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Abstract

Filamentous bacteriophage are widely used as immunogenic carriers for “phage-displayed”
recombinant peptides. Here we report that they are an effective immunogenic carrier for synthetic
peptides. The f1.K phage was engineered to have an additional Lys residue near the N-terminus of
the major coat protein, pVIII, so as to enhance access to chemical cross-linking agents. The dimeric
synthetic peptide, B2.1, was conjugated to f1.K (f1.K/B2.1) in high copy number and compared as
an immunogen to B2.1 conjugated to ovalbumin (OVA/B2.1) and to phage-displayed, recombinant
B2.1 peptide. All immunogens were administered without adjuvant. The serum antibody titers were
measured against: the peptide, the carrier, and, if appropriate, the cross-linker. All immunogens
elicited anti-peptide antibody titers, with those elicited by OVA/B2.1 exceeding those by f1.K/B2.1,;
both titers were greater than that elicited by recombinant B2.1 phage. Comparison of the anti-peptide
and anti-carrier antibody responses showed that f1.K/B2.1 elicited a more focused anti-peptide
antibody response than OVA/B2.1. The anti-peptide antibody response against f1.K/B2.1 was
optimized for the injection route, dose and adjuvant. Dose and adjuvant did not have a significant
effect on anti-peptide antibody titers, but a change in injection route from intraperitoneal (IP) to
subcutaneous (SC) enhanced anti-peptide antibody titers after seven immunizations. The optimized
anti-peptide antibody response exceeded the anti-carrier one by 21-fold, compared to 0.07-fold
elicited by OVA/B2.1. This indicates that phage as a carrier can focus the antibody response against
the peptide. The results are discussed with respect to the advantages of phage as an alternative to
traditional carrier proteins for synthetic peptides, carbohydrates and haptens, and to further
improvements in phage as immunogenic carriers.

Keywords
Filamentous phage; Synthetic peptide; Immunization

1. Introduction

Synthetic peptides have been used in developing immunogens that target the humoral immune
response; typically, to elicit antibodies (Abs) that cross-react with a discrete epitope on a protein
(and sometimes on carbohydrate (CHO) [1-6] or DNA [7-9]). Currently, there are no FDA-
approved conjugate vaccines like this; however, there is noteworthy research focused on
developing peptides as immunogenic B-cell epitopes (BCESs). The goal of these studies is to
use a peptide immunogen, instead of whole antigen (Agn), to produce Abs that cross-react with
a single restricted epitope on a protein. For example, peptides are being used to produce Abs
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against specific epitopes on tumor Agns that decrease cell proliferation [10-13]. Peptides are
also used as alternatives to CHO Agns because they can elicit a T-cell dependent immune
response along with CHO-cross-reactive Abs [1-6]. Others have proposed using peptide
immunogens to produce HIV-1 neutralizing Abs [14-16]. These few examples of epitope
targeting illustrate the breadth of research that is focused on using BCE peptides to develop
vaccines.

To effectively elicit an Ab response and develop immunological memory, most BCE peptides
should be connected to other peptides or proteins that stimulate CD4 T-cell help. To do this,
vaccine-lead peptides are chemically-conjugated to strongly-immunogenic “carrier” proteins
that provide T-cell epitopes (TCESs). These typically include: ovalbumin (OVA) [17-19],
tetanus toxoid (TT, which is FDA-approved) [2,12,20], BSA [3,18,21], and keyhole limpet
hemocyanin (KLH) [5,6,18]. However, these types of carrier protein themselves elicit strong
Ab responses such that immundominant BCEs on the carrier may undermine the Ab response
against the synthetic peptide, especially if that peptide is less immunogenic than carrier BCEs.
Furthermore, Abs directed against a carrier protein may bind non-specifically to the cognate
Agn and give false positive results in tests for cross-reactivity [22]. These problems can be
partially controlled by: (i) the choice of carrier protein; (ii) creating a particulate antigen, to
enhance immunogenicity; and (iii) maximizing copy number of the peptide on the carrier. Other
measures include optimization of dose, injection route, and adjuvant. Despite these measures,
the Ab response against a peptide/carrier conjugate may be dominated by Abs against the
carrier. However, this problem could be avoided by using a large, particulate carrier that elicits
a relatively restricted B-cell response while providing CD4 T-cell help.

The immunogenic characteristics of filamentous bacteriophage make them good candidates
for targeting a focused Ab response against synthetic peptides. Phage comprise 2000-4000
overlapping copies of asingle, 50 amino acid protein (pVI11), which dominates the Ab response
over three of the four other minor coat proteins present at the tips of the virion in low copy
number (three to five per virion). The exception to this is the minor coat protein, plll, whose
~200-residue outer domains are immunogenic. Unlike complex carrier proteins that contain
many BCEs, the Ab response against phage is restricted to the twelve N-terminal residues of
pV 111 [23] and the outer domains of plll. Phage have also been shown to elicit CD4 T-cell help,
form immunological memory [24] and are well-documented as immunogenic carriers for
recombinant peptides [25-35] (for reviews see [36-38]). Furthermore, phage can be engineered
to enhance the immune response, for example, by the addition of foreign CD4 T-cell epitopes
to plll or pVIII [39,40].

