3, D4 and A9). All changes were
successfully introduced into both the f8-5 and A3 genomes, but only the first variant
(AAGDSPAQAAFD) produced virions at practical titers. Since we wanted to examine the
combined influence of pVIII and plll changes on immunogenicity, the variant with three
amino-acid replacements (AAGDSPAQAAFD) was chosen for future study, and named A8.

3.2 Phage bearing the A3 and A8 modifications have altered immunogenicity and expose a
unique sets of epitopes

The relative immunogenicities of the f8-5, A3, A8, and A8BA3 phage were tested in BALB/c
mice; average half-maximal Ab titers are shown in Figure 2. Mice were immunized five times
with 10 pg phage protein, and half-maximal Ab titers were determined against the immunizing
phage by ELISA after the first, third, and fifth immunizations. The anti-phage titers elicited
by the A3 phage were significantly lower than those elicted by WT phage, starting from the
first immunization in which average anti-A3 titers were 3.5-fold lower than anti-f8-5 ones.
This trend was not as pronounced after the third and fifth immunizations, after which anti-f8-5
titers exceeded anti-A3 ones by 2.3-fold and 1.6-fold, respectively. Thus, it appears that
removal of immunodominant domains of plll reduced the immunogenicity of the virion.
Unexpectedly, the A8 modification (which was designed to minimize immunogenic residues)
significantly enhanced the immunogenicity of the phage, and this enhancement was not
dependent on the presence or absence of the pl1l N1 and N2 domains (Figure 2). After the first
immunization, anti-A8 and A8A3 Ab responses exceeded those of WT phage by ~9 fold,
although after the fifth immunization this difference was reduced to ~2.6-fold, indicating that
phage carrying the A8 modification are significantly more immunogenic than WT phage.

To further characterize the Ab response against the modified virions, the distribution of Ab
reactivities to both WT and engineered phage coat proteins was explored by western blot using
as probe antisera produced against f8-5, A3, A8, and ABA3 phage (Figure 3). Sera were diluted
based on their average IgG titers against WT phage to ensure comparability. As shown in Figure
3 A, antisera against f8-5 reacted with WT pVI1II and plll but not significantly with A8 pVIII;
this trend was also observed in the western blot probed with anti-A3 sera (compare Figure 3
A and B). As expected, there was no detectable binding to plll by the anti-A3 sera, confirming
that the CT domain of A3 plll is not exposed on the assembled virion. As shown in Figure 3
C and D, immunization with A8 and A8A3 phage produced Abs that bound strongly to A8
pVIII, but not to WT pVIII. Taken together, these results indicate that altering CBRs on pVIII
produced phage that were more immunogenic than WT phage, whereas deletion of the N1 and
N2 domains of plll reduced the immunogenicity of the phage. In addition, WT pVIIl and A8
pVIII bear qualitatively distinct epitopes, since in western blots Abs produced against one do
not cross-react significantly with the other. This effect was less pronounced for phage binding
in ELISAS, in which a greater degree of Ab cross-reactivity was observed between phage
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variants (Supplemental Figure S1); however, it may be that these Abs were directed against
LPS associated with the phage coat, which would have been present on all intact phage variants,
but would not have been detected in western blots (see below and Supplemental Figure S2).

Interestingly, the A8 modification appeared to elicit Abs against novel epitopes or proteins on
virions bearing A8 pVIII. As shown in Figure 3 D (see arrow), anti-A8 and anti-A8A3 sera
bound a protein with the same apparent mobility as WT plll. This band was not plll because:
(i) the anti-A8A3 sera were elicited against phage lacking the N1 and N2 domains of pllil, (ii)
both anti-A8 and anti-A8A3 sera produced this band in the ABA3 phage lanes, and (iii) both
anti-A8 and anti-A8A3 sera do not bind to WT plll on f8-5 phage (Figure 3 C and D). Thus,
Ab reactivity against a ~42 kDa protein, or protein aggregate, is elicited by immunization with
the A8 phage,

