Conjugation of a self-antigen to papillomavirus-like
particles allows for efficient induction
of protective autoantibodies
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High avidity and long-lasting autoantibodies to a self-polypeptide (TNF-0.) were generated after par-
enteral vaccination of mice with low doses of virus-like particle-based (VLP-based) vaccines that were
constructed by linking mouse TNF-o, peptides to the surface of papillomavirus VLPs. High-titer
autoantibodies were induced with or without coadministration of potent conventional adjuvants, but
were enhanced by coadministration of CFA. Compared with immunization with the fusion protein
alone, attachment to VLPs increased autoantibody titers 1,000-fold. A comparison of Ab responses
against the self (TNF-0) and foreign components of the fusion protein showed that VLP conjugation
abrogated the ability of the humoral immune system to distinguish between self and foreign. Similar
levels of IgM were detected to self and foreign epitopes regardless of the assembly state of the antigen,
suggesting that conjugation of self-peptides to VLPs promotes survival or expansion of mature autore-
active B cells. In a mouse model, vaccination with conjugated particles inhibited development of type
II collagen-induced arthritis. Together, these results suggest a potentially flexible method to efficiently
generate autoantibodies against specific self-proteins that mediate arthritis and other diseases.

J. Clin. Invest. 108:415-423 (2001). DOI:10.1172/JCI1200111849.

Introduction

Practical vaccine strategies to induce potent Ab
responses to self-antigens remain to be developed. Such
strategies could prove efficacious in the growing num-
ber of diseases for which mAb-based therapies have
produced encouraging results in animal studies and
clinical trials. Ab-based strategies hold the potential to
treat a variety of human diseases: for example, Abs tar-
geting ErbB-2 (1), B-amyloid (2), and IgE (3) have been
proposed to treat breast cancer, Alzheimer disease, and
allergy, respectively. Vaccines that induce autoantibod-
ies to disease targets would have several theoretical
advantages over mADb therapy. The levels of therapeutic
Ab’s would likely be more constant over time, poten-
tially increasing effectiveness, treatment could be
administered much less frequently, and there would be
less likelihood for the development of an inactivating
Ab response to the therapeutic Ab’s.

The mammalian immune system normally fails to
generate Ab’s against self-proteins. However, B cell tol-
erance is not rigorous, and potentially self-reactive
B cells are continuously generated as a result of recom-
binase-activating gene reactivation and peripheral
editing of B cell receptor genes (4-6). Indeed, natural-
ly occurring autoantibodies may arise by molecular
mimicry by microbial agents, and this process has been
implicated, with varying degrees of proof, in the
pathogenesis of several mammalian autoimmune dis-
eases (for review, see ref. 7). Experimentally, the chal-

lenge is to develop vaccines suitable for human use
that promote class switching, multiplication, affinity
maturation, and survival of autoreactive B cells.
Autoantibodies have been induced by DNA immu-
nization, but only after the appearance of autoim-
mune disease (8, 9). In healthy animals two broad
experimental strategies have been used: immunization
with self-antigen chemically conjugated or genetically
linked to foreign Th epitopes in the presence of a
strong adjuvant (10-15) and immunization with self-
antigen arrayed in an ordered fashion on the surface
of a virus-like particle (VLP) (16). The relative contri-
butions of linked T cell help, ordered structure, and
conventional adjuvants in the induction of mature
autoreactive B cells have not been well characterized.

Based on data indicating that highly repetitive anti-
gen structures strongly initiate B cell responses (17),
we hypothesized previously that autoantibodies could
be generated by presenting a target self-peptide with-
in a highly organized context as part of the regular
array of assembled capsomeres on a virus particle.
Papillomavirus VLPs are nonenveloped icosahedral
structures that consist of a regular array of 72 pen-
tameric capsomeres composed of the major capsid
protein, L1 (18, 19). Papillomavirus VLPs have the abil-
ity to induce strong B cell responses at low doses with-
out adjuvant and are the basis for papillomavirus vac-
cines now being tested in clinical trials (20, 21). In a
previous study, we genetically inserted an extracellular
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loop of mouse CCRS into an immunodominant
region of the L1 gene of bovine papillomavirus (BPV)
to generate chimeric L1-CCRS VLPs. Inoculation of
chimeric L1-CCRS particles into mice induced high-
titer anti-CCRS autoantibodies that bound to the
receptor and inhibited chemokine binding and HIV
infection in vitro (16). However, subsequent efforts to
generate additional chimeric L1 VLPs incorporating
different self-peptides proved problematic. We found
that the ability of different chimeric L1-self-peptide
chimeras to self-assemble into VLPs was highly unpre-
dictable, limiting the general applicability of this tech-
nique (our unpublished observations). To circumvent
this problem, we have now developed a more flexible
and reliable approach in which self-antigens are con-
jugated to preformed VLPs. This technique takes
advantage of the strong interaction between biotiny-
lated VLPs and a streptavidin-self-peptide (SA-self-
peptide) fusion protein.