In this study, we assessed whether the filamentous phage is an effective carrier for the dimeric
synthetic peptide, B2.1 [14], and how phage compared as an immunogen to the traditional
carrier protein, OVA. The f1.K phage were engineered to have a well-exposed Lys residue
near the N-terminus of all copies of pV111, to allow efficient conjugation to peptide. Mice were
immunized with (i) synthetic B2.1 peptide conjugated to f1.K phage (f1.K/B2.1); (ii)
recombinant phage bearing the B2.1 peptide fused to the N-terminus of pVIII (B2.1 phage);
or (iii) synthetic B2.1 peptide conjugated to OVA (OVA/B2.1). The analysis of the Ab response
comprised measuring the serum Abs against the B2.1 peptide and against the appropriate carrier
(OVA or phage); for conjugates, the anti-cross-linker Ab response was also measured. The
extent to which the Ab response was focused against the B2.1 peptide was calculated as the
ratio of the anti-peptide Ab response to the anti-carrier Ab response, and is meant to reflect the
relative strength of Ab response against the peptide. We found that the OVA/B2.1 conjugate
was the best immunogen, since it elicited stronger anti-peptide Ab responses compared to the
two-phage immunogens. However, higher peptide-to-carrier Ab ratios were elicited by the
f1.K/B2.1 conjugate, indicating that the phage conjugate was best at focusing the Ab response
against the peptide. Thus, a more focused Ab response against the B2.1 peptide was produced,
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perhaps by virtue of decreased BCE diversity on the carrier. The results suggest that phage are
useful carriers for synthetic vaccine-lead peptides, and perhaps, by extension, for molecules
such as CHOs, DNA, and haptens. Further modifications to phage for enhanced
immunogenicity are discussed.

2. Materials and methods

2.1. Materials and animals

The oligonucleotide Primer 1 has the sequence: 5'-
GCCGCTTTTGCGGGATCGTCCGAAGCTTTNGMACC-CTCAGCAGCGAAAGAC-3’
(where N=A, C, G, T,and M = C or A; GibcoBRL Life Technologies, Inc., Gaithersburg,
MD). Escherichia coli strain, K91, the filamentous phage f1 [41], and f88-4 [42] were kindly
supplied by G. P. Smith (University of Missouri-Columbia). Recombinant phage, B2.1, from
which the B2.1 peptide was derived, is described in Zwick et al. [14]. Reagents include: the
homobifunctional cross-linker, bis[sulfosuccinimidyl] suberate (BS3, contains an 11.4 A
spacer arm), (Pierce Chemical Co., Rockford, IL) and the Adj emulsion Monophosphoryl-lipid
A + Trehalose dicorynomycolate (MPL® + TDM, Adj) (Sigma—Aldrich, Oakville, Ont.,
Canada). The monoclonal (M)Ab b12 was kindly supplied by Burton et al. [43,44] (The Scripps
Research Institute, La Jolla, CA). Five-week old, female BALB/c mice were purchased from
Charles River Laboratories (St. Constant, Que.) and allowed to mature at the SFU Animal Care
Facility. All animal studies were performed in accordance with institutional guidelines.

Synthetic B2.1 peptide (H-HERSYMFSDLENRCIA-AEGK-NH2) was purchased as purified
homodimer from Neo-MPS (San Diego, CA). Purity was >95% as assessed by analytical
HPLC, and the molecular weight (MW) was confirmed to be 4709.2 g/mol by electrospray
mass spectrometry.

2.2. Construction of f1.K phage

The f1.K phage was derived from phage f1 [41] by site-directed mutagenesis [45] using Primer
1. Following mutagenesis, the double-stranded product was used to transform the E. coli K91
cells following the heat-shock method described by Sambrook et al. [46]. The transformed
cells were mixed with melted top agar, and poured onto agar plates containing NZY medium
[46]. Single plaques were picked and amplified in culture, and their replicative-form DNA was
isolated and tested for the presence of the desired mutation by digestion with the restriction
endonuclease Hindlll (New England Bio-labs, Beverly, MA) following the manufacturer’s
instructions. A single clone was selected that bore a Hindlll site, and the expected sequence
was confirmed by DNA sequence analysis [47].

2.3. Large-scale preparation of f1.K phage and recombinant B2.1

Methods for large-scale preparation of recombinant B2.1 phage are described by Bonnycastle
etal. [48]. Briefly, a single colony of K91 cells infected with B2.1 phage was used to inoculate
500 ml volumes of NZY medium containing 15 pg/ml tetracycline and 1 mM IPTG; the cultures
were shaken at 250 rpm for 21 h at 37 °C. Phage were concentrated from the cultures by
precipitation with polyethylene glycol (PEG) [48] followed by purification by CsCl gradient
purification [48]. The phage concentration was determined by absorbance measurement as
described in Smith and Scott [49] and re-confirmed by electrophoresis on a 0.8% agarose gel
in 4x-GBB buffer.

Large-scale preparation of f1.K phage followed the same protocol with the exception that
plaques were used to inoculate the culture medium and no selection or inducing agents were
used.
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2.4. Coupling of synthetic B2.1 peptide to f1.K and OVA using BS3 cross-linking agent

2.4.1. Coupling of synthetic B2.1 peptide to f1.K—In the preparation of the f1.K/B2.1
conjugate (see Table 1), an 11-fold molar excess of peptide (MW 4709.2) was supplied for
each molecule of pVIII (there are 2700 copies of pVIII per phage particle); this is equivalent
to ~3.5 molecules of peptide per amine (each pVIII molecule on f1.K phage contains 2 Lys
and 1 N-terminal amine). Specifically, 1.2 x 1013 particles of f1.K phage were mixed with 2.9
mg synthetic B2.1 peptide, and 4.2 mg BS3 cross-linker in a total volume of 1.4 ml PBS, pH
7.4. This brought the concentrations of phage protein, peptide and BS® cross-linker to 260 g/
ml (8.6 x 1012 particles/ml), 2.1 mg/ml (0.5 mM) and 3.0 mg/ml (5.2 mM), respectively. The
reactions containing phage, peptide and cross-linker were rotated slowly at room temperature
for 1 h, and quenched by the addition of 145 ul 1 M Tris—HCI, pH 7.4. The phage were
precipitated from the reaction by mixing with 0.15 vol. PEG/NaCl (16.7%/3.3 M) followed by
an overnight incubation at 4°C and centrifugation at 13,000 x g for 40 min at 4 °C; the
supernatants were removed. To remove PEG/NaCl, the conjugate was washed by resuspending
the pellet in 12 ml PBS followed by transfer to a 12 ml polyallomer quick-seal tube (Beckman
Coulter Inc., Fullerton, CA). The f1.K/B2.1 conjugate was pelleted by ultracentrifugation in a
70 Ti.1 rotor at 50,000 rpm for 4 h at 4 °C in a L8-80 ultracentrifuge (Beckman Coulter), and
resuspended in 1 ml PBS. Aliquots of conjugate were removed and analyzed by electrophoresis
on a 4x GBB, 0.8% agarose gel [48]. Phage conjugates and recombinant B2.1 phage were
analyzed using a modified SDS-PAGE system [53].

