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Hepatitis B virus core antigen (HBcAg) is thought to be a major target for specific cytotoxic T cells (CTLs)
in hepatitis B virus infections. A single dose of hepatitis C virus nonstructural 3/4A DNA (<5 pg) effectively
primes functional specific CTLs, independently of CD4" T helper cells and by different routes of immunization.
In contrast, HBcAg-specific CTL priming was T helper cell dependent and highly sensitive to the dose and
route of delivery. Although CTL priming was improved 10-fold by codon optimization and in vivo electro-
poration, low levels of DNA still failed to prime CTLs effectively. Only high doses (=5 pg) of codon-optimized
HBcAg delivered by in vivo electroporation primed in vivo lytic and polyfunctional CTLs. The ability of
endogenous HBcAg to prime CTLs is surprisingly inefficient and differs from that of nonstructural 3/4A. This
has important implications for the design of HBcAg-based therapeutic vaccines in humans.

Hepatitis B virus core antigen (HBcAg) is thought to
be a key target for the host immune response in con-
trolling the infection [1]. In particular, the presence of
HBcAg-specific T cells has been associated with clear-
ance of acute and chronic hepatitis B virus infections
[1-3]. Subsequently, prophylactic and therapeutic vac-
cines that induce HBcAg-specific T cells have been de-
veloped and have shown some efficiency in infectious
models [4-7]. However, despite the high immunoge-
nicity of exogenous HBcAg, findings have been dis-
appointing in many of the studies using endogenous
HBcAg as a vaccine.
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HBcAg spontaneously assembles into viruslike par-
ticles (VLPs) that are highly immunogenic in vivo [8—
10]. These particles use B cells as the primary antigen-
presenting cell (APC) [11] by an unusual interaction
with the B cell receptor [12, 13]. HBcAg effectively
primes specific T helper cells and, much less effective-
ly, cytotoxic T cells (CTLs) as an exogenous antigen
when high antigen doses in adjuvant are used [14].
Both DNA- and retrovirus-based immunizations us-
ing HBcAg have been reported to induce detectable
HBcAg-specific CTLs in mice [14-18].

DNA vaccines can be used as a model to study the
endogenous immunogenicity of antigens. However, di-
rect intramuscular injections of DNA vaccines fail to
prime robust immune responses in humans [19]. Dif-
ferent modes of DNA delivery that can be used in hu-
mans have now become available, such as transdermal
delivery of DNA-coated gold beads using a gene gun
[20] or treatment of the injection site by in vivo elec-
troporation (EP) [21]. However, gene gun—based DNA
immunization may preferentially prime a T helper 2—
like immune response [22, 23], although this seems to
depend largely on the antigen used. In vivo EP-assisted
intramuscular injection has been found to effectively
enhance plasmid DNA uptake and antigen expression

CTL Priming by Endogenous HBcAg « JID 2010:201 (15 June) * 1867

TT0Z ‘T 480100 UO BULIEIRD BIUES 8P [B19pa4 apepisianiun 1e 610°sfeuinolpioxo pil woly papeojumoq


http://jid.oxfordjournals.org/

and to promote a local inflammatory response at the injection
site [24]. We report herein the use of different antigens and
different routes of DNA delivery to estimate the potency by
which HBcAg induces specific CTLs. We found that HBcAg is
a surprisingly poor CTL inducer in its native form.

MATERIALS AND METHODS

Overall experimental design. The studies were generally de-
signed with a first immunization at week 0 and booster doses
given at 4-week intervals. Samples were obtained and/or mice
were killed at ~2 weeks (12—-17 days) after immunization. Any
challenge was always given 2 weeks after the last immunization.
There were generally =5 mice per test group.

Mice. C57BL/6 (H-2°) and BALB/c (H-2%) mice were ob-
tained from B&K Universal, Charles River Laboratories, and
Taconic, and CD4™"~ knockout mice were provided by the An-
imal Facility at the Department of Microbiology, Tumor and
Cell Biology, Karolinska Institutet. All mice were 6-8 weeks old
at the start of experiments, and the local committee on animal
ethics approved all experiments. Mice of a C57BL/6 background
were used unless otherwise stated.