As a model target self-antigen we chose TNF-0,, a
proinflammatory cytokine that plays a key role in the
pathogenesis of a number of chronic inflammatory dis-
eases (22, 23). In human clinical trials, modulation of
TNF-o activity using a mAb effectively reduced the
symptoms of rheumatoid arthritis and Crohn disease
(24). Here, we demonstrate that immunization of mice
with VLPs conjugated to a SA-mouse TNF-o. fusion
protein induces high-titer and long-lasting TNF-o
autoantibodies that block the development of collagen-
induced arthritis. Furthermore, using this system we
demonstrate that presentation of self-antigen on papil-
lomavirus VLPs, but not simple linkage to foreign pep-
tides in the presence of a potent conventional adjuvant,
can abrogate the distinction between foreign and self
in the induction of systemic IgG Abs.

Methods

Generation of SA-TNF-¢ clones. Two nucleotide sequences
predicted to encode amino acids (aa) 3-22 (SSQNSS-
DKPVAHVVANHQVE) and 29-47 (SQRANALLANG-
MDLKDNQL) of the mature form of mouse TNF-o
were made using an Applied Biosystems DNA synthe-
sizer (Foster City, California, USA). Nucleotide
sequence predicted to encode aa 3-54 (SSQNSSDKP-
VAHVVANHQVEEQLEWLSQRANALLANGMDLKD-
NQLVVPADGL) of mouse TNF-o. was amplified by
PCR from a cDNA library generated from LPS-stimu-
lated J774 cells (as described by ref. 25). Each sequence
was engineered to contain an EcoRI restriction site at its
5’ end and a stop codon followed by a BamHI restric-
tion site at its 3" end. The sequences were cloned using
the restriction sites as a fusion partner with SA in the
expression vector pTSA-18F (26). Clones were verified
by sequence analysis.

Expression and  purification of SA-TNF-¢¢ clones.
SA-TNF-a constructs were transformed into lysogen
BL21(DE2)(pLysS) (Novagen, Madison, Wisconsin,
USA) for expression. The inclusion body fraction was
prepared from IPTG-induced cultures as described (27),

dissolved in 6 M guanidine hydrochloride (pH 1.5), and
then dialyzed (two times) against 0.2 M sodium bicar-
bonate (pH 8.7). Clarified dialysate was concentrated
using a Filtron 10K centrifugal concentrator (Pall Fil-
tron Corp., Northborough, Massachusetts, USA). In
some cases SA was purified to homogeneity by applying
the dialysate to a 2-iminobiotin-agarose column (Pierce
Chemical Co., Rockford, Illinois, USA), as described (26).

Biotin ELISA. The active concentration of SA-TNF-a
fusion proteins was determined by ELISA by measuring
reactivity to biotinylated BSA (Pierce Chemical Co.) or
biotinylated VLPs immobilized (at 200 ng/well) on
Immulon II microtiter plates (Dynex Technologies,
Chantilly, Virginia, USA). Serial twofold dilutions of
fusion protein (50 pl), diluted in PBS-0.5% nonfat dry
milk, were reacted (2.5 hours, room temperature) with
gentle rocking. After five washes with PBS, specific bind-
ing was detected with horseradish peroxidase-labeled
anti-SA Ab (Zymed Laboratories Inc., South San Fran-
cisco, California, USA) (50 pl, 1:3000 dilution, 1 hour,
room temperature). After three washes with PBS-0.5%
milk, the substrate ABTS (50 ul) (Boehringer Mannheim
Biochemicals Inc., Indianapolis, Indiana, USA) was
added, and the OD was read at 405 nm. The relative
biotin-binding activity of SA-TNF-o. fusion proteins was
determined by comparison to a standard curve generat-
ed with wild-type SA (Zymed Laboratories Inc.) of
known concentration.

Biotinylation of VLPs. BPV-1 L1 VLPs were generated
from recombinant baculovirus-infected Sf9 cell cul-
tures, as described previously (28). VLPs were incu-
bated with NHS-LC-Biotin (Pierce Chemical Co.) ata
1:2 (wt/wt) ratio (60 minutes, room temperature). To
purify biotinylated VLPs, the mixture was layered
onto a 24-54% linear sucrose gradient and cen-
trifuged at 200,000 g for 3 hours in a SW-40 rotor.
Fractions were harvested from the bottom and ana-
lyzed by SDS-PAGE and Coomassie blue staining for
the presence of L1. Positive fractions were pooled and
then quantitated. The number of biotin molecules
attached to each L1 molecule was determined using
a spectrophotometric assay in which the displace-
ment of 2-(4-hydroxyazobenzene) benzoic acid
(Pierce Chemical Co.) from avidin is measured upon
the addition of biotinylated VLPs.