2.4.2. Coupling of synthetic B2.1 peptide to OVA—The OVA/B2.1 conjugate was
prepared by mixing a 60-fold molar excess of B2.1 peptide with OVA, allowing ~3 molecules
of peptide per Lys residue (OVA contains 20 Lys and 1 N-terminal amine). Specifically, 298
ng OVA were mixed with 2.0 mg peptide and 2.8 mg BS? cross-linker in 1 ml PBS, and the
conjugation reaction was treated as described above. Instead of purification by PEG
precipitation and ultracentrifugation, the conjugates were washed three times with 3 ml PBS
using a Centricon-30 ultrafiltration device (Amicon, Inc., Beverly, MA) according to the
manufacturer’s instructions, and stored at 4 °C. The OVA/B2.1 conjugate was analyzed using
conventional SDS-PAGE [46].

2.5. Immunization of mice

2.5.1. Study 1—As shown in Table 2, groups of 5 eight-week-old BALB/c mice were given
intraperitoneal (IP) immunizations with: (i) 100 ug recombinant B2.1 phage for five
immunizations; (ii) 10 pg f1.K/B2.1 conjugate for seven immunizations; or (iii) 10 pg OVA/
B2.1 conjugate for seven immunizations. All immunogens were administered in 100 ul PBS
without Adj. For all groups, the mice were immunized on Days 0, 14, 28, 42, 63, 98, and 119;
every two weeks for the first four immunizations and every three weeks for immunizations 5,
6, and 7. The exception was the B2.1 phage group; these mice received five immunizations.
Blood was collected from the tail vein, two-weeks after each inoculation, and sera were
collected after centrifugation. Samples were stored at —20°. Final bleeds and euthanasia were
performed on Day 140 (Day 77 for B2.1 phage group) by cardiac puncture under CO»
anaesthesia.

2.5.2. Study 2

For Study 2 (see Table 2), groups of 5 eight-week-old BALB/c mice were given a total of seven
subcutaneous (SC) immunizations with: (i) 10 pg f1.K/B2.1, no-Adj; (ii) 25 pg f1.K/B2.1, no-
Adj; (iii) 10 pg f1.K/B2.1, with Adj; or (iv) 25 pg f1.K/B2.1, with Adj. The adjuvant/

immunogen emulsions were prepared according to the manufacturer’s instructions. The first
four immunizations were given every three weeks, on Days 0, 21, 42, 63, followed by a four-
week interval before the fifth immunization on Day 91. The sixth immunization was given on
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Day 147, 8 weeks after the fifth immunization, and the seventh was given 7 weeks after the
sixth on Day 210. Tail bleeds were conducted two weeks after each immunization, on Days 0,
14, 35, 56, and 105. Final bleeds and euthanasia were performed on Day 244 as described
above. Blood was treated as described above.

2.6. Western blot analysis

The antigenicity of the conjugates and the recombinant phage was confirmed by Western blot.
Following SDS-PAGE, proteins were transferred onto PVDF Immobilon-PSQ transfer
membranes (Millipore Corporation, Bedford, MA) using a Trans-Blot SD Semi-Dry Transfer
Cell (Bio-Rad Laboratories, Richmond, CA) [50]. The membranes were blocked overnight at
4 °C with 5% (w/v) skim milk in TBS (50 mM Tris—HCI, pH 7.4, 150 mM NaCl), then incubated
with polyclonal anti-phage 19G (5 nM) or MAb b12 (2.5 nM) in TBS containing 2.5% skim
milk and 0.05% (v/v) Tween 20 (Sigma) for 2 h at room temperature. Membranes were washed
with TBS containing 5% skim milk for 20 min, then four times in TBS containing 0.1% Tween
20. The primary Abs were detected with protein A/G-horseradish peroxidase (HRP) conjugate
from Pierce at a dilution of 1/1500. After washing, the bound HRP conjugate was detected
with an ECL Western blot Detection Reagents kit (Amersham International plc,
Buckinghamshire, England), and exposed to Safelight Medical X-ray film (Fuji photofilm Co.,
Ltd., Tokyo) for visualization.

2.7. Amino acid analysis

Amino acid analyses of B2.1 peptide dimer conjugated to f1.K phage and to OVA, and
recombinant B2.1 phage, f1.K and f88-4 phage and OV A were performed at the Alberta Peptide
Institute (University of Alberta, Edmonton) using standard hydrolysis. Amino acid analysis
data were used to determine the B2.1 peptide copy number for the peptide-bearing
immunogens, and to provide baseline data for the carriers f1.K and f88-4 phage and OVA.

