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Figure 4. (A) Therapeutic effect of HVJ-Envelope/HSP65DNA + IL-12DNA vaccine on TB-infected cynomolgus monkeys. (B) Therapeutic efficacy of
HSP65 + IL-12DNA, (C) Therapeutic Efficacy (survival) of HSP65 + [L-12 DNA vaccine 130 days after TB infection.

CTL and Granulysin Vaccine

The increasing threat posed by drug-resistant strain of M. tuber-
culosis is to a reappraisal of the possibility of treating TB by immu-
notherapy (Fig. 2). Rook et al. analyze 6 strategies that have been
shown to be therapeutic in animal models of TB and identify a
common pathway underlying the activity of the superficially dif-
ferent immunotherapeutic protocols.”? 6 strategies are (1) DNA
vaccine encoding hsp65 from M. leprae, (2) hearkilled M. vac-
cae, (3) fragmented, lipid-depleted M. tuberculosis delivered in
liposomes (RUTTI), (4) HE2000, (5) inhibition of IL-4, (6) inhi-
bition of TGFf. This pathway involves enhanced induction of
CD8* CTLs and downregulation of interleukin-4 and pathways.
This unifying analysis strengthens the rationale for future trials
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of immunotherapy in humans and points to surrogate markers
that could be studied in such trials.?

There is increasing evidence for the importance of cytotoxic
cells.”* Their role in immunity to TB in mice has been revealed
by knocking out genes involved in presentation via major his-
tocompatibility complex (MHC) class I (e.g., transporter asso-
ciated with antigen processing-1, CD8, B2m and MHC class I
heavy chain), by cell-transfer experiments, and by depletion of
CD8* CTLs with antibodies.” CD8* CTLs play a major role
in the control of the latent TB.”" N-acetyl muramyl dipeptide
(MDP: N-acetylmuramyl-L-alanyl-D-isoglutamine mycobacte-
rial peptidoglycan(PGN)) presented adjuvant activity, augmented
the CTL differentiation against TB as well as cancer cells, and
activated innate immunity via the host sensor NOD2.757¢
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Table 3. Induction of decreas¢'in TB number in vivo and CTL differentiatiof by 15K granulysin and 9K granulysin
H e - - ot o R o 5 § — e

e

Function Granulysin expression in

. <8 T
Decrease in Induction of Proliferation IFNY Patients Patients with
TB number CTL against of T cells production with MDR- Drag-sensitive
Two Kinds of Granulysin TB against TB T8 ™
I5K Granulysin ++ s +4 ++ i 4
(strong augmen-
, tation) )
9K Granulysin ++ + + ++ N.D N.D

(augmentation)

(++; strong augmentation, + ; augmentation); (J{; strong suppression, §; suppression).

Table 4. Therapeutic efficacy against tuberculosis by 15K granulysin

CD8" cells and other CTLs might be even more important o ; I
transgenic mice and 9K granulysin transgenic mice

in humans, in whom they have additional effector modalities

not present in the mouse, such as granulysin, which can kill M. 18 mouse CFU of TB (log) (*p < 0.05)
tuberculosis,”” and lymphocyte subsets that recognize antigens I5K Granulysin Tg mouse 53£0.0%
presented by HLA-E or by groupl CD1 molecules (CDla, CD1b, wild type C57BL/6 mouse 59102
etc.,) in addition to MHC class 1.7378-81 9K Granulysin Tg mouse » 5.8+ 04

It has been suggested that the granulysin has the function of " wild type C57BL/é mouse 67407
in vitro cytotoxic activity against M. tuberculosis outside the mac- Secreted 9K Granulysin Tg mouse 57 4 0.6
rophage cells, and contributes the in vitro reduction of M. tuber- wild type C57BL/6 mouse 67 %02

s in th in th f perforin.”! H ,
cwlosis 11? the macrophage lfl . ¢ pres.enc.e ot pertott owever (CFU, Colony Forming Unit); (*significant (p < 0.05) by Student’s Test).
the precise role of granulysin in the in vivo defense for the tuber-
culosis infection has not been elucidated yet.

CTL play an important role for the protection against TB"?

(Fig. 5). The granulysin protein expression as well as IL-6, [FNy
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Table 5. Preclinical and/or phase |, i clinical trial vaccines for tuberculosis
(A) Priming, Pre-Expostre

(1) Phase I: 2008

(a) rBCG30
(b) rBCG30AureC:Hly (VPM1002)
(c) AERAS-407
(d) rBCG30ARMF, rBCG Mtb B30, rBCG h IFNy
(e) Nas L3/Htk BCG
(f) mc?6220, mic?622I, mc26222, mc26231

(g) mc?5059

(2) Phase | 2009 or Later
() HBHA (heparin-binding haemagglutinin)
(b) Attenuated Live Vaccine based on Phop
() paBCG (pro-apoptotic BCG)

and IL-2 activities in the culture supernatants of PBL from patients
with MDR-TB and patients with Diabetes Mellitus (DM)-TB
were evaluated since IL-6, IFNy and IL-2 act as cytotoxic T cell
differentiation factor.”*® All these activities were very low in
MDR-TB and DM-TB in comparison with healthy volunteers.
‘Two major protein products, 15 kDa (15K) granulysinand 9 kDa
(9K) g/;aﬁuly§inr are detected in €TL and NK-cells-Grapulysin-

exhibits pog/eilt cytotoxicactivity a§ainst a bro‘édfpanel,ﬁ;of mii;ro—

K e s . o g £ A g e
bial targets, chﬁHlng Bacterra, fung1 anfparasxtes. Granulysm 1$

present in human CD8* (and some CD4*) CTLs, NK cells, NK
T Cells and ¥/8 T cells. It isa member of the saposin-like protein
family, colocalizes with perforip and granzymes'in the cyto ytic
granules of human CTL and NK celfs#5 (Table 3y, ~ '
We found that 15K granulysin was secreted from CD8 positive
CTL, and 15K granulysin could enter human macrophages and
killed M. tuberculosis in the cytoplasm of macrophages.*2
Expression of 15K granulysin protein and mRNA in CDS8 pos-
itive T cells in the patients with drug sensitive TB were lower than
that in the healthy volunteers.? Expression of 15K granulysin pro-
tein in CD8 positive T cells in the patients with multi-drug resis-
tant tuberculosis (MDR-TB) was significantly lower than that
in the patients with drug-sensitive TB (Table 3). 15K granulysin
production stimulated with PHA-P, ConA, alloantigens and PPD
antigens was suppressed significantly in the supernatants of PBL
from MDR-TB patients.®? Furthermore, we established 15K gran-
ulysin transgenic mice and 9K granulysin transgenic mice (Table
4). It was demonstrated first that 15K granulysin transgenic mice
as well as 9K granulysin transgenic mice exerted in vivo anti-T'B
effect, decrease in the number of TB and in vivo induction of
cytotoxic T cells against TB, proliferation of T cells against TB,
and augmentation of cytokine production. As shown in Table 4,
in vivo anti-TB effect of 15K granulysin transgenic mouse was
observed. CFUs of M. tuberculosis in the lungs, 4 weeks after TB
injection, were decreased in 15K granulysin transgenic mice, com-
pared to wild type mice. Furthermore, CFUs of TB in the lungs of
9K granulysin transgenic mice, were also decreased compared to
wild type mice (Table 4). These findings demonstrate for the first
time an in vivo effect of 15K granulysin and 9K granulysin against
TB infection. Thus, granulysin vaccine therapy might provide a
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Vaccine Type

recombinant 85B BCG
recombinant listeriolysin BCG

recombinant perfringiolysin

recombinant 85B BCG
nasal vaccine/heat killed whole BCG
non-replicating, M. Tuberculosis strain (Alys A Apan CD)
replicating pro-apoptotic M. bovis BCG (AnuoG)

methylated 21-KDA protein
attenuated TB (virulence gene phop inactivation)
- decrease in anti-apoptotic enzyme activity

weapon against MDR-TB and XDR-TB (extremely drug resistant
TB).”®

Anti-TNF therapy reduced the expression in lymphocytes of
perforin and granulysin, 2 components of the T cell-mediated
antimicrobial response to intercellular pathogens. Specifically, M,
tuberculosis-reactive CD8'CCR7-CD45RA" effector memory T
cell (T, p o cells) expressed the-highest levels-of granulysin, lysed
M gyberchlf}fs, and infected macrophagesand mediated @i antimi-
crobial activity against intracellilar M. Fuberculosis. Furthermore,
Tiura cells expressed cell surface TNF and bound the anti-TNF

" therapeytic jnfliximad in vitro, making them susceptible to com-
. plement-mediated lysis. Immune ‘therapy with anti-TNF was asso-

ciatéd with reduced’ numb‘ers~of\€‘D8"TEMR , cells and decreased
anrimicrobial activity against M. tuberculosis>%

Long-term memory T cell immunity for tuberculosis vac-
cines. Standard BCG vaccinations (intradermal) protect infants
from severe TB meningitis and milliary TB, but provide highly
variable protection against pulmonary TB later in life (adult).
Therefore, an important issue for new TB vaccination strategies
attempting to do better than BCG is the ability to induce long-
term memory immunity that is protective against primary-disease
progression and reactivation of latent TB. Memory T cells express
CD44, CD45RO and IL-7 receptor etc. Two subpopulations
(central memory T cells and effector memory T cells) of memory
T cells are identified.®®® Some cytokine, such as IL-7 and IL-15
enhance memory T cell responses and their induction by vaccines
or their exogenous addition to vaccines might be useful in optimiz-
ing long-term memory responses.®®

HSP65 DNA + IL-12 vaccine showed significant prophylactic
efficacy on TB infection even when the interval between BCG
priming and HSP65 + IL-12 DNA vaccine booster was very long
in a monkey model, suggesting that this vaccine may augment the
memory T cell differentiation and survival against TB.

Other Vaccines
Recombinant BCG vaccine. Recombinant BCG strains

overexpressing specific mycobacterial antigens or engineered to
escape from the phagosome, live, attenuated vectors expressing
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Table 6. Preclinical and/or phase |, I clinical trial vaccines for tuberculosis
(B) BOOSTING, PRE-Exposure
(1) Phase I: 2008
(a) MVASSA
(b) M72
(c) AERAS-402

(d) $S1 Hybrid-1
(e) SSI HyVac4/AERAS-404
(f) AERAS-405

(@ r30
(h) Nas L3/Htk BCG

(2) Phase 1: 2009 or Later
() Hsp C™TB Vaccine

(b) HBHA (heparin-binding haemagglutinin)
{c) NasL3/AMB85B conjugate

(d) PPI, PP2, PP3
(e) AC,SGL Diacylated Sulfoglycolipids
(f) HVj-liposome/Hsp65 DNA + 1L-12 DNA
(g) HV}=-envelope/HSP65 DNA+IL-12 DNA

mycobacterial antigens havé begh tist@d. Tifgéicufos's 1§ the I‘gc{—
ing cause of death in AID! atient; yet tﬁejcu‘negt tubercuto-
sis vaccine, BCG is contraindicated for immunocompromised
individuals, including human immunodeficiency virus (HIV)-
positive person, although Tullius et al. reported that a replica-
tion-limited recombinant BCG (30-kDa) vaccine designed for
HIV-positive person is safer and more efficacious than BCG
using SCID mice” (Table 5).

Intranasal, intratracheal or oral vaccine. Several new
TB-vaccine candidates have been evaluated for their protective
efficacy in animal models using the mucosal route of immuniza-
tion. The adjuvants and delivery systems are crucially important
in such vaccines,?2:6092.93

Today, nearly 200 new “laboratory bench” vaccine candidates
have been developed by different research groups.® They include
live attenuated vaccines,®® recombinant virus-restored vaccines,
recombinant bacteria-vectored vaccines (including BCG vec-
tor),*® DNA vaccines and subunit vaccines including fusion pro-
teins (Tables 5 and 6).

Antigen specific CD4* and CD8* T cells were elicited by
intranasal immunization of mice with a vaccinia virus-based vac-
cine or an adenoviral-based vaccine expressing Ag85A.

A vaccine of Act DNA-deleted Listeria monocytogenes includ-
ing Ag85A, Ag85B or MPT51 DNA was used for oral vaccine
which augmented intestinal mucosal immunity. This vaccine
exerted prophylactic efficacy on TB infection in mice.*

However, so far no mucosal TB vaccine candidate has reached
clinical trial.

www.landesbioscience.com
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Vaccine Type
MVA virus expressingAg85A DNA
Mtb32 + Mth29 fusion protein

Replication-incompetent adenovirus 35 vector expressing M.
Tuberculosis antigens AgB85A, AgB5B, and TB 10.4.DNA

fusion protein (Ag85B-ESAT-6)
fusion protein (Ag85B-TBI0.4)

Shigella-delivered recombinant double-stranded RNA nucleocapsid (Ag85A,
85B, Rv3407, latency antigen)

recombinant Ag858B protein

Heat shock protein antigen complexes (Hsp Cs)

Nasal vaccine/Man capped
Arabinomannan oligosaccharide
BCG boosting
AC, SGL Mycobacterial lipids
HSP65 DNA from H37Rv TB HV]}-liposome vector
HSP65 DNA from H37Rv TB HV]-envelope vector
M., Okada, et al.

; ] ;
_MPT5{DNA vaccine, Lipoéakin2 DNA vaccine and SLPI
4 (sm:/l:etorry‘E ledkd‘cyffe protease inhibitory protein) DNA vac-
cine. T. Aoshi et al. identified an HLA-A*0201-restricted
CD8'T cell epitope on MPT51 by using a strategy that included
HLA-A*0201 transgenic mice and gene gun immunization with
expression plasmid DNA encoding MPT51.%% They found
HLA-A*0201-restricted CD8*CTL which may play a pivortal
role in protection against M. tuberculosis infection. Takeda K et
al. reported lipocalin 2 and SLPI produced from macrophages
and lung alveolar epithelial cells stimulated by TLR have killing
activity against TB in vitro.?®*” Lipocalin 2 (-/-) mice and SLPI
(-/-) mice were very sensitive to TB infection.”®” Therefore, we
are now constructing novel stronger therapeutic vaccine con-
taining MPT51 + Lipocalin 2 + SLPI + HSP65 + IL.-12 DNA

vaccine in the collaboration with Koide and Takeda.

SR

Clinical Trial

MTB72f. The MTB72f vaccine is a fusion molecule consist-
ing of two antigens that are strong targets for T helper 1 (TH1)
cells in PPD-positive individuals. Rv1196 (MTB32) is inserted
into the nrdlle of the serine protease Rv0125 (MTB39), which
is thus present as two fragments, MTB72F in the A502A adju-
vant formulation has recently completed two Phase I trials in
healthy PPD-negative adults in the USA and Belgium. The vac-
cine was well tolerated and safe, and could induce both anti-
gen-specific humoral and cell-mediated immune responses™-%°

(Table 6).
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MVAB85A. MVASSA is a modified vaccine virus Ankara
(MVA) strain expressing antigen 85A, another member of the
Ag85 family of protective antigens. In phase I studies in humans,
MVABS5A was found to be safe and well tolerated, and this vac-
cine has induced strong immune responses, particularly in previ-
ously BCG-vaccinated individuals.®!

Boosting BCG vaccination with MVAS85A downregulates
the immunoregulatory cytokine TGFB1 (Table 6).1' MVAS5A
induces cellular immune responses in UK volunteers.'®? The
safety and immunogenicity of MVAS85A in West Africa support
its accelerated development as a booster vaccine for tuberculosis.
T cell responses were better maintained in BCG-naive Gambian
than BCG-naive UK vaccine. CD4*T cells responses were pre-
dominantly stimulated. CD8*T cell responses were observed in
subjects who were HLA B-35,12 (Table 6).

AERAS-402 DNA. This DNA vaccine is intended for use as
a boosting vaccine in BCG-primed individuals. The vaccine is
a serotype 35 adenovirus which is incapable of replicating and
contains DNA that expresses a fusion protein created from three
M. tuberculosis antigens: 85A, 85B and TB 10.4.

HSP65 DNA + IL-12DNA. We reported the activities of a
network of Asian investigators involved in the development of
therapeutic vaccines for use in patients infected with MDR-TB,
and dés¢tibed a-network of hospirals within Japan which cpula be-

linked uritbe’ clinital itef}ing of nezvaB viaccin’“e“s‘;’z'“ii3 (Taf)lek 6)’“‘"* S'I'9P T‘Fﬁmgarzfnérii}jp 2008),

—_—— . et S -4 S ”
new TB vaccines were reportedm"f‘bs and some of

Severa
them were currently in Phase I human testing. This requires
a small study in healthy, 'PPD-negative andi\gﬂdualgw (usuglly

adults) in the country ingwh\chf the vaéciée ;vg develoi)eci.
Additional Phase I trials miaybe contducted in PPP* individuad,

children, infants, or other groups for which the vaccine may be
indicated ultimately. The critical issues which impact upon the
design of TB vaccine field trials have been reviewed recently.!%?
The determination of safety and immunogenicity are prereq-
uisites for any new TB vaccine to go forward into Phase III
{efficacy) trials.

Phase I and II vaccine trials are relatively small and inex-
pensive, however, Phase III trials of new TB vaccines will be
large, complicated, costly endeavors requiring international
private/public partnership and a long planning process. The
complexities of evaluating new TB vaccines during the product
development phase have been analyzed recently.!10 McMurray
discussed the role of the Aeras Global TB Vaccine Foundation
in the movement of TB vaccines from the bench through clini-
cal testing to the bedside.?> True protective efficacy can only
be measured in phase I trials. Because of the absence of accu-
rate methods to measure infection rates, especially when BCG
or related vaccine are given, the long latency of M. tuberculosis
infection and delayed reactivation disease, efficacy trials need
large sample sizes (at least 10,000) with long-term follow-up (5
years). New diagnostic tests capable of distinguishing between
immunity induced by BCG vaccination and M. tuberculosis
infection (i.e., Quantiferon test) might allow for an infection
and point to be studied in future vaccine trials."

Conclusions

Several kinds of vaccines against TB were developed by the
progress of method for genes, immunity and animal models.
Among the vaccing-candidates-shawn-in Tables 5-and-6 (WHO
the fesilts of MVAf'(Modiﬁed
vaccinia~ Ankara) AgB{A, “HVJ-Envelope/HSPGSDNA  +
IL-12DNA, Recombinant BCG (listeriolysin), Recombinant

?B;CWG&A@;A?» Mtb72f fusion fprotein, ESATG/Ag85A fusion

| protein vaécci%xes}f might érozvideuai significant rationale in for

- mﬁ’ﬁfing'these"vatci"rilesﬁ’ﬂfo clinical application. It will further-
more be a high priority for the clinical development programs
to evaluate the current vaccines for post-exposure vaccine which
prevents reactivation of TB in the large proportion of the global
population latently infected with TB.
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[Abstract]

We have developed a novel tuberculosis (TB) vaccine; a combination of the DNA vaccines expressing
mycobacterial heat shock protein 65 (HSP65) and interleukin 12 (IL-12) delivered by the
hemagglutinating virus of Japan (HVJ)-envelope and -liposome (HSP65 + IL-12/HVJ). An IL-12
expression vector (IL-12DNA) encoding single-chain IL-12 proteins comprised of p40 and p35 subunits
were constructed. This vaccine provided remarkable protective efficacy in mouse and guinea pig
models compared to the BCG vaccine on the basis of C.F.U of number of TB, survival, an induction of
the CD8 positive CTL activity and improvement of the histopathological tuberculosis lesions. This
vaccine provided therapeutic efficacy against multi-drug resistant TB (MDR-TB) and extremely drug
resistant TB (XDR-TB) (prolongation of survival time and the decrease in the number of TB in the lung)
as well as protective efficacy in murine models. Furthermore, we extended our studies to a cynomolgus
monkey model, which is currently the best animal model of human tuberculosis. This novel vaccine
provided a higher level of the protective efficacy than BCG based upon the assessment of mortality, the
ESR, body weight, chest X-ray findings and immune responses. All monkeys in the control group
(saline) died within 8 months, while 50% of monkeys in the HSP65+hiL-12/HVJ group survived more
than 14 months post-infection (the termination period of the experiment).  Furthermore, the
combination of HSP65 + IL-12/HVJ and BCG by the priming-booster method showed a synergistic
effect in the TB-infected cynomolgus monkey (100% survival). In contrast, 33% of monkeys from BCG
Tokyo alone group were alive (33% survival). Furthermore, this vaccine exerted therapeutic efficacy
(survived and immune responses) in the TB-infected monkeys. These data indicate that our novel
DNA vaccine might be useful against Mycobacterium tuberculosis including XDR-TB and MDR-TB for

human therapeutic clinical trials.
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[Introduction]

Tuberculosis is a major global threat to human health, with about 2 million people dying every year from
M.tuberculosis (TB) infections. The only tuberculosis vaccine currently available is an attenuated
strain of M.bovis BCG (BCG), although its efficacy against adult TB disease remains controversial.
Furthermore, multi-drug resistant tuberculosis (MDR-TB) and extremely drug resistant TB (XDR-TB)
are becoming big problems in the world. In such circumstances, the development of therapeutic
vaccine against TB as well as prophylactic vaccine against TB is required. Therefore, we have
recently developed a novel TB vaccine, a DNA vaccine expressing mycobacterial heat shock protein 65
(Hsp65) and interleukin-12 (IL-12) delivered by the hemagglutinating virus of Japan (HVJ)-envelope
(liposome) (HSP65+IL-12/HVJ). In order to explore the preclinical use of tuberculosis DNA vaccine
combinations of IL-12 DNA with Hsp65 DNA, we choose the viral-based hybrid antigen delivery system
hemagglutinating virus of Japan (HVJ)-liposome because this delivery system results in a high
transfection efficacy, repeated gene transfection without reduction of gene transfer efficiency in vivo,
and no apparent toxicity. The vaccine was 100 fold more efficient than BCG in the mouse model on-
the basis of the elimination of M. tuberculosis mediated by the induction of CTL [1]. A nonhuman
primate model of TB will provide critical information for vaccine development. In fact, in the previous
study we evaluated the protective efficacy of HSP65+IL-12/HVJ in the cynomolgus monkey model,
which is an excellent model of human tuberculosis [2,3]. Furthermore, we observed the synergistic
effect of the HSP65 + IL-12/HVJ and BCG using a priming-booster method in the TB-infected
cynomolgus monkeys. The combination of the two vaccines showed a very strong prophylactic
efficacy against M. tuberculosis (100% survival) as we have seen previously in the murine model of TB
[4]. Inthe present study, we evaluated therapeutic effect and prophylactic effect of this vaccine on the
MDR-TB infection and XDR- TB infection in murine and monkey models.

[Materials and Methods]

DNA vaccines encoding M.tuberculosis HSP65 and human IL-12 were encapsulated into
HVJ-Envelope or HVJ-liposomes [5].

At 5 and 10 weeks after intravenous or aerosol intratracheal challenge of M. Tuberculosis H37RV, the
number of CFU in the lungs, spleen, and liver were counted and therapeutic efficacy of HVJ-Envelope
DNA vaccines was evaluated [1].

Cynomolgus monkeys were housed in a BL 3 animal facility of the Leonard Wood Memorial Research
Center. The animals were vaccinated nine times with the HVJ-envelope with expression plasmid of
both HSP65 and human IL-12 (HSP65 + hiL-12/HVJ: 400ug i.m.), one week after the challenge with the
M.tuberculosis Erdman strain (5x10?) by intratracheal instillation. Immune responses and survival

were examined as described in our previous studies [2,4].
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[Resulis]

The protective efficacy of the HSP65+IL-12 /HVJ and BCG using the priming-booster method in the TB
infected cynomolgus monkeys was very strong. All four monkeys from the group of BCG-priming and
the DNA vaccine (HVJ-liposome/HSP65+IL-12 DNA vaccine) booster were alive more than 12 months
post-infection (Fig,1). In contrast, only 2 monkeys out of 6 from the BCG Tokyo group were alive (33%
survival). 50% of the monkeys from the saline control group and DNA vaccine-priming and the BCG
Tokyo vaccine booster group, respectively, were alive more than 12 months in the study. In addition,
both HSP65+hiL-12/HVJ improved ESR and chest X-ray findings. IL-2 and IFN-y production were
augmented in the group vaccinated with HSP65+hlL-12/HVJ (data not shown). Furthermore,
proliferation of PBL was strongly enhanced. Taken together, these results clearly demonstrate that
BCG priming and the HSP65+hIL-12/HVJ booster could provide extremely strong protective efficacy
against M. tuberculosis in the cynomolgus monkey model.

Fig.2A shows the results of immune responses of cynomolgus monkey at 11 weeks after challenge of
M.tuberculosis Erdman strain (5><102) by intratracheal instillation. The proliferation of PBL in
therapeutic vaccination of monkeys in the group with HVJ-Env/HSP65 DNA +IL-12 DNA was
augmented. This vaccine also improved the survival of monkeys, compared to the saline (control)

group, during the period between 0 weeks and 19 weeks after TB challenge(Fig.2B).

[Discussion]

The HSP65+hiL-12/HVJ vaccine exerted a significant therapeutic effect against TB, as indicated by: (1)
extension of survival of mice infected with XDR-TB, (2) augmentation of immune responses, in a
cynomologus monkey model which closely mimics human TB disease. It is important to evaluate the
survival of monkey [2,3,4]. During the period between 0 weeks and 19 weeks after TB challenge,
increase in the survival rate of the monkeys treated with this vaccine were observed, compared to the
control monkeys treated with saline [6]. Thus, our results with the HVJ-Envelope/HSP65 DNA+IL-12
DNA vaccine in the murine therapeutic model and cynomologus monkey therapeutic model should
provide a significant rationale for moving this vaccine into clinical trial. Furthermore, we have
established chronic TB disease model using mouse infected with TB in the aerosol chamber (data not
shown). By using this model, therapeutic efficacy of this vaccine was also observed.

In the present study, it was demonstrated that BCG vaccine priming and HSP65+h IL-12/HVJ booster
could provide extremely strong (100% survival) efficacy against M.Tuberculosis compared to BCG
alone (33% survival) in the cynomologus monkey model. Thus, we are taking advantage of the
availability of multiple animal models (mouse, guinea pig, and monkey) to accumulate essential data on

the HVJ-envelope DNA vaccine in anticipation of a Phase | clinical trial.
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Abstract

We have developed a novel tuberculosis (TB) vaccine; a combination of the DNA vaccines expressing mycobacterial heat shock
protein 65 (HSP65) and interleukin 12 (IL-12) delivered by the hemagglutinating virus of Japan (HVIJ)-envelope and —liposome
(HSP65 + IL-12/HVJ). An IL-12 expression vector (IL-12DNA) encoding single-chain IL-12 proteins comprised of p40 and p35
subunits were constructed. This vaccine provided remarkable protective efficacy in mouse and guinea pig models compared to the
BCG vaccine on the basis of C.F.U of number of TB, survival, an induction of the CD8 positive CTL activity and improvement of the
histopathological tuberculosis lesions. This vaccine also provided therapeutic efficacy against multi-drug resistant TB (MDR-TB)
and extremely drug resistant TB (XDR-TB) (prolongation of survival time and the decrease in the number of TB in the lung) in murine
models. Furthermore, we extended our studies to a cynomolgus monkey model, which is currently the best animal model of human
tuberculosis. This novel vaccine provided a higher level of the protective efficacy than BCG based upon the assessment of mortality,
the ESR, body weight, chest X-ray findings and immune responses. All monkeys in the control group (saline) died within 8 months,
while 50% of monkeys in the HSP65+hIL-12/HVJ group survived more than 14 months post-infection (the termination period of the
experiment). Furthermore, the BCG priming and HSP65 + IL-12/HV] vaccine (booster) by the priming-booster method showed a
synergistic effect in the TB-infected cynomolgus monkey (100% survival). In contrast, 33% of monkeys from BCG Tokyo alone group
were alive (33% survival). Furthermore, this vaccine exerted therapeutic efficacy (100% survival) and augmentation of immune
responses in the TB-infected monkeys. These data indicate that our novel DNA vaccine might be useful against Mycobacterium
tuberculosis including XDR-TB and MDR-TB for human therapeutic clinical trials.

© 2010 Published by Elsevier Ltd.
Keywords HSP6SUIL-12DNA vaccineO TuberculosisOMonkey Therapeutic vaccine

1. Introduction

Tuberculosis is a major global threat to human health, with about 2 million people dying every year from
Mycobacterium tuberculosis (IB) infection. The only tuberculosis vaccine currently available is an attenuated strain of
Mycobacterium bovis BCG (BCG), although its efficacy against adult TB disease remains controversial. Furthermore,
multi-drug resistant tuberculosis (MDR-TB) and extremely drug resistant TB (XDR-TB) are becoming big problems in
the world. In such circumstances, the development of therapeutic vaccine against TB as well as prophylactic vaccine
against TB is required. Therefore, we have recently developed a novel TB vaccine, a DNA vaccine expressing
mycobacterial heat shock protein 65 (HSP65) and interleukin-12 (IL-12) delivered by the hemagglutinating virus of
Japan (HVI)-liposome (HSP65 + IL-12/HVJ). This vaccine was 100 fold more efficient than BCG in the murine model

1877-282X/$~see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.provac.2010.03.007
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on the basis of the elimination of M. tuberculosis mediated by the induction of CTL [1,2]. Futhermore the HSP65 +
IL-12/HV] vaccine using HVJ-envelope was 10,000 fold more efficient than BCG in the murine TB-prophylactic model.
A nonhuman primate model of TB will provide information for vaccine development. In fact, in the previous study we
evaluated the protective efficacy of HSP65 + IL-12/HVJ in the cynomolgus monkey model, which is an excellent model
of human tuberculosis [1,4]. In the present study, we observed the synergistic effect of the HSP65 + IL-12/HVJ and
BCG using a priming-booster method in the TB-infected cynomolgus monkeys. The combination of the two vaccines
showed a very strong prophylactic efficacy against M. tuberculosis (100% survival) as we have seen previously in the
murine model of TB [2,5]. Moreover, we evