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(57) ABSTRACT

The present invention provides an oral DNA composition for
improving an impaired immunity associated with chronic
infection of hepatitis B virus (HBV) and for suppressing
transgene expression for a protrated period of time compris-
ing an attenuated strain of bacterial cells which preferen-
tially target phagocytic cells of the intestinal mucosa, and
which serve as a vehicle for a plasmid vector carrying one
or more genes or complementary DNA coding for at least a
portion of a hepatitis B viral protein or peptide. Given orally,
the DNA composition causes a transient and self-limiting
infection of the intestinal tract through autolysis of the
bacterial cells and release of the plasmid after gaining entry
into infected host cells. A promotor contained within the
plasmid allows for expression of the HBV gene(s) in the
eurokaryotic environment, the viral products of which help
to booster a cell-mediated immunity to clear the infection
and reverse a state of immune tolerance characteristic of
HBYV chronic infection.



Patent Application Publication Aug. 28, 2003 Sheet 1 of 19 US 2003/0162741 Al

rul 206
Pvul 5062 A t. [CMY Promoter

iHBs(S) (ayv)
BarnH| 1272

=pRc!CMY-HBs(S)
5613 bp

/ BV 3 UTR

BamHI 2184

Figure 1



Patent Application Publication Aug. 28, 2003 Sheet 2 of 19 US 2003/0162741 Al

B B vy
| | —A—P815-S|

W ——M-P

' 15000 - —8—PHA
. g —O—Medium_
£ 10000

£

& 5000 -

0. [(Fr— - .
24h 48h 72h g6h
Time post-stimulation
Figure 2
—8-M-ODV |

. —{-M-BC

100000 - —A—P815-S

£ —A—P815
B 10000 —e—M-P

;’ 1000 - —e—PHA

o —O—Medium
3 100 |
L

1 4
24h 48h 72h
Time post-stimulation

Figure 3



Patent Application Publication Aug. 28, 2003 Sheet 3 of 19 US 2003/0162741 Al

HM-ODV

60% - OM-BC

' w» | EM-P
[‘» ' B P815-S
>

_(—_J 40%

3]

o 20% -

2

0% i

30 10 3

Effector : Target ratio |

Figure 4



Patent Application Publication Aug. 28, 2003 Sheet 4 of 19

IgG

IgG1

(A) —X— Protein vaccine
—&— DNA vaccine
100000 —&— Oral DNA vaccine |
Era —O— Bacterial carrier |
T 10000 W —m—M-0DViv. i
- —O—M-BC i.v. |
= ~
s g 1000 T —&—M-ODV i.p.
g T 100 —A—M-BC ip.
r -~ —O— Unimmunized
> 10
-
1
Ow 3w 6w 9w ;
Post-immunization i
(B) OProtein vaccine |
BDNA vaccine I
2.5 ElOral DNA vaccine
o EBM-0ODV i.v. -
| 2 .
|+ EM-ODV i.p.
£
E 15
8
<
St
o
8 05 -
0

IgG2a _
Subclasses of anti-HBsAg I

Figure 5

US 2003/0162741 Al



Patent Application Publication Aug. 28, 2003 Sheet 5 of 19 US 2003/0162741 Al

- (A) . —)K—Pro_tem va.ccine
—&@—DNA vaccine
g 35888 ' —#—Oral DNA vaccine |
S 18000 - —o—Bacterial carrier
2 16000 ——M-0DV iv.
= 14000 e |-
E 12000 —3—M BCl.\.i. !
o 10000 4 —&—M-0ODV i.p. i
o 8000 4 —A—M-BC i.p. ;
% 161888 1 —O—Unimmunized |
2 .
3 2000 -
0 -
24h 48h 72h
Post-stimulation :
o (B) WPB815-S |
(7]
+ 50% OoP8i1s
S on |
T 40% |
[
'::"',-. 30% |
2 20% | .
>
-] 10% L iﬁ
= | E
(5]
3 Oryﬂ T T T ——— T E
L@ . : >
R &g I S e
R & o S QQ ‘!\Q 0 \ij &
& T & Y W €
| ] 0{@ o)

Figure 6



US 2003/0162741 Al

Patent Application Publication Aug. 28, 2003 Sheet 6 of 19

Figure 7



US 2003/0162741 Al

Patent Application Publication Aug. 28, 2003 Sheet 7 of 19

(A)

Figure 8



Patent Application Publication Aug. 28, 2003 Sheet 8 of 19 US 2003/0162741 Al

3

Figure 9



Patent Application Publication Aug. 28, 2003 Sheet 9 of 19 US 2003/0162741 Al

"( A') © —e—Protein vaccine
——DNA vaccine
—_ 3000 - —&— Oral DNA vaccine
=] —O— Bacterial carrier
c:_) 2500 - —¥— Unimmunized
- _
é 2000
= 1500
=
|
E 000
= 500 -
w
0 3 6 9 12
Weeks post-immunization
oy —&—Oral DNA vaccine
(B) —O—Bacterial carrier
%« 3000
+ 2500
E
é 2000
5 1500
£ 1000 -
=]
5 500 -
75
0 I S : . .
0 1 2 3 4
Weeks post-immunization

Figure 10



US 2003/0162741 Al

Patent Application Publication Aug. 28, 2003 Sheet 10 of 19

Week 4

Week 3

Week 1

Figure 11



Patent Application Publication Aug. 28,2003 Sheet 11 of 19  US 2003/0162741 Al

(A")

80

60

40

20

0

I —&®—HBsAg vacclﬁcm_
(A) —— DNA vaccine
250 - —k— Oral DNA vaccine

=O— HRacterial carrier
—X¥— Unimmunized

Serum anti-HBs (mIU/ml

50 4
! i} > < —
5‘ 0 3 6 9 12
i Weeks post-immunization
S ) T Gnase
EADNA
hd W Oral DNA vaccine
1.2
=]
i 1.0
E 0.8 i
ol l
g 0.6
=) !
g 04 |
0.2
0.0 .

IgG1 1gG2

Subtypes of serum anti-HBs |

Figure 12



Patent Application Publication Aug. 28,2003 Sheet 12 of 19  US 2003/0162741 Al

Figure 13

Q. . - .
0 ]  —e—macrophages infected with S. typhimurium
+macr§phages infected with S. typhimurium
pRc/CMV-HBs(S)
030 A 293 cells transfected with distilled water
A 293 cells transfected with pRe/CMV-
HBs(S)
o
¢
5 0.20 4
o
0.10 4
. —0
0.00 T » .
24h 48 h 72h

Time of Assay



Patent Application Publication Aug. 28,2003 Sheet 13 of 19  US 2003/0162741 Al

0.D. 492

0.6 4

Figure 14A
05 -
B M. pRe/CMV-HBs(S)
' mOral 8. typhimurium pRWCMV-HBs(S)
04 @LP. Recombinant HBsAg Vatgine
® Control Group
0.3 -
0.2
0.1 L '
IgM G 1gG2a IgGl
Type of Antibody
27 Figure 14B
L8 - -
®IM. pRe/CMV-HBs(S)
L6 4 B Oral 8. typhimurium pRe/CMV-HBs(S)
14 AL P. Recombinant HBsAg Vaccine
e % M Control Group

a
=
a
o

IgM IgG 1gG2a 1gG1

" Type of antibody



Patent Application Publication Aug. 28,2003 Sheet 14 of 19  US 2003/0162741 Al

Figure 15

100.00 4
—+—LM. pRe/CMV-HBs(S)
3 .
—#—Qral S, typhimurium pRe/CMY-HBs(S)
75.00 4 ——[.P. Recombinant HBsAg Vaccine
~e— Control Group
kd 50.00 -
-
(]
b=}
g
&
£ 25.00
i
000 ‘T_I_ T + T + T - T T - 1
8 E S 3 S &
= ~ - 1=
-25.00 4

E:T Ratio



Patent Application Publication Aug. 28,2003 Sheet 15 of 19  US 2003/0162741 Al

Figure16A
125 4
H® .M. pRe/CMV-HBs(S)
£5 Oral . typhimurium pRe/CMV-HBs(S)
1.00 4 B 1P. Recombinant HBsAg Vaccine
' M Control Group
0.75 4
=
W
-
/A
<
0.50 4
0.25 4
Time of Assay
150 Figure1iéB
BIMpRC/CMV-HBs(S)
G Oral S. typhimurium pRe/CMV-HBs(S)
1.25 4 @[ P. Recombinant HBsAg Vaccine
¥ Control Group
1.00 4
=
<
g 0.75 1
Q
0.50 1 I
0.25 %
0.00 | SANR . — : - - % —
24h 43 h 72h

Time of Assay



Patent Application Publication Aug. 28,2003 Sheet 16 of 19  US 2003/0162741 Al

Figure 17

5 6 8 B

e}

Serum HBsAg concentration
{ng/mi £ SD)




Patent Application Publication Aug. 28,2003 Sheet 17 of 19  US 2003/0162741 Al

Figure 18

Levels of anti-HBs (mIU/ml)




Patent Application Publication Aug. 28, 2003 Sheet 18 of 19

Figure 19

(A)

RN

X

>

% specific lysis (+SD)
7

NN

AR
AT

LR THIR AR

I,

Y

N

Il

7

i

0 10 3
Effector:Taget Ratio

(B)

-
o
(e ]
(o]

80%
70%
< 60% -
50% -
o 40%
S 30% -
20% 1
10%
0% -

i

(+Sb)

ysis

% specifi

100 30 10 3
Effector: Taget Ratio

US 2003/0162741 Al

m HBsAg

gic
IC+sDNA

8 sDNA

0O Unimmunized

03

mHBsAg

gic

IC+sDNA

2 sDNA

0O Unimmunized

0.3



Patent Application Publication Aug. 28, 2003 Sheet 19 of 19 US 2003/0162741 Al




US 2003/0162741 Al

ORAL DNA COMPOSITION FOR HEPATITIS B
VIRUS CHRONIC INFECTION

FIELD OF THE INVENTION
[0001] The present invention relates 1o an oral DNA
composition (ODV) for ameliorating an impaired immunity
in individuals who are chronically infected with hepatitis B
virus (HBV). The oral DNA composition serves o booster
immunity against HBV, improve the immune deficits asso-
ciated with the disease and clear the infection.

BACKGROUND OF THE INVENTION

[0002]  The World Health Organization (WHO) estimated
that there are 350 million people world wide, who are
chronically infected with the hepa B virus (HBV) [1].
These individuals have a high risk of developing liver
cirrhosis and liver cancer. In addition, being the only sig-
nificant reservoir for HBV, these individuals also pose as a
significant public health hazard. None of the treatments
presently available for chronic HBV infection can clear the
virus from these individuals and are only moderately effec-
tive in reducing virus replication [2-5].

[0003] The idea that HBV infection may be cleared
through immune intervention is based on findings that acute
self-limited HBV infection evokes vigorous, polyclonal T
helper cell (Th) and cytotoxic T lymphoeyte (CTL)
responses against viral capsid and envelope antigens, lead-
ing to the clearance of the virus from the body. On the other
hand, chronic HBV infection is associaled with weak Th
responses of a restricted spectrum of antiviral specificity and
usually undetectable virus-specific CTL activity [6]. These
findings suggested that an intact cell mediated immunity is
the chiel determinant of virus clearance and provided the
rational basis for immune intervention of chronic HBV
infection with the view to booster cell mediated immunity
(CMI) against the virus in order to clear the infection [7].
The contention was further supported by findings from bone
marrow transplantation showing that adoptive transfer of
bone marrow cells from donors, who had acquired intact
immunity against the virus from natural infection, can
improve the immune deficits of the chronically infected
recipients and thereby clear the infection [8].

[0004] Based on the above, candidate vaccines, or other
means of immune intervention, for the treatment of chronic
hepatitis are selected initially for their capacity to evoke a
vigorous CMI in mice and they are further assessed in
transgenic mice harboring part or a whole of the HBV
genome. Expression of the viral transgene during the embry-
onic stage apparently had induced a state of immune toler-
ance in these animals, which is similar 1o that condition
which prevails in chronically infected humans [9]. Since
there is no animal that can be chronically infected with HBY,
these animals are commonly used as a convenient model 10
assess efficacy of experimental vaccines for the treatment of
chronic HBV infection [9-11]. Those experimental vaccines
having the capacity to (1) evoke a vigorous CMI in immune
competent mice, (2) reverse the state of immune tolerance,
and (3) suppress transgene expression in the HBY transgenic
animals, are considered to be potential candidate vaccines
for immune intervention of chronic hepatitis B infection in
humans.

[0005]  Current HBV vaceines are protein vaccines, made
up of recombinant HBV surface antigen (HbsAg). They
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generally evoke a vigorous antibody response and are effec-
live in preventing the infection, but they do not evoke a
vigorous CMI response considered to be suitable for the
treatment of chronic infection, The capacity of protein
vaccines o evoke a CMI response was enhanced by mixing
the recombinant HBV vaccine with an optimum quantity of
antibody [12]. The resulting immune complex vaccine
evokes a more vigorous CMI response in immune competent
mice than the parent recombinant vaccine and it also breaks
the state of immune tolerance prevailing in transgenic mice
[13]. However, the level of immunity induced by the
immune complex vaccine was not sufficient to additionally
S'I.IPI)T\:R"G IFHI'I.‘-GgC'I'JL: cxpn:h:si(m.

[0006] An alternate approach has been to develop DNA
vaceines for treatment of chronic HBV infection. The DNA
vaccines evoke a more vigorous CMI than the protein
vaccines in immune competent mice and they possess the
capacily to break immune tolerance prevailing in HBV
transgenic mice, but generally they too are incapable of
suppressing transgene expression [10, 13-16]. The only
known exception was one study described by Mancini et al.
[17] however, it could not be ascertained whether the
suppression obscrved in this study was induced by vacci-
nation or whether it occurred spontaneously in the particular
strain of transgenic mice used in their study. As best as can
be determined, the only instance when suppression of trans-
gene expression was indeed induced by vaceination was one
which made use of a combination of the immune complex
vaccine and DNA vaccine through repeated administration
of both vaccines [13].

SUMMARY OF THE INVENTION

[0007] Itis an object of the present invention to provide an
oral DNA composition for improving an impaired immunity
associated with chronie infection of hepatitis B virus (HBY)
and for suppressing transgene expression for a protracted
period of time. According 1o the present invention, there is
provided an oral DNA composition for improving an
impaired immunity associated with chronic infection of
HBV and for suppressing transgene expression for a pro-
tracted period of time comprising:

[0008] an attenuated strain of bacteria which prefer-
entially targets phagoeytic cells, wherein cells of the
bacterial strain are transformed by a plasmid vector
comprising:

[0009]  one or more genes, or complementary DNA
thereof, coding for at least a portion of a hepatitis
B viral protein or peptide or antigenic portion
thereof;

[0010] a promoter operably linked 1o the gene or
complementary DNA  permitting  expression
thereof in an eukaryotic environment; and

[0011] an auxotrophic mutation which causes the
cells of the bacterial strain to undergo autolysis
once they have gained entry into the phagocytic
cells; and

[0012]

[0013] According to another aspect of the present inven-
tion, there is provided a process for inducing a cell-mediated
immune response in a chronically infected HBV carrier
comprising:

a pharmaceutically acceptable carrier,



US 2003/0162741 Al

[0014] orally administering to the HBV carrier an
cffective amount of an atlenuated bacterial strain
which preferentially targets phagocytic cells of the
intestinal mucosa, wherein cells of the bacterial
strain undergo autolysis when taken up by the phago-
cylic cells, thereby causing release of a plasmid
vector contained therein which is capable of express-
ing at least a portion of a HBV genome in an
cukaryolic environment; and

[0015] inducing a cell-mediated immune response in
the HBV carrier and suppressing HBV esxpression.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The invention will now be described in greater
detail with reference to the drawings in which:

[0017] FIG. 1 is a schematic representation of the struc-
ture of a HBsAg-expressing plasmid pRe/CMV-HBs (S)
comprising the plasmid vector, pRe, that harbors the CMV
promotor linked to the vaccine gene (HBs (8)) that encodes
the hepatitis B virus (ayw) surface antigen.

[0018] FIG. 2 illustrates a Lymphocyle proliferation assay
in which three mice immunized intramuscularly with 3
doses of DNA composition every 3 weeks and the animals
were sacrificed on week 8. Splenocytes harvested from the
immunized animals were seeded in triplicate microtiter
plates cultures containing 5x10%well. The cultures were
stimulated with peritoneal MF infected with ODV (M-0ODV)
or the carrier bacteria (M-BC); or MF that had been loaded
with purificd HBsAg (M-P). The immune splenocyles were
also stimulated with irradiated P815-S, P815 or PHA respec-
tively; or cultured without any stimulant as the control
(Medium). The cul were 1 :d for the indicated
times and then labeled for a further 16 hours with [*H]
thymidine. Lymphoeyte proliferation indicated by mean
epm of [*H] thymidine incorporated by these cultures were
compared with that obtained with control unstimulated
cultures.

[0019] FIG. 3 illustrates an IFN-y induction assay for the
determination of HBsAg specific Th 1 cells. An ELISA was
carried out to determine IFN-y contenis in supernatants
collected at the indicated times from the same stimulated
and unstimulated immune splenocyte cultures as described

in FIG. 2.

[0020] FIG. 4 illustates a HBsAg specific Cytotoxic T cell
precursor assay. The HBsAg immune splenocyles were
co-cultured for 3 days with M-OVD, M-BC, M-P or irradi-
ated P815-S at effector:stimulator ratio of 20. The cells were
incubated further for 4 days in the presence of 25 [U/ml of
murine rll.-2. Cytotoxicity against P815-S targets were
determined for the stimulated immune splenocyles by a
standard four-hour calcein release assay in triplicate at
effector:target ratios between 30 and 0.3,

[0021] FIG. 5 illustrates serum anti-HBs responses to
vaccination. Nine groups of five Balb C mice cach were
immunized with indicated immunogens. Serum samples
were laken on the indicated times for determination of
HBsAb as in (A). The samples taken on week 9 were further
analyzed for contents of different subclass of the antibody as
in (B).

[0022] FIG. 6 illustrates Th 1 and CTL responses 1o
vaceination. Balb/C mice were vaccinated as in FIG, 5 and
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sacrificed on week 9 after vaccination. Splenocytes from the
animals were cultured at 5x10°/ml in the presence of 10
mg/ml of purified protein HBsAg. The supernatants were
taken at indicated times and measured for the seeretion of
IFN-y by ELISA (A). The cultures were further incubated
for an additional 4 to 5 days in the presence of 25 IU/ml of
rlL-2. The eylotoxic activitics in these cultures were deter-
mined by CTL assay (B).