Recombinant proteins, peptides, oligonucleotides, and plas-
mid DNA vectors. Recombinant particulate HBcAg encom-
passing residues 1-183 was produced in Escherichia coli and
purified as described elsewhere [8, 25]. Ovalbumin was pur-
chased from Sigma-Aldrich. A CpG-containing oligonucleotide
(TCC ATG ACG TTC CTG ACG TT; CyberGene) was used
for in vivo administration in combination with plasmid DNA.

An HBcAg-derived major histocompatibility complex
(MHC) class II binding peptide composed of residues 120—
140 (SFGVWIRTPPAYRPPNAPIL [26]) and 3 MHC class I
binding peptides (HBcAg, MGLKFRQL and SYVNTNMGL
[15, 27]; hepatitis C virus [HCV] nonstructural 3 protein
(NS3), GAVQNEVTL [28]) was synthesized by means of
standard techniques [29] with a multiple peptide synthesiz-
er using 9-fluorenylmethoxycarbonyl chemistry (Syro; Multi-
SynTech, Biochem).

Construction of a eukaryotic vector expressing HBcAg (des-
ignated HBcAg DNA) was described elsewhere [14]. A codon-
optimized version of the same gene was made synthetically
(Retrogen). A hepatitis B virus e antigen (HBeAg) gene frag-
ment (639 nucleotides) was amplified by polymerase chain re-
action from tail DNA extracted from an HBeAg-transgenic
mouse [30]. The amplified gene fragment was ligated into a
Hindlll- and Apal-digested pVAX1 vector. The HBeAg ex-
pression plasmid was designated HBeAg DNA and was con-
firmed by sequencing. The plasmid DNA used for in vivo in-
jections was purified using Qiagen DNA purification columns
according to the manufacturer’s instructions.

Immunization protocols. For DNA immunization, C57BL/
6 (wild type), BALB/c, and CD4'~ knockout mice with a

C57BL/6 background were immunized either by intramuscular
needle injection in the tibialis anterior muscle with 0.5-100 pug
of plasmid DNA encoding wild-type HBcAg (wtHBcAg), co-
don-optimized HBcAg (coHBcAg), or HCV NS3/4A, with or
without in vivo EP [24], or transdermally by a gene gun (Bio-
Rad) with 2-18 ug of DNA [28]. Mice received booster doses
every 4 weeks and were bled every second week. For detection
of specific cellular immune responses, mice were killed 14 days
after the last immunization [12, 28, 31].

Hydrodynamic injection and Western blot analysis.
C57BL/6 mice were immunized as described above. Two weeks
after the last immunization, a total volume of 1.5-1.8 mL of
Ringer’s solution containing 100 pug of HBcAg DNA was in-
jected intravenously in the tail vein within <10 s [32, 33]. After
24 and 72 h, mice were killed and livers harvested for analysis
of HBcAg protein by immunoprecipitation and Western blot
analysis, as described elsewhere [24, 34]. HBcAg was detect-
ed using a rabbit anti-mouse HBcAg monoclonal antibody
(Dakopatts) by chemiluminescence (Western Breeze; Invitro-
gen). The expression levels in tibialis anterior muscles were
analyzed in the same way.

Detection of HBcAg-specific immunoglobulin (Ig) G and
subclasses. Detection of specific HBcAg antibodies and IgG
isotype distribution was determined by solid-phase enzyme im-
munoassay, as described elsewhere [31, 35].

Detection of HBcAg-specific CTLs. Lytic HBcAg-specific
CTLs were detected in spleen cells restimulated in vitro for 5
days by a standard 4-h chromium 51 (*'Cr) release assay, as
described elsewhere [14, 36]. HBcAg,, ,,, or HCV NS3 MHC
class T peptide-loaded RMA-S cells were used as target cells
[37]. The percentage of specific >'C release was calculated as
[(experimental release — spontaneous release)/(maximum re-
lease-spontaneous release)] X 100. Results are shown as the
mean percentage of specific lysis for triplicate values.