2.8. ELISA and determination of serum titers

Titration serum ELISAs were performed as follows: 1010 88-4 or f1.K particles, 1 ug OVA,
200 ng B2.1 peptide or 1 pg BS3-treated BSA in 35 ul TBS were adsorbed overnight at 4 °C,
to wells of microtiter/96-well plates (Costar Highbinding, Easy Wash plates; Corning Inc.,
Corning, NY). Each well was blocked with 200 ul TBS containing 2% BSA for 1 h 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 1/4
dilutions. The titrated sera, in a volume of 35 ul, were added to each well and incubated 2 h at
room temperature. The wells were washed six times and bound Ab was detected by a 45 min
incubation at room temperature with goat anti-mouse 1gG (Fc specific):HRP conjugate
(Pierce), diluted 1/1500 in TBS containing 0.1% Tween 20. HRP was detected with 35 pl 2,2'-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS; Sigma) solution containing
H,05,[51]. The OD4g5-490 Of each reaction was measured by an EL 312e ELISA plate reader
(Bio-Tek). 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-maximum ODg4gs_490 reading; this was about 0.55 OD4q5_490 for the
majority of serum samples. Serum samples that showed weak binding, but did reach the half-
maximum ODggs_4g0, Were assigned a titer of 50. The arithmetic mean and standard error of
the mean are reported for each treatment group.

2.9. Statistical analysis

The data were further analyzed by ANOVA [52] using MINITAB™ statistical software to
determine the variance within and between groups. Differences between groups were
considered significant if the ANOVA p-value was below 0.05. While ANOVA can indicate
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significant differences between groups, it does not describe the hierarchy of those differences.
The Tukey post hoc analysis [52] was used to establish the groups that showed the largest
statistical differences.

3. Results

3.1. Preparation and analysis of phage and OVA conjugates

The phage f1.K was developed to enhance chemical cross-linking to the phage surface via a
well-exposed Lys residue. The partial amino acid sequence of the N-terminal region of mature
pVIII of wild-type f1 (AEGDDPAKAA) was modified to include a four-residue insert that
places a Lys residue near the N-terminus of pVIIl. The resulting f1.K N-terminal sequence
(new residues in bold) is: AEGAKASDDPAKAA. The insertion of four residues into the N-
terminal segment of all copies of pVIII was well tolerated by f1.K phage, as indicated by a
high phage yield (~2 x 1015 phage particles/L) and its stability over multiple passages (data
not shown).

Six cross-linking agents were tested for their ability to conjugate the B2.1 dimeric peptide to
the f1.K phage and to OVA. The cross-linker BS3 produced the largest amount of conjugated
B2.1 peptide and the strongest peptide antigenicity after conjugation as detected by ELISA
with MAb b12 (data not shown). Fig. 1A shows the results of SDS-PAGE of f1.K/B2.1
conjugate followed by Western blot with MAb b12 (Fig. 1A). Also shown is f1.K/B2.1
conjugate detected by polyclonal anti-phage Ab (Fig. 1B). Fig. 1A confirms the presence of
B2.1 on the phage and revealed that the mobility of pVII1 from f1.K phage was affected by the
BS3 cross-linker, resulting in a ladder of cross-linked pVI11 molecules having slower mobility
than monomeric pVI111. Coupling of synthetic B2.1 peptide to OVA (OVA/B2.1) with BS3 also
resulted in conjugates that showed significant cross-linking of B2.1 peptide to OVA. However,
the OVA/B2.1 conjugate did not show the same ladder effect that was observed for the f1.K/
B2.1 conjugate; this is probably due to the size of the OVA multimers and the resolution
capabilities of the acrylamide gel (not shown). Antigenicity of recombinant B2.1 phage was
confirmed by Western blot with MAb b12 [14] (not shown).

3.2. Peptide copy number of phage and OVA immunogens

Table 1 shows the peptide copy number of the immunogens. The number of B2.1 peptides
displayed per carrier molecule for the f1.K/B2.1 and OVA/B2.1 conjugates was determined
by amino acid analysis, whereas the copy number for recombinant B2.1 phage was estimated
from analysis by SDS-PAGE of titration of recombinant and wild-type pVIII proteins [53],
and confirmed by amino acid analysis. The recombinant peptide covered 4%-5% of the phage
surface whereas synthetic B2.1 peptide coupled to f1.K phage resulted in 44%-46% coverage,
depending on the batch. Given that there are two exposed Lys residues per pVIIl1 molecule,
and one N-terminal amine, the peptide conjugated to 20% or greater of the available sites.
Importantly, the f1.K/B2.1 conjugates had a >6-fold higher copy number of peptide per phage
than recombinant display.

There is no way of knowing whether there was preference for the well-exposed Lys; however,
a comparison of conjugations to f1.K and f88.4 (which lacks the exposed Lys) showed
significant differences. A 20-mer monomeric synthetic peptide, representing the major
antigenic repeat of the malarial circumsporozoite protein (NANP), was conjugated to the phage
using the cross-linker sulfosuccinimidyl 4-N-maleimidomethyl cyclohexane-1-carboxylate
(sulfo-SMCC). Amino acid analysis for copy number indicated that almost twice as much
peptide coupled to f1.K than to f88.4 (0.48 copies of peptide for f88.4 and 0.90 copies of peptide
per pVIlI for f1.K). Furthermore, SDS-PAGE of the cross-linked phage without peptide
showed pVIII multimers (up to six) forming in a ladder for the f1.K treated with sulfo-SMCC,
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whereas the f88.4 treated with sulfo-SMCC conjugated pV 111 only to a dimer (our unpublished
data).

Conversion of the data to peptide copy number per kDa-equivalent of protein (Table 1) allowed
comparison between the three protein carriers. OVA by far coupled the largest number of
peptides per mass-equivalent of protein. As OVA contains 20 Lys residues (the majority are
surface exposed as seen in the crystal structure [PDB file 10VA]) the coupling of ~10 peptides
per molecule was probably near the limit. Furthermore, the coupling efficiency of peptide to
the OVA carrier (0.49, see Table 1) was 3.5-fold greater than that of peptide coupled to f1.K
carrier (0.13 and 0.16).

3.3. Analysis of Study 1: comparison between phage and OVA as synthetic peptide-carriers

As shown in Table 2 and Section 2, mice were immunized with the f1.K/B2.1 and OVA/B2.1
conjugates, and B2.1 phage. The dosage of recombinant phage used was high, reflective of
those used in published studies (e.g., see Felici et al. [31]). The conjugates were used in much
lower doses to produce a slower rise in anti-peptide Ab titers. Adj was purposely not used, so
as to compare the intrinsic immunogenicity of each immunogen, and so that the baseline
immune responses against the immunogens could be tested over time. This also allowed Ab
titers to reach a plateau so that immunogens could be compared through multiple rounds of
immunization. Sera were analyzed by titration ELISA for the presence of Abs against: the B2.1
peptide, the appropriate carrier (f1.K phage, OVA, or f88.4 phage) and the BS3 cross-linker
(for conjugates only). Fig. 2 summarizes the half-maximal titers from the third, fifth, and
seventh immunizations. The data were analyzed by ANOVA (Fig. 2), which identifies
significant differences between immunization groups. To clarify the hierarchical relationship
among groups that significantly differed from one another, Tukey post hoc analysis was used
(discussed below).

Statistical analysis of anti-peptide Ab titers (Fig. 2A), elicited by f1.K/B2.1, recombinant B2.1
phage and OVA/B2.1 immunogens, revealed no significant differences between groups after
the third and fifth immunizations. This was due to large within group variation in the OVA/
B2.1 group; however, when this group’s data were omitted from the analysis, it was revealed
that the f1.K/B2.1 conjugate elicited significantly stronger anti-peptide Ab responses than the
recombinant B2.1 phage, even though the dose of phage conjugate was one-tenth that of the
recombinant phage. This result was surprising, since the f1.K/B2.1 conjugate and recombinant
B2.1 delivered comparable amounts of total peptide molecules (~4.5 x 1014 molecules, see
Table 1) even though the doses were 10 and 100 ug phage, respectively. After the seventh
immunization, OVA/B2.1 elicited anti-peptide Ab titers that were >4-fold higher than those
elicited by f1.K/B2.1. It was expected that the anti-peptide Ab response produced by the OVA/
B2.1 conjugate would be stronger than that produced by the f1.K/B2.1 conjugate, since the
OVA/B2.1 conjugate delivered three-times more peptide molecules per dose. Unexpectedly,
the anti-peptide and anti-carrier Ab responses for the f1.K/B2.1 group plateaued after the fifth
immunization (Fig. 2B). These Ab responses did not plateau for the OVA/B2.1 conjugate,
indicating that higher Ab titers could have been achieved with more rounds of immunization.

Ab responses to the carrier proteins produced a different trend (Fig. 2B). Within group variation
was too large to reveal significant trends after the third immunization. However, the fifth
immunization with OVA/B2.1 produced an anti-carrier response that was 5-fold stronger than
the one elicited by f1.K/B2.1, but it was not significantly stronger than that elicited by B2.1
phage. This trend continued after the seventh immunization, when the anti-OVA Ab response
was 20-fold greater than the anti-phage one. Anti-carrier Ab response from the recombinant
B2.1 phage group peaked at the third immunization, whereas that of the phage conjugate did
not do so until after the fifth immunization; this probably reflects the difference in phage dosage
used. The f1.K/B2.1 and OVA/B2.1 conjugates were administered at the same dosage (10
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ug), thus, it was unexpected that the anti-OVA Ab response exceeded the anti-phage Ab
response. Furthermore, the anti-OVA Ab response did not reach a peak after seven
immunizations whereas the anti-phage Ab response plateaued after the fifth immunization.
Perhaps this is due to increased variation of BCEs on OVA, whereas the BCEs on phage are
restricted and contribute to a preset plateau in the anti-phage Ab response.

Besides identifying the immunogen that produced the strongest anti-peptide Ab titers, we also
wanted to identify the immunogens that produced a relatively strong response against the
peptide compared to the response against the carrier and the cross-linker, reasoning that an
important parameter of any anti-peptide Ab response is the titer produced against unimportant
and/or unwanted parts of the immunogen. Thus, the peptide-to-carrier ratios were calculated
for each individual serum (Fig. 2C). Statistical analysis of the third immunization peptide-to-
carrier ratios did not reveal significant differences due to high variation within the OVA/B2.1
group. However, after the fifth immunization, the peptide-to-carrier ratio elicited by f1.K/B2.1
was 0.58; thus, the anti-peptide Ab titer was 58% of the anti-phage Ab titer. In contrast, the
peptide-to-OVA ratio was 0.2, indicating a less focused response against the peptide, even
though the OVA/B2.1 conjugate had a higher copy number of peptide per amount of protein
(Table 1). After the seventh immunization, this trend increased with both groups dropping to
0.48 and 0.09, respectively. Even though the same total amount of peptide molecules were
delivered by the recombinant B2.1 phage and f1.K/B2.1 conjugate, the peptide-to-carrier ratio
was lowest for the recombinant B2.1 phage. This is probably due to low peptide copy number
on the recombinant phage relative to the f1.K/B2.1 conjugate. Surprising, OVA/B2.1 conjugate
delivered more peptide per dose, but produced lower peptide-to-carrier ratios than f1.K/B2.1.
This difference in ratios may be due to the relatively large number of BCEs on OVA versus
phage.

As reported by Briand et al. [19], cross-linking agents can elicit an Ab response; thus, we
evaluated the Ab response against the BS® cross-linker (Fig. 2D). Data from the third
immunization showed that the phage conjugate elicited a response against BSS that was 33-
times stronger than that recalled by OVA conjugate. After the seventh immunization, the anti-
BS3 response elicited by f1.K/B2.1 was only three-times greater than those elicited by OVA/
B2.1, and was not considered significantly different. The strong anti-cross-linker responses
produced by the f1.K/B2.1 may be due to coverage by excess cross-linker that did not link
peptide, but bound exclusively to the pVIII major coat protein. This is supported by cross-
linked pVIII multimers, as shown by SDS-PAGE (Fig. 1), and low coupling efficiency of
peptide to phage compared to OVA (Table 1). Furthermore, the peptide-to-cross-linker ratio
(Fig. 2E) for the f1.K/B2.1 group was much lower than that produced by the OVA/B2.1
conjugate. This effect was most pronounced after the seventh immunization where the f1.K/
B2.1 conjugate produced anti-peptide Ab titers that were only three-times greater than the anti-
cross-linker Abs. Those for the OVA/B2.1 group were almost 500-times stronger than the anti-
cross-linker Ab response.

In conclusion, Study 1 revealed that the strength of the anti-peptide Ab response depends on
immunogen peptide copy number and the strength of the Ab response against the whole
immunogen, rather than on the total dose of peptide. In contrast, the ability to focus the Ab
response against a peptide (as revealed by the peptide-to-carrier ratios) appears related to the
immunological complexity of the carrier, as well as the peptide copy number. For example,
the restricted BCEs on the f1.K/B2.1 conjugate appeared to enhance peptide-to-carrier ratios.
Since our goal is to develop an immunogen that focuses a strong Ab response againstarestricted
BCE, such as a peptide, we conducted a second study to optimize the anti-peptide Ab responses
produced by the f1.K/B2.1 conjugate.
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3.4. Analysis of Study 2: effect of route, dose, and Adj on Ab response against f1.K/B2.1

The first immunization study compared three carriers for synthetic and recombinant peptides
(f1.K phage, OVA, and recombinant phage) and showed that immunization with f1.K/B2.1
conjugate elicited a more focused anti-peptide Ab response than OVA/B2.1, but at
comparatively low anti-peptide Ab titers. To further optimize the anti-peptide Ab response
against f1.K/B2.1, we compared the effects of dose and the Adj, MPL® + TDM, on the Ab
response against: the peptide, the carrier, and the cross-linker; peptide-to-carrier ratios were
also assessed. Since we were concerned about Adj causing IP lesions [54] that could be further
aggravated by frequent boosting immunizations, we changed the injection route to SC and
increased the time between boosts to reduce potential discomfort in the mice due to adjuvant
toxicity.

The effects of dose and Adj on anti-peptide Ab titers elicited by f1.K/B2.1 are summarized in
Fig. 3A. An increase in dose of f1.K/B2.1 conjugate did not significantly affect anti-peptide
Ab titers. In contrast, Adj enhanced anti-peptide Ab titers after the third immunization, but did
not enhance the magnitude of the anti-peptide Ab response at plateau. At the fifth and seventh
immunizations, comparison of all of the anti-peptide Ab titers showed no statistically
significant differences between immunization groups. Thus, Adj appears to increase the
strength of the early Ab responses, but not the final titer.

Anti-carrier Ab responses (Fig. 3B) were influenced by a combination of dose and Adj. After
the third and fifth immunizations, the 25 ug dose with Adj elicited anti-carrier Ab titers that
were significantly stronger than those elicited by the 10 and 25 ug doses without Adj. By the
seventh immunization, the anti-carrier responses for the 10 pug with Adj group had reached the
same level as the high dose with Adj. It can be inferred from these trends that the addition of
Adj increases the total anti-carrier Ab response compared to groups that did not receive Adj;
this is in contradiction to the observations that Adj and dose did not affect the magnitude of
anti-peptide Ab titers.

The effects of dose and Adj on the anti-carrier Ab responses are reflected by the peptide-to-
carrier ratios shown in Fig. 3C. Peptide-to carrier-ratios in Study 2 dramatically exceeded those
reached in the Study 1 (Fig. 2C). The highest peptide-to-carrier ratio in Study 1 was 0.58 for
the 10 pg dose of f1.K/B2.1 with no-Adj compared to 21-times the anti-carrier response in the
second study with the same immunogen and dose. In fact, the anti-peptide Ab titers reached
levels similar to those elicited by OVA/B2.1 in Study 1, although, the titers that resulted from
these different studies cannot be compared directly. The highest peptide-to-carrier ratios in
Study 2 were produced by the 10 pg dose in which the addition or absence of Adj produced
opposite effects. The no-Adj group produced the highest peptide-to-carrier ratios after the
seventh immunization, whereas the Adj group produced the highest peptide-to-carrier ratios
after the third immunization. This trend suggests that the 10 ug dose is optimal for high peptide-
to-carrier ratios, and that that Adj enhances the rate of Ab response, but not its plateau, thus,
requiring fewer rounds of immunization.

The anti-cross-linker Ab responses did not yield significant trends due to large within group
variation (Fig. 3D) and was consistent with anti-cross-linker Ab titers reported in Study 1
(compare Fig. 2D and Fig. 3D). However, the peptide-to-cross-linker ratios were much higher
than those in the first study (compare Fig. 2E and Fig. 3E); this reflects the increase in anti-
peptide Ab responses produced by the immunizations given in Study 2.

In conclusion, itappears that the change in injection routes from IP to SC dramatically enhanced
the anti-peptide Ab titers in Study 2 compared to Study 1. Also unexpected, was that Adj and
increased dose did not enhance anti-peptide Ab titers but did contribute to an increased anti-
phage Ab response. Future studies are aimed at further modifying the phage to enhance their
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use as an immunogen for targeting Ab responses to specific epitopes. These approaches are
discussed below.