[0023] FIG. 7 illustrates immunohistochemical staining of
HBsAg expressed in liver sections from oral DNA vacci-
nated and bacterial carrier vaccinated HBs-Tg mice. Liver
sections from HBs-Tg mice sacrificed 12 weeks after receipt
of the oral DNA composition (A) or the bacterial carrier (B)
were stained using the DAKO immunohistochemical kit to
determine expression of the HBsAg transgene in hepato-
cyles (original magnification x100). Note that all hepato-
cytes from the animals given bacterial carrier were positive
for HBsAg (B, 4-A 1o -E) but the section from a normal
B57/6) mouse was negative for the viral antigen (B, N—C).
The liver tissues of oral DNA vaccinated mice (A, 3-Ato -LE)
showed patchy expression of the viral antigen. There was a
preponderance of eytolytic or necrotic HBsAg positive liver
cells (<=) and HBsAg negative hepatocytes (<=) in the liver
section from one oral DNA vaccinated mouse which died of
fulminent hepatitis on day 13 post-vaccination (A, 3-F).

[0024] FIG. 8 illustrates histopathological analysis of
liver sections from oral DNA vaccinated (A) and bacterial
carrier vaccinated (B) HBs-Tg mice. Liver sections were
prepared from the mice as described in the legend of FIG.
5 and stained with H&E (original magnification x100). The
section from the mouse that died of fulminent hepatitis on
day 13 post-immunization exhibited intense lymphocytic
inflammation with prominent eosinophic liver cell degen-
eration. Liver tissues from the other animals showed mini-
mum or no pathology.

[0025] FIG. 9 illustrates oral DNA composition induced
an early hepatitic flare in HBs-Tg mice. Liver sections were
taken from oral DNA vaccinated mice (3) and their bacterial
carrier controls (4) at the indicated weeks and stained by
H&E (original magnification =200). Intense focal inflam-
mation accompanied by cosinophilic liver cell degeneration
developed 2 weeks after receipt of the oral DNA composi-
tion (b & j). Inflammation subsided with scanty eosinophilic
liver cell degeneration on week 3 (c), and minimum pathol-
ogy was scen on week 4 (d). Mild focal inflammation with
scanty cosinophilic hepatocyte degeneration was seen in
bacterial carrier control animals 2 weeks after immunization
() and subsequent liver samples showed minimum pathol-
ogy (g & h).

[0026] FIG. 10 illusirates serum ALT levels in different
groups of immunized HBs-Tg mice. Five groups of HBs-Tg
mice were respectively immunized with indicated immuno-
gens and the serum samples were collected at 3-week
intervals (A). Serum samples were also obtained at 1-week
intervals from two groups of 12 HBs-Tg mice cach in the
first 4 weeks after vaccinated with the oral DNA composi-
tion or the bacterial carrier (B). Average and SD values of
serum ALT levels are shown for the indicated weeks after
vaccination.

[0027] FIG. 11 illustrates oral DNA composition induced
an early suppression of transgene in HBs-Tg mice. Liver
sections were laken from oral DNA vaccinated mice (3) and
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their bacterial carrier controls (4) at the indicated weeks and
examined for HBsAg expression by immunohistology
(original magnification x200). Immunohistology revealed a
marked suppression of HBsAg expression at week 2 after
received oral DNA vaccination (j), and substantial propor-
tions of liver cells in positive liver cells (<= or —) and
apparently normal HBsAg negative hepatocytes (1 or |)
were found in these samples. While most liver cells from
control animals were positive for HBsAg (m to p).

[0028] FIG. 12 illustrates serum anti-HBs levels and
antibody subtypes in different groups of immunized HBs-Tg
mice. Groups of HBs-Tg mice were respectively immunized
with the indicated immunogens (A). Another set of HBs-Tg
mice was immunized with either the oral DNA composition
or the bacterial carrier (A'). Average and SD values of
anti-HBs levels are shown for the indicated weeks post-
vaccination. The subtypes of the antibodies in positive
samples obtained at week 12 were presented as OD value
+5D (B).

[0029] FIG. 13 illustrates HBsAg levels (0.12.450) in the
lysates of 293 cells transfected with pRe/CMV-HBs(S)
harvested at 48 h posi-transfection and  macrophages
infected with 8. typhimurium pRe/CMV-HBs(S) harvested
al 24, 48, and 74 h post-infection,

[0030] FIG. 14 illustrales serum  antibody  levels
(0.D.492) at (A) day 7 and (B) day 21 in Balb/c mice
immunized with intramuscular pRe/CMV-HBs(S), oral live-
attenuated S. ryphimurium, transformed with pRe/CMV-
HBs(S), intraperitoneal recombinant HBsAg, and oral live-
ted S, ryphi ]
[0031] FIG. 15 illustrates CTL response of Balb/c mice
immunized with oral live-attenuated S. typhimurium, intra-
muscular pRe/CMV-HBs(S), oral live-attenuated S. ryph-
imuritm transformed with pRe/CMV-HBs(S), and intrap-
eriotoneal recombinant HBsAg using P815 cells expressing
HBsAg (P8155) and P815 cells not expressing HBsAg
(P815N) as targets. Mice immunized orally with live-attenu-
ated 8. ryphimurivm ransformed with pRe/CMV-HBs(S)
showed significantly stronger CTL response than mice
immunized intraperitoneally with recombinant HBsAg
(p=0.01 at E:T ratio of 100:1), while comparable 10 mice
immunized with intramuscular pRe/CMV-HBs(S) at all E:T
ratios.
[0032] FIG. 16 illustrates (A) Interleukin-4 and (b) IFN-y.
levels (0.D.450) of splenic cell culture supernatant at 24, 48,
and 72 h in Balb/c mice immunized with intramuscular
pRe/CMV-HBs(S), oral live-att ted S nypl ium
transformed with pRe/CMV-HRBs(S), intraperitoneal recom-
binant HBsAg, and oral live-attenuated S. ryphimurium.
[0033] FIG. 17 illustrates serum HBsAg levels in different
groups of immunized transgenic mice. Groups of mice were
separately immunized intramuscularly with HBsAg 2
pg/mouse (), HBsAg-anti-HBs complex containing 2 ug
HBsAg/mouse, abbreviated as 1C (), 1C containing 2 ug
HBsAg combined with 100 ug of naked plasmid DNA with
S gene/mouse, abbreviated as IC-sDNA (), 100 g of naked
plasmid DNA with S gene/mouse ( ) at 3-week intervals for
four injections, and unimmunized control (x). Average and
5.D. of serum HBsAg levels are presented as assayed on
different weeks after immunization.
[0034] FIG. 18 illustrates serum anti-HBs antibody levels
in different groups of immunized transgenic mice. Groups of

T,
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mice were separalely immunized intramuscularly as indi-
cated in the deseription of FIG. 1. Average and S.D. of
anti-HBs antibodies are presented as assayed on different
weeks afler immunization,

[0035] FIG. 19 illustrates a CTL response in different
immunized groups. Groups of mice were separately immu-
nized with HBsAg, IC, ICsDNA or s-DNA. Mice were
boosted 7 days prior to being sacrificed and T cells from
mouse spleens were stimulated with HBsAg and further
expanded by incubation with TL-2. Target cells used were
splenocytes of normal C57/6) mice infected with Vac-
HBsAg virus (A), while splenocyles infected with vaccinia
virus (B) served as control, Percentages of specific eyiolysis
at effector cells/target cells (ranged from 100/1 to 170.3/1)
are presented in HBsAg immunized group, [C immunized
group, 1C-sDNA immunized group, s-DNA immunized
group and unimmunized group.

[0036] FIG. 20 illustrates an immunohistochemical stain-
ing of HBsAg expressed in liver section of IC-sDNA immu-
nized and unimmunized control transgenic mice. (A) Liver
sections of five transgenic mice which were immunized with
IC-sDINA (as indicated in the deseription of FIG. 1) intra-
muscularly for four injections at 3-week intervals, sacrificed
at week 15 and were stained for HBsAg by Dako immuno-
histochemical kit. In short, sections were first stained with
goat anti-HBsAg overnight, followed by reacting with rabbit
anit-goat biotinylated antibody for 30 min., washed and
further reacted with streptavidin-HRP-conjugate for another
30 min. and finally, the substrate for horse radish peroxidase
was added. Compared to the unimmunized control mice, in
two oul of the five immunized mice, HBsAg positive hepa-
tocytes were observed. NC was a liver section from a normal
control mouse. (B) Liver sections from six unimmunized
control transgenic mice.

DETAILED DESCRIPTION OF THE
INVENTION

[0037] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Generally, the nomenclature used herein
and the laboratory procedures in cell culture, molecular
genetics, and nucleic acid chemistry described below are
those well known and commonly emploved in the art.
Standard techniques are used for recombinant nucleic acid
methods, cell culture and transformation. As employed
throughout the disclosure, the following terms, unless oth-
erwise indicated, shall be understood to have the following
meanings:

[0038] Vaccine gene according to the present invention
means one or more genes or complementary DNA
coding for at least a portion of a hepatitis B protein or
peptide, or an antigenic portion thereof.

[0039] Vaccine plasmid according to the present inven-
tion means a plasmid carrying one or more genes or
complementary DNA coding for at least a portion of a
hepatitis B protein or peptide, or an antigenic portion
thereof, and which is capable of being expressed in an
eukaryotic environment.

[0040]  According to the present invention, there is pro-
vided an oral DNA composition, which in a single dose, can
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break HBV immune tolerance prevailing in transgenic mice
and evoke a vigorous CMI response in these animals gov-
erned by long term suppression of transgene expression
[18]. The oral DNA composition comprises two principle
component parts: (1) an attenuated strain of bacteria; and (2)
a plasmid vector that comprises one or more genes or
complementary DNA coding for at least a portion of a
hepatitis B protein or peptide, or an antigenic portion
thereof, which is capable of transforming cells of the bac-
terial strain. Two features inherent to the oral DNA compo-
sition and its use thereof which render this composition
more efficacious than presently known vaccines are: (1) the
carrier bacteria which has the capacity to deliver the vaceine
gene lo professional antigen-presenting cells in the intestine;
and (2) the plasmid vector which has the capacity to enable
expression of the vaccine gene alter it has been delivered to
the cells of the intestine, Given orally, the oral DNA com-
position causes a transient and self-limiting infection of the
intestinal tract. Efficacy of the oral composition is atiributed
to the following features: (1) the capacity of the carrier
bacteria 1o deliver the vaccine plasmid preferentially to
phagocytic cells, including those residing in the intestinal
mucosa, and inflammatory cells recruited to the site in
response to the infection; (2) a mutation that causes the
bacteria to undergo autolysis after it has gained entry 1o the
cells thereby releasing the vaccine plasmid into the infected
cells; and (3) a CMV promotor contained within the vaccine
plasmid that allows expression of the vaccine gene in an
eukaryotic environment of the infected cells.Thus, unlike
other vaccines, immunization using the oral DNA compo-
sition of the present invention essentially renders a process
of infection in a similar manner to that which immunity is
acquired in natural infection. Accordingly, it is the particular
combination of the carrier bacteria and the plasmid vector
which renders the oral DNA composition efficacious for
treatment of chronic infection with hepatitis B virus. It is
believed that the lack of one or both of these features makes
other known vaccines less effective at reversing the state of
immune tolerance when compared to the oral DNA compo-
sition of the present invention. It is expected that the
combination of the same features would be important in
development of vaceines for treatment of chronic infections
caused by viruses other than HBV, such as hepatitis C virus
(HCV) and human immunodeficiency virus (HIV).

[0041] The bacterial strains used are Salmonella typhimu-
rium strain 87207 or Salmonella typhi strain Ty21a, both
developed by Dr Stocker. The bacterial strain, Ty21a, is
commercially available as a typhoid vaccine. The vaccine
plasmid pRe/CMV-HBs(S) was developed by Dr Wheland
as an experimental DNA vaccine for HBV infection. The
oral DNA composition is formulated by transforming the
bacteria with the vaccine plasmid by standard protocol. The
combination of the two components has resulted in a new
composition, which can be administered orally and which, in
a single dose, can suppress HBV transgene expression in a
strain of HBV transgenic mice,

[0042] The transgenic mice exhibited a state of immune
tolerance to HBV that models the immune status of humans
who are chronically infected with the virus. Because there is
no animal model of chronic HBV infection, HBV transgenic
mice are commonly used 1o assess experimental vaccines o
determine if they are potentially suitable for treatment of
chronic HBV infection in humans. As can be ascertained, no
other vaccine developed to date has been shown to be
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capable of suppressing transgene expression in such model.
The capacity of the oral DNA composition to effect long
lerm transgene suppression makes it an effective composi-
tion for treating chronic HBV infection of humans and
breaking the immune tolerance characteristic of the disease.

[0043]  The oral DNA composition evoked a vigorous Th
1-type response in these animals and the development was
temporally related to onset of suppression of iransgene
expression in liver tissue. This suggested that suppression
was primarily brought about by immune, rather than innate,
mechanisms. The contention is supported in control animals
given the carrier bacteria. The bacteria also activated innate
mechanisms, however it did not effect suppression of trans-
gene expression.

[0044] Immune response evoked by other vaccines, espe-
cially the DNA vaceine, that failed to suppress transgene
expression differs only quantitatively from that evoked by
the oral DNA composition. This suggests that the vigorous
Th1 type immune response evoked by oral composition is an
important determinant of its efficacy for treatment of chronic
infection with hepatitis B virus,

[0045]  As can be ascertained, the oral composition is the
first of its kind discovered that can effect suppression of
transgene expression for protracted period of time. Hence,
our claims pertain to formulation of oral DNA composition
for the treatment of chronic infection with hepatitis B virus,
specifically, and the same or similar vaccine formulation for
the treatment of chronic infections with other viruses gen-
erally.

[0046] The following examples are provided to describe in
detail some of the representative, presently preferred meth-
ods and materials of the invention. These examples are
provided for purposes of illustration of the inventive con-
cepts, and are not intended to limit the scope of the invention
as defined by the appended claims.

Example 1

Component Parts, Formulation and Mode of
Operation of Oral DNA Composition for Treatment
of Chronic HBV Infection (ODV)

[0047]

[0048] The oral DNA composition is made up of two
component parts; these are a vaccine plasmid contained in a
strain of carrier bacteria. The vaccine plasmid, pRe/CMV-
HBs(8), was developed by Dr 1 Wehland [17,20]. As
depicted in FIG. 1, it comprises the plasmid vector (pRc)
that harbors a CMV promotor linked to the vaccine gene
encoding HBsAg (5). This and such similar vaccine plasmid
constructs provide for the vaccine gene 1o be amplified in
suitable bacterial hosts and for the viral antigen it encodes o
be expressed in eukaryotic cellular environment.

[0049] The carrier bacteria used was an attenuated strain
of Salmonella typhi (S. ty 21a), a strain used to produce the
commercial oral typhoid vaccine, or an attenuated strain of
Sal Ha typhimurium [S. typhimurium 2337-65 deriva-
tive hisG46, DEL 407 [aroA:Tn10{Te-s}], referred hitherto
as Salmonella typhimurium aroA strain SL 7207, Both
strains, developed by Dr B Stoker [19], are established
intracellular parasites adept to infect the intestinal tract,
whereby the bacteria is taken up preferentially by lymphoid

Component Parts
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cells present in the intestinal mucosa, including APC. Both
strains had been attenuated, carrying auxotrophic mutations
that causes them to undergo autolysis once they have gained
entry into host cells,

[0050] Formulation and Mode of Operation

[0051] The oral DNA composition (ODV) was produced
by transforming the carrier bacteria with the HBV vaccine
plasmid according to standard protocol. The composition is
given orally or through incubation. The intestinal infection
ensuing is transient and self-limiting because of the auxo-
tropic mutations. The infection nevertheless serves to
deliver the vaccine plasmid into intestinal cells, especially
lymphoid cells, which include those that are already present
in the intestinal mucosa, and inflammatory cells recruited to
the site in response to the infection. The vaccine plasmid is
released inside the infected cells upon autolysis of the carrier
bacteria and the CMV promotor contained in the plasmid
vector allows the viral antigen to be produced in the envi-
ronment of the infected cells. Some antigen produced by the
infected cells is subsequently processed and presented on the
cell surface as T cell epitopes, whereas other antigen is
secreted as free antigen. Immunization is effected directly by
the infected cells as well as antigen secreted by the cells.

[0052] The formulation of ODV and its mode of operation
is fundamentally different from that of other vaccines in that
immunization is brought about by infection. Immunization
achieved by this means is more akin to the way immunity is
naturally acquired than with other vaceines and as a result,
has a greater likelihood of mobilizing a more extensive
range of components of the immune system in the process.
As will be shown in subsequent examples, an outstanding
feature of ODV is its capacity to evoke a more vigorous CMI
response than can be achieved by conventional vaceines,
and it is the only composition known to-date that can also
effect long term suppression of HBV expression in trans-
genic mice.

Example 2

Antigenic Activity of ODV Expressed by
Macrophage

[0053]  Efficacy of the oral composition was first assessed
in experiments carried out in Balb/C mice. One type of
experiment was designed 1o assess the capacity of the oral
composition to infect peritoneal macrophages cells and the
extent to which the vaccine gene is expressed, processed and
presented by the infected cells. In these experiments, peri-
toneal macrophages were harvesied as adherent cells from
these animals according to standard protocol. The cells were
infected with the vaceine bacteria or control bacteria carrier
at a ratio of 10 bacteria w0 1 macrophage. The cells were
washed, treated with 50 ug per ml of gentamycine to kill the
residual extra cellular bacteria and then incubated for 16
hours in medium containing 10 ug per ml of tetracycline to
inhibil bacterial growth. As a comparison, the cells were
incubated for 2 hr with 10 gg per ml of purified HBsAg. An
additional control included the P815 cell line and the same
cell line transfected with the HBsAg gene (P815-8).
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[0054] Table 1 shows that high levels of the viral antigen
were detected in the culture supernatant and cytosol of
P815-8, and the cells showed positive immunostaining for
the viral antigen. On the other hand, the viral antigen was
detected at low levels in the eytosol of macrophages infected
with the oral composition (M-ODWV), but not in the culture
supernatants, and the cells showed a negative immunostain-
ing for the viral antigen. The control cells, including mac-
rophage infected with the bacterial carrier (M-BC) or treated
with phytohemeagglutinin (M-PHA) and the parental 815
cells (P815), were similarly tested and gave a negative
immunostaining for the viral antigen, and did not show
detectable expression or secretion of the viral antigen.