Conjugation of SA-TNF-ctto particles. Biotinylated VLPs
were incubated with recombinant SA or SA-TNF-o.
fusion protein ata 1:3 (wt/wt) ratio (1 hour, room tem-
perature) with gentle rocking. Conjugated particles
were separated from unconjugated SA using a MidJet
cross-flow filtration system and MidGee cartridges
with a 500-kDa pore size (A/G Technology Corp.,
Needham, Massachusetts, USA).

Inoculations. Antiserum was prepared by inoculating
C57Bl/6 mice with 5 ug wild-type BPV-1 L1 VLPs, 5 ug
VLPs conjugated to 15 g SA-TNF-a. (conjugated VLPs
were subsequently purified by cross-flow filtration), or
15 ug unconjugated iminobiotin-purified SA-TNF-o.
Mice were inoculated intradermally three times at
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2-week intervals. In most cases, sera were collected at
each injection and 2 weeks after the final boost. When
CFA was used, antigen was diluted 1:1 in CFA for the ini-
tial injection and diluted 1:1 in incomplete Freund’s
adjuvant (IFA) for subsequent inoculations. Vaccina-
tions were also performed with Titermax Gold (CytRx
Corp., Atlanta, Georgia, USA) at 20% of the total volume,
or CpG oligonucleotide 1826 (30 Ug per injection) (29).
Animal care was in accordance with the NIH guidelines.
ELISA analysis of Ab induction. Mouse Ab’s to recombi-
nant biologically active TNF-ot (PeproTech Inc., Rocky
Hill, New Jersey, USA) or SA (Zymed Laboratories Inc.)
were detected by ELISA using 200 ng of the target pro-
tein per well. Mouse serum was serially diluted in PBS-
0.5% milk and applied to wells. Reactivity to these tar-
get proteins was determined using horseradish
peroxidase-labeled goat anti-mouse IgG (or IgM)
(Boehringer Mannheim Biochemicals Inc.) at a dilution
of 1:2,000 as a secondary Ab. Upon development, ODs
were read at 405 nm by a ThermoMax microplate read-
er. ODy4gs values that were greater than twice back-
ground (usually > 0.1) were considered positive.
Measurement of Ab avidity. The avidity index values of
serum Ab’s were determined by measuring the resist-
ance of Ab-target complexes to 8 M urea by ELISA.
After the serum incubation, triplicate wells were treat-
ed with either PBS or 8 M urea for 5 minutes. Subse-
quently, the wells were washed with PBS, and the ELISA
was performed as described above. The avidity index
was calculated as the ratio of the mean OD value of
urea-treated wells to PBS control wells multiplied by
100. Avidity index values greater than 50% are desig-
nated as high avidity, between 30% and 50% are desig-
nated as intermediate avidity, and less than 30% are
designated as low avidity, as described (30).
Collagen-induced arthritis. Seven-week-old male DBA/1
mice (The Jackson Laboratories, Bar Harbor, Maine,
USA) were immunized intramuscularly with VLPs
(5 ug) or VLPs (S pg) conjugated to SA-TNF-0(3-22)

(~7.5 ng) in the presence of Titermax Gold (20% of total
volume). Identical booster injections were given at days
14, 28, and, in some instances, day 42. One and four
weeks after the final boost, the mice were immunized
intradermally at the base of the tail with 200 pg type II
collagen isolated from bovine hyaline cartilage (Chemi-
con International, Temecula, California, USA) emulsi-
fied 1:1 in CFA (for the initial injection) or in IFA (for
the second injection). Mice were examined for onset of
CIA by examining each limb and assigning a clinical
score, as follows: 0, normal; 1, slight swelling; 2, pro-
nounced swelling; and 3, joint rigidity. Mice were fol-
lowed for at least 6 weeks after the second collagen
injection, except for arthritic mice, which were followed
for 3 weeks after disease onset, at which time they were
sacrificed. Significance of differences was examined
using Student ¢ test or x? test. A P value of less than 0.05
was considered to be significant. Sagittal sections of
the proximal interphalangeal joint of the middle digit
were examined by histology and immunohistochem-
istry. For immunohistochemistry, fixed sections were
incubated with an anti-TNF-o. mAb (MP6-XT22;
PharMingen, San Diego, California, USA) at a 1:50
dilution and then stained using standard methods.

Results

Generation of SA-TNF-a fusion proteins. We took advan-
tage of the strong interaction between biotin and SA to
develop a flexible system allowing the biochemical con-
jugation of self-peptides onto preassembled VLPs (Fig-
ure la). Mouse TNF-o peptides were fused to the car-
boxy-terminus of a truncated form of SA using a
plasmid and an expression system developed by Sano
and Cantor (27). This segment of SA, which spans aa
16-135 of the mature protein, is less prone to aggrega-
tion than is the full-length protein, yet retains the abil-
ity to form tetramers and bind biotin (26). We generat-
ed three bacterially expressed SA proteins fused to
mouse TNF-o peptides representing, respectively, aa