4. Discussion
4.1. Phage as a carrier for the B2.1 synthetic peptide

We report here the use of filamentous phage as a novel immunogenic carrier for synthetic
peptides, and by extension, other non-peptide immunogens such as CHO, DNA and haptens.
Based on the hypothesis that the addition of a Lys residue, closer to the N-terminus of pVIIlI,
would enhance access to chemical cross-linking agents, the phage f1.K was constructed.
Conjugation of the dimeric synthetic peptide, B2.1, to f1.K (f1.K/B2.1) resulted in a high copy
number immunogen that was recognized by MAbb12 (see Table 1 and Fig. 1, respectively).
Study 1 compared the immunogenicity of the f1.K carrier to the commonly used “traditional”
carrier, OVA [17-19], and to recombinant B2.1 phage. Study 2 further optimized the Ab
response by assessing the effects of Adj, dose, and injection route on the anti-peptide Ab titers
and peptide-to-carrier ratios. Taken together, the data show that the f1.K/B2.1 conjugate: (i)
is immunogenic; (ii) elicits a stronger anti-peptide Ab response than recombinant B2.1 phage;
(iii) elicits a more focused anti-peptide Ab response than OVA/B2.1; and (iv) the best results
were obtained by using an SC immunization route.

Study 1 was designed to determine if the f1.K/B2.1 conjugate was immunogenic and to
compare it to the OVA/B2.1 conjugate. We also sought to compare the Ab responses elicited
by f1.K/B2.1 conjugate and recombinant B2.1 phage. Comparison of half-max titers revealed
that f1.K/B2.1 conjugate elicited a greater than 3-fold anti-peptide Ab titer compared to
recombinant phage after the fifth immunization. However, OVA/B2.1 elicited 4.4-fold greater
anti-peptide Ab titers than f1.K/B2.1, after the seventh immunization. Importantly, it is
significant that in comparing peptide-to-carrier ratios, the phage conjugate elicited a more
focused anti-peptide Ab response than the OVA conjugate. Taken together, these data suggest
that OVA is a stronger immunogen (see below), but phage are better at focusing the immune
response against the peptide perhaps due to OVA’s more extensive set of BCEs compared to
the restricted BCEs on phage. Anti-cross-linker Ab titers were also assessed. The phage carrier
elicited anti-cross-linker Ab responses that were not significantly higher than those elicited by
OVA after the seventh immunization. However, the peptide-to-cross-linker ratio for the f1.K/
B2.1 conjugate was much lower than that for OVA/B2.1. One way to optimize this may be by
using shorter cross-linking agents that are less immunogenic (e.g., glutaraldehyde). However,
the antigenicity of the peptide must be considered; in our case, we found that BS3 was most
effective.

To further optimize the peptide-to-carrier ratios elicited by f1.K/B2.1 in Study 1, Study 2 was
designed to test the effects of dosage and Adj on anti-peptide Ab titers. Generally, anti-peptide
Ab titers were not significantly enhanced by dose or Adj at the peak of the immune response.
In contrast, anti-carrier Ab titers were increased when immunogen was combined with Adj and
increased dose; groups that received Adj also reached a plateau in fewer immunizations.
Strikingly, both the anti-peptide Ab titers and peptide-to-carrier ratios for Study 2 were much
higher than those in Study 1. This observation may be attributed to the change in injection route
from IP to SC. Injection route can target different immune cells. For example, intradermal
injections target Langerhans dendritic cells [55] that activate helper T-cells and contribute to
the humoral response. The SC injection route may also target these specific Agn presenting
cells. These results are in agreement with Kenney et al. [56], who observed enhanced Ab titers
when using SC injections compared to IP. However, other groups have reported the opposite
effect [57,58], suggesting that route requires optimization for each unique Agn and Adj
combination.
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Assessment of the anti-cross-linker Ab responses for Study 2 showed that the strength the Ab
responses were not significantly affected by dose or Adj, and the anti-cross-linker Ab titers
were in the same range as Study 1. However, peptide-to-cross-linker ratios were much higher
than those elicited by the f1.K/B2.1 conjugate in Study 1, reflecting the strength of the
optimized anti-peptide Ab response in Study 2.

In both Studies 1 and 2, the f1.K/B2.1 phage conjugate elicited Ab titers that plateaued after
the third or fifth immunizations. Whereas the anti-peptide and anti-carrier Ab responses
produced by the OVA conjugate in Study 1 continued to increase after the seventh
immunization. This observation may be explained by differences in CD4 TCEs between the
two carrier molecules. OVA, a complex protein of 42.9 kDa, probably contains more TCEs
per molecular weight protein than pVI1II (5.5 kDa). The larger minor coat proteins on phage,
such as plll (42.5 kDa), may contain more TCEs than those found on pVIII, however, these
proteins are present in proportionally small amounts. Filamentous phage bear TCEs, since they
elicit T-cell dependent class-switching from IgM to 1gG [24]. However, the plateau effect may
be explained by relatively fewer and/or weaker TCEs on the phage than those on OVA.
Ongoing studies that address this hypothesis are discussed below.

Another explanation of the plateau effect is that phage contain fewer BCEs per mg of protein
than OVA. As shown in Fig. 1, the Ab response to phage is directed exclusively against pV1lII
and pll1 (the major and minor coat proteins, respectively). The Ab response to pVIlIl is restricted
to 12 residues at the N-terminus [23], thus, there may be a limited number of B-cell clones that
could elicit Abs against pVIII. In the case of plll, there may be more epitope diversity in the
exposed N1 and N2 domains; however, this protein is present in limited amounts (3-5 copies/
phage), which may reduce its immunogenicity. It appears from the Western blot that the signals
on pVIIl and plll are of similar strength, yet there are ~700-fold more copies of pVIII than
plll, reflecting the limitations of the epitopes on pVIII. In contrast to the phage, OVA has a
more-varied BCE repertoire, which may enhance the strengthening and broadening of the Ab
response over successive immunizations. Taken together, the plateau in the Ab response against
phage is likely due to a combination of weak TCEs and restricted BCEs that limit the diversity,
expansion and differentiation of phage-specific B-cell clones.

4.2. Modification of phage carriers for optimizing immune responses

The filamentous phage approximate the structure of a viral pathogen as large, particulate
molecular scaffolds. We report here that phage appear better at focusing the Ab response
against peptide than the traditional carrier, OVA. Furthermore, they elicit relatively weak anti-
phage responses due to restricted BCEs on pVIII [23] and low copy humber of the outer
immunogenic domains of plll. These advantages suggest that phage are proficient carriers for
synthetic and recombinant peptides, CHOs or haptens in situations requiring a focused immune
response. A disadvantage of using phage is the relatively weak T-cell help they provide. This
issue may be addressed by modifying phage to include immunodominant foreign TCEs with
known properties [39,40,59], either by direct fusion to the phage coat proteins or chemical
conjugation to pVII (our unpublished data).

Furthermore, phage could be engineered to reduce existing B-cell epitopes by substituting
immunogenic residues on pVIII (identified by epitope mapping with monoclonal antibodies
[23]) with amino acids that are typically less immunogenic (e.g., substituting charged residues
with polar or apolar ones), or by removing the outer immunogenic domains on plll. Thus, new
epitopes should not be exposed, but the immunogenicity of existing epitopes should be reduced,
potentially focusing an Ab response against a poorly-immunogenic target peptide or other small
molecule (carbohydrate or hapten). Support for this hypothesis was obtained by Agarwal et al.
[60], who showed that substitution of critical binding residues on an immunodominant peptide
epitope could redistribute the Ab response to less-dominant epitopes. The combination of the
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addition of an immunodominant foreign TCE and a further reduction of its BCEs should
improve phage as a carrier for eliciting highly targeted Ab responses. This combination could
comprise synthetic peptides directly conjugated to the “non-immunogenic” phage resulting in
high copy number immunogens that are relatively easy to characterize (see below). As an
alternative, hybrid phage could be used to express two recombinant peptides on the same virion
[47]; however, this approach may compromise copy number, compared to synthetic peptide
conjugation.

The construction and analysis of phage/peptide conjugates is comparable to other peptide/
protein conjugates. As with traditional carrier proteins, the chemical conjugation of a synthetic
peptide or hapten to phage uses well-established coupling protocols [61]. However, the small
size of pVIII allows more extensive characterization of phage conjugates compared to those
made with large carrier proteins. Fig. 1A and B show a ladder of extensively cross-linked pVI11
molecules and B2.1 peptide conjugated to pV I multimers, respectively. This ladder represents
the biochemical outcome of the coupling reaction and provides visual and immunochemical
proof that the cross-linking reaction was successful. This type of ladder is not seen with
traditional carrier protein conjugates, since their relatively high molecular weight creates
multimers that are not easily resolved by SDS-PAGE.

This paper introduces filamentous bacteriophage as an alternative carrier for synthetic peptides,
haptens, and CHO Agns. The data presented indicate that phage/peptide conjugates produce a
more focused anti-peptide Ab response than traditional protein carriers. Although phage
provide weak T-cell help, further development, such as the addition of foreign TCEs, and the
reduction of immunodominant BCEs, should strengthen phage as a useful tool for
immunological research and vaccine studies.
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Fig 1.

Western blots of f1.K/B2.1 peptide conjugate. (A) Detected with MAb b12. Lanes: (1) f1.K
phage, negative control; (2) f1.K/B2.1 peptide conjugate, 5 x 1019 phage particles. (B) Detected
with rabbit anti-phage polyclonal Ab. Lanes: (1) f1.K/B2.1 peptide conjugate, 5 x 1010 phage
particles; (2) OVA/B2.1 conjugate-negative control; (3) f1.K phage-positive control, 2 x
1010 phage particles. The positions of the pllI (MW 42.5 kDa) and pVIIl (MW 5.5 kDa) bands
are indicated by arrows.
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Fig 2.

Study 1 Ab titers: shown are the mean antibody titer+standard error after third, fifth and seventh
immunizations against: (A) B2.1 peptide; (B) f1.K, f88-4; and OVA carriers (C) peptide-to-
carrier ratios; (D) BS3 cross-linker for f1.K/B2.1 and OVA/B2.1; and (E) peptide-to-cross-
linker ratio. Also shown are ANOVA p-values that indicate the existence of significant
differences between groups that received different antigens at the third, fifth and seventh
immunizations.
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Study 2 Ab titers: shown are the mean antibody titer+standard error after third, fifth and seventh
immunizations against: (A) B2.1 peptide; (B) f1.K carrier; (C) peptide-to-carrier ratios; (D)
BS3 cross-linker; and (E) peptide-to-cross-linker ratio. Also shown are ANOVA p-values that
indicate the existence of significant differences between groups that received different
immunization conditions at the third, fifth and seventh immunizations.
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Table 2
Description of immunization Study 1 and 2
Immunogen Dose (ng) Adjuvant Number of immunizations
Study 1
f1.K/B2.1 conjugate 10 7
OVA/B2.1 conjugate 10 7
Recombinant B2.1 phage 100 5
Study 2
f1.K/B2.1 conjugate 10 No 7
f1.K/B2.1 conjugate 25 No 7
f1.K/B2.1 conjugate 10 Yes 7
f1.K/B2.1 conjugate 25 Yes 7

For Study 1, groups of five BALB/c mice were given IP immunizations with either 100 pg B2.1 phage or 10 ug f1.K/B2.1 or 10 ug OVA/B2.1 conjugate.
All immunogens were administered without Adj. In Study 2, groups of five BALB/c mice were given SC immunizations with either 10 ug or 25 pg f1.K/
B2.1 conjugate with or without Adj. The timing for both studies is described in Section 2.
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