TABLE 1
Expression and ion of oral DNA position by
peritoneal macrophages,
Expression Presentation of T cell epitopes®
ELISA" Immune Prolifer-
ng/ml staining  ation  [FN-y [L-4 CTL
Lysate Supernatant s pg/ml pgml m ET
M-ODV 28 — — 16.7 39165 2 3
M-EBC — — — 11 10 0 =30
M-F NA NA NA 6.3 21318 2 3
P815-8 870 328 a0 4.2 90 1 10
Pa1s — — — 11 4 1] NA
FPHA NA NA NA 16.3 38135 1 NA

Peritoneal MF were infected with a live oral DNA compesition (M-ODV)
or the carrier bacteria (M-BC). The contents of HBsAg in the cell lysates
and culture supernatants were determined by ELISA. Immunostaining
using a HBsAg specific antiserum was carrier out on cell smears to assess
reactivity of these cells for the virl anitgen. Presemation of the HBsAg
specific T cell epitope by these cells were assessed by the capacity of
these cells to stimulate splenocytes from Balb-C mice previously immu-
nized with HEV DNA vaccine by the following assays: These are the cell
proliferation assay as described in FIG. 2; the assays for HBsAg induced
elaboration of gamma interferon and respectively, as in FIG. 3; and
the HBsAg specific cylotoxicity assay in FIG. 4. The results were com-
pared with the effects of MF, which had been loaded with purified HBsAg
by incubating these cells with 10 mg/ml of purified protein (M-F): PS15
cell line and P815 cell that harbors the same as contained (P1855) S; as
well as the effects of a T cell mitogen, PHA, on the same immune spleno-
cytes.

[0055] The M-ODV was tested in further experiments to
determine if it processes and presents the viral antigen to
immune T cells. The immune cells used in these experiments
were derived from spleen cells of mice, which were previ-
ously immunized with 3 doses of 100 pg of the vaccine
plasmid each. The DNA vaccine was given intramuscularly
1o the tibialis anterior muscle at 3 weekly intervals, and the
animals were sacrificed 2 weeks after the final dose. FIG. 2
showed that recognition of antigen presented by M-ODV
stimulated a vigorous proliferation of the immune cells to an
extent that was comparable 1o the stimulatory effects of the
T cell mitogen, phytohemeagglutinin (PHA), and surpassed
the stimulatory effects of PRI5S and macrophages that had
been loaded with purified recombinant HBsAg (M-F). While
the M-BC and P815 were not stimulatory, proliferation of
immune spleen cells treated with these cells was similar to
the unstimulated medium control.

[0056] Recognition of the viral antigen by the Thl sub-
population of immune T cells was determined by the gamma



US 2003/0162741 Al

IFN ¢laboration assay as shown in FIG. 3. The results
showed that M-ODV and PHA stimulated a vigorous elabo-
ration of cytokine, while P815 and M-P showed moderate
stimulatory effects. The controls were not stimulatory for the
immune spleen cells.

[0057] Recognition of the viral antigen by cytotoxic T
cells (CTL) was determined by the CTLp assay shown in
FIG. 4. In this assay, CTL precursors contained in the
immune cells were first stimulated to proliferate and differ-
entiate into functional cytotoxic cells. Target cells previ-
ously labeled with Calcein AM were then mixed with a
graded number of the stimulated immune cells (effector).
The level of cytotoxicity is measured as the lowest number
of the stimulated immune cells required 1o effect 20%
specific lysis of the target cells. The results show that
immune cells which had been stimulated with M-ODV, M-P
or PR15-5 are similarly cytotoxic for the P815-S target and
those stimulated with M-BC were not cylotoxic, suggesting
that the stimulation was specific for HBsAg,

[0058] Table 1 summarized expression and presentation of
HBsAg by mouse peritoneal macrophages infected with
ODV. The results confirmed that the vaccine gene was
delivered into macrophage by the carrier bacteria through a
process of active infection, and that the macrophage had
undergone autolysis thereby releasing the wviral gene. It
would appear that the viral antigen expressed was efficiently

the infected cells stimulated a vigorous proliferation of
immune T cells to an extent that was comparable to the
stimulatory effect of the common T cell mitogen, PHA. The
infected cells were recognized also by HBsAg specific Thl
cells and CTLp, stimulating an active elaboration of gamma
IFN by the former and the development of functional
HBsAg specific CTL by the latter. On the other hand, they
did not appear to be stimulatory for Th2 as to induce
elaboration of 1L.-4. Moreover, it would seem that while
most of the viral antigens expressed were processed through
the Thl pathway, free antigen was detected only at low
levels in the cytosol, but there was no detectable secretion of
the antigen in the culture supernatants. This was in contrast
to P815-8, which actively secreted the viral antigen in the
culture supernatant, whereas processing and presentation of
which as T cell epitopes appear 1o be less efficient than
M-0DV. Consequently, free antigen was detected at high
levels in cytosol and culture supernatants, but these cells
were less stimulatory for the immune T cells. The stimula-
tory effects of M-P on immune T cells and the different
subpopulations were intermediate between M-ODV and

P815-S.

[0059] In summary, results of the above-described experi-
ments highlight the following features regarding the ODV:
(1) the carrier bacteria provides an effective means to deliver
and release the vaccine plasmid into host cells; (2) subse-
quent expression of the vaccine gene in the eukaryotic
environment of the host cells into HBsAg is under the
direction of the CMV promotor; and (3) the activity of the
endogenously expressed antigen depends on the type of host
cells. Thus, in professional antigen presenting cells, such as
macrophage and dendritic cells, the expressed antigen is
presented mainly as T cell epitopes, while in other types of
cells, such as P815-85, a substantial proportion of it exists as
free antigen and is scereted. Macrophage can also take up
exogenous antigen and process and present it as T cell
epitopes, but the level of the antigenic activity was lower
than that derived from the endogenously expressed antigen.
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Example 3

ODV Evokes Vigorous Th 1-Type Immune
Response in Mice

[0060] The capacity of the ODV 1o evoke an immune
response was assessed in immune competent Balb C mice
and compared with the DNA vaccine (pRe/CMV-HBs(S))
and a commercial recombinant protein vaccine (HB-VAXII,
MSD, USA). The animals were studied in groups of five.
The oral DNA composition was administered by feeding
animals with 3 doses of 6x10° of the vaccine bacteria or
control bacteria at 2 days intervals, or by infusing intrave-
nously and to the peritoneum 6x10” M-ODV or M-BC as
described in Example 2, three times once every 3 weeks. The
other groups of animals were injected intra-muscularly to
the tibialis anterior muscle with three doses of either 2 ug of
the protein vaccine or 100 gg of the DNA vaccine each once
every three weeks, The DNA vaccine comprised the same
vaccine plasmid as contained in the ODV. Blood samples
were taken every three weeks for the determination of
antibody against HBsAg (HBsAb) (FIG. 5). The animals
were sacrificed on week 9, three weeks after the final dose
of immunization. Spleen cells taken from these animals
were lested for HBsAg specific Thl cells and CTL by the
IFN-g induction assay (FIG. 6A) and cylotoxicity assay
against the PR15-5 and P815 targets cells (FIG. 6B), respec-
tively.

[0061] The results showed that the protein and the DNA
vaccine evoked a vigorous antibody response in these ani-
mals and the level of the antibody was increased after each
booster with these vaccines (FIG. 5SA). The antibody pro-
duced in response to these vaceines was dominated by the
IgG1 isotype (FIG. 5B). The oral DNA composition admin-
istered by feeding or via the infected macrophages, on the
other hand, evoked a moderate response in these animals.
The levels of the antibodies reached at 9 weeks post immu-
nization were about 10 times lower than that, which were
produced in response 1o the protein and DNA vaceine, and
the antibody produced were predominantly IgG2 isotype.
On the other hand, the oral DNA composition, either admin-
istered by feeding or through macrophage, evoked a vigor-
ous Thl as well as CTL response in these animals. The level
of Th 1 response reflected by the amount of IFN-y elaborated
(FIG. 6A) and that of CTL response shown as percent of
specific lysis of the P815-S target cells (FIG. 6B) were
markedly higher than that achieved by the DNA vaccine,
whereas the protein vaccine evoked no detectable Thl
response nor, a significant CTL response.

[0062] The response evoked by the ODV is consistent
with the view that immunization was achieved through a
process of active infection caused by the carrier bacteria. It
appears that, as in natural infection, the carrier bacteria
preferentially infected phagoeytic cells residing in the intes-
tinal mucosa and those which had been recruited 1o the site
in response o inflammation associated with the infection.
Indeed, being an established intracellular parasile, the carrier
bacteria are adept to infect such inflammatory cells. Conse-
quently, the composition evoked a vigorous Thl and CTL
response and production of moderate level of IgG2 antibody
similarly as the response brought about by infusion of
macrophages infected ex vivo with ODV (Table 2).
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TABLE 2
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plive transfer of macrop

infected with oral DNA composition

reproduced the same immune profile as that induced

by oral DNA vaccination.

Anti-HBsAg
mlU/ml IFN-7 IL-4 CTL
Mean = SD pe/ml pa/ml m ET
Profiles I (predomi biype) Mean = SD Mean = 5D Median
1 Protein Vaccine G632 = 413 (IgG1) 256 = 167 1323 30
2 DNA Vaccine 9250 = 948 (IgGl) 2587 = 7T 135 10
3 Oml DNA 160 = 24 (IgG2a) 8272 = 1423 1=3 3
Composition
3 M-ODV Lv. 253 = 7 (Igliza) 15690 £ 5827 58z 19 3
3 M-ODV ip. 466 = 94 (Iglila) 12302 £ 3062 48 £ 13 10
0 Bacterial Carrier o.r. <4 197 = 140 <1 =30
o M-BC v, <4 1206 = 140 147 >30
0 M-BC ip. <4 251 = 658 18 =30
i) Unimmunized <4 199 = 41 W2 =30

Nine groups of five mice cach were immunized as follows: Two groups were injected i.m. with

the protein or DNA vaccines. Two groups were orally given the oral DNA composition or bacte-
rial carrier. Four groups were respectively infused iv or ip with MF infected with the oral DNA
compaesition (M-ODV iv. or ip.) or with the bacterial carrier (M-BC i.v. or i.p.). The last group
served was not immunized. Antibody response was determined as described in FIG. 5 and T cell

response, as in FIG. 6.

[0063] Comparison with the responses 1o the other vac-
cines as in Table 2 suggested that efficacy of ODV was
attributed largely 1o a combination of two features pertaining
1o its formulation. The first is that the carrier bacteria which
preferentially targets the vaccine gene 1o the APC, and the
second is the CMV promoter contained in the plasmid vector
which enables the viral antigen to be produced endog-
enously by these cells. The importance of targeting the APC
was evidenced by comparison with the DNA vaceine admin-
istered intra-muscularly. In the latier instance, the vaccine
gene was likely taken up largely by muscle cells, which
being non-professional antigen presenting cells, expressed
and actively secreted the wviral antigen, thereby evoking
production of a high level of IgGl antibody as did the
protein vaceine. The DNA vaccine, however, was less effi-
cacious in evoking a Thl type immune response than the
0DV, where the endogenously expressed antigen was pro-
cessed and presented by the APC.

[0064] The following provides a more detailed discussion
of the Examples 2 and 3. In a previous study, we had shown
that live oral vaccination with Salmonella typhinurium
delivering plasmid DNA-HBsAg (oral DNA wvaccine)
evoked a vigorous T cell response and a weak antibody
response with predominant subclass IgG2a in mice, suggest-
ing a significant involvement by professional antigen pre-
senting cells (APC). In the present study, this possibility was
further studied by infecting peritoneal macrophages (Mg)
with the oral DNA vaccine. Although, the infected cells
could only express low level of the viral antigen, they
nevertheless stimulated a vigorous lymphoceyte proliferation
of splenocytes from immune mice, induced these cells to
elaborate interferon-y and stimulated development of HBV-
specific cytotoxicity against target cells expressing the viral
antigen. Infusion of the infected M¢ evoked a vigorous Th
1 and cytotoxic T lymphocyte (CTL) response and a weak
1gG2a antibody response in mice, which was essentially the
same as response to the oral DNA vaccine. In contrast,
recombinant protein vaccine evoked a vigorous IgG1 anti-
body response and a weak T cell response. While, given

intramuscularly, the same plasmid DNA vaccine as that
contained in the oral DNA vaccine evoked a vigorous 1gG1
antibody response and a moderate T cell response in these
animals. It was concluded that professional APC may
orchestrale the immune response 1o live oral DNA vaccine
and it was of interest to note that different vaccine formu-
lation and routes of administration evoke distinct immune
response 10 HBV.

[0065] Materials and Methods
[0066] Mice

[0067] BALB/c mice (H-2") were bred under standard
pathogen-free conditions in the laboratory of animal unit of
the University of Hong Kong. Female mice of 4-6 weeks of
age, weight 14-16 g were used in this study. The criteria
outlined in the “Guide for the Care and Use of Laboratory
Animals™ (NIH publication 86-23, 1985) were followed.

[0068] Cell Lines

[0069] The P815 cell line (TIB-64) was obtained from the
American Type Culture Collection (USA). The P815 cell
line with stable HBsAg expression (PR15-58) was kindly
provided by Reimann and coworkers. Both cell lines were
cultured in MEM (Gibeo-BRL, USA), supplemented with
10% FCS and antibiotics, but for the latter, the medium also
containing 1 mg/ml of G418 (Sigma, USA).

[0070] Bacterial Strain and Plasmid

[0071] 5. ryphimurium aroA stirain SL 7207 (kindly pro-
vided by Stoker) was used as carrier for the in vitro and in
vivo studies. Plasmid pRe/CMV-IIBs was a gencrous gift
from Whalen and coworkers 15 and was used for the
transformation of S. typhimurium (oral DNA vaccine) and
for intramuscular immunization (DNA vaccine).

[0072] M¢ ex vivo Infection and Antigen Loading

[0073] Each BALB/c mice was peritoneally injected with
100 pg of Conconavlin A (Sigma, USA) in 1 ml serum-free
RPMI (0% RPMI, Gibco-BRL, USA). Primary peritoneal
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Mgeells were harvested by washing the mouse peritoneum
using 30 ml syringe/20 G needle with 10 ml of antibiotic-
free 0% RPMI 3 days thereafier. The M¢ were incubated in
6-well plates containing 2x1 cells per well at 37° C. for 2 h,
Alfter removing the non-adherent cells, the Mgwere infected
with oral DNA vaccine or its bacterial carrier S. typhimurin
at MOI 10 o yield M-ODV and M-BC, respectively. The
remaining extracellular bacteria were killed by adding 50
pg/ml of gentamicin in RPMI supplemented with 10% FCS
(10% RPMI) 30 min thereafter and incubated for 4 h. The
intracellular bacteria multiplication was inhibited by an
additional over night incubation in the presence of 10 ug/ml
of tetracyeline. The Mg were also loaded with 10 gg/ml of
protein HBsAg and incubated for 2 h to generate M-P. These
Mg cells were treated with 10 mM of EDTA for 5-10 min at

4% C. and the detached cells were harvested.
[0074] Schedule of Immunization and Adoptive Transfer

[0075]  Around 45 mice were divided into nine groups (5
mice per group). Two groups were injected intramuscularly
(i.m., tibialis anterior muscle) with either 2 ug per dose of
protein HBsAg vaccine (HB-VAX I, MSD, USA) (protein
vaceine) or 100 pg per dose of DNA vaccine for three times
al 3-week intervals. Two other groups were given three
doses of 6x10” per mouse of oral DNA vaceine or bacterial
carrier by oral route at 2-day intervals. Adoptive transfer of
5x107 per dose of M-ODV and M-BC was administered
either intravenously (i.v.) or intraperitoneally (i.p.) for three
times at 3-week intervals. The unimmunized mice served as
negalive controls.

[0076]

[0077] Culture supernatant and cell lysates at 5x107 cells/
ml of M-ODV or M-BC cells were subjected to the HBsAg
detection by ELISA (BIOKIT, SA, Spain) according to the
manufacturer’s instruction. Culture supernatants and cell
lysates of P815-S and P815 cells were applied in the
experiments as controls. HBsAg levels were quantified
using a panel of HBsAg calibrators (3.769-0.248 ng/ml)
provided by Abbott Diagnostics (USA). The expression of
the antigens in individual cells were also tested by immune
staining using anti-HBsAg immune staining kit (DAKO,
USA) according to standard procedure.

[0078] Detection of Serum Anti-HBs

Detection of HBsAg Expression in Infected Mg

[0079] Sera were obtained from the mice before and afier
immunization at 3-week intervals. Anti-HBs was determined
by ELISA (BIOKIT, Spain) according to the manufacturer’s
instructions. Antibody levels were quantified using standard
positive controls (10-100 mIU/ml) provided by the kits. The
subclasses of these antibodies were identified by ELISA
using the same kit, but HRP-conjugated sheep anti-mouse
IgG, IgG1 and IgG2a (SeroTec, UK) were used instead.

[0080] Proliferation Assays

[0081] The spleen cells were obtained from three mice
immunized with three doses of DNA-HBsAg vaccine at
Y-week post-immunization and suspended in 10% RPMI.
The pooled splenocytes (5x10° per well) were, respectively,
mixed with M-ODV, M-BC, M-P, irradiated (20,000 rad)
P815-S and P815 at an effector:stimulator ratio of 20, 25
pg/ml of PHA or culture medium alone. The mixtures were
cultured in triplicate wells at 37° C. in 96-well microplates.
After 24, 48, 72 and 96 h of incubation, the cells were
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labeled for 16 h with 1 uCi of [*H] thymidine per well. The
DMNA incorporating radioactivity was measured thereafier by
a scintillation counter. Results were expressed either as
mean counts per minute (cpm) of triplicate cullures or as the
stimulation index (SI), which was calculated as the ratio
between mean cpm obtained in the presence and absence of
stimulator.

[0082]

[0083] Production of HBsAg-induced IFN-y and 1L-4 in
the same cultures as described above were detected by
ELISA using Opt EIA kits (PharMingen, USA) according to
the manufacturer's instruction. Levels of IFN-y and I11.-4 in
supernatant obtained at 24, 48 and 72 h post-stimulation
were quantified using at least six concentrations of standard
IFN-y and IL-4 provided by the kits.

[0084] CTL Assays

[0085] Spleen cells obtained from individual mice were,
respectively, stimulated with M-ODV, M-BC, M-P and
irraciated P815-5 at effector:stimulator ratio of 20, or 10
ug/ml of purified protein HBsAg (Research Diagnostics Inc.,
USA) for 3 days. The specific CTLs were expanded there-
after by adding 25 IU/ml of murine rlL.-2 (R&D systems,
USA) for an additional 4-5 days. The CTL activity in the
cultures was measured in triplicate in a standard 4 h calcein
release assay in U-bottom 96-well microplates. The cytoly-
sis of the targets was determined by measuring Caleein AM
(Molecular Probes Inc., USA) fluorescence intensity (FI)
using a fuorometer. The percentage-specific cylolysis (5)
was calculated as follows:

Antigen-induced Cytokine Secretion Assays

[I. experimental Ff = 1otal lysis FI

- 009
target control F — total lysis F1 ] x 100%

Results

[0086]

[0087] HBsAg Expression and
Infected with Oral DNA Vaccine.

[0088] Peritoneal Mg were infected with the oral DNA
vaccine (M-ODV) and its bacterial carrier control (M-BC),
or loaded with 10 gg/ml of purified protein HBsAg (M-P).
The PR15-S and P815 cells were also included as additional
controls. Expression of viral antigen by the infected Mgand
P815-S was determined by ELISA and immunocytology.
Processing and presentation of the expressed antigens by
these cells were accessed by their stimulatory effect 1o
splenocytes from syngenic BALB/c mice previously immu-
nized i.m. with three doses of DNA vaccine.

[0089] In agreement with carlier finding, the P815-8 cells
could efficiently express HBsAg, which was detected in
culture supernatant and cell lysate. The in vitro infection of
M¢ by oral DNA vaccine resulted in detectable HBsAg
reaching 2.8 ng per 5107 cell lysate on day 3 post-infection,
by the level of HBsAg expressed in these cells was at least
300-fold lower than those in P815-S. Furthermore, these
cells did not elaborate detectable amount of the viral antigen
in the culture supernatant and the antigen expression was oo
low to be visualized by immune staining (results not shown).

[0090] The presentation of viral antigen in M-ODV cells
was studied by their stimulatory effect to immune T cells,

Presentation by Mg
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which was determined by the lymphoeyie proliferation,
eytokine induction and CTL assays. The resulis were com-
pared with the stimulatory effects of M-P, P815-5, and the
non-specific stimulant PHA.

[0091] The lymphocyte proliferation assay showed that
the M-ODV cells stimulated a vigorous proliferation of
splenocytes from the immunized mice. The stimulatory
effect of these infected Mg was similar to that of the T cell
mitogen, PHA, and surpassed that of M-P or P815-5, respec-
tively, while the control M-BC and P815 cells did not show
a stimulatory effect when compared with the medium con-
trol (FIG. 2).

[0092] The stimulatory effects of M-ODV cells to Th 1
and Th 2 cells were further assessed by the elaboration of
IFN-y and IL-4. Elaboration of IFN-y was detected in the
splenocyte culture after stimulation with M-ODV for 24 h
(FIG. 3). The production of IFN-y thereafter reached a
highest level similar to that induced by PHA, which was
about 17- and 40-fold higher than those in the cultures
stimulated by M-P and P815-S, respectively. The responses
were HBsAg-induced as all the control cultures stimulated
by M-BC and P815 did not induce significant production of
IFN-y. The same culture supernatants were also assayed for
1L-4. However, presumably the binding of the cytokine 1o its
receplors on the splenocytes (Doherty, personal communi-
cation), the level of IL-4 presented in the culture superna-
tants was too low to reflect the stimulatory effect (data not
shown).

[0093] The CTL assay was performed by co-culturing the
splenocytes with M-ODV, M-BC, M-P and irradiated
P815-8 cells for 7 days to stimulate CTL precursors 1o
proliferate and differentiate into functional CTLs. Graded
number of Caleein AM-labeled P815-S or its control P815
targets were then added to the cultures at the effector 1o
target (E:T) ratios of between 0.3 and 30. The CTL activity
in the cultures was determined by a 4 h CTL assay (FIG. 4).
The results showed that the splenocyles stimulated by
M-0DV exhibited a high level of cylotoxicity against PS15-
S. The observed cylotoxicity was directed specifically
against the viral antigen presented by the target cells, and the
stimulated splenocytes were not also eytotoxic to the control
P815 target, which do not express the viral antigen. The
level of specific cytotoxicity was lower for splenocytes
stimulated with irradiated P815-S and the effect was similar
to that due to M-P. Splenocytes stimulated with M-BC did
not develop detectable HBsAg-specific cytotoxicity.

[0094] Taken together, the results suggest that, in Mg
infected with oral DNA vaccine, the insufficiently expressed
viral antigen is efficiently processed and presented by these
cells in association with MHC T and MHC II Molecules.
Consequently, these cells, but not also the control Mg
infected with the same strain of carrier bacleria, were
strongly stimulatory for the subsets of Th 1 and CTL cells
(Table 1).

[0095] Immune Responses to Adoptive Transfer of
Mpglnfected with Oral DNA Vaccine and HBV Vaccination

[0096] To assess the immunogenicity, M-ODV cells were
infused iv. or i.p. to BALB/c mice. The ensuing B and T cell
responses were compared with those observed in three
groups of immunized animals and four groups of controls.
These included those, which were orally given the oral DNA
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vaccing and i.m. adminisiered DNA or prolein vaccines.
Additional four groups of animals served as controls, which
were infused iv. or Lp. with M-BC, orally given the bacte-
rial carrier and unimmunized.

[0097] The DNA and protein vaccines elicited a vigorous
antibody response (FIG. 5A) with predominantly IgGl
subclass (FIG. 3B). Antibody level produced in the animals,
9 weeks after immunization were over 20 times higher than
those in the other group, The antibody response to the oral
DNA vaccination was similar 1o that seen after i.v. or Lp.
infusion of the M-ODV (FIG. 5A) and the antibody pro-
duced by these animals was mainly of the Ig2a subclass
(FIG. 5B). All four groups of control animals did not show
detectable-specific antibody response.

[0098] To study T cell responses, splenocytes obtained
from the animals, 9 weeks after immunization were cultured
at concentration of 5x10° cells/ml in the presence of 10
ng/ml of purified HBsAg for 3 days. Aliquots of the culture
supernatants were taken at 24, 48 and 72 h post-culture and
analyzed for antigen-induced cytokines. The cultures were
further incubated for 4-5 days in the presence of additional
25 IU/ml of murine rlL.-2 and tested for cytoloxicily against
Caleein AM-labeled P815-S and its control P815 targets.
The results showed that i.v. or L.p. infusion of M-ODV, as did
the oral DNA vaccination, elicited a vigorous Th 1 response,
which was evidenced by the vigorous IFN-y production
(FIG. 6A), and CTL response (FIG. 6B). The responses to
the DNA i.m. vaccination were weaker. The protein vaccine
evoked an equivocal CTL response, but undetectable Th 1
response. Unlike the seeretion of 1FN-y, there was neither
significant difference between groups nor obvious increase
of IL-4 production following specific stimulation (data not
shown).

[0099] The results described above showed that immune
response of the animals is subject to influence by vaccine
formulation and routes of immunization (Table 2). The
response 1o conventional protein vaceine is characterized by
a vigorous IgG1 antibody (Th 2) response, accompanied by
weak Th 1 and CTL responses (profile 1). The DNA vaccine
given L.m. evoked a similarly vigorous [gGl antibody pro-
duction as the protein vaccine and a moderate T cell
response (profile 2). In contrast, the same DNA vaccine,
when delivered orally via the carrier bacteria, evoked vig-
orous Th 1 and CTL responses, but a weak antibody pro-
duction dominated by the IgG2a subclass (profile 3). Impor-
tantly, the response to the live oral DNA vaccine is
essentially the same as that observed following infusion of
Mg infected with the oral DNA vaceine. This suggests that
the response to the oral DNA vaccine may be orchestrated by
professional APC, such as Mg and DC.

[0100]
[0101] We have determined the antigenicily and immuno-
genicity of peritoneal Mg, which had been infected with a
live oral DNA vacecine, to assess the role of APC in immune
response 1o the vaccine. A crucial role of Mgplaying in this
strategy of immunization was not only evidenced by that M¢
can express, process and present exogenous viral antigen,
but also further confirmed by that both i.v. and i.p. infusions
of Mg ex vivo infected with oral DNA vaccine may essen-
tially reproduce the same immune profile as that seen by the
oral DNA vaccination.

[0102] The oral DNA vaccine comprises S. fyphimurinm
aroA strain SL 7207 harboring the plasmid DNA-HBsAg.

Discussion
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The carrier bacterium has a mutation which causes it to
undergo autolysis, after it has been ingested by the cells [18].
Expression of the released DNA vaccine was evidenced by
detection of a small amount of intracellular viral antigen in
lysates of the infected cells. However, the infected cells did
not secrete detectable amount of the free antigen in the
culture supernatants and the amount of the antigen expressed
was too low for it be directly visualized in the infected cells
by immunocytology. This was attributed, in parts at least, to
efficient processing and presentation of the expressed anti-
gen by these professional APC. Although, not reactive with
the HBsAg antibody, the processed peplides were neverthe-
less presented by the infected Mgand recognized in asso-
ciation with MHC molecules by immune T cells. Conse-
quently, the infected cells stimulated a vigorous lymphocyte
proliferation, when they were co-cultured with splenocyles
from syngenic mice previously immunized im. with the
DNA vaceine. The infected Mgalso induced elaboration of
IFN-y, by Th 1 cells and stimulated HBsAg-specific CTLs.
These findings further suggest that the processed antigen
was recognized by immune Th cells in association with
MHC class 11 molecules and by CTLs in association with
MHC class I molecules. Compared with the infected Mg,
P815-8 cells and Mgloaded with protein HBsAg were less
efficient stimulant of HBsAg-specific lymphocyie prolifera-
tion and Th 1 response (Table 1). A charactenistic feature of
S. typhimurium is that it remains confined to a membrane-
bound compartment and is thus insulated from the cytosolic
environment after invading the host cells. The poor expres-
sion of exogenous HBsAg followed by excellent processing
and presenting in the infected Mg suggested that the remains
of lysed Salmonella might be a strong adjuvant for present-
ing antigen in association with MHC molecules to stimulate
the Th and CTL responses.

[0103] Infusion of the infected Mgwas found ot evoke a
vigorous Th 1-type immune response in the animals. The
response was evidenced by a weak induction of antibody
dominated by the Th 1-dependent IgG2a subclass, vigorous
antigen-induced IFN-,.. production and development of anti-
gen-specific cytotoxicity, This was essentially the same
response as that observed after oral DNA vaccination. It thus
highlights an important role of the APC in orchestrating the
immune response. Previous study suggests that the response
is brought about by a process of infection. The accompa-
nying inflammation would seem 1o have ensured an efficient
uptake of the ingested bacteria by professional APC via the
phagocytosis and transcytosis. The involved APC may
include those Mg and DC which were initially presented in
the intestinal mucosa and those, which had been subse-
quently recruited to the site of infection. The immune
response was probably initiated upon drainage of the
infected APC into the regional lymph node in the Peyer's
patch, and was dominated by a vigorous Th 1 cell and CTL
response similar as that effected by infusion of peritoneal
Mypinfected ex vivo with the oral DNA vaccine.

[0104] It was of special interest to note that the same
plasmid DNA vaccine administered im. had evoked a
distinet immune profile, which is intermediate between the
Th I-type response that was orchestrated by oral DNA
vaceination and the Th 2-type response evoked by the
protein vaceine. It may be probably ascribed to the extent of
APC involvement and released free antigen in this type of
immune response. The DNA wvaccine i.m. immunization
neither induce an overl inflammation nor results in enrich-
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ment of phagoeytic APC. Unlike a transient presence of
large amount of antigen resulting from protein vaccination,
the antigen expressed by DNA in the muscle cells may be
gradually released into the circulation and probably sus-
tained for a protracted period. The released antigen may be
taken up by APC to prime Th 1-type response, or amplify B
cells to produce antibody via Th 2 pathway. In contrast, the
predominant Th 1-type responses to the same DNA vaccine
delivered by Salmonella seems to be preferably triggered by
the infected APC but not the free antigen. The phagocytic
APC can be quickly recruited to the infection site, express
and present the foreign gene carried by the bacieria 1o
orchestrate this type of immune response. It would seem on
the other hand that, apart from the professional APC, the
other cell types infected by the oral vaccine did not secrete
adequate amount of the viral antigen to stimulate production
of IgG1 antibody. Consequently, the oral vaccine, as did the
infected macrophages, evoked only a weak antibody
response, dominated by the IgG2a subclass, in these ani-
mals. Thus, different formulation of the same plasmid DNA
vaccine may induce distinet immune response.

[0105] Chronic HBV infection, which is a major health
issue in many parts of the world, is attributed to T cell
immune tolerance to the virus. The tolerance could be
broken, leading to permanent clearance of HBV from
patients with chronic HBV infection, by adoptive transfer of
immunity from donors who had acquired the immunity from
natural HBV infection. Previous studies had shown that
vaccination with the HBsAg-anti-HBs immune complex
(IC) could effect HBsAg seroconversion and clearance of
serum HBV DNA, in the patients. In a HBsAg transgenic
mouse model, we had also shown that the immune tolerance
to the transgene could be also broken efficiently by immu-
nization with IC+DNA-HBsAg, which was similar to those
observed by other investigators in HBV transgenic mice
after receiving adoptive cytokine-activated DC [23]. Pre-
sumably, the therapeutic effect of IC+DNA was achieved by
enhancing uptake of the vaccine by APC wia their Fe
recepiors and through efficient engulfment of the particulate
antigen. The present study has exploited a crucial role of
phagocytic APC in oral DNA vaccination, which can effi-
ciently elicit strong HBsAg-specific Th 1 and CTL
responses. It is thus reasonable to assume that this strategy
of immunization may contribute towards breaking immune
tolerance in chronic HBV infection. Further study is under-
way to determine whether this type of oral DNA vaccination
can indeed break the immune tolerance to trigger an antigen-
specific, T cell-mediated immune response in the HBV
transgenic mouse model.

Example 4

A Single Dose of ODV Induced Protracted
Suppression of Transgene Expression.

[0106] In the immune competent mice, it was shown that
0DV evokes a vigorous Th 1-type response characterized by
high level of HBV specific CTL and Th 1 cell responses and
moderate level of IgGG2a antibody, On the other hand, the
protein vaceine evoked production of high level of IgGl
antibody, but not also a significant cell mediated immune
response. While the response 1o the DNA vaccine was
intermediate between the two, featuring production of high
level of antibody that was predominantly IgG1 and a mod-
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erate CTL and Th1 response. In this section, we shall further
disclose that only the oral DNA composition and the vig-
orous Thl type immune response it evokes can suppress
transgene expression in the HBsAg transgenic mice.

[0107] The strain of transgenic mice used was C37BL/6J-
TgN (AIBIHBV) #4Bri mice (H-2"). The animals were
obtained from Jackson Laboratory (USA) at 8-12 weeks of
age weighing 16-18 g. These animals harbor and express the
HBsAg gene in the liver and kidney [21]. Expression of the
transgene during embryonic stage had apparently induced a
state of immune tolerance in these animals such that they do
not produce detectable HBV specific antibody or immune T
cells. A feature, such as that exemplificd by the control
animals shown in FIG. 7 and which appears to be a special
to this particular strain of transgenic animal, was that the
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negative for the viral antigen (FIG. 8). H & E staining of
liver sections from both groups of the animals was normal,
howewver, except the autopsy material taken from the animal
which died of fulminent hepatitis after receipt of ODV (FIG.
9). Liver section from the latier animal showed intense
lymphocytic infiltration with cosinophilic liver cell degen-
eration. The other vaccines did not affect transgene expres-
sion in these animals. Mean viral RNA contents of liver
tissues after repeated immunization with the DNA or the
prolein vaccine were essentially the same as that for the
control unimmunized animals or animals which were given
BC (Table 3). The large majority of liver cells from these
two groups of immunized animals were also reactive for the
viral antigen as did liver cells of the control animals (not
shown).

TABLE 3

DNA mRNA
(+5D) (=5D)
pamg fg/mg Groups (1]
Groups Immunogens liver liver Compared  DNA mBRNA
1 Protein Vaccine 2615 91 £56 37315 D.495 0013
2 DNA Vaccine 7 99 =14 37316 0.466 <0001
3 Oml DNA 2067 22=11 37318 0.452 0.004
Composition
Bacterial Carrier 268 111 =60 37319 0.484 <0001
5 Unimmunized 5=8 95 =20 1245 >0.430  »0.280
serum level of the viral antigen increased with age. The [0110] Suppression of transgene expression by the ODV

accumulation of the viral antigen in blood presumably was
because the rate by which the antigen was produced and
released into the blood exceeded the rate of its clearance
therefrom.

[0108] Two sets of experiments were carried out. One
using 5 groups of 5 to 6 animals each was conducted over
12 weeks duration to compare the effects of different vac-
cines. Two groups of the animals were fed orally with a
single dose of the ODV or BC. Another two groups were
injected intra-muscularly with 4 doses of the DNA vaccine
or the protein vaccine at 3 week intervals and the fifth was
the untreated control group. Another sel of experiments
designed to elucidate the short-term effects of the oral DNA
vaceine over 4 weeks duration employed 2 groups of 12
animals each; one was given the ODV and the other BC.

[0109] Results from both sets of experiments agreed
showing that a single dose of the ODV was sufficient to
suppress transgene in these animals. One animal in the first
set of experiments died of fulminent hepatitis 13 days after
receipt of the ODV. Mean viral RNA contents of liver tissues
taken 12 weeks from the other 5 surviving animals remain-
ing from this group was reduced by more than 4 fold
compared with corresponding value determined for the
control unimmunized animals (Table 3). While mean trans-
gene contents were essentially the same for both groups of
animals. Immunostaining further revealed that whereas the
large majority of hepatocytes in liver sections from control
unimmunized animals were immuno-reactive for the viral
antigen, there was substantial but variable proportion of
hepatocytes from the immunized animals that was stained

was further studied in a second series of experiments.
Immunostaining of liver sections laken from animals sacri-
ficed weekly between week one and four after receipt of
ODV showed that suppression of transgene expression,
evidenced by decreased HBsAg reactivity of liver tissue,
oceurred as carly as 2 1o 3 weeks following immunization.
In contrast to the suppressive effects observed 12 weeks after
receiving the composition, early suppression was concomi-
tant with significant liver pathology featuring focal inflam-
mation and liver cell degeneration (FIG. 10). Serum ALT
levels were also raised in samples taken on weeks 2 and 3
and returned to normal level on week 4 (FIG. 11). Liver
pathology subsided on week 4 and serum ALT level also had
returned to normal, but transgene expression remained sup-
pressed in the absence of liver injury at this time as it did 12
weeks afier immunization,

[0111] Thus, results from both series of experiments sug-
gested that suppression of transgene was effected initially by
predominantly cytopathic mechanisms accompanied by
hepatic flare. Later, suppression was sustained for protracted
period of time by predominantly non-cytopathic mecha-
nisms associated with minimum pathology. The switch from
the former to the latter mechanism appeared 1o occur about
4 weeks after receiving the ODV. The composition evoked
a vigorous Th1 type response in these animals as it did in the
immune competent mice described in the earlier example
(Table 4). Antibody production reached peak levels after two
weeks (FIG. 12) and HBV specific Thl and CTL activity
was increased markedly two weeks following receipt of the
ODV when transgene suppression was first observed (Table
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4). The temporal relationship suggests that suppression of
transgene is likely 1o be primarily due to immune, rather
than innate, mechanisms, although the latter are likely
contributing factors, The contention is supported by resulls
obtained with the bacteria carrier, which activates innate
mechanism, but it did not also evoke specific immune
TESPONSE, NOF SUPPress [FANSgent cxpression.

TABLE 4

HBsAg-
Weeks CTL Activity
Post- HBsAg Target Cytolysis
Immuni- h
zation Immunogens pa/ml = SD
1 Oml DNA 372 1 54 422
Compaosilion
i 192 = 49 17=x1
2 1986 = 164 45=2
Compaosilion
Bacterial Carrier 420 = 64 =2
3 Oml DNA 2636 = 335 43z 3
Composition
Bacterial Carrier 268 = 65 23=3
4 Omal DNA 2786 = 513 38=x2
Compaosition
Bacterial Carrier 267 = 27 162

[0112] The immune status induced by the DNA vaccine,
for example, which is also capable of breaking immune
tolerance (albeit less effectively than the ODV), failed to
suppress transgene expression when compared with the
0DV, the difference being largely quantitative. This result
highlights the importance of having the two features com-
bined in the vaccine composition which makes it proficient
al suppressing transgene expression. Since the transgenic
mice exhibil immune tolerance prevailing in chronic infec-
tion with HBV, the finding makes the ODV an ideal vaccine
candidate for the treatment of chronic infection with hepa-
titis B virus, More generally, it is envisaged the same
combination of the two features would be important in the
formulation of vaceines for treatment of other chronie viral
infections, including infection with HIV.

[0113] The following provides a more detailed discussion
of the Example 4, The therapeutic ¢fficacy of oral immuni-
zation with Safmonella ryphimurium aroA delivering the
plasmid pRc/CMV-HBsAg (oral DNA vaccine) was com-
pared with intramuscular immunization with the same plas-
mid DNA and recombinant protein HBsAg in a HBsAg
transgenic mouse model. A single dose of oral DNA vaccine
could break the immune tolerance versus the trangene-
encoded HBsAg, resulting in vigorous Th 1-type lympho-
eyle responses and production of IgG2 subtype of anti-HBs.
Though repeated doses of intramuscular protein or DNA
vaceinations could reverse immune anergy respectively at
different quantitative levels, only oral DNA vaccine down-
regulated the transeription and expression of the viral trans-
gene in hepatocytes. The level of viral mRNAin liver tissues
decreased by more than 4-fold and viral antigen expression
was curtailed markedly, being confined to small and scat-
tered foci of liver sections. Moreover, the reversal of
immune tolerance by oral DNA vaceine was also evidenced
by an early and transient inflammatory response in liver
tissue with elevated ALT in the first 3 weeks, which returned
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o normal level thereafier. The down-regulation at early
stage appeared to be atiributed 1o both non-cytopathic and
cylopathic pathways, but it was switched thereafier to the
non-cytopathic pathway. The mechanism underlying this
immune stralegy may involve an interplay between active
bacterial infection, innate immune response including rapid
recruitment of APCs and NK eclls, inflammatory cytokine
activation, and bacterial adjuvant effects. All these effects
may have enhanced the endogenous viral antigen presenta-
tion by activated APCs and elicited potent Th 1-type of host
IMmMune response.

[0114] Maierials and Methods
[0115] Mice

[0116] C5TBL/6J-TgN (AIBIHBV) 44Bri mice (H-2")
were provided by the Jackson Laboratory (USA). The mice
were confirmed of being serum HBsAg positive. A total of
fifty-two HBs-tg mice (27 males and 25 females), 8-12
weeks of age and weighing 16-18 ¢ were used in this study.
The non-transgenic CS7BL/6J (H-2°) and Balb/c (H-2%)
mice were bred under standard pathogen-free conditions in
the Laboratory Animal Unit of the University of Hong Kong.
The criteria outline in the “Guide for the Care and Use of
Laboratory Animals” (NIH publication 86-23, 1985) were
followed.,

[0117]

[0118] Salmonella typhimurium aroA strain SL 7207 (S.
ty) was kindly provided by Dr. D, Stoker and used as the
carrier of the oral DNA vaccine in the study. DNA-HBsAg
(pRe/CMV-HBs) was a generous gift from Dr. R. Whalen
and was used for the transformation of S. ty (oral DNA
vaccine) and for intramuscular immunization (DNA vac-
cine).

[0119]

[0120] Twenty-eight HBs-tg mice were numbered and
randomly divided into 5 groups (5 to 6 mice per group). Two
groups were anaesthetized with an identical dose of sodium
barbital and injected intramuscularly (tibialis anterior
muscle of both hind legs) with 2 ug per dose of commerical
protein HBsAg vaccine (HB-VAX II, MSD, USA) (protein
vaccine) or 100 pg DNA vaceine per dose for four times at
3-weekly intervals. Two other groups were orally given one
dose of 6x10° colony forming units of either oral DNA
vaccine or only the bacterial carrier 8. ty per mouse. The
fifth group of five unimmunized mice served as controls.
Serum samples were collected from mice before and after
immunization at 3-weekly intervals to monitor levels of
HBsAg, anti-HBs and alanine aminotransferase (ALT). The
mice were sacrificed on week 12, The spleen, liver and
kidneys were taken for evaluation of cellular immune
responses, transgenic DNA and mRNA, and immunohisto-
pathological changes in liver and kidney tissues after immu-
nization.

Bacterial Strain and Plasmid

Schedule of Immunization and Evaluation

[0121] Since it was found that the oral DNA va
evoked an early immune response associated with a transient
increase in serum ALT level at week 3, another set of
twenty-four HBs-tg mice were recruited for the further
study. They were randomly divided into 2 groups. One group
was immunized with one dose of oral DNA vaccine and
another with bacterial carrier control. Serum samples were
obtained weekly for 4 weeks to measure levels of antibody
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and ALT. Three mice from each group were sacrificed at
week 1,2, 3 and 4 respectively. The spleen, liver and kidneys
were collected 1o examine for the early inflammatory
response. Twelve cach of non-lg C57/6] and Balb/c mice
were also vaccinated with either oral DNA vaccine or its
blank bacterial control. Sera taken weekly from these ani-
mals were lested for ALT levels in the first 3 weeks to
determine if the liver damage might be caused by bacterial
toxic effect.

[0122] Serological and Biochemical Analysis

[0123] Serum HBsAg and anti-HBs were assayed by
ELISA(BIOKIT, 5. A. Spain) and quantified using a panel of
HBsAg calibrators (Abbott Diagnostics, Chicago, USA) and
standard positive controls of anti-HBs provided with the kit.
The subtypes of these antibodies were identified by ELISA
using the same kit, substituted with HRP-conjugated sheep
anti-mouse IgG, IgG1 and IgG2 (SeraTee, UK) respectively.
Hepatocellular injury was monitored by measuring serum
ALT levels using a multiple-point rate colorimetric method
with the Vitros 950 dry-chemistry analyzer (Ortho Clinical
Diagnostics, Inc., Rochester, N.Y., USA).

[0124] Detection of T Cell Mediated Responses Posi-
Vaccination

[0125] Splenocytes from individual mice were suspended
in 10% FCS-RPMI 1640 at a concentration of 5x10° per ml
and stimulated with 10 gg/ml of purified HBsAg (Aldevron,
Fargo, N. Dak., USA) for three days. The supernatant of the
cultures were collected at 24, 48 and 72 hours post stimu-
lation for interferon IFN-y and interleukin IL-4 assay
respectively by ELISA using OptEIA kits (PharMingen,
USA).

[0126] Cells were further cultured in the presence of 25
1U/ml of murine rIL-2 (R&D Systems, USA) for an addi-
tional 4-5 days. The CTL activity of the splenocytes was
measured in triplicates using a standard four-hour caleein
release assay in U-bottom 96-well microplates. Targets used
in CTL assays were the splenocytes of normal C57/6] mice
infected for 12 hours with 10 PFU/cells of Vaccinia-HBsAg
virus (Vac-HBsAg) or blank Vaccinia virus (Vac-blank) as
negative controls, both being generous gifts from Dr. Y.
Wong. The cytolysis of the targets was determined by
measuring the fAuorescence intensity (FI). Percentages of
specific cytolysis were calculated as follows:

[I Experimental FI — Totallysis 71
~ Total contral F1 - Totallysis F1

]xwow

[0127] Semiquantification of Transgene DNA and mRNA
by PCR and RT-PCR

[0128] The DNA and mRNA were separately extracted
from mouse liver tissues using QlAamp DNA mini kit
(Qiagen, USA) and mRNA Isolation Kit (Roche Molecular
Biochemicals, Germany). The first strand ¢cDNA was syn-
thesized using RNA H4+ Reverse Transcriptase (Life Tech-
nologies, USA) followed by one eycle of PCR. Quantifica-
tion of the HBsAg transgene DNA and the transgene-
encoded mRNA was performed by LightCycler PCR (LC-
PCR) using a set of inner primers for the HBsAg region
(forward, 5'-AAC ATG GAG AAC ATC ACA TC-3; and
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reverse, 5'-AGC GAT AAC CAG GAC AAG TT-3), which
yielded a 203 bp product. A donor fluorescein probe (5-ATT
GAG AGA AGT CCA CCA CGA GAC TAG AC-fluores-
cein-3) and acceptor LightCyeler-Red 640 probe (5-1LC-
Red 640-CTG TGG TAT TGT GAG GAT TCT TGT CAA
CAA G-3") directed to the 203 bp product were designed for
the assay. LC-PCR was carried oul using the LightCycler-
FastStart DNA Master Hybridization Probes Kit (Roche
Molecular  Biochemicals, Germany) and LightCyeler
(Roche Diagnostics, Mannheim, Germany) according to the
manufacturer. A ten-fold serial dilution ranging from 0.015
pg/ml to 150 pg/ml of calibrator 5 from the Hybrid Capture
II (HCI) assay (Digene Corp, Belisville, Md., USA) was
employed as quantification controls.

[0129]

[0130] The liver and kidney portions were immediately
either frozen in liguid nitrogen or fixed in 10% buffered
formaldehyde and embedded in paraffin. Sections were
made at 4 or 6 um thickness and mounted on slides.
Histopathological changes were examined by hacmatoxylin
and cosin (H&E) staining, while viral gene expression in
liver tissues were examined by immunohistochemical stain-
ing using goat anti-HBsAg, rabbit anti-goat biotinylated
antibody and streptavidin_ HRP-conjugate (DAKO, USA)
according to standard procedures.

[0131]

[0132] The significance of differences between groups
was analyzed by the paired Student’s T-test.

[0133] Resulis

Immunohistopathological Study

Statistical Analysis

[0134] Oral DNA Vaccination Arrested Serum HBsAg
Accumulation
[0135] The serum HBsAg levels in samples obtained at

week 0 were essentially similar for all five groups of HBs-Tg
mice (p=0.30). In the bacterial carrier and unimmunized
groups, serum antigen levels continually increased over the
12-week period of observation, from the mean value of 609
ng/ml to 16210 ng/ml and 59£14 ng/ml to 176+15 ng/ml at
week 12, respectively. Evidently, the rate of secretion of the
expressed antigen into peripheral blood exceeded clearance,
so that there is an increasing accumulation of the antigen in
the blood during the course of the experiment. In the animals
immunized intramuscularly with the protein or DNA vac-
cine, the serum antigen levels increased from 6045 ng/ml to
130435 ng/ml and 58+7 ng/ml to 11429 ng/ml respectively
at week 3. Thereafier, the serum antigen level in the protein
vaccine immunized group remained unchanged, while that
in the DNA wvaccinated group declined slightly to 946
ng/ml at week 12. In contrast, in the animals given a single
dose of oral DNA vaceination, serum antigen accumulation
was arrested al as carly as week 3 and the serum HBsAg
level was significantly lower than those in the other groups
throughout the duration of the twelve weeks (p=0.01).

[0136] Oral DNA Vaccination Evoked a Rapid Specific
Antibody Response

[0137] Inthe HBs-ig mice given a single dose of oral DNA
vaccine, serum anti-HBs increased rapidly, reaching 458
mlU/ml at week 2 (FIG. 12), and thereafier slightly
increased to 74220 mlU/ml at week 12 (FIG. 12). This was
concomitant with arrest of HBsAg accumulation in these
animals. Conversely, the animals primed and boosted intra-
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muscularly with 3 doses of protein or DNA vaceine did not
develop significant antibody responses to HBsAg until afier
week 9. An additional boost dose administered 1o these
animals triggered specific antibody response, respectively
reaching levels of 36+26 and 16753 mIU/ml at week 12,
All serum samples from the 2 groups of control mice were
consistently negative for anti-HBs throughout the course of
the experiment.

[0138] Oral DNA Vaccine Triggered at Vigorous Th 1 and
CTL Response

[0139] Serum samples taken at week 12 were further
tested for contents of total 1gG, 1gG1 and IgG2 subtypes of
the viral antibody (FIG. 12). In the oral DNA vaccinated
animals, the induced antibody was mainly subtype IgG2.
Intramuscular protein immunization primed IgG1 subtype
antibody response and, the specific antibody response to
intramuscular DNA vaccination was dominated by subtype
IgG1, which was accompanied by detectable amounts of
subtype 1gG2.

[0140] Splenocyles obtained from the immunized and
control animals were stimulated with purified HBsAg and
the activation of Th 1 and Th 2 cclls was respectively
detected by IFN— and 1L-4 induction assays. Splenocyles
obtained from oral DNA vaccinated mice at week 12 pro-
duced the highest level of HBsAg-induced 1FN-y, reaching
28012480 pg/ml at 72 hours post-stimulation. This was
significantly higher than those in the groups immunized
intramuscularly with the DNA vaccine (20442639 pg/ml at
72 hours; p=0.03) and the protein vaccine (607£639 pg/ml
at 72 hours; p<0.01). No significant HBsAg-induced [FN-y,
was detected from the splenocyie cultures of control ani-
mals. Unlike the secretion of 1FN-y, no significant increase
of IL-4 production was observed in the animals immunized
with oral DNA vaccine, and only low levels of 1L-4 were
exhibited in the cultures from the mice immunized intra-
muscularly with protein and DNA wvaccines (data not
shown). Secretion of IFN-y was detectable in 72-hour cul-
tures of splenocytes taken from HBs-ig mice at week 1
post-immunization with the oral DNA vaccine. Levels of
this cytokine increased quickly thereafier, reaching levels of
1986=164 pg/ml at week 2, 2636+335 pg/ml at week 3 and
2786x513 at week 4. IFN-y_elaboration was much lower in
72-hour cultures of spleen cells from the mice immunized by
bacterial carrier, at 192249, 420+64, 268265 and 267+27
pg/ml respectively at week 1 1o 4.

[0141] In the animals immunized with the oral DNA
vaceine or given intramuscularly the DNA vaccine, mouse
spleen cells were vigorously cytotoxic against Vac-HBsAg
infected target cells, but did not exhibit cytotoxicity against
the viral control targets. CTL response was barely induced
in protein HBsAg immunized mice and the control animals.
Importantly, vigorous antigen-specific cyloctoxicily was
detected in splenocyte cultures of the mice as ecarly as 2
weeks after they received oral DNA vaccination, although it
was accompanied by a low level of non-specific cytolysis of
Vac-blank infected control target. Spleen cell culures from
the mice given the bacterial carrier also showed low levels
of non-specific cytolysis against both Vac-HBsAg and Vac-
blank targets, suggesting that infection by the bacterial
carrier itselfl may induce non-specific innate immune
responsc.

[0142] In summary, the oral DNA vaccine evoked a sig-
nificant Th I-type response, which was characterized by
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IgG2 subtype antibody response, carly and vigorous anti-
gen-induced IFN-, and strong CTL activity. This specific
cellular response may have been preceded by an innate
immune response caused by bacterial carrier infection. The
protein vaccine elicited a weak Th 2 type response, but the
animals did not show significant Th 1 and CTL responses,
while intramuscular DNA immunization evoked 1gG1 anti-
body, Th 1 & 2, and CTL responses.

[0143] Oral DNA Immunization Down-Regulated the
Transeription and Expression of HBsAg-Transgene in Liver
Tissues

[0144] Liver tissues from six mice given the oral DNA
vaceine showed fewer HBsAg positive hepatoeytes (FIG.
7A) when compared with those given bacterial carrier (FIG,
7B) and the other vaccinations (data not shown), which were
uniformly stained for HBsAg. The extent of reduction in
expression of HBsAg varied among the animals and was
most pronounced in two mice, in which HBsAg staining was
negative in patchy arcas of the liver sections. DNA and
mRNA were extracted from liver tissues for determination
of amounts of HBsAg transgene and levels of transcription
(Table). The transgene DNA contents were the same for
different groups of animals (p=0.43). The levels of the viral
transcript mRNA were ntially the same for the control
mice and those which received the DNA protein vaccines.
However, the oral DNA vaceine was found to reduce the
level of the viral-transcript by at least 4 fold (p<0.02). The
results thus suggest that the suppression of HBsAg expres-
sion in hepatocytes by the oral DNA vaccine is most likely
due to down-regulation of transcription of HBsAg-mRNA in
the liver tissues.