The frequency of HBcAg-specific CD8* T cells was analyzed
by ex vivo staining of spleen cells with the HBcAg,, ,,, MHC
class I H-2K® (MGLKFRQL) pentamer (Prolmmune). In brief,
spleen cells (1 X 10°) were washed and resuspended in phos-
phate-buffered saline/1% fetal bovine serum (fluorescence-ac-
tivated cell sorter buffer) and incubated with R-phycoerythrin
(PE)-labeled H-2K® (MGLKFRQL) pentamer for 15 min in the
dark at room temperature (22°C). To block Fc binding, cells
were washed and incubated with anti-mouse CD16/32 anti-
bodies (BD Biosciences). Cells were then incubated with anti-
mouse CD8—fluorescein isothiocyanate (clone KT15) and anti-
mouse CD19-PE—cyanine (Cy) 5 (clone 6D5) for 20 min. The
cells were fixed in 2% paraformaldehyde in phosphate-buffered
saline for analysis, and 100,000 total events from each sample
were acquired on a FACSCalibur flow cytometer (BD Biosci-
ences) using CellQuest software, version 6.0. From a live lym-
phocyte gate, CD19-positive events were excluded, and the re-
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maining cells were gated for CD8 expression. The frequency
of HBcAg H-2K® (MGLKFRQL)—positive events within this
population was determined.

Enzyme-linked immunospot assays. Enzyme-linked im-
munospot assays were performed as described elsewhere [24,
38]. The number of spots was scored using the AID ELISPOT
reader system (version 2.6; Autoimmun Diagnostika).

Fluorescence-activated cell sorter staining. A total of
5 X 10° spleen cells were restimulated for 12 h in the presence
of GolgiPlug (BD Biosciences) and pools of overlapping pep-
tides (20 amino acids) corresponding to HBcAg. The 2 pools
contained either 5 peptides (0.3 pug/mL per peptide) covering
amino acids 51-110, spanning the H-2"-restricted CTL epitope
[15], or 5 peptides covering amino acids 101-160, spanning
the H-2—restricted T helper epitope [26]. After restimulation,
the cells were stained for different surface markers and intra-
cellular cytokines, using the following antibodies: Pacific Blue
anti-mouse CD3 (BioLegend) allophycocyanin—cyanine 7 rat
anti-mouse CD8a (BD Biosciences), PE rat anti-mouse CD107a
(BD Biosciences), allophycocyanin anti-mouse interleukin-2
(BioLegend), and fluorescein isothiocyanate anti-mouse inter-
feron (IFN)—y (BioLegend). Cells were analyzed with the CyAn
ADP flow cytometer (Dako) and Flow]Jo software (version 8.8.6;
Tree Star).

Statistical analysis. Statistical comparisons were per-
formed using StatView (version 5.0, 3/20/98, Power PC version;
SAS Institute) and Excel for Mac (version 11.3.7; Microsoft)
software packages for Macintosh. Frequencies were compared
using the Fisher exact test (StatView).

RESULTS

Endogenous HBcAg priming of antibodies to HBcAg. En-
dogenously produced HBcAg is quite effective in priming a
rapid production of antibodies to HBcAg (anti-HBc) (Figure
1A). A single intramuscular injection of 100 ug of wtHBcAg
DNA primed anti-HBc titers of >10,000 at 4 weeks after the
injection (Figure 1A). In contrast, transdermal delivery of 50-
fold lower doses required =2 injections to reach titers of >1000
(Figure 1B). The addition of CpG oligonucleotides improved
the antibody titers after transdermal delivery by ~10-fold, with-
out altering the IgG subclass profile (Figure 1B). The IgG2b-
dominated subclass distribution of anti-HBc was maintained
regardless of the delivery route or adjuvants, mimicking the
IgG subclass distribution seen after immunization with exog-
enous HBcAg [39, 40], suggesting that this is an intrinsic prop-
erty of HBcAg [39, 40].

Endogenous HBcAg priming of lytic CTLs at high DNA
doses. To characterize the ability of wtHBcAg DNA to prime
lytic CTLs at high and low doses we used intramuscular and
transdermal delivery with the gene gun. The standard *'C release
assay includes a 5-day restimulation and should therefore be

considered a highly sensitive assay for CTL detection. Two in-
tramuscular 100-pg injections of wtHBcAg or wtHBeAg DNA
primed detectable CTLs, but the same plasmids delivered trans-
dermally in a low dose did not (Figure 2A-2D). Three im-
munizations with the 100-pug dose given intramuscularly
primed CTLs (Figure 2E, 2G, and 2I), but 3 2-ug doses given
transdermally (total dose, 6 ug) did not (Figure 2F). Three 6-
pg transdermal doses (total dose, 18 ug) induced detectable
CTLs in C57BL/6 and BALB/c mice (Figure 2H and 2J). A
single transdermal or intramuscular immunization with wtNS3/
4A or coNS3/4A genes induced detectable CTLs (Figure 2K—
2N). Thus, these findings suggest that native HBcAg is a com-
paratively poor inducer of specific CTLs.

HBcAg-specific CTL priming and CD4" T helper cell
dependence. The priming of HCV NS3/4A-specific CTLs is
independent of the presence of CD4" T cells [33, 36]. We there-
fore examined the role of CD4" T cells in the priming of
HBcAg-specific CTLs. Wild-type and CD4™'~ mice were im-
munized once with 100 pg of wtHBcAg DNA, and the ap-
pearance of HBcAg-specific IFN-y—producing CTLs was de-
termined 4 days and 2 weeks (17 days) after immunization.
These data show that HBcAg-specific IFN-y—producing CTLs
were not detectable ex vivo at day 4 but became detectable after
2 weeks (Figure 3A and 3B). The corresponding CTL responses
failed to appear in the CD4 ™'~ mice (Figure 3C and 3D). Thus,
the priming of HBcAg-specific CTLs is more dependent on
CD4" T helper cells than the priming of NS3/4A-specific CTLs
[33, 36].

The importance of CD4" T helper cells for the priming of
CTLs suggested that this dependence might be corrected by a
prime-boost strategy; that is, a preexisting pool of HBcAg-
specific T helper cells might improve CTL priming by DNA.
To test this, hypothesis H-2" mice were immunized with a
peptide representing the dominant CD4" T helper epitope at
residues 120-140 of HBcAg 9 days before DNA immunization.
This approach was found elsewhere to greatly improve humoral
responses to genetic immunization with a retroviral vector [16].
Again, one or two 100-pg doses of HBcAg DNA delivered
intramuscularly primed HBcAg-specific IFN-y—producing T
helper cells and CTLs (Figure 3E and 3I), whereas low doses
failed to do so (Figure 3F and 3)). Priming with the HBcAg-
derived T helper peptide effectively induced HBcAg-specific
IFN-y—producing T helper cells that were recalled in vitro by
both the peptide itself and recombinant HBcAg (Figure 3G and
3K). However, the presence of a preexisting pool of HBcAg-
specific IFN-y—producing T helper cells did not improve the
ability of low doses of HBcAg DNA to prime CTLs (Figure 3H
and 3L).

Functional HBcAg-specific CTLs in vivo. Using transiently
transgenic mice, we tested whether the CTLs primed by high
doses of HBcAg DNA given intramuscularly were functional
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Figure 1.

A, Titers for antibody to hepatitis B virus core antigen (HBcAg) (anti-HBc) immunoglobulin (Ig) G primed by 3 monthly injections with 100

ug of HBcAg DNA given intramuscularly (IM) or 2 ug of HBcAg DNA given transdermally by gene gun, with or without CpG as an adjuvant. Samples
were obtained 4, 6, and 12 weeks after the first vaccination. B, Anti-HBc IgG subclass distribution 1 month after the third immunization in the same
groups of mice. All data are given as mean end-point titers (+ standard deviations [SDs]).

in vivo [32]. In this model the clearance of antigen-expressing
hepatocytes is dependent on CD8* CTLs [33]. The transient
expression of HBcAg in hepatocytes is generated by a hydro-
dynamic injection of HBcAg DNA and was monitored at 24
and 72 h by Western blot analysis (Figure 4) [32]. At 24 h after
hydrodynamic injection of HBcAg DNA, all mice had detectable
hepatic expression of HBcAg, regardless of whether or not CTLs
had been primed (Figure 4). Within 72 h after hydrodynamic
injection, HBcAg expression was cleared in all vaccinated mice
(Figure 4) (0 of 4 vs 4 of 4; P < .05, by the Fisher exact test).
In the unvaccinated mice, no statistical evidence of clearance

was found when HBcAg expression at 24 was compared with
that at 72 h (Figure 4) (0 of 4 vs 1 of 4; P = not significant,
by the Fisher exact test). Thus, functional CTLs are primed in
vivo by vaccinations with HBcAg DNA, delivered intramus-
cularly with or without in vivo EP (data not shown). These
CTLs enter the liver and eliminate HBcAg-expressing hepa-
tocytes, which is a desired feature of a therapeutic vaccine. This
finding confirms that the CTLs primed by the high-dose DNA
vaccination recognized endogenously produced hepatic HBcAg
presented within the context of hepatic MHC class I molecules
in vivo.
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Figure 2. Efficiency of cytotoxic T lymphocyte priming by intramuscular (IM) or transdermal immunization and with different doses of wild-type (wt)
hepatitis B virus core antigen (HBcAg) DNA or wtHBeAg DNA in C57BL/6 mice (BALB/c in / and J), shown as the percentage of specific lysis for
HBcAg or nonstructural (NS) 3 peptide—loaded RMA-S target cells. Mice were immunized as indicated, and lytic activity was determined by a standard
4-h chromium 51 release assay; co, codon-optimized.
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Figure 3. A-D. Kinetics of the priming of interferon (IFN) y—producing hepatitis B virus core antigen (HBcAg)-specific CD8* T cells in H-2° C57BL/
6 (A and B) or CD4~/~ knockout (C and D) mice, as determined by enzyme-linked immunospot (ELISPOT) assay. Groups of 5 mice were immunized
intramuscularly (IM) with 100 ug of wild-type (wt) HBcAg DNA, and IFN-y production was detected 4 and 17 days after immunization. Values represent
IFN-y spot-forming cells (SFCs)/10° cells. CTL, cytotoxic T lymphocyte; NM, normal medium; NS3, nonstructural 3 protein; PHA, phytohemagglutinin;
rHBcAg, recombinant HBcAg; Th, T helper cells. E-L, Pretreatment with T helper peptide could not restore priming of HBcAg-specific CD8* T cells in
mice immunized by gene gun. To determine whether the priming of HBcAg-specific CD4* T cells was a limiting factor for the priming of specific CTLs,
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HBcAg-specific IFN-y—producing CD8* and CD4* cells were determined by ELISPOT assay. Mice were divided into groups of 5 and received either 100
ug of wtHBcAg DNA intramuscularly or 2 ug of wtHBcAg DNA transdermally by gene gun. Mice received 1 (E—H) or 2 (/-L) immunizations at weeks
0 and 4. Values are presented as SFCs/10° cells (+SD); dotted line indicates cutoff of 50 SFCs/10° splenocytes.
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Figure 4. A Hepatitis B virus core antigen (HBcAg)—specific cytotoxic T lymphocytes (CTLs), primed by a single 50-ug dose of DNA given intramuscularly
(im) with in vivo electroporation (EP), are functional in vivo as determined by clearance of HBcAg-expressing hepatocytes in transiently transgenic
mice. Mice were given a hydrodynamic injection of wild-type (wt) HBcAg DNA; 24 and 72 h later, livers were analyzed for the presence of HBcAg
by immunoprecipitation followed by Western blot analysis. Lanes 3—10 indicate individual mice; controls are codon-optimized (co) HBcAg DNA-
transfected HepG2 cells (plus sign) and a liver lysate from a naive mouse (minus sign). B, In vivo expression of HBcAg, as determined by immuno-
precipitation and Western blot analysis, at the site of injection 72 h after vaccination with 50 (/eft) or 5 (right) ug of DNA with wtHBcAg or coHBcAg
DNA. DNA was administered intramuscularly, with or without in vivo EP. Each lane indicates an individual mouse except for lane 5, corresponding to
coHBcAg DNA-transfected HepG2 cells (plus sign), and lane 6, corresponding to a muscle lysate from a naive mouse (minus sign). C and D, Codon
optimization and in vivo electroporation improves the responses of antibody to HBcAg (anti-HBc) immunoglobulin (Ig) G responses determined 2 weeks
after intramuscular injection of 0.5, 5, or 50 ug of HBcAg DNA. Values represent mean antibody titers + standard deviations (SDs); GG, gene gun.
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HBcAg expression in vivo and B cell immunogenicity. Co-
don optimization and in vivo EP can be combined, resulting
in improved expression levels of a desired gene. Using im-
munoprecipitation and Western blot analysis, we analyzed the
effects of these 2 factors on in vivo expression levels of HBcAg
at the site of injection (tibialis anterior) at 72 h after immu-
nization (Figure 4). Both approaches clearly improved expres-
sion levels of HBcAg in vivo, and the combined effect represents
a 10-100-fold improvement. Specifically, 50 ug of wtHBcAg
DNA given without EP is barely detectable by immunoprecip-
itation and Western blot analysis, whereas 5 ug of coHBcAg
given with EP is clearly detectable (Figure 4).

The priming of anti-HBc IgG was also improved by increas-
ing in vivo expression levels of HBcAg (Figure 4). Vaccination
with coHBcAg DNA using in vivo EP raised detectable anti-
HBc after a single 0.5-ug dose (Figure 4). In contrast, wtHBcAg
given intramuscularly at doses <50 pg without in vivo EP, or
given with the gene gun, failed to induce detectable anti-HBc
(Figure 4).

HBcAg expression and T cell immunogenicity. 'We next de-
termined the DNA doses needed for an effective priming of
HBcAg-specific T cell responses by the intramuscular route.
Numerous reports have shown that HBcAg DNA induces CTLs
at high doses, usually 50-100 ug per injection in mice [14, 15,
18, 27]. We found that endogenously produced HBcAg dem-
onstrated a surprisingly rapid loss in its ability to prime lytic
CTLs (Figures 5-7). HBcAg-specific lytic CTLs, but not IFN-
y—producing CTLs, were detected at the 5-ug dose only when
the intramuscular injection of wtHBcAg was accompanied by
adjuvant in vivo EP (Figures 5 and 6). Single doses of <5 pug—
delivered intramuscularly, with or without in vivo EP, or de-
livered by the gene gun (Figures 2, 3, 6, and 7)—failed to
effectively prime detectable CTLs. This is distinct from HCV
NS3/4A protein, which effectively induces CTLs by many de-
livery routes and at low doses [24, 28, 36, 41-44]. These data
were further confirmed by quantifying the number of HBcAg-
specific CTLs ex vivo with pentamer staining (Figure 7). A
potent expansion of CTLs was noted only after priming with
the coHBcAg delivered by in vivo EP gene at doses of =5 ug
(Figure 7). Additional analysis was performed using flow cy-
tometry of T cells primed by 5-pg immunization with coHBcAg
DNA and in vivo EP. This showed that the CTL-containing

peptide pool (amino acids 51-110) primed mainly IFN-y—pro-
ducing T cells and, to a minor extent, polyfunctional T cells
producing both IFN-vy and interleukin-2 (Figure 7).

DISCUSSION

HBcAg is an unusual antigen. When expressed in vitro, it spon-
taneously forms capsidlike particles [45]. These capsids can
bind to the naive B cell receptor through a noncanonical bind-
ing and use naive B cells as the primary APC. The efficiency
of the B cell as the primary APC for exogenous HBcAg is most
likely explained by the cross-linking surface-bound immuno-
globulin, whereby the B cells matures into an activated APC
[11-13]. Exogenous HBcAg has been found to be highly im-
munogenic on a B- and T helper cell level and can transfer
this immunogenicity to foreign sequences inserted into the tip
of the protruding spikes [8, 10]. Although it has been shown
that genetic immunization with HBcAg (ie, endogenously pro-
duced HBcAg) clearly induces immune responses, including
antibodies, T helper cells, and CTLs [14-18, 27], little has been
done to quantify its intrinsic immunogenicity. We have now
found that HBcAg as an endogenously produced antigen is a
comparatively poor CTL inducer.

We immediately found that although HBcAg seems quite
immunogenic at first glance, it certainly is not when the levels
of DNA are reduced. This finding is in contrast to our previous
experience with the HCV NS3/4A gene, which is highly im-
munogenic in its native or codon-optimized form [24, 28, 36].
In particular, NS3/4A DNA can prime CTLs at single doses of
<1 pg [24], whereas HBcAg is unable to do so regardless of
adjuvants or increased antigen expression.

The evidence that endogenous HBcAg is a poor immunogen
is as follows: First, the immunogenicity of HBcAg DNA drops
off rapidly between 50- and 5-ug doses when delivered intra-
muscularly, even if in vivo EP is used as an adjuvant. HCV
NS3/4A DNA effectively primes specific CTLs at a single 0.5-
pg dose when delivered by in vivo EP [24]. Second, HBcAg
DNA fails to activate IFN-y—producing T helper cells and CTLs
at intramuscular doses <5 pg, even with in vivo EP and a codon-
optimized gene. HCV NS3/4A DNA again effectively primes
these responses down to 0.5 pg [24]. Thus, when delivered
intramuscularly, with or without in vivo EP, HBcAg DNA is at

Figure 5. Dose dependency of the priming of Iytic cytotoxic T lymphocytes (CTLs) by hepatitis B virus core antigen (HBcAg) DNA. C57BL/6 mice (n
= 5 per group) were primed once with 50, 5, or 0.5 ug of wild-type HBcAg (wtHBcAg) or codon-optimized HBcAg (coHBcAg) DNA, with or without
in vivo electroporation (EP). A-C, Lytic CTL responses were determined 14 days later as the lysis of radio-labeled peptide-loaded RMA-S target cells;
values are shown as the percentage of specific lysis. wtHBcAg also effectively induces specific interferon (IFN) y—producing HBcAg-specific T cells
at high DNA doses when delivered by in vivo EP. D and £, C57BL/6 mice were primed once with 50, 5, or 0.5 ug of wtHBcAg DNA, and HBcAg-
specific IFN-y—producing responses were determined 14 days later with enzyme-linked immunospot assay. Values represent IFN-y spot-forming cells
(SFCs)/10° cells; dotted line, cutoff of 50 SFCs/10° splenocytes. Con A, concanavalin A; NM, normal medium; NS3, nonstructural 3; OVA, ovalbumin;

PHA, phytohemagglutinin; rHBcAg, recombinant HBcAg; Th, T helper cells.
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Figure 6. Codon optimization improves the ability of hepatitis B virus core antigen (HBcAg) DNA to induce specific interferon (IFN) y—producing
HBcAg-specific T cells at high doses when delivered by in vivo electroporation. A and B, C57BL/6 mice (n = 5 per group) were primed once with
50, 5, or 0.5 ug of wild-type HBcAg or codon-optimized DNA, and HBcAg-specific IFN-y—producing responses were determined 14 days later using
enzyme-linked immunospot assay. Values represent IFN-y spot-forming cells (SFCs)/10° cells (means + standard deviations); dotted line, cutoff of 50

SFCs/10° splenocytes.

least 10-100-fold less effective in T cell priming than HCV
NS3/4A DNA. With respect to other routes of administration,
HBcAg DNA was unable to induce CTLs when administered
transdermally in 3 doses of 2 or 4 pg (total dose, 6 or 12 ug;

data not shown), whereas the NS3/4A gene primes in vivo
functional CTLs transdermally after a single dose of 2 ug [32,
33]. HBcAg DNA eventually induces HBcAg-specific CTLs
when administered transdermally in 3 6-ug doses (total dose,
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Figure 7. Codon optimization improves the ability of hepatitis B virus core antigen (HBcAg) DNA to prime high frequencies of HBcAg-specific
cytotoxic T lymphocytes (CTLs), when delivered at high doses by in vivo electroporation, as determined by pentamer staining. C57BL/6 mice (n = 5
per group) were primed once with 50, 5, or 0.5 ug of codon-optimized HBcAg (coHBcAg) or wild-type HBcAg (wtHBcAg) DNA, and HBcAg-specific
CTLs were determined 14 days later using pentamer staining. FITC, fluorescein isothiocyanate. Values are given as percentages of HBcAg-specific
CD8" T cells. B, Scattergrams from analysis of cytokine production by multicolor flow cytometry to determine polyfunctionality of HBcAg-specific T
cells. Splenocytes were restimulated for 12 h with the indicated peptide pools. Pie chart shows percentages of cytokine-positive HBcAg-specific T
cells that produce interleukin (IL)-2 and/or interferon (IFN)—y. SFCs, spot-forming cells.
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18 pg) and is thus, =9-fold less efficient than NS3/4A DNA
delivered transdermally.

To better understand the inability of low doses of HBcAg
DNA to prime specific CTLs, we added CpG oligonucleotides
and preprimed HBcAg-specific T helper cells. Unlike our own
experience [28], others have suggested that gene gun immu-
nization may favor a T helper 2-like response [22, 23]. CpG
oligonucleotides have been shown to sometimes, but not al-
ways, shift a gene gun—mediated DNA immune response from
T helper 2 toward T helper 1 cells [46, 47]. Thus, in an attempt
to override the potential Th2 bias of transdermal delivery, we
coated gold beads with a mix of plasmid DNA and immune-
stimulating CpG oligonucleotides. Although the presence of
CpG oligonucleotides improved immunogenicity, with a 10-
fold increase in anti-HBc titers, it could not correct the inability
of low doses of HBcAg DNA to prime HBcAg-specific CTLs.

We found that the priming of HBcAg-specific CTLs was
dependent on CD4" T helper cells. This prompted us to in-
vestigate whether the presence of a preexisting pool of HBcAg-
specific T helper cells could correct the inability of low doses
of HBcAg DNA to prime CTLs, but this was not the case. Thus,
HBcAg seems to have an intrinsically poor ability to prime
CTLs, which is quite unexpected. We did find that increasing
expression levels a step at a time, by codon optimizing the
HBcAg gene and by introducing in vivo EP-assisted delivery,
improved the CTL priming by HBcAg. Again, surprisingly, de-
spite all of these measures HBcAg was unable to prime CTLs
effectively at low DNA doses.

The high immunogenicity exerted by exogenous HBcAg is
probably explained by a number of factors. First, HBcAg can
effectively use B cells as a primary APC [11-14]. Second, mul-
timeric capsid antigens often have a high intrinsic immuno-
genicity toward a humoral immunity. Third, HBcAg can bind
RNA, which can act as an adjuvant [48, 49]. The most im-
munogenic property of endogenous HBcAg seems to be its
ability to rapidly prime anti-HBc, although this also drops off
quite rapidly at lower DNA doses. The least immunogenic
property of endogenous HBcAg is its ability to prime CTLs,
which requires high expression levels of HBcAg mediated by
high levels of HBcAg DNA and/or improved uptake and ex-
pression. One could speculate that the poor priming of CTLs
results from intracellular processing of HBcAg that does not
favor class I presentation—for example, poor proteosomal deg-
radation and/or improper ubiquitination [50]. This will be an
interesting question to resolve.

In conclusion, we herein describe strategies to improve the
immunogenicity of endogenous produced HBcAg, which is

highly important in designing vaccine strategies for human use.
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