3.3 The A3 phage does not elicit focused Ab responses against recombinantly displayed or
chemically conjugated MD10 peptide

To determine the Ab-enhancing and/or -focusing ability (e.g., any observed increase in the
ratio of anti-peptide to anti-carrier Ab responses) of the modified phage, we displayed the
weakly immunogenic peptide, MD10, on the surface of f8-5, A3 and ABA3 phage by expressing
it as an N-terminal fusion to pVIII or by chemically conjugating it to the phage surface (a
complete list of phage immunogens is found in Supplemental Table S1). The MD10 peptide
was selected from a phage-displayed random peptide library by SYA/J6, a MAD specific for
the LPS of Shigella flexneri [22]. The relative copy number of the MD10 peptide on the three
phage carriers was assessed by ELISA, in which SYA/J6 was titrated on immobilized phage
bearing recombinant or conjugated peptide. SYA/J6 showed relatively similar binding to
recombinant f8-5 and A3 phage bearing the MD10 peptide (f8-5/MD10rec and A3/MD10rec,
respectively; Supplemental Figure S3 A), indicating similar copy numbers. However, the
recombinant MD10 peptide on the A8A3 carrier showed weaker binding indicating lower
peptide copy number (data not shown); thus, it was not further studied as a carrier. In addition,
SYA/J6 showed relatively similar titration profiles on MD10 peptide chemically conjugated
to f8-5and to A3 phage (f8-5/MD10conj and A3/MD10conj, respectively; Supplemental Figure
S3 B). ELISAs for the recombinant and conjugate phage were not directly comparable as they
were not performed side-by-side, but the similarity of their titration profiles (as compared to
the MD10 peptide-streptavidin complex positive control) suggests that their peptide copy
numbers were roughly the same. A further indication of peptide incorporation into the phage
conjugates was revealed by SDS-PAGE analysis comparing the MD10-phage conjugates to
phage conjugates containing no peptide (i.e., SPDP-Cys); this showed a unique band that ran
just behind the pVII11 band for the peptide-containing conjugates but not those containing
SPDP-Cys (Supplemental Figure S4 A). Mice were immunized with 10 pg recombinant phage
protein or 2 pg conjugate phage protein at two-week intervals, and an ELISA was used to
measure half-maximal Ab titers against synthetic MD10 peptide, f8-5 phage, A3 phage, and
the SPDP crosslinker conjugated to BSA and blocked with cysteine; the average titer for each
group of 5 mice is shown in Figure 4 A and B.

Two and four immunizations with A3 phage consistently elicited anti-phage Ab titers that were
significantly lower than those elicited by WT phage, though they were within the same order
of magnitude (Figure 4 A). However, the A3 modification did not enhance anti-MD10 peptide
Ab responses. After four immunizations with A3/MD10rec phage, anti-MD10 Ab titers were
barely detectable, reaching only 70, whereas f8-5/MD10rec phage produced significant anti-
peptide Ab titers that reached 300. The ratios of peptide:carrier Ab responses from individual
mice are shown in Figure 5 A, and reveal that the A3 modification did not enhance or focus
the Ab response against the MD10 peptide compared to WT phage. The anti-peptide Ab
response produced with the A3 phage carrier was approximately 100-fold lower than the anti-
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phage Ab response, whereas the anti-peptide Ab response produced by the WT carrier was
only 10-fold lower than the anti-phage response. Taken together, these data show that the A3
modification reduced the anti-phage Ab response, but did not focus the Ab response against
this weakly immunogenic recombinant peptide.

We also examined the effect of the A3 modification on the Ab response to synthetic MD10
peptide chemically conjugated to phage, as peptide-phage conjugates previously produced
focused Ab responses against a synthetic peptide [10]. The anti-f8-5 and anti-A3 Ab titers were
roughly similar after the second and fourth immunizations; both were significantly lower than
the anti-phage Ab titers observed using phage carriers displaying a recombinant peptide
(compare Figure 4 A and B), probably due to coating of the phage particles with the SPDP
crosslinker. After four immunizations, no significant anti-MD10 peptide titers were observed
for either the f8-5 or A3 phage carrier. Thus, the Ab response against the recombinant MD10
peptide was significantly greater than that against its synthetic counterpart, and once again, the
A3 carrier did not focus the Ab response against the MD10 peptide as compared to WT carrier.