Table 1
IgG Ab titers against TNF-o and SA in vaccinated C57Bl/6 mice

GMT ELISA titer® Ratio of titers:
Preparation® Adjuvant TNF-a SA SA to TNF-ou
1. VLP:SA-TNF-0(3-22)¢ CFA 5x104 7x10% 1.4
2. VLP:SA-TNF-0(3-54)P CFA 1.5x 104 1.4 x 104 0.9
3. VLP:SA-TNF-0y(29-47)F CFA <10 2x 104 NA
4. VLP:SA-TNF-0(3-22)° None 1x103 6x103 6
5. VLP:SA-TNF-0(3-22)F Titermax 3x103 1.5x 104 5
6. VLP:SA-TNF-0,(3-22)F CpG 1x103 1x104 10
7.VLP + rTNF-0F CFA <10 <10 NA
8. VLP + TNF-0(3-22)56 CFA <10 <10 NA
9. SA-TNF-0(3-22)F None <10 20 NA
10. SA-TNF-0(3-22)¢ CFA 60 8x103 133
11. VLP:SAE CFA <10 2x10° NA

AGMT were calculated by end-point dilution ELISA, using recombinant full-length protein as the target antigen. A colon indicates the preparation was con-
jugated to biotinylated VLPs, a plus sign indicates that the preparation was mixed with wild-type VLPs. <n=6.Pn=5.En=3.Fn = 2. GTNF-0(3-22), a synthe-
sized peptide representing aa 3-22 of the mature form of mouse TNF-o.. CpG, CpG oligonucleotides; rTNF-ai, recombinant TNF-o.
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Figure 1

Binding of SA-TNF-a. fusion protein to biotinylated VLPs. (a)
Drawing summarizing conjugated vaccine construction. BPV L1
VLPs were coated with activated biotin and then purified on a lin-
ear sucrose gradient. Biotinylated particles were incubated with
purified SA-TNF-a. fusion protein to generate conjugated particles.
(b) Binding of SA-TNF-o fusion protein to VLPs. Binding of recom-
binant SA or purified SA-TNF-0/(3-22) to wild-type or biotinylated
VLPs was measured by ELISA. (c) Cosedimentation of biotinylated
VLPs with SA-TNF-0(3-22). Biotinylated VLPs were incubated with
SA-TNF-0(3-22) and then separated on a 24-54% sucrose gradi-
ent. Gradient fractions were analyzed by Western blot analysis,
using an anti-L1 mAb (mAB837) (top panel) or an anti-SA Ab (bot-
tom panel). Fraction 1 represents the bottom and fraction 10 rep-
resents the top of the gradient.

3-22,29-47, and 3-54 of the mature protein. These
mouse TNF-o peptides were chosen because they are
homologous to regions of human TNF-a that were
reported to interact with its receptor (31, 32).

The biotin-binding activity of the SA-TNF-a. fusion
proteins was assessed by ELISA using biotinylated VLPs
as the target antigen. The TNF-a. peptides had no effect
on the ability of the fusion proteins to bind biotin (Fig-
ure 1b and data not shown). The three fusion proteins
bound biotinylated VLPs at a similar level as wild-type
SA, and none bound to unbiotinylated VLPs. To deter-
mine the assembly state of the complexes, biotinylated
VLPs were reacted with SA-TNF-0(3-22) and then sub-
jected to analytical sucrose gradient centrifugation.
Fractions were analyzed by slot-blot Western analysis
using Ab’s to BPV-1 L1 and SA. As shown in Figure 1c,
SA-TNF-0(3-22) cosedimented with L1 in the higher

molecular-weight fractions of the gradient, confirming
that the fusion protein binds to biotinylated particles.

L1: SA-TNF-o stoichiometry in conjugated VLPs. To exam-
ine the location of the fusion protein on conjugated
particles, we measured the ability of two well-character-
ized mAb’s (33, 34) to bind conjugated particles by
ELISA. Binding of an Ab that attaches to the sides of
hexavalent capsomeres (mAb 5B6) was decreased by
only twofold, relative to nonconjugated VLPs. However,
conjugation led to a 10,000-fold decrease in the binding
of mAB 9, which binds to the tips of hexavalent and
pentavalent capsomeres. These results suggest that the
SA-fusion protein bound primarily to capsomere tips
and that the exterior of the conjugated particles was
well coated with fusion protein. Using a spectrophoto-
metric assay to measure SA binding (35), we estimated
that there are approximately 1.5 SA tetramers bound
per L1 molecule, which translates to approximately 540
tetramers per VLP (data not shown).

Humoral responses to conjugated VLPs. To examine the
experimental induction of anti-TNF-o. Ab’s, groups of
two to six C57Bl/6 mice were vaccinated with the
SA-TNF-o. fusion protein either alone or conjugated to
biotinylated BPV-1 VLPs. Mice were vaccinated three
times at 2-week intervals. Mice that were immunized
with conjugated particles received 5 pg doses of VLPs
that were bound with a saturating amount of SA-TNF-o
fusion protein (representing approximately 7.5-10 pg
of protein). Mice injected with SA-TNF-0; alone received
doses of 15 ug of the fusion protein. Control mice were
inoculated with VLPs conjugated to recombinant SA or
with unmodified VLPs mixed either with full-length
recombinant mouse TNF-o. or a chemically synthesized
TNF-o peptide representing aa 3-22. Injections were
performed both with and without selected adjuvants.
Table 1 summarizes the anti-TNF-0o. and anti-SA geo-
metric mean titers obtained with sera taken 2 weeks
after the final boost as determined by IgG-specific
ELISA using recombinant full-length TNF-o or SA,
respectively, as the target antigen.