[0145] Oral DNA Vaccination Elicited a Transient Inflam-
matory Response and Liver Injury at the Early Stage of
Immunization

[0146] It was notable that oral DNA vaccination caused an
intense inflammatory response, resulting in one death (V13)
due to fulminant hep: 13 days after vaccination. The
diagnosis of severe hepatitis was confirmed by characteristic
liver pathology showing intense lymphocytic infiltration.
Focal aggregation of mononuclear inflammatory  cells,
mostly lymphocytes, and vacuolar degeneration of scattered
liver cells, were seen in the liver section (FIGS. 8A, 3-F).
Mild and focal lymphoceytic infiliration was observed in liver
tissues taken from mice of groups 3 and 4 as early as week
I (FIGS. 9, A-3a and A-4¢). Lymphocytic infiltration
became most intense in samples of group 3 at week 2 with
marked cosinophilic degeneration of hepatocytes (A-3b),
but declined thereafter (A-3¢ and A-3d). Liver tissues of
group 4 also showed intense lymphocytic infiltration at week
2 (A-40) but it was milder than that of group 3 with the
hepatitic activity reduced and mitotic liver cells appeared in
subsequent samples (A4 g & -4 h). Serum ALT levels were
markedly raised in the surviving mice of group 3 at week 3
post-immunization. They were about 14 fold higher than
those of pre-vaccination (p<0.001), but the increase was
transient and the ALT level returned to normal in subsequent
samples (FIG. 10A). Control animals given the bacterial
carrier also showed a moderate increase in the ALT level at
week 3, but the level was significantly lower than that of oral
DNA vaccinated mice (p<0.001). This liver injury was also
transient and the ALT level returned to normal thereafter. A
detailed study in the first 4 weeks of vaccination showed that
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serum ALT levels in the oral DNA wvaccinated mice
increased at week 1, reaching the highest level of 2203153
U/ml and declined thereafier to an almost normal level at
week 4 (FIG, 10B). This was unlikely to be related to the
bacterial toxic effects because the ALT levels of non-trans-
genic C57/6] and Balb/c mice did not change after receipt of
oral DNA vaceine and its bacterial carrier (data not shown),
The animals given the protein or DNA vaccine, and the
unimmunized mice, had normal ALT levels throughout the
duration of the experiment. Moreover, no significant histo-
pathological changes in the liver tissues from all groups of
animals were observed at the end of immunization, includ-
ing the animals immunized with the oral DNA vaccine
(FIGS. 8A, 3A to 3E) and the bacterial carrier (FIGS. 8B,
4A to 4E).

[0147] Oral DNA Vaccination Induced Cytopathic and
Non-Cytopathic Suppression of HBsAg-Transgene in Early
Stage

[0148] ©Oral DNAvaccination triggered an early inhibition
of transgene expression in the liver tissue by both cylopathic
and non-cytopathic pathways (FIG. 9B). The liver cells
showed diffuse HBsAg immunoreactivity. The apparent
decrease in immunoreactive hepatocytes was found in liver
sections taken from the mice at week 2 (FIGS. 9B-3j) and
the mouse dying on day 13 afler receiving oral DNA
immunization (FIGS. 7A, 3F). The livers showed heavy
lymphocytic infiltration, scant region due to cytolysis of
hepatocytes, eosinophilic degeneration of HBsAg-positive
hepatocytes and few antigen-negative normal liver cells. In
the liver samples of week 3 and 4, viral antigen expression
was slill curtailed markedly and lymphocytic infiltration
declined, featuring an increase of HBsAg-positive necrotic
and HBsAg-negative normal liver cells accompanied by a
reduction in eosinophilic degeneration of hepatocytes. There
was no significant difference between HBsAg-expression in
liver tissues of groups 3 and 4 at week 1 (FIGS, 9B-3/ and
-4m). However, animals vaccinated with the bacterial carrier
seemed o experience a transient cylolytic suppression of the
transgene as shown in FIGS. 9B-4n but did not exhibit
non-cytolytic inhibition in the subsequent samples at weeks
3 and 4 (FIGS. 9B-40 and -4p). Since splenocyles taken
from oral DNA vaccinated mice at weeks 2 to 4 after
immunization showed both specific and non-specific cyto-
toxicity while those from bacterial carrier immunized mice
exhibited non-specific cytolytic activity only, the results thus
suggest that the inhibitory effects in the carly stage were
brought about initially by a cytolytic pathway and switched
later to a non-cytolytic pathway in the former but only a

non-specific cytolytic pathway in the latter.
[0149] Discussion
[0150] In this study, we have compared the therapeutic

effect of three vaccines of different formulation and admin-
istrated by different routes on the state of HBsAg immune
tolerance in HBs-tg mice. Our results showed that although
different vaccinations and formulations reversed the state of
immune anergy prevailing in HBs-ig mice with essentially
of a quantitative nature, only oral DNA vaccine suppressed
expression of the viral transgene.

[0151] In agreement with previous studies, our study
showed that three doses of intramuscular immunization with
the protein or DNA vaccine did not induce significant
immune responses to HBsAg in the HBs-1g mice. With the
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profein vaccine, reversal of immune energy was only evi-
denced after week 9 post-vaceination by the detection of a
low level of antibody dominated by the IgG1 subtype. The
animals also exhibited a weak Th 2 response, but they did
not show detectable specific CTL or Th 1 activity. The
intramuscular DNA vaccine evoked a vigorous antibody
response mainly of IgG1 subtype and Th and CTL responses
by the third booster dose. Antigen accumulation was
arrested after the second dose of the DNA vaccine and the
third dose of the protein vaccine. However, immunity thus
acquired by either group of animals was inadequate 1o
control the expression of the viral gene. The level of the
transgenic mRNA detected in the liver tissues and the
amount of liver cells expressing the viral antigen in these
mice were essentially the same as the control animals. The
arrest of viral antigen accumulation in serum samples may
be explained by the more efficient clearance of the antigen
from the peripheral blood in the forming of immune com-
plexes with the newly produced antibody. It is also possible
that the antigen is less readily detectable as immune com-
plex than as free antigen. The results indicated that repeated
doses of these two vaccines were necessary for reversal of
HBsAg immune energy. Booster effects seen with succes-
sive doses were probably due to increasing inflammatory
reactions and recruitment of APC to sites of inoculation. Our
result is different from the study of Mancini et al., which
showed that one dose of intramuscular DNA vaccination
induced the clearance of serum HBsAg and down-regulation
of transgene expression in liver tissue in HBV-Tg mice. This
may be due to the use of different Tg mouse lineage, E36,
in their experiment but 44Bri in our study.

[0152] Asingle dose of oral DNA vaccination evoked a Th
I-type response featuring a vigorous response by the CTL
and Th 1 subset of immune T cells, and Th 1 dependent
production of IgG2 subtype antibody, leading to a decline of
serum HBsAg in the HBs-1g mice. Importantly, the tran-
seription and expression of the HBsAg gene in the host
hepatoeytes were evidently suppressed by the vaccination.
The elicacy of oral DNA vaccine compared with the others
was allributed, at least in part, to the immune response being
orchestrated by professional APC presented endogenous
antigens. Our previous studies showed that immunization by
the oral DNA vaccine brought about the process of an active
intracellular infection in the intestinal tract. This was dem-
onstrated by induction of IgG2 subtype antibodies against
Salmonella and further confirmed by the heat-inactivated
version of this oral DNA vaceine and E. coli which harbored
the same plasmid DNA not eliciting the specific immune
response. It appeared that the vaccine bacteria were effec-
tively ingested by resident APC and by those, which were
recruited to the site of infection. The bacterial carriers
undergo autolysis due to the presence of a mutation (AroA)
shortly after being engulfed by APC. The released DNA
vaccine could enter the nueleus and the harbored gene could
be efficiently expressed in APC. The resulting bacterial
debris can act as an adjuvant to up-regulate the expressed
antigen being presented on cell membrane together with
MHC. Presentation of the endogenous antigen by APC, with
concomilant activation by bacterial endotoxin, was found 1o
evoke a Th 1-type response in mice featuring induction of
1gG2 antibody, vigorous Th 1 cell and CTL response. The
crucial role of APC in orchestrating the immune response o
the vaccine was supported by the finding that infusion of
activated peritoneal macrophages previously infected with
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the oral DNA vaccine triggered essentially the same pattern
of immune responses as oral DNA vaceination. The presence
of inflammatory cytokines secondary to the innate immune
response in the micro-environment may further activate the
resident and recruited APC, possibly by up-regulation of
timulatory molecules, e.g. MHC class Il and B7, which
deliver not only stimulatory but also survival signals to T
cells. Furthermore, it was recently reported that S. typlimu-
riwm infection could stimulate DC to increase secretion of
IL-12, which is the initial signal for triggering a specific
immune response.

[0153]  Our results showed that only the oral DNA vaccine
can inhibit expression of the transgene in liver tissues.
Previous studies by other investigators showed that protein-
based and DNA-based vaccines elicited specific humoral
and cellular immune responses, leading o clearance of
serum viral antigens, but could not suppress viral gene
expression in hepatocytes. None of the therapeutic vaccine
candidates were able 1o evoke a hepatitic flare. Furthermore,
adoptive transfer of eytokine-activated DC or specific T cells
was also unable to abolish transgene expression nor display
infiltration of specific T cells in the liver of HBs-1g mice. The
most distinguishing feature of our approach is that the oral
DNA wvaccine initiates an active intracellular infection of
Salmonella which activates the innate immune system
including NK and NKT cells. Activated NK cells may
restore their effector functions, ie., causing cyiolysis of
target cells and producing inflammatory cytokines, thus
resulting in mild inflammation and tissue damage in the liver
of HBs-Tg mice. This is consistent with our observation that
bacterial carrier vaccination also led to a slight and transient
non-specific cellular response and liver injury in HBs-Tg
mice but not in normal mice. Subscquently, the innate
immune response probably triggered an undefined change of
the microenvironement that enabled the adaptive CTLs to
infiltrate the liver and effect the target cells, as in previous
reports of the abolishment of expression of viral genes in the
liver resulting from unrelated intracellular infection.

Co-

[0154] The suppression of transgene in the liver tissues of
the oral DNA vaccine immunized mice is achieved by both
cylopathic and non-cytopathic pathways in the early stage.
This was evidenced by hepatic immune-histopathological
study of the mice in the first 4 weeks. The cyolytic reaction
was most pronounced al week 2. Liver sections obtained at
the time, including that from a mouse which died on day 13,
exhibited intense cytolytic scanty and eosinophilic degen-
eration of liver cells with only few normal cells. It is possible
that inflammatory cylokines induced by innate immune
response, such as IL-2 and IFN- y, may stimulate MHC class
I and proteasome subunit expression in hepatocytes, thus
enhance the viral epitope processing and presentation in
these target cells. This may favor the eytolytic effect directed
by specific CTLs. Whatever the explanation, the ctolytic
activity subsided by week 4, with an increase of necrotic
HBsAg positive liver cells and apparent normal HBsAg
negative hepatocytes in subsequent samples. The transgene
suppression was likely to be sustained thercafter by a
non-cytolytic pathway only, because no detectable liver
injury was shown as determined by serum ALT levels and
the histopatholgy of liver sections in these mice. Homeo-
stasis regulating the switch from cytolytic to non-cylolytic
mechanisms remains 1o be further studied, but could be
ascribed to increasing production of antiviral cytokines. It
had been shown that both CTLs and cytokines could inhibit
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wviral gene expression and virus replication without destruc-
tion of those infected cells in HBV-Tg mice. This could be
attributed to antiviral cytokines, especially IFN -y and TNF-
«t, in chimpanzees with acule experimental HBV infection.
Unrelated intracellular infections may also induce noncy-
tolytic anti-HBV effects via the induction of antiviral cytok-
ines. The non-cytopathic suppression of HBsAg transgene
observed in the oral DNA vaccinated mice may possibly be
mediated via the same mechanism, e.g. anti-viral IFN-y,
which appeared earlier and was more vigorous in splenocyte
cultures of this group than those of other groups after
stimulation with HBsAg.

[0155] [twas notable that the oral DNA vaccine evoked an
intense inflammatory response in the early stage, which
resulted in one animal dying of acute hepatitis 13 days after
vaccination. Serum ALT levels of the surviving mice were
markedly raised in samples taken at week 2 after immuni-
zation but returned to normal in subsequent samples taken at
week 4 and after. Since almost all liver cells of HBs-Tg mice
express the transgene, survival of these mice (*%1s) from
acute hepatitis may probably be attributed to the dominance
of non-cytolytic over cytolytic effects in these animals. The
non-cytolytic effect inhibiting the downregulating viral gene
expression can prevent excessive cytolysis of target hepa-
tocytes mediated by CTL. However, the underlying mecha-
nism requires further investigation by more intensive tem-
poral studies. The clinical significance of a hepatitic flare
possibly caused by the oral DNA vaccination in human
remains 1o be elucidated. In this regard, unlike HBV-Tg
mice, only a fraction of liver cells are infected by HBV in
human. Furthermore, virus replication and wviral antigen
expression in infected hepatocytes can be minimized by a
preceding course of antiviral treatment, which would be
helpful to alleviate the liver injury associated with the
vaccination. Finally, it was of interest to note that liver injury
associated with the oral DNA vaccine appears to parallel
findings in cases of successful clearance of HBV in HBsAg
positive bone marrow transplant recipients who also expe-
rience an acute hepatitis episode following adoptive immune
transfer from HBV immune donors.

[0156] HBV transgenic mice are the only animal models
available for studying immune tolerance prevailing in
chronic HBV infection. Although not directly applicable, it
is hoped, nevertheless, that findings can provide a guide as
to the feasibility of immune intervention in chronic human
HBV infection. In the present study, we have shown that a
single dose of the oral DNA vaccine not only triggers
vigorous cellular response but also suppresses expression of
the viral gene in the animal model. Additional studies are
required to further understand the mechanism underlying
this strategy of therapeutic immunization in different trans-
genic mice models, especially in those with active virus
replication. However, the present and previous findings
taken together are consistent with the notion that the oral
DNA vaccination may be a feasible approach to immune
intervention of chronic HBV infection.

Example 5
Unique Immunogenicity of Hepatitis B Virus DNA

Vaccine Presented by Live-Attenuated Salmonella
typhimurium

[0157] A novel vaccine for hepatitis B virus (HBV) was
designed by putting a naked DNA vaccine carrying hepatitis
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B surface antigen (HBsAg) into live-attenuated Salmonella
typhimurium. Mucosal immunization by the oral roule in
mice showed significantly stronger eytotoxic T lymphocyie
(CTL) response than recombinant HBsAg vaccination
(P<0.01 at an effector:target ratio of 100:1), while compa-
rable to intramuscular naked DNA immunization at all
effector:target ratios. Contrary 1o previous reports on naked
DNA vaccines given intramuscularly, the IgG antibody
response induced by the mucosal DNA vaceine is relatively
weak when compared to recombinant HBsAg vaccine
(P<0.001 at day 21). These findings are supported by a high
interferon=y_ but a low interleukin-4 level detected in the
supernatant of splenic cell cultures obtained from mucosally
immunized mice. As distinet to recombinant HBsAg vaccine
which is effective for protection, oral mucosal DNA vaccine
should be considered as a candidate for therapeutic immu-
nization in chronic HBV infection, donor immunization
before adoptive transfer of HBV-specific CTL to HBsAg
positive bone marrow transplant recipients, and immuniza-
tion of non-responders to recombinant HBsAg vaccine. This
strongly cellular and relatively absent humoral response may
make this vaccine a better candidate as a therapeutic vaccine
for chronic HBV carriers than naked DNA vaceines, as the
humoral response is relatively less important for the clear-
ance of HBV from hepatocytes, bul its presence may lead to
side effects such as serum sickness and immune complex
deposition in chronic HBV carriers.

[0158] Materials and Methods

[0159] Animals

[0160] Female Balb/c (H-2%) mice (6-8 weeks old, 18-22
g) were used in all the animal experiments. They were
housed in cages, under standard conditions with regulated
day length, temperature and humidity, and were given
pelleted food and tap water ad libitum.

[0161] Transfection of 293 Cells with pRe/CMV-HBs(S)

[0162] Two hundred and ninety three cells were plated at
1x107 cells per wall in DMEM (Gibco-BRL) with 10%
foetal calf serum (FCS) in a 6-well plate on the day before
transfection. On the day of transfection, cach well was
transfected with 1 g plasmid encoding eukaryotically
expressed HBsAg [pRe/CMV-HBs(5)], a gift from Dr. Rob-
ert Whalen, or distilled water (negative control) with
FuGENE 6 Reagent (Bochringer Mannhein, Germany)
according to manufacturer’s instructions. 48 hours after
transfection, the cells were harvested and lysed by freezing
and thawing 3 times. After centrifugation at 14 000 rpm, the
supernatant was used for the measurement of HBsAg,.

[0163] In vitro Infection of Macrophages with Live-At-
tenuated 8. Typhimurium Transformed with pRe/CMV-

HBs(S)

[0164] Hundred microliter of Conconavalin A (Sigma) in
1 ml serum-freeRPMI (Gibco-BRL) was injected intraperi-
toneally to 2 Balb/c mice. The mice were euthanised after
three days. Primary peritoneal macrophages were harvested
by washing the peritoneal cavities of the mice with 10 ml
serum-free RPMIL After washing twice, the macrophages
were pooled and resuspended at 5x10° cells/ml with serum-
free RPMI. The macrophages were incubated in 6-well
plates at 2:107 cells per well at 37° C. for two hours. After
removing the non-adherent cells and washing once with
serum-free RPMI, the macrophages were infected with

Aug. 28, 2003

auxotrophic S. typhimurium aroA strain SL7207 (S. Typh-
imurinm 2337-65  derivative  hisG46,  DEL 407
[aroA:Tn10{Te-s}]), a gift from Dr. Bruce Stocker trans-
formed with pRe/CMV-HBs(S) or auxotrophic S. typhimu-
rinm aroA strain SL7207 (negative control) at MOI 10, The
cultures were further incubated at 37° C. for 30 min. After
washing twice, the remaining extracellular bacteria were
killed by addition of gentamicin in RPMI (50 gg/ml) supple-
mented with 10% FCS. After incubation for 4 hat 37° C,, the
intracellular bacterial multiplication was inhibited by addi-
tion of tetracyeline (10 pg/ml). The cultures were incubated
at 37° €. Cells were harvested at 24, 48 and 72 h and lysed
by freezing and thawing 3 times. Afier centrifugation at 14
000 rpm, the supernatants were pooled and used for the
measurement of HBsAg,.

[0165] Measurement of Hepatitis B Surface Antigen

[0166] Hundred microliter of each cell lysate was added 1o
an ELISA plate precoated with guinea pig anti-HBsAg
antibodies (Biokit, Spain). The plate was incubated a1 37° C.
for 1 h. After washing with washing solution 3 times, 100 gd
peroxidase-conjugated goat anti-HBsAg antibody diluted
according to manufacturer’s instructions was added to the
wells and incubated at 37° C. for 30 min. After washing with
washing solution 3 times, 100 gl diluted 3,3, 5,5-tetram-
ethylbenzidine (TMB) was added to cach well and incubated
at room temperature (RT) for 30 min. 100 gl of 1 M H,S0,
was added and the absorbance of each well was measured at
450 nm, using TMB buffer as a blank. Each sample was
tested in duplicate and the mean absorbance for each serum
was calculated.

[0167]

[0168] Twenty four Balb/c mice were used for the immu-
nization experiments. On day 0, 6 mice of each group were
immunized intramuscularly (tibialis anterior muscle) with
pRe/CMV-HBs(S) (100 gig per mouse, DNA vaccine group),
orally with auxotrophic S. typhimuarium aroA strain SL7207
transformed with pRe/CMV-HBs(S) (6x10” bacterial cells
per mouse, mucosa DNA vaccine group), intraperitoneally
with HBsAg vaccine with alum adjuvant (H-B-VAX 11,
MSD, 0.5 g per mouse, proleing vaccine group), or orally
with S. typhimurium aroA strain 6x10° bacterial cells per
mouse, control group), respectively.

[0169] Measurement of Serum Antibodies Against HBsAg

[0170] Mice from each group were bled on days =1, 7, and
21. The blood was centrifuged at 2700xg for 20 min and the
supernatant (serum) was stored at =70° C. before antibody
measurement. Mouse sera (diluted with PBS-29% BSA) were
added to ELISA plates precoated with HBs Ag (Biokit,
Spain). The plates were incubated at 37° C. for 1 h. After
washing with washing buffer 3 times, 100 gl peroxidase-
conjugated goal anti-mouse antibody (Zymed Laboratories
Inc.) diluted according to manufacturer’s instructions using
PBS-2% BSA were added to the wells and incubated at 37°
C. for 30 min. IgM and total IgG levels were assayved 1o
assess the primary and secondary immune response, while
IgGl and IgG2a were used 1o determine whether the
humoral response was inclined towards the Th 2 or Th 1
pattern, respectively. Afier washing with washing buffer 3
times, 100 gl orthophenylenediamine (OPD) substrate (pre-
pared by diluting 2 mg OPD [Calbiochem] in 2.5 ml 50 mM
citric acid [pH 5] with 2.5 ul 30% H,0,) was added o cach

Immunization Schedule
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well and incubated at RT for 30 min. Hundred microliter of
1 M H,S0, was added and the absorbance of cach well was
measured at 492 nm, using OPD buffer as a blank. Each
sample was tested in duplicate and the mean absorbance for
each serum was calculated. The serum antibody level of a
particular mouse on a particular day was defined as the
absorbance obtained from the serum on that day minus that
of the corresponding mouse on day -1.

[0171] Cytotoxic T Lymphocyte Assay

[0172] P815 cells stably expressing HBsAg (P815-HB-
sAg) were a gift from Dr. Jorg Reimann, Cylotoxic T
lymphocyte (CTL) activity was assayed in triplicate in a
standard 4 hour calcein AM release assay. Spleen cells
harvested from immunized mice on day 25 were stimulated
in vitro with y-irradiated P815-HBsAg cells at a spleen
cell/stimulator ratio of 20:1 for 3 days. Murine recombinant
interleukin 2 (rIL-2) (25 1U/ml) was then added and the
culture was incubated for another 4 days. The resultant
stimulated and expanded spleen cells were purified by
Ficoll-Hypaquet (Pharmacia Biotech, Sweden) and were
used as the effector cells, Target cells (P815-HBsAg and
P815 cells were labeled immediately before use by incubat-
ing the cells in a predetermined optimal concentration of
Caleein AM (2 uM) at 37° C. for 40 min, washed, and
resuspended at 5x10" cells per ml. Target cells (100 ul) were
incubated with an equal volume of effector cells in 96-well
U-bottomed microtitre plates at effector:target (E:T) ratios
ranging from 0.3:1 to 100:1. The plates were centrifuged at
low speed for 3 min and incubated at 37° C. for 4 h. The
eylolysis of targets was determined by measuring caleein
AM fluorescence using a fluorometer. The maximum release
was estimated by incubating target cells with 5% SDS
(Sigma) (total) and spontaneous release estimated by incu-
bating the targets in medium alone (control). The percentage
specific target lysis is caleulated by the following formula:

1-(a rounV(f

‘sample fl !
~fluorescence,,, )x 100%

[0173] Interleukin and Interferon y-Assays

[0174] During the stimulation of splenic cells harvested
from immunized mice by y-irradiated P815-HBsAg, 200 ul
of supernatant from each sample was collected at 24, 48, and
72 h for cytokine measurement. Monoclonal antibodies
against IL-4 or IFN-y were coated onto wells in 96-well
microtitre plates (OpIELA, PharMingen, Becton Dickinson)
at 1:250 dilutions according to manufacturer’s instructions.
The plates were incubated at RT for 24 h. After washing with
washing buffer 3 times, the plates were blocked with assay
diluent at RT for 1 h. After washing with washing buffer 3
times, 100 ul of supernatant from each sample was added to
the wells in duplicate. The plates were incubated at RT for
2 h. After washing with washing buffer 5 times, 100 ul
diluted biotinylated antibody against 1L-4 or IFN-y and
avidin-horseradish peroxidase conjugate were added 1o the
wells and incubated at RT for 1 h. After washing with
washing buffer 8 times, 100 gl 3.3°-5,5"-tetramethylbenzi-
dine substrate was added to each well and incubated at RT
for 30 min. Hundred microliter of 0.3 M H,50,, was added
and the absorbance of cach well was measured at 450 nm.

[0175] Statistical Analysis

[0176] Comparison was made among the serum antibody
subtype levels at days 7 and 21, the percentage specific lysis
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of target eells at various E:T ratios, and the [L-4 and IFN-y,
levels of supernatant at 24, 48, and 72 h for the 4 groups of
mice using one-way ANOVA. P<0.05 was regarded as
statistically significant.

[0177]

[0178] HBsAg Expression in 293 Cells Transfected with
pRe/CMV-HBs(S) and Macrophages Infected with Live-
Attenuated S. typlimuarium Transformed with pRe/CMV-
HBs(S) The HBsAg levels in the lysates of 293 cells
transfected with pRe/CMV-HBs(S) harvested at 48 h post-
transfection and macrophages infected with S. nyphimurium
pRe/CMV-HBs(S) harvested at 24, 48, and 72 h post-
infection are shown in FIG. 13. Two hundred and ninety
three cells transected with pRe/CMV-HBs(S) showed good
expression of HBsAg at 48 h post-transfection, and mac-
rophages infected with S, typhimurivm pRe/CMV-HBs(S)
showed good expression of HBsAg at 48 and 72 h post-
infection.

[0179] Antibody Response

[0180] The antibody subtype levels of the 4 groups of
mice on days 7 and 21 were summarized in FIGS. 14A and
14B, respectively. The serum IgG levels of the protein
vaccine group were significantly higher than those of the
control group at days 7 and 21, respectively (P<0.05 and
<0.001). Moreover, the serum IgG levels of the protein
vaccine group were significantly higher than that of the
mucosal DNA vaccine group on day 21 (P<0.001). How-
ever, the OD values of 1gG subtypes were too low for the
evaluation of Th 1/Th 2 type response.

Results

[0181] Cyiotoxic T Lymphocyie Response
[0182] The percentage specific lysis of target cells at

various E:T ratios in the 4 groups of mice were shown in
FIG. 15. Splenic cells of the DNA vaccine, mucosal DNA
vaccine, and protein vaccine groups all demonstrated effi-
cient target cell lysis at minimum E:T ratios of 210:1. The
percentage specific lysis of target cells of the DNA vaccine
group were significantly higher than that of the control
group at E:T ratios of 3:1, 10:1, 30:1, and 100:1 (P<0.01,
<0.05, <0.0001, and <0.0001). The percentage specific lysis
of target cells of the mucosal DNA vaccine group were
significantly higher than that of the control group at ET
ratios of 10:1, 30:1, and 100:1 (P<0.01, <0.0001, and
<0.0001). The percentage specific lysis of target cells of the
protein vacecine group were significantly higher than that of
the control group at E:T ratios of 30:1 and 100:1 (P<0.0001
and <0.0001). Furthermore, the percentage specific lysis of
target cells of the DNA vaccine group were significantly
higher than that of the protein vaccine group at E:T ratios of
3:1, 10:1. and 100:1 (P<0.05, <0.05, and <0.001); and the
percentage specific lysis of target cells of the mucosa
vaccine group was significantly higher than that of the
protein vaccine group at E:T ratio of 100:1 (P<0.01). There
was no statistically significant difference between the per-
centage specific lysis of target cells of the DNA vaccine and
mucosa vaccine groups at all E:T ratios.

[0183] Cyiokine Assays

[0184] The IL-4 and IFN-y_ levels of supernatant obtained
at 24, 48, and 72 h from splenic cell cultures of the 4 groups
of mice were shown in FIGS. 16A and 16B, respectively.
The IFN -levels of the DNA vaccine group were signifi-
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cantly higher than those of the control group at 24, 48, and
72 h (P<0.0001, <0.05, and <0.005). Furthermore, the [FN-y,
levels of the DNA vaccine group were significantly higher
than those of the protein vaceine group at 24, 48, and 72 h
(P<0.0001, <0.05, <0.05); and higher than that of the
mucosal vaceine group at 24 h (P<0.001). The 11.-4 levels of
the 4 groups of mice were low at 24, 48, and 72 h; and there
was no statistically significant difference in the 1L-4 levels
among the 4 groups of mice.

[0185] Discussion

[0186] Clinical trials in humans has demonstrated that the
us¢ of lamivudine, IFN-et, and recombinant HBsAg com-
plexed with hepatitis B immunoglobulin (HBIG) can clear
HBeAg in chronic HBV carriers in a certain proportion of
cases. As for the clearance of HBsAg, only adoptive transfer
of immunity from donors with natural immunity to HBV
during bone marrow transplantation (BMT) has consistently
demonstrated efficacy in our BMT recipients. Though one
study in Caucasians succeeded in clearing HBsAg in chronic
carriers by wvaccination with recombinant HBsAg, such
finding probably would not be reproduced in our population
because our predominant mode of transmission of HBV is
vertical. This was also reflected by the much lower efficacy
of IFN-a._in clearing HbeAg status in our previous studies,
The failure of clearing HBsAg in HBV carriers by immu-
nization with recombinant HBsAg is nol unexpected
because animal and human studies have consistently shown
a strong antibody but a poor CTL response. Thus, the design
of a vaccine or vaccine delivery system that can clicit a
strong CTL response may be pivotal in achieving a thera-
peutic clearance of chronic HBV infection.

[0187] A unique strong CTL, but a relatively weak anti-
body response, was clicited by immunization with the live-

1 ted S. rypl ium containing the DNA vaceine. It
has been shown repeatedly, and was supported by the results
of this study, that naked DNA vaccines are associated with
stronger CTL response than recombinant protein vaceines.
In the present study, we have also shown that a strong CTL
response, comparable to that elicited by naked DNA vaccine
and significantly better than that of recombinant protein
vaccine, was associated with the administration of live-
attenuated 8. fyphimurinm containing the DNA vaccine. This
strong CTL response was further supporied by the detection
of a high level of IFN-y, a CTL-associated cytokine in the
supernatant of the splenocyte cultures derived from mice
immunized orally with live-at d 8. tvplii
taining the DNA vaceine. On the other hand, the antibody
response induced by live-attenuated S. typhimurium carrying
the DNA vaccine is relatively weak. This is in contrast to the
strong IgG response associated with both naked DNAand
recombinant protein vaccines detected on day 21. This
differential  CTL/antibody inclined immune response
induced by naked DNA, oral mucosal, and recombinant
protein vaceines could be explained by the difference in the
ways in presentation of the HBsAg antigen and the type of
adjuvant. When mice are immunized with recombinant
HBsAg, the main type of immune response generated is the
antibody response, since the exogenous antigens is mainly
presented by B eells through the MHC Class 11 pathway to
Th 2 cells. In the case of naked DNA vaccine, part of the
HBsAg generated in vivo in the muscle cells are seereted
and presented by B cells through the MHC Class I pathway,
leading 1o a good antibody response; while part of the

THm con-
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antigen is cleaved within the antigen presenting cells and
presented through the MHC Class | pathway, leading to a
strong CTL response, On the other hand, it is difficult to
understand why the same DNA, when carried by live-
attenuated S. ryphiimurium, would induce a strong CTL but
a relatively weak antibody response. We speculate that this
may be due to the selective infection of mucosa associated
lymphoid tissue (MALT) cells by the live-attenuated S.
typhimurium. When the DNA encoding HBsAg was selec-
tively carried into the MALT cells, most of the HBsAg
produced were cleaved within the MALT cells and presented
through the MHC Class 1 pathway, giving rise 1o a strong
CTL response. On the other hand, only a very small amount
of HBsAg generated in the MALT cells are secreted and
presented by B cells through the MHC Class II pathway,
giving rise o a poor antibody response. This hypothesis is
supported by a study which showed that macrophages
pulsed with HBsAg were able to elicit strong CTL response
when transferred to synergeneic mice. Unfortunately, the
authors did not comment on whether such a macrophage
transfer would elicit a good antibody response or not.
Besides this selective infection of MALT cells, the strong
CTL response may have been further affected by the adju-
vant, lipopolysaccharide (LPS) of live-attenuated S. ryph-
imurium, that is co-administered with the DNA. Since it has
been reported that the LPS of Salmonella can lead to a shift
towards Th 1 and CTL immune response, it would not be
surprising that when the DNA vaccine is given using live-
attenuated S, fypliimurium as the carrier, the immune
response would be driven markedly towards a strong CTL,
but a relatively weak antibody response.

[0188] This strongly cellular and relatively absent
humoral response may make this vaccine a better candidate
as a therapeutic vaccine for chronic HBV carriers than
recombinant HBsAg or naked DNA vaccines. Although it
was shown recently in a French pilot study that therapy by
standard recombinant HBsAg vaccine may be efficient in
reducing HBV replication and cancelling the immune tol-
crance 1o HBsAg particles in about 50% of people with
chronic active HBV replication, this resull is probably not
applicable to the situation in developing countries because
most chronic HBV infections occur as a result of vertical
transmission of the virus. This is analogous to the relatively
poor response o IFN- a treatment in our locality, as opposed
10 a 30-40% response in developed countries. Paradoxically,
it was also shown by the same group recently in a HBsAg
transgenic mice model for HBV chronic carrier state that the
CTL response is most important in the long-term control of
transgenic expression of HBsAg in hepatocytes, and the
clearance of HBBsAg expression was not associated with
cytopathic effect in the liver. There is increasing evidence
showing that the CTL response and the associated antiviral
cytokines (IFN-y, TFN-c, IL-2) developed are the major
determining factors for recovery from HBV infection, and
along the same lines, other groups have tried to improve the
CTL response through the use of peptide epitomes that are
recognized by CTL as immunogen or through lipid modifi-
cation of antigenic peptides in order 1o achieve better
therapeutic  vaceines against HBV. While the humoral
response 15 relatively less important for the clearance of
HBC from hepatocytes, its presence may lead to side effects
such as serum sickness and immune complex deposition in
chronic HBV carriers. Therefore, the uniqueness of this
vaccine in generating strong CTL, but minimal humoral
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response, may make it an effective and safer therapeutic
vaceine. In the present study, none of the vaccines showed
any toxicity in mice. Further studies in transgenic mice
expressing HBsAg could be performed for studying the
toxicity induced by the corresponding vaccines during the
possible HBsAg clearance.

[0189] The strong CTL may make this vaccine a better
candidate than recombinant HBsAg vaccine for immuniza-
tion of donors with subsequent adoptive transfer of their
HBV-specific CD8+T cells to HBsAg positive BMT recipi-
ents. Clearance of HBV carrier states have been documented
in our BMT center that HBsAg positive BMT recipients
receiving marrow from HBsAb positive marrow donors.
However, this clearance was associated with donors whose
HBsAb is a result of natural infections, rather than immu-
nization with the recombinant HBsAg vaccine. Therefore, it
would be logical to see whether the present mucosal DNA
vaceine, which can elicit a strong CTL response, could lead
to clearance of the HBV in the recipients. However, the
hepatic flare at the time of immune reconstitution and
possible HBV clearance is of major concern il such a
strategy is used. Recently, it was shown in our BMT
recipients that oral famciclovir 250 mg three times daily,
starting at least 1 week prior to BMT and continuing for 24
weeks after transplantation significantly reduced hepatitis
due to HBV reactivation in HBsAg p
allogencic BMT. Therefore, the approach of simultancous
suppression of HBV replication by famciclovir in BMT
recipients and adoptive transfer of HBV-specific CD8+T
cells from BMT donors would be a logical approach that is
worth trying for the clearance of the HBV in HBsAg positive
BMT recipicnts.

[0190] In addition to the potential use as therapeutic
vaceine, the present mucosa DNA vaceine is a good candi-
date for immunizing those people who do not develop an
antibody response to the conventional recombinant HBsAg
vaceine, as the HBsAg in this vaccine is presented to the
immune system in a radically different way. Furthermore, it
has been suggested that some apparent non-responders are in
fact primed after recombinant HBsAg vaccination, as some
can mount an HBsAb response when a dose of recombinant
HBsAg is given years later. 1t was speculated that some of
these non-responders may have developed cell-mediated
immunity without a humoral response during the primary
recombinant HBsAg immunization, and that the humoral
response only developed afier booster vaccination. This
further supports CTL as playing a major role for the pre-
vention of HBV infection.

[0191] The non-persistent antibody response associated
with oral immunization of live-attenuated Salmonella con-
taining the DNA vaccine may need improvement if such a
vaceine is used for global immunization, as it is not clear
whether cellular immunity itself is as good as humoral and
cellular immunity for the protection against infection. Glo-
bal immunization against HBV infection requires a vaccine
that is highly efficacious, safe, and inexpensive. Recombi-
nant protein vaccines and the recently developed DNA
vaceines are generally efficacious. However, since they have
1o be administered parenterally, transmission of microorgan-
isms due to reuse of peedles becomes a mahor problem.
Moreover, these vaceines require the production and puri-
fication of a large amount of protein or plasmid DNA, and
are therefore extremely expensive, Since needle reuse and
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poverty are major problems in developing countries, where
HBV infection is endemic, using either recombinant protein
or naked DNA vaccines for global immunization would be
far from ideal. Similar results have been obtained when the
experiments were performed using live-atienuated S. typhi
(Ty21a), a commercially available vaccine that has been
shown o be safe, instead of live-attenuated 8. ryphimurinm
(data not shown). Therefore, such a mucosal vaccine may be
potentially useful for global immunization, as large scale
preparation of Ty21a containing the eukaryotically express-
ible plasmid can be achieved in a relatively inexpensive way.

Example 6

Therapeutic Efficacy of Hepatitis B Surface
Antigen-Antibodies-Recombinant DNA Composite
in HBsAg Transgenic Mice.

[0192] Therapeutic efficacy of HBsAg-anti-HBs-recombi-
nant DNA harboring hepatitis B virus (HBV) § gene com-
plex was compared with three other therapeutic vaccine
candidates (recombinant HBsAg, HBsAg complexed to anti-
HBs antibodies and naked plasmid DNA encoding the HBV
S gene). After four injections at 3-week intervals, the most
pronounced decrease of serum HBsAg, the highest titer of
anti-HBs response, the highest level of interferon-y pro-
duced by splenocytes and potent cytotoxicity T cell response
were observed in the HBsAg-anti HBs-sDNA Immunized
group. Reduced expression of HBsAg in hepatocyles was
also shown. The therapeutic mechanism of HBsAg-anti-
HBs-DNA was speculated as modulation of HBsAg presen-
tation via both endogenous and exogenous pathways.

[0193] Materials and Methods
[0194] Mice

[0195] C57BL/6J-TgN (Alb1HBV) 44 Bri mice (I1-2%),
checked for serum HBsAg positive, anti-1Bs negative, and
HBsAg positive in the liver and kidney tissues (after being
sacrificed), were provided by The Jackson [aboratory
(USA). A total of 28 transgenic mice (13 males, and 15
females), 8-12 weeks of age, weight, 16-18 g were used in
this study. Normal C57BL/6J mice (H-2b) were bred under
standard pathogen-free conditions in the Laboratory Animal
Unit of the University of Hong Kong. All mice were housed
in cages under standard conditions. The eriteria outlined in
the *Guide for the Care and Use of Laboratory Animals’
(NIH publication 86-23, 1985) were followed.

[0196]

[0197] Recombinant yeast-derived HBsAg (lot YHB
9811223): commercial yeast-derived recombinant hepatitis
B vaccine was provided by Beijing Institute of Biological
Products (China).

[0198] HBsAg-mouse anti-HBs IC: the source of HBsAg
used for preparation of IC was from the same lot of vaccine
as staled above. The mouse anti-HBs antibodies used were
provided by our own laboratory. 1C was prepared in excess

of HBsAg as described by Qu et al.

[0199] Recombinant plasmid DNA with insertion of HBV
S gene driven by cytomegalovirus immediate early promoter
(s-DNA) was a generous gift from Whalen. Plasmid DNA
was amplified and purified by anion exchange column
(Qiagen, Hilden, Germany), and finally, resuspended in

Immunogens
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endotoxin-free sterile physiological saline for injection. All
plasmid DNA used were checked for endotoxin (less than
0.25 endotoxin unit/ug) prior to immunization, 1C-sDNA
was prepared by combining naked plasmid DNA with IC at
appropriate ratio.

TABLE 5

Immunogens Used in Different Groups of T ic Mice

Number of animals

Groups Immunogens Dose (per mouse)  Male  Female Total

1 HBsAg + alum 2 pg HBsAg 2 4 6

2 IC* + alum 2 pg HBsAg 3 3 [

3 [C-sDNA" 2 pg HBsAg + 2 3 5
100 g sDNA

4 sDNA 100 sz sDNA 3 2 5

5 Unimmunized NA® 3 3 [

Total 13 15 28

C - HBsAg-anti-HBs complex,
"sDINA - recombinant plasmid DNA harboring S gene.
“NA - non-applicable.

[0200]

[0201] Twenty-eight HBsAg transgenic mice were num-
bered and randomly divided into five groups and immunized
with different immunogens (Table 5). To exclude the effect
of anesthesia over the immune response in mice, all immu-
nized mice were anesthetized with identical dose of sodium
barbital, and all immunogens were injected into the tibialis
anterior muscle of both hind legs of mice. The immunization
was given in four doses every 3 weeks over 12 weeks, and
on week 14, mice were boosted with the same immunogen
7 days prior to sacrificing the mice for cell-mediated
IMmune response assay.

Immunization

[0202] Determination of Immune Responses

[0203] Serum samples were taken before each dose of
immunization for the determination of HBsAg and anti-
HBs. Both serum HBsAg and anti-HBs were assayed by
ELISA (BIOKIT, 8.A. Spain). For HBsAg quantification a
panel of HBsAg calibrators (Abbott Diagnostics, Chicago)
was applied in the assay. The level of anti-HBs was quan-
tified using standard positive controls (10-100 mIU/ml)
provided with the kits. The animals were sacrificed on week
15. The spleen cells from all animals were assayed for
HBsAg specific Th 1 and Th 2 cell cytokines 5x10° sple-
nocyles from each mouse were cultured in 10% calf serum-
RPMI 1640, stimulated with 10 gg/ml of recombinant
HBsAg at 37° C. for 3 days, and supernatants of cultured
cells were colleeted and interferon-y and interleukin-4 were
assayed by ELISA using OptEIA kits (Phar-Mingen, USA).

[0204] Cells were further cullured by adding 25 1U/ml of
murine recombinant 1L-2 (R&D Systems, USA) for addi-
tional 4-5 days to expand specific T cells. The eylotoxicity
T cell (CTL) activity of the splenocytes was measured in
triplicate using a standard 4 h calcein release assay in
U-bottom 96-well microplates. Target cells used in CTL
assays were the splenocytes of normal C57/6J, infected
either with 10 PFU/cell of a recombinant vaccinia virus
which harbored the HBsAg gene (vaccinia-HBsAg virus,
abbreviated as Vac-HBsAg) or with vaccinia virus (Vac,
negative control) for 12 h. Target cells were labeled imme-
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diately before use by incubating cells in 2 OM caleein AM
(molecular Probes Inc., USA) for 40 min at 37° C. The
expanded effector spleen cells were purified and resus-
pended in 10% calf serum-RPMI 1640, mixed with 5000
calcein AM labeled targets, at effector/target (E:T) ratios of
100/0.3. The plates were centrifuged at 100xg for 3 min and
further incubated at 37° C. for 4 h. The cylolysis of the
targets was determined by measuring the fluorescence inten-
sity (FI). The percentages of specific cytolysis were calcu-
lated as follows:

¢ 1005

| Experimental FI = Towl lysis FI
[  Target control F1 - Total lysis FI

[0205]

[0206] After sacrificing the mice, liver and kidney tissues
were either snap frozen in liquid nitrogen or fixed in 10% of
buffered formaldehyde, followed by embedding in paraflin.
Sections were examined by immunohistochemical staining
for HBsAg expression using HBsAg detection kits (Dako,
USA) or by haemotoxylin and eosin staining for studying
histopathological changes. Tissue sections were read under
code by pathologists from two independent laboralories.

Immunohistopathological Study

[0207] Statistical Analysis

[0208] The significance of differences between groups
was analyzed by paired Student’s t-test.

[0209]
[0210] Serum HBsAg Levels

[0211] The results are summarized in FIG. 17. The serum
HBsAg levels in samples obtained on weeks 0 and 3 were
essentially the same for all five groups of animals. In the
control unimmunized groups, serum antigen level increased
over the 15-weeks period of observation from the mean
value of 113213 1o 189+17 ng/ml on week 15 (P<0.02). In
conltrast to the controls, the increase of the antigen level was
arrested in all immunized groups. In the 1C immunized
group, compared to the antigen level on week 3, decline in
the antigen level was first evidenced on week 12 (P<0.05)
and the antigen sustained at the similar level up to week 15.
Immunization with IC-sDNA induced the most marked and
rapid decrease in the serum antigen levels. The decline in
antigen levels was first evidenced in this group of mice on
week 9. Serum HBsAg level was 126+22 ng/ml on week 3
in this group, but declined to 56214 ng/ml (P<0.02) on weck
9. The decline continued over the subseguent 6 weeks,
reaching a low mean level of 28 ng/ml on week 12 and
serum HBsAg was sustained at the similarly low level until
termination of the experiment on week 15.

[0212] Anti-IIBs Antibodies

[0213] Immunication with IC-sDNA complex elicited the
most vigorous antibody response with anti-HBs appearing 3
weeks after the first dose of vaccine (FIG. 18). The antibody
rose rapidly after the receipt of the second dose and
increased continuously which reached 4223£3301 mIU/ml
on week 15, In IC and HBsAg immunized groups, antibody
response was less vigorous, and the levels were 9042359
and 149149 mlU/ml, respectively. Antibody response
induced by DNA immunization was similar to that elicited

Results
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by HBsAg alone (203259 mIU/ml). None of the unimmu-
nized control animals produced detectable level of anti-HBs
throughout the course of the experiment.

Number LEN-v (pg/ml
Immunogens of Mice 24 h 48 h 7Th
HBsAg 6 98" (106)" 303 (211) 607 (502)
Ic 6 234 (124) 1044 (688) 3396 (3180)
IC-5sDNA 5 679 (683) 2980 (2280) 13 396 (16 881)
sDINA 5 132 (52) 815 (573) 2044 (639)
Unimmunuzed [ 33 (55) 100 (106) 75 (93)

*Avemge of interferon-y
"S.D. of interferon-y

0214] Cytokine Production
[ ¥

[0215] Interferon -production  from  HBsAg-stimulated
spleen cells of each immunized group is shown in Table 6.
Interferon-y level varied broadly from mouse to mouse in
each group. IC-sDNA clicited a vigorous Th 1-type immune
response, as shown by the production of the highest level of
interferon-y , and 1L-4 production was slightly increased in
the 1C-sDNA group, which was not of statistical significance
(data not shown).

[0216] Cytolytic T Cell Response

[0217] The result of HBV specific CTL activity in all
immunized groups are shown in FIG. 19. In IC, DNA,
1C-sDNA immunized groups, mouse spleen cells were cylo-
toxic against Vac-HBsAg recombinant virus infected target
cells, but they did not exhibit cytotoxicity against the control
vaccinia virus infected cells. CTL response was barely
induced in HBsAg immunized mice.

[0218] Histology and Expression of HBsAg in Liver

[0219] No histopathological changes in the liver or kidney
from all groups of animals were observed. By immunohis-
tochemical staining, except for the mice immunized with
1C-sDNA, expression of HBsAg in liver tissues from the
animals was similar to that in the control group. Fewer
HBsAg positive hepatocytes were found in liver sections
from IC-sDNA immunized mice. The extent of reduced
expression of HBsAg varied among mice in this group, and
was mosl pronounced in two mice (FIG. 20).

[0220]

[0221] In a pilot study, we have previously shown that
HBsAg complexed to human HBIG (1C) was effective in
reducing or clearance of serum HBV viremia in chronic
hepatitis B patients. However, no decrease in the serum
HBsAg level of the treated patients was observed. When the
immunotherapeutic mechanism of this antigen-antibody
complex was studied in normal Balb/c mice, we discovered
that when plasmid DNA was added to the antigen-antibody
complex to generale a new composite, more potent humoral
and cellular immune response could be induced. However,
when vector plasmid DNA was added to HBsAg-anti-HBs
complex to immunize mice, only enhanced anti-HBs
response was observed; whereas when recombinant plasmid
DNA harboring HBsAg gene was added 1o the complex,
both humoral and cell-mediated immune response were
enhanced. These resulls suggested that HBsAg-anti-HBs-

Discussion
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DMNA complex can be used as a new approach to treat HBV
carriage and the chronic discase associated with it. To test
this possibility and to compare the efficacy of this composite
with other described immunotherapeutic vaccine candidates,
we used four immunogens to immunize the same lineage of
transgenic mice. The immunization schedule, route and
volume of inoculation, anesthetization of animals and gen-
ders of mice distributed in each immunized group were
designed to minimize bias in results obtained.

[0222] In the lineage of HBV-transgenic mice used in this
study, HBsAg was expressed by virtually all the hepatocytes
and the antigen was detected in increasing concentrations in
the consecutive serum samples taken over the 15-weeks
duration of our experiment. Presumably, this may be
because the rate of antigen production exceeded the rate of
disposal, such that there is a tendency for the antigen to
accumulate as the animal aged. Though we did not succeed
to clear the serum HBsAg nor eliminate HBsAg expression
in hepatocytes, the pronounced reduction of HBsAg expres-
sion in [C-sDNA immunized mice was encouraging.

[0223] In this study, even the protein vaccine was able 1o
break the immune tolerance and induced a weak HBV
specific immune response in these animals. The immune
response induced by s-DNA immunization in this study was
not as pronounced as that reported by others, which could be
due to a different construction of the recombinant plasmid or
due to different mouse strain used. However, naked DNA
immunization did induce CTL response, production of inter-
feron-y_and anti-HBs, which were adequate to arrest the
increase of serum antigen level in animals. The IC immu-
nogen induced an effective but moderate immune response,
which was shown by good CTL response, high interferon-y.
production, anti-HBs response and a decline in serum anti-
gen level. ICsDNA immunization resulted in the best effec-
tive response, by marked decrease of serum HBsAg, induc-
ing high level of interferon-y, high titer of anti-HBs and
effective CTL activity. However, in most of the animals, the
decrease in serum HBsAg level was not well correlated with
the expression of HBsAg in liver tissues, This discrepancy
strongly suggest that the decrease in serum HBsAg was
mainly due to the neutralizing effect of induced anti-HBs,
which was not effective in clearing the HBsAg in hepato-
cyles.

[0224] Only in sections of the liver tissues from IC-sDNA
immunized mice, fewer HBsAg positive cells were found. In
chimpanzees, a noncytopathogenic antiviral mechanism was
described and cytokines played important roles. Due to
technical problems, we did not succeed in assaving the
HBsAg mRNA in these liver tissues. However, since the
level of interferon-y induced in splenocytes was the highest
in this group of mice, the down-regulation of HBsAg
expression could possibly be mediated via cytokines, e.g.,
interferon-y .

[0225] The in vitro cytolytic activity was not observed in
liver tissue sections, which could be due 1o lack of effector
cells in the liver tissue of transgenic mice. By haemotoxylin
ing, very few mononuclear cells were found in the
sues of immunized and control transgenic mice. In
addition, the target cells were different between in vitro and
in vivo. The hepatocytes expressing the transgene (HBsAg)
as targets in vivo could react differently from the recombi-
nant Vac-HBsAg virus infected splenocytes in vitro.
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[0226] We have shown that by IC immunization, enhanced
uplake of HBsAg via the Fe receplors on macrophages and
dendritic cells occurred and potentiated in vitro specific
Iymphocyte proliferation, possibly through the modulated
presentation of HBsAg by professional antigen presenting
cells. We speculated that when IC-DNA composite was used
for intramuscular injection, the professional APCs drawn by
IC 10 the site of inoculation would provide an excellent
micro-environment for naked DNA to contact and interact
with APC, and presumably, when IC and DNA were co-
ingested and processed, the combination of both exogenous
and endogenous pathways of antigen presentation could
induce potent host immunce responses. In addition, the
naked DNA in this composite could be protected from
enzyme-mediated degradation and be stabilized, and the
CpGs in plasmid DNA could serve as the adjuvant to
enhance the immunogenicity of the complex. More studies
on the immune mechanisms of this composite will elucidate
the synergistic therapeutic effects in the trangenic mice
maodel. Since different lineage of mice used and different
constructs of immunogens employed could influence the
outcome of i stherapeutic studies, 1C-sDNAI

zation should be studied in other transgenic mice models,
especially in those with active virus replication.
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We claim:

1. An oral DNA composition for improving an impaired
immunity associated with chronic infection of HBV and for
suppressing transgene expression for a protracted period of
time comprising:

an attenuated strain of bacteria which preferentially tar-

gets phagoeytic cells, wherein cells of the bacterial

strain are transformed by a plasmid vector comprising:

one or more genes, or complementary DNA thereof,
coding for at least a portion of a hepatitis B viral
protein or peptide or antigenic portion thereof;

a promoter operably linked to the gene or complemen-
tary DNA permilting expression thereof in an
cukaryotic environment; and

an auxotrophic mutation which causes the cells of the
bacterial strain to undergo autolysis once they have
gained entry into the phagoeytic cells; and

a pharmaceutically acceptable carrier.

2. An oral DNA composition according to claim 1 wherein
the phagocytic cells are those of the intestinal mucosa.

3. Anoral DNA composition according to claim 1 wherein
the phagocytic cells include inflammatory cells recruited in
response o an infection,
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4. An oral DNA composition according to claim 1 wherein
the attenuated strain of bacteria is Salmonella typhimurium
aroA.

5. An oral DNA composition according to claim 1 wherein
the atienuated strain of bacteria is selected from the group
consisting of attenuated strain of Salmonella typhimurium
strain $7207 and attenuated strain of Safmonella tvphi Strain
Ty2la.

6. A process for inducing a cell-mediated immune
response in a chronically infected HBV carrier comprising:

orally administering to the HBV carrier an effective

amount of an altenuated bacterial strain which prefer-
entially targets phagoeytic cells, wherein cells of the
bacterial strain undergo autolysis when taken up by the
phagocytic cells, thereby causing release of a plasmid
vector contained therein which is capable of expressing
at least a portion of a HBV genome in an cukaryotic
environment; and

inducing a cell-mediated immune response in the HBV

carrier and suppressing HBV expression.

7. A process according to claim 6 wherein the phagocytic
cells are those of the intestinal mucosa.

8. A process according to claim 6 wherein the phagocytic
cells include inflammatory cells recruited in response to an
infection,

9. A process according to claim 6 wherein the atlenuated
strain of bacteria is Salmonella typhimurium aroA.

10. A process according to claim 6 wherein the attenuated
strain of bacteria is selected from the group consisting of
attenuated strain of Salmonella typhimurium strain S7207
and attenuated strain of Salmonella typhi strain Ty21a.

11. A process according to claim 6 wherein the plasmid
veclor comprises: one or more genes, or complementary
DMNA thereof, coding for at least a portion of a hepatitis B
viral protein or peptide; a promoter operably linked to the
hepatitis B gene or complementary DNA which allows
expression thercofl in an eukaryotic environment; and an
auxotrophic mutation that causes the bacteria to undergo
autolysis upon entry into the phagocytic cells.
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