3.4 A3 phage focus the Ab response against the chemically conjugated synthetic 4E10, B
peptide, but not against recombinant 4E10, A peptide

The extent to which minimization of carrier epitopes focuses Ab responses against a peptide
may depend upon the relative immunogenicity of the peptide being tested. Thus, we repeated
the above experiments using another peptide, 4E10, 2, which was selected using the broadly
neutralizing anti-HIV-1 MAb, 4E10. The 4E10, A peptide (sequence: NH3*-
AEPAEANWFMLTYFLAAEGC-CONHoy; residue 6, underlined, is Ala) proved impossible
to synthesize, and thus the less hydrophobic 4E10, B peptide (sequence: NH3*-
AEPAENNWFMLTYFLAAEGC-CONH,; residue 6 is Asn), which binds MAb 4E10 as well
or better than 4E10, A, was used for conjugation and in ELISA. Our unpublished immunization
studies in rabbits indicated that conjugates containing synthetic 4E10, B peptide were reliably
immunogenic, but that 410, A peptide displayed as a recombinant fusion was only weakly
immunogenic. As with the case for the MD10 peptide, the 4E10 peptides were either displayed
on the surface of f8-5 and A3 phage (f8-5/4E10, “rec and A3/4E10, Arec, respectively), or
attached to the phage surface by chemical conjugation (f8-5/4E10, Bconj and A3/4E10, Bconj,
respectively). MAb 4E10 showed relatively similar binding in ELISA to recombinant
4E10, on both f8-5 and A3 phage carriers (Supplemental Figure S3 C). Comparison of f8-5
and A3 phage carriers bearing chemically conjugated synthetic 4E10, B peptide showed that
the two carriers bore similar copy numbers of conjugated peptide (Supplemental Figure S3 D).
Once again, SDS-PAGE analysis of phage conjugates revealed the aforementioned unique
band behind pVI1I only with the peptide conjugates but not the SPDP-Cys conjugate
(Supplemental Figure S4 B).

Recombinant A3 phage displaying 4E10, A produced anti-phage Ab titers that were lower than
WT phage but within the same order of magnitude, similar to the results with A3 and WT phage
displaying the MD10 peptide (compare Figure 4 A and C). Once again, the A3 modification
did not enhance anti-peptide Ab responses. After four immunizations, the anti-4E10, A Ab
responses remained undetectable, regardless of the phage carrier type.

Phage conjugates comprising the 4E10, B synthetic peptide behaved quite differently from the
MD10 peptide conjugates. As shown in Figure 4 D, anti-phage Ab titers produced with
A3/4E10, Bconj were lower than those produced with f8-5/4E10; Bconj, and were not
significantly boosted after the fourth immunization, whereas the anti-phage titers were
significantly boosted by f8-5/4E10, Bconj, by both 4E10,  recombinant phage (Figure 4 C)
and by all of the MD10 recombinant phage (Figure 4 A) and conjugates (Figure 4 B). In contrast
to the anti-phage responses, the anti-peptide Ab responses produced by both 4E10, B conjugates
were boosted between the second and fourth immunizations. Moreover, the A3/4E10, B
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conjugate compared to the f8-5/4E10, Bconj, both enhanced the Ab response against the
4E10, B peptide (Figure 4 D), and focused it, as reflected by the peptide:carrier ratios from
individual mice (Figure 5 A). Taken together, the results suggest that removal of
immunodominant domains on plll allowed the Ab response to be boosted against the synthetic
4E10, B peptide, but not the phage carrier, and in so doing, focused the Ab response against
the peptide. This was not the case for the nearly identical 4E10; # peptide displayed as a
recombinant fusion, or for the MD10 peptide in any form.

3.5 The SPDP crosslinker elicits an anti-SPDP Ab response

In addition to measuring relative anti-peptide and anti-phage Ab responses, we also measured
the Ab response to the SPDP crosslinking agent blocked with cysteine. SPDP is reported to be
weakly immunogenic [38], and immunization studies conducted with similar conjugates in
rabbits did not elicit a significant anti-SPDP Ab response (data not shown). Here, we observed
significant reactivity against SPDP-treated BSA by sera from mice immunized with phage-
peptide conjugates (Figure 4 B and D) or with phage conjugated to Cys (f8-5/SPDP-Cys and
A3/SPDP-Cys, respectively; Figure 4E); no binding was detected against untreated BSA (not
shown). The anti-SPDP titers tended to follow the anti-phage titers, and the ratio of reactivity
to SPDP and to carrier was below 2.0; this was true for all of the conjugates (Figure 5 B), with
the notable exception of the A3/4E10, B conjugate, whose anti-SPDP titer appeared to follow
the anti-peptide titer, producing average SPDP-Cys:carrier ratios of 15 and 23 after the second
and fourth immunizations, respectively (Figure 5 B). Thus, it appears that the A3 phage
enhanced and focused the Ab response against both the 4E10, B peptide and the SPDP
crosslinker.

4. Discussion

We report here for the first time the engineering of a vaccine carrier based on the hypothesis
that removing or altering immunodominant epitopes on an immunogen can redirect the Ab
response against other epitopes, including haptens, on its surface. Novel filamentous phage
carriers were created by removing the N1 and N2 domains of plll (A3 modification), and by
altering charged CBRs on pVIlII so as to reduce Ab binding (A8 madification). Phage bearing
individual modifications to plll or pVIII (A3 or A8), or phage bearing both modifications
(A8BA3) were tested for immunogenicity and for their ability to enhance Ab titers against
recombinant or chemically-conjugated peptides, and to focus them in relation to the Ab titers
against the phage carrier.

When phage bearing the A3, A8 and A8A3 modifications were compared to WT phage as
immunogens, it was observed that removal of the N1 and N2 domains of plll produced phage
that were significantly less immunogenic than WT phage (Figure 2), perhaps due to loss of
TCEs. In contrast, the A8 madification enhanced immunogenicity, in that both the anti-A8 and
anti-A8A3 titers were significantly higher than the titer against WT phage (Figure 2).
Interestingly, the A8 modification may have exposed new epitopes on the phage (see Figure
3). Immunization with A8 or ABA3 phage elicited Abs that reacted weakly with WT pVIII
(Figure 3), as well as Abs against an unidentified protein with approximately the same
electrophoretic mobility as full-length plll. Most likely, this band represents aggregated A8
pVI1I molecules [39,40] or a bacterial protein or protein aggregate (e.g., ompA,; personal
communication, J. Rakonjac, Massey University, NZ) that adheres to the virion via nonspecific
interactions with modified pVI1II (Figure 1C). Bacterial proteins or other constituents (e.g.,
LPS) that non-specifically associate with phage in general may also explain the discrepancy
we observed between the western blot analyses (Figure 3) and phage ELISAs (Supplemental
Figure S1); both WT and A3 phage elicited Ab reactivity with S. flexneri LPS (Supplemental
Figure S2) and E. coli LPS (our unpublished data).
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The A3 phage was compared to WT phage as a carrier for two weakly immunogenic
recombinant peptides, MD10 [23] and 4E10, A [24], which were previously selected by MAbs
against the LPS of S. flexneri and the HIV envelope protein, gp41, respectively, from phage
libraries displaying peptides as fusions to the N-terminus of pVIIl. WT phage displaying
recombinant MD10 peptide produced a much stronger anti-peptide Ab response than the
corresponding A3 phage (Figure 4 A), and neither phage carrier elicited a detectable anti-
peptide Ab response against recombinant 4E10, A peptide, even after four immunizations
(Figure 4 C). While we cannot rule out the possibility that the lack of cross-reactivity of sera
against the phage-borne 4E10,  peptide with 4E10, B synthetic peptide was due to the single
amino acid difference (N6A) between the two, it is more likely that removal of the
immunodominant domains of plll failed to focus the Ab responses against the MD10 and
4E10, A recombinant peptides.

We previously had shown that phage bearing a chemically-conjugated synthetic peptide
produced a stronger and more focused anti-peptide Ab response than phage displaying the same
peptide in recombinant form [10], and reasoned that the A3 modification might better focus
the Ab response against chemically-conjugated synthetic peptides. The SPDP hetero-
bifunctional crosslinker used in this study produces stable conjugates that are more
immunogenic than their non-crosslinked counterparts [41,42]. While mice immunized with
WT and A3 phage displaying recombinant MD10 peptide produced significant peptide
reactivity, those immunized with either phage carrier bearing chemically-conjugated MD10
peptide did not produce any detectable anti-peptide response (compare Figure 4 A and B). In
contrast, mice immunized with phage bearing chemically-conjugated 4E10, B peptide elicited
high anti-peptide titers (Figure 4 D), with the A3 carrier exhibiting significantly higher
peptide:carrier ratios than the WT carrier (Figure 5 A). Thus, the anti-peptide Ab response was
enhanced and focused by removal of immunodominant plll domains from the phage carrier
only for the phage/4E10, B conjugate, but not for the phage/MD10 conjugate or for either
peptide displayed recombinantly.

There may be several reasons why only the A3/4E10; B conjugate produced a focused anti-
peptide Ab response. The 4E10, B peptide may be inherently more immunogenic than the
MD10 peptide and/or may contain its own TCEs. The MD10 peptide is known to be only
weakly immunogenic, as others have shown that multiple immunizations with this peptide in
high copy number, in multiple doses containing adjuvant, were required to produce detectable
Ab responses [43]. It is also possible that the higher copy number of chemically conjugated
synthetic peptides relative to recombinant peptides [10] could result in stronger anti-peptide
Ab responses in the former, perhaps by enhanced crosslinking of B-cell receptors. This is
supported by studies using B cells expressing anti-hen egg lysozyme (HEL) B-cell receptors,
which suggest that antigen valency can contribute to enhanced antigen processing and
presentation of class Il major histocompatibility complex (MHC 11) epitopes to T cells [44].
Another study demonstrated that increasing antigen valency results in increased calcium
signalling and enhanced B-cell receptor clustering [45].

Surprisingly, conjugation did not enhance the Ab response against the MD10 peptide compared
to recombinant display; this could be due to the lower dose of conjugate vs. recombinant phage
(Supplemental Table S1) used for immunization. Furthermore, peptides may not have similar
conformations displayed as recombinant fusions vs. as synthetic conjugates, which may affect
their immunogenicity. For example, the 4E10, B peptide is extremely hydrophobic and adheres
to phage particles even in the absence of crosslinker (our unpublished observation. Extensive
washing and PEG precipitation effectively removes non-specifically bound peptide, but not
SPDP-conjugated peptide; thus, recombinant 4E10; # peptide fused to pVIII may embed itself
in recesses on the phage coat, rendering it less accessible for Ab binding. In contrast, chemical
conjugation of the synthetic 4E10, B peptide may better expose it on the phage surface via
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attachment to the bulky SPDP crosslinker. In addition, it has been noted that the affinities of
MADbs are typically greater for the recombinant peptides they select from phage libraries than
for their synthetic peptide counterparts [46-48], suggesting that fusion to pVIII itself can
contribute to peptide affinity, either through flanking sequences, or through conformational
stabilization via the peptide bond (as opposed to a flexible linker). These effects, too, may be
peptide-dependent.

The observation that the focused Ab responses produced by A3 phage were weaker in overall
magnitude than those produced by WT phage was not entirely surprising, since the removal of
the N1 and N2 domains of plll very likely reduced MHC 11 TCEs on the phage. Poor T cell
help is undesirable in a vaccine carrier, as protective immunity against pathogens (e.g.,
smallpox) often requires vigorous B- and T-cell responses against the same microbial antigen
[49]. A lack of T cell help could be overcome by incorporating strong, foreign MHC Il TCEs
into the phage particle; previous studies have done so using class | MHC TCEs from HIV-1,
OVA, and Hepatitis B virus [50-52], and an MHC |1 peptide from the staphylococcal
superantigen, TSST-1 [53]. However, in these examples, TCEs were fused to the N-terminus
of plll or pVIII, exposing them for binding by B-cell receptors [54], which may result in an
anti-TCE Ab responses and/or interfere with TCE presentation on MHC Il molecules [55,56].
Anti-TCE Ab binding could be avoided by inserting a TCE into regions of pVIII that are not
surface-exposed, such as its amphipathic or hydrophobic domains, which can tolerate drastic
changes if the modified pV1IlI is in low copy number compared to WT pVIII [36]. A second
strategy to enhance the Ab response to haptens carried by A3 phage would be to engineer
molecular adjuvants into the phage coat (e.g., onto the CT domain of plll) such as C3d, a
complement cleavage product that crosslinks CD21 on B cells [57,58], bacterial flagellin,
which functions by activating dendritic cells through Toll-like receptor 5 signalling [59,60].
Alternatively, adjuvants such as CpG ODN could be chemically conjugated to the phage
surface; the adjuvant, LPS, is already associated with phage virions [12,13].

Conjugate vaccines are likely to become increasingly important because they create a covalent
linkage between a targeted antigen and a strongly immunogenic protein carrier. Studies by
Batista and Neuberger (2000) and others have shown that B-lymphocytes can extract antigen
that is non-covalently bound to a surface, in a process now called trogocytosis [61]. This can
result in the separation of antigenic constituents from the surface of a virion or immune
complex, and limiting B- and T-cell responses by confining them to individual antigens [49].
Covalent linkage of two antigens from the same organism has been shown to produce lasting
Ab responses; a low-dose conjugate vaccine comprising the polysaccharide of
Pneumococcus crosslinked to one of its membrane proteins produced stronger secondary 1gG
responses than 108 live or whole, killed cells [62]. Therefore, covalent conjugation to a carrier
has the potential advantage of dependably eliciting an immune response against a desired
protein or non-protein antigen, region or domain that is part of a more complex pathogen.

Filamentous phage can be used as highly immunogenic carrier proteins [10]. In this study, we
investigated the effect immunodominant epitopes on the phage might have in the Ab response
against weakly immunogenic peptides linked to the phage surface via recombinant fusion or
covalent crosslinks. It was shown that alteration or removal of immunodominant epitopes on
the phage redistributed the Ab response to other epitopes on the phage coat. In addition, a
modified phage carrier focused the Ab response against a chemically conjugated synthetic
peptide, but not against the same peptide displayed as a recombinant fusion, or against a
different peptide, regardless of its method of display. It is possible that targeting of Ab
responses towards displayed peptides, and away from irrelevant carrier epitopes, could be
further improved by associating TCEs and molecular adjuvants with the phage coat.
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Domain structure of wild-type plil

Exposed domains

A

Page 18

G1 G2
N1 CT
Amino acid residues: 1 - 68 69 - 86 87 - 217 218 - 256 257 - 406
(B) Domain structure of A3 plll
|:|— CT
Amino acid residues: 1-4 257 - 406
250 - 256
(C) N-terminal Amino Acid Sequences of f1, f8-5, and A8 phage
Position Net Estimated
Charge at Isoelectric
Phage: 1 2 3 4 5 6 7 8 9 10 11 12 pH7.00a Point®
f1° A E GDDP A" K A* A* FF D -3.1 3.6
f8-5 A E GEDZPAIKAA A F D -3.1 3.7
A8° A AGD SVPAQAA F D -2.1 3.2

a

Calculated using DNASTAR® Lasergene 8.0 Protean

bBolded residues are CBRs for three anti-f1 pVIIl MAbs [9]. Starred (*) residues are required for f1 phage
assembly [25, 26]. Note: the f1 and f88-4 pVIIl amino acid sequences are identical.

¢ Underlined bolded residues indicate amino acids that are different from the f8-5 sequence.

Figure 1.

Pictorial depiction of wild-type and engineered filamentous phage coat proteins. (A) Domain
structure of WT plll. The bracket indicates the surface-exposed N1 and N2 domains of pll|
that were removed, leaving (B) the A3 variant comprising four N-terminal residues, part of the
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second glycine-rich linker (G2) and the C-terminal (CT) domain to allow phage assembly into
particles containing a single ssSDNA genome. (C) N-terminal amino acid sequence of mature
pVI1II from f1 phage, f8-5 phage, and the modified A8 phage variant showing alterations to
CBRs.
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Half-maximal titer

1,000,000
100,000
ﬁ []1st immunization
10,000 — [ 3rd immunization
[ 5th immunization
1,000 — —
100 L
f8-5 A3 A8 A8A3
Immunizing phage
Figure 2.

Average half-maximal anti-f8-5, A3, A8, or ABA3 Ab titers after one, three, and five
immunizations. Error bars show standard error of the arithmetic mean. ANOVA was used to
compare the significance between immunization groups at the first, third and fifth
immunizations (p-values for 1st, 2nd, 3rd immunizations: < 1x10~°). Note that the Y-axis is
log scaled.
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(A)  Probed Phage: f8-5 A3 A8 A8A3 (B) 8-5 A3 A8 A8A3

(C)

plll, 42.5 kDa

CT, 17.1 kDa
pVI, 12.3 kDa

pVlil, 5.2 kDa
Immunizing Phage: f8-5 A3
(D)
Probed Phage: f8-5 A3 A8 A8A3 f8-5 A3 A8 A8A3
plll, 42.5 kDa

CT, 17.1 kDa
pVI, 12.3 kDa

pVIll, 5.2 kDa

Immunizing Phage: A8 A8A3

Figure 3.
Immunization with modified phage variants redirects the Ab response to different sets of

epitopes. Pooled sera from groups of 5 mice, immunized three times with WT f8-5 phage
(A), or phage variants A3 (B), A8 (C), or ABA3 (D) were used to probe equivalent amounts of
all four phage variants in western blots. The phage variants being probed are named along
sample lanes at the top of each blot, and the immunizing phage are named on the bottom. The
arrow indicates an unusual band produced by immunization with A8 and A8A3 phage.
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Figure 4.

Average half-maximal Ab titers against phage (f8-5 or A3), peptide and SPDP crosslinker
produced by mice immunized two and four times with phage bearing recombinant or
chemically-conjugated MD10 or 4E10, peptides. Immune sera from: (A) phage displaying
recombinant MD10 peptide; (B) MD10 synthetic peptide conjugated to phage via the SPDP
crosslinker; (C) phage displaying recombinant 4E10, A peptide; (D) 4E10, B synthetic peptide
conjugated to phage via the SPDP crosslinker; (E) SPDP crosslinker conjugated to phage and
blocked with cysteine. Error bars show standard error of the arithmetic mean for each
immunization group. Note that the Y-axis is log scaled.
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Figure 5.

Boxplot showing (A) ratios of anti-peptide to anti-phage half-maximal Ab titers calculated for
individual mice or (B) ratios of anti-SPDP crosslinker to anti-phage half-maximal Ab titers
calculated for individual mice immunized two and four times with phage bearing recombinant
or chemically-conjugated MD10 or 4E10, peptides. Asterisks denote instances where titer
ratios could not be determined due to undetectable anti-peptide, anti-SPDP or anti-phage Ab
responses. Note that the Y-axis is log scaled.
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