VLPs linked to SA-TNF-0(3-22) (Table 1, line 1) or
to SA-TNF-0(3-54) (line 2) consistently induced high-
titer anti-TNF-ot Ab’s. Conjugated SA-TNF-0(29-47)
failed to generate anti-TNF-o Ab’s (line 3), suggest-
ing that the TNF-ot domain of this polypeptide may
be malfolded. Our analysis focused on particles con-
jugated to SA-TNF-0(3-22) because this preparation
induced the highest autoantibody titers and it was
easier to generate large quantities of this protein.
VLPs conjugated to SA-TNF-0(3-22) generated high-
titer IgG Ab responses even in the absence of exoge-
nous adjuvant (Table 1, line 4; titers ranged from 640
to 10%), although CFA provided a 50-fold boost to
autoantibody levels (line 1; titers ranged from 104 to
2 x 10%). However, other adjuvants, including Titer-
max Gold (line 5) and CpG oligonucleotides (line 6),
had little or no boosting effect on autoantibody titers.

In contrast to the strong anti-TNF-o response
induced when the TNF-o. peptide was conjugated to
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Figure 2

Serum IgG Ab titers in immunized C57BI/6 mice. Anti-TNF-o.
(open squares) and anti-SA (filled circles) geometric mean titer
(GMT) in sera from three mice immunized with VLPs conjugated to
SA-TNF-0(3-22) and followed for over 1 year. Mice were immu-

nized at weeks 0, 2, 4, and 58 (indicated by arrows).

the VLPs, no IgG autoantibodies were detected when
mice were inoculated with unfused TNF-o peptide or
native TNF-o. mixed with unlinked VLPs, even when
the potent adjuvant CFA was used (Table 1, lines 7 and
8). Inoculation of SA-TNF-0(3-22) alone without adju-
vant also failed to induce autoantibodies, and even
SA-TNF-0(3-22) with CFA only induced low IgG
autoantibody titers to TNF-a (lines 9 and 10; without
CFA anti-TNF-o. Abs were never detected, and with
CFA titers they ranged from <10 to 103%). However, the
immunizations that included linked foreign SA anti-
gen induced high-titer IgG Abs to SA, which implies
that the low or absent TNF-o. Ab production seen with
unconjugated SA-TNF-0(3-22) fusion protein was not
the result of limiting Th activity. Therefore, when
TNF-o was fused to a strong Th epitope(s), but not
conjugated to the VLPs, the mouse immune system
made a strong distinction between the foreign and
self-polypeptides, with titers to SA that were more
than 100-fold higher than those against TNF-o. In
contrast, conjugation to VLPs resulted in a 1,000-fold

increase in autoantibody titers both with and without
coadministration of adjuvant. This dramatic increase
in autoantibody titer was accompanied by only mod-
est changes in SA Ab titers, resulting in similar Ab
titers to TNF-o and SA (the ratio of SA to TNF-a titer
ranged from 1.4 to 10, depending on the adjuvant
used). Taken together, the findings indicate that con-
jugation to VLPs was essential for high-titer IgG
autoantibody induction and imply that when a self-
antigen is displayed at high occupancy on a VLP sur-
face, the humoral immune system loses its ability to
distinguish between self and foreign.

To gain insight into the stage of the immune
response that is modified by conjugation to VLPs, we
measured anti-TNF-a IgM titers and compared them
with the IgG titers. Table 2 compares the serum IgG
data from 2 weeks after the third vaccination with IgM
ELISA titers generated using sera taken 2 weeks after
the initial vaccination. In contrast to IgG autoantibody
responses, IgM titers to TNF-o were similar regardless
of antigen preparation and the IgM titers to self (SA)
and foreign (TNF-0) epitopes were comparable for each
formulation. Therefore, it does not appear that addi-
tion of linked VLPs initially increases the number of B
cells that secrete Ig reacting with the self-peptide.
Rather, VLP immunization may lead to amplification
of the population of autoreactive mature B cells or may
prevent these cells from being anergized.

High-titer autoantibodies persisted in immunized
mice for months after vaccination. Three mice injected
with VLPs conjugated to SA-TNF-0(3-22) were followed
for over 1 year after immunization. Throughout this
period of observation, none of the mice exhibited any
obvious gross abnormalities. Ab titers against both SA
and TNF-a slowly declined to levels that were approxi-
mately 5-fold (SA) and 60-fold (TNF-0) lower than peak
titers (Figure 2). Thus, exposure to endogenous TNF-o.
does not appear to restimulate autoreactive B cells or to
acutely anergize them. Autoantibody titers could be
boosted by subsequent application of conjugated parti-
cles. At 58 weeks, the mice were given an additional injec-
tion of vaccine, and ADb titers versus SA and TNF-o
increased fourfold and tenfold, respectively.

Protective effect of induced autoantibodies. To assess the
protective potential of the induced TNF-o. autoanti-

Table 2

Comparison of IgM and IgG titers in vaccinated C57Bl/6 mice

TNF-o ELISA GMTA SA ELISA GMT
Preparation: Adjuvant IgM 1gG Ratio IgM 1gG Ratio
2 weeks p.i. 6 weeks p.i. 1gG/IgM 2 weeks p.i. 6 weeks p.i. 1gG/I1gM
VLP:SA-TNF-0,(3-22) CFA 320 5x 104 150 200 7 %104 350
VLP:SA-TNF-0,(3-22) None 100 1x103 10 60 6x103 100
SA-TNF-0(3-22) CFA 90 60 0.6 30 8x103 267
VLP:SA CFA <10 <10 NA 100 2x105 2500

AGMT as described in Table 1. IgM titers were calculated by ELISA using sera isolated 2 weeks after the initial inoculation (p.i.). IgG titers were calculated using
sera from the same mice, acquired 6 weeks after the initial inoculation (2 weeks after the third inoculation).
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Figure 3

Immunization with conjugated VLPs ameliorates the symptoms of collagen-induced arthritis. DBA/1 mice were immunized four times with
either VLPs conjugated to SA-TNF-0i(3-22) or wild-type VLPs plus Titermax and then injected intradermally with bovine type Il collagen plus
Freund’s adjuvant 1 and 3 weeks after the final vaccination. (a) Percentage of arthritic mice; groups immunized with wild-type VLPs (solid line)
or VLPs conjugated to SA-TNF-0/(3-22) (dashed line). (b) Clinical score: VLP-immunized mice (filled circles; VLP:SA-TNF-0/(3-22)-immunized
mice (open squares). Clinical score data is for arthritic mice only. Error bars reflect SEM. (c) Representative joints taken from naive or colla-
gen-injected mice immunized with either wild-type VLPs or VLPs conjugated to SA-TNF-0,(3-22). Joints were taken 4 weeks after the second
collagen injection. The first column of panels shows hematoxylin and eosin (H&E) staining of synovial joints. X10. B, bone; S, synovial mem-
brane. The second column of panels shows representative immunohistochemical analysis of TNF-ot expression in each set of mice. X40. The

percentage of TNF-0-positive cells in joints from protected vaccinated mice was similar to that in naive mice.
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bodies, we examined the effects of conjugated VLP vac-
cination on the development of type II collagen-induced
arthritis (CIA) in mice. A total of 15 DBA/1 mice were
immunized with conjugated VLPs in two separate exper-
iments. In the first experiment, seven mice were injected
three times at 2-week intervals with 5 pg of VLPs maxi-
mally conjugated to SA-TNF-0(3-22) in Titermax adju-
vant. Five control mice were injected on the same sched-
ule with the same dose of wild-type VLPs. At 1 week and
4 weeks after the final vaccination, mice were inoculated
with 200 pg bovine type II collagen. In mice vaccinated
with VLP:SA-TNF-q, the incidence of arthritis was
apparently reduced to 71% (five of seven), compared with
100% in the control group (five of five). Protection was
found to correlate with anti-TNF-ol Ab titers (Table 3,
experiment 1). The three mice with the highest titers
(10%) were either fully protected (two of three) or had a
delayed onset of disease, whereas all four mice with low
Ab titers (10%) rapidly developed disease at a rate that was
not significantly different from control mice (mean, 15
days after collagen immunization).

These data suggested that protection might be
improved by increasing TNF-ol Ab titers. To that end, a
second experiment was initiated in which mice were
given an additional boost of conjugated particles before
collagen injection. Eight mice were immunized four
times at 2-week intervals with VLPs conjugated to
SA-TNF-0(3-22) in Titermax, along with ten VLP-inject-
ed control mice. This immunization schedule resulted
in six of eight mice with anti-TNF-o. titers of 3 X 103 or
higher (Table 3). However, there was greater heterogene-
ity in the avidity of the Ab’s than in experiment 1. As
above, type II bovine collagen was administered 1 and 4
weeks after the final vaccination. Vaccination resulted in
a reduction of disease incidence and severity, relative to
controls (Figure 3). In the vaccinated mice that did devel-
op persistent arthritis, disease was delayed (Figure 3a).
While none of the vaccinated mice developed the most
severe disease, four of ten control mice displayed com-
plete joint rigidity (clinical score, 3) in at least one limb.
Five of the eight TNF-0~vaccinated mice were healthy at
the end of the study, although one of the healthy mice
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experienced transient swelling in one limb. In compari-
son, 70% (seven of ten) of the control mice developed
arthritis (P < 0.05). Histological examination of joints
from protected vaccinated mice confirmed the clinical
data; these mice displayed a marked reduction in syn-
ovitis and joint erosion relative to control mice (Figure
3c¢). Protection from arthritis induction was associated
with both Ab titer and avidity (Table 3). All four mice
with high avidity Ab’s (i.e., those with an avidity index
score > 50%) remained healthy, whereas the mice with
lower avidity Ab’s (< 50%) developed transient disease or
became arthritic. Correspondingly, vaccination with
conjugated particles gave substantial reduction in the
proportion of cells staining positive for TNF-a. expres-
sion in the joints of protected mice (Figure 3c).

We also analyzed the results after combining the data
from the two experiments. Within the vaccinated
group, the geometric mean autoantibody titer in mice
from both experiments that did not develop arthritis
was 8,400, and the mean avidity index was 62%, com-
pared with 1,300 and 44%, respectively, in mice that
developed arthritis. The conjugated particle vaccine
reduced the incidence of arthritis from 80% in the con-
trol group (12 of 15) to 53% in the vaccinated mice (8
of 15, P < 0.05). However, substantially better protec-
tion was observed in mice with anti-TNF-ot Ab titers
over 3,000; only two of nine mice (22%, P < 0.0001) in
this group developed disease, and both of the sick mice
had avidity index values less than 50%.

Discussion
Here we demonstrate that a TNF-o peptide when con-
jugated to a papillomavirus VLP can elicit high-titer

autoantibody responses in mice that protect against
disease in an experimental arthritis model that is par-
tially TNF-o dependent. The results reported here rep-
resent a technical advance in the ease with which self-
antigens can be incorporated into VLPs, extend this
approach to an in vivo disease model, and provide some
insight into the mechanism by which VLPs abrogate
B cell tolerance to self-antigens.

Due to the difficulty in generating chimeric self-pep-
tide L1 proteins that would still assemble into VLPs, we
have developed a potentially more flexible method for
displaying a self-peptide in a polymeric repetitive struc-
ture by linking a SA-self-peptide fusion protein to pre-
assembled biotinylated VLPs. To illustrate, our
attempts to develop L1-primate CCRS chimeric VLPs
were unsuccessful, despite the fact that the primate
CCRS aa sequence we used was very similar to the
mouse CCRS peptide that was successfully incorporat-
ed into chimeric particles. However, using the conju-
gated VLP approach, we were successful at generating
CCRS-conjugated VLPs and inducing high-titer anti-
CCRS5 autoantibodies in pig-tailed macaques (our
unpublished observations). The potential flexibility of
the conjugation technology is a critical aspect if this
strategy is to be expanded to induce autoantibodies
against additional target self-antigens.

The results of this study support the concept that
experimental induction of autoantibodies is a quantita-
tive phenomenon, in which antigen structure,
T cell help, and adjuvant play key roles in the magnitude
of this response. Our results are consistent with previous
animal studies in which coadministration of CFA, a very
potent B cell stimulator, promotes induction of autoan-

Table 3
Immune responses and disease in immunized DBA/1 CIA mice

Animal number Avidity index (%)* TNF-0 titer® Disease status®©
Experiment 1
536 46 1x104 Healthy
537 54 1x103 Arthritic at day 8
540 52 1x10% Arthritic at day 14
542 45 1x104 Healthy
543 49 1x103 Arthritic at day 8
544 48 1x104 Arthritic at day 35
545 53 1x10% Arthritic at day 10
Experiment 2
881 73 1x104 Healthy
882 61 1x104 Healthy
883 25 1x10? Arthritic at day 43
885 44 1x103 Transient disease days 4-7, arthritic at day 35
886 81 3x103 Healthy
887 33 1x 104 Transient disease days 4-13, then healthy
888 34 1x104 Arthritic at day 29
890 95 3x103 Healthy

ADetermined by measuring the relative stability of the TNF-ai-Ab complex to an 8 M urea wash in an ELISA. Values were calculated by using the equation (urea-
washed wells/PBS-washed wells) X 100, where values x = 50%, 50% > x > 30%, and x < 30% have been defined as high, intermediate, and low avidity, respec-
tively. BAs described in Table 1. “Mice were considered persistently arthritic if they had at least one arthritic limb (clinical score > 1) for at least 2 weeks. Two
mice developed transient disease. One of these mice remained healthy, the other developed persistent arthritis 4 weeks after the transient disease resolved.
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tibodies to recombinant proteins containing foreign
T-helper epitopes (13, 15, 36, 37). However, we found
that presentation of a self-peptide in an ordered array
that mimics the surface of a naked icosahedral virion
could induce high-titer autoantibodies in the absence of
conventional adjuvants. Furthermore, presentation to
the immune system in this assembled state markedly
diminished the distinction between self and foreign ina
way that was not mimicked by CFA. While CFA acted
synergistically with VLP conjugation for the induction
of autoantibodies, conjugation to VLPs was the key fac-
tor in markedly enhancing Ab titers to self 1,000-fold rel-
ative to mice injected with self-antigen linked to foreign
Th epitopes alone. Unfortunately, two other adjuvants
that would likely be more suitable for use in humans,
TiterMax Gold and CpG oligonucleotides, had little, if
any, effect on boosting Ab titers to conjugated VLPs. A
future challenge will be to identify better-tolerated adju-
vants that are as effective as CFA at complementing VLPs
for autoantibody production.

It is uncertain how display of self-epitopes on VLPs
abrogates humoral immune distinction between self
and foreign. It is well established that the ordered dis-
play of virion surface epitopes promotes Ab responses
to these viral determinants, even in transgenic mice that
constitutively express the virion protein (17). It has been
proposed that repetitive determinants at a spacing of
5-10 nm, as found on papillomavirus VLPs, are unique
to microbial antigens, and the mammalian immune sys-
tem has evolved to respond strongly to this arrange-
ment of epitopes (38-41). In contrast to IgG responses,
IgM responses to self and foreign determinants were
similar in our study, regardless of whether the fusion
protein was linked to VLPs. This observation suggests
that conjugation to VLPs results in a signal that pro-
motes proliferation or survival of mature IgG-secreting
B cells. One possibility is that this signal is transmitted
through oligomerization of the specific B cell receptors
that recognize the self-peptide. Alternatively, this signal
may be transmitted through a virion-specific receptor
on the B cells or perhaps through a trans-acting signal
triggered by VLP engagement of other immune regula-
tory cells. Dendpritic cells are one possible mediator, as
VLPs induce acute activation of bone marrow-derived
dendritic cells (DCs) (42), and DCs play a role in B cell
differentiation and isotype switching (43). It seems
unlikely that enhancement of linked Th responses is the
critical factor responsible for increased autoantibody
response after conjugation to VLPs, since high-titer IgG
responses to the SA portion of the fusion protein could
be generated without linkage to the VLPs.

Vaccination with conjugated particles reduced the inci-
dence and severity of disease in a mouse CIA model. The
mechanism of protection is not clear, as the induced
TNF-o autoantibodies were only weakly neutralizing in
an in vitro assay (data not shown). However, our results
in this disease model strongly suggest that Ab’s provide
the basis for protection, as efficacy of the vaccine was
dependent on the titer and avidity of the autoantibodies

produced. Furthermore, in vitro stimulation of spleen
cells isolated from vaccinated mice with TNF-o. peptide
failed to induce IFN-y production (whereas stimulation
of cells with VLPs or SA induced IFN-y), suggesting that
immunized mice do not mount appreciable T cell
responses to the autoantigen (our unpublished observa-
tions). The level of protection reported here is compara-
ble to that obtained in a previous study using an
anti-TNF-oe mADb in the same experimental model, albeit
in a therapeutic context (44). Inhibition of disease devel-
opment in this model was also recently reported using a
prophylactic vaccine consisting of a chimeric full-length
TNF-0. protein containing an inserted well-defined
mouse Th epitope (13). However, many injections of rel-
atively high doses of protein were required to produce a
protective effect, and the use of CFA in that study would
preclude direct translation of the vaccination protocol
into human trials. In the current study, protection was
induced using the less-inflammatory adjuvant Titermax,
and similar levels of autoantibodies were elicited without
adjuvant. Papillomavirus VLPs have proven to be highly
immunogenic and well tolerated in clinical trials (20, 21).
Taken together, our findings support the idea that
autoantibody-inducing vaccines based on conjugated
VLPs would be better tolerated and substantially more
immunogenic than previously reported formulations.

The potential safety of long-term circulating self-reac-
tive Abs must be carefully assessed in considering the
potential therapeutic utility of autoantibody-inducing
vaccines. In contrast to mAb-based therapies, it would
not be possible to rapidly decrease the serum Ab levels
in response to adverse side effects. In our study we
observed that TNF-o. autoantibodies did slowly decline,
suggesting that the endogenous TNF-a. did not boost
(or rapidly anergize) the autoreactive B cells elicited by
vaccination. These mice remained responsive; a booster
vaccination over 1 year after the initial dose effectively
elevated autoantibody titers. It is likely that the safety
and therapeutic efficacy of this type of vaccine will vary
greatly depending upon the disease and protein target,
and these parameters will need to be investigated thor-
oughly in animal models for each potential target. With
regard to TNF-0i, it is encouraging that no gross adverse
effects were noted in the TNF-o autoantibody-produc-
ing mice that were followed for over 1 year. It is also
noteworthy that TNF-o. mAb therapy has proven suffi-
ciently safe and effective clinically against rheumatoid
arthritis and Crohn disease to warrant U.S. Food and
Drug Administration approval. If safety issues can be
adequately addressed, autoantibody-inducing vaccines
may prove to be attractive alternatives to mAb’s for
these and other chronic diseases for which long-term
therapy is likely to be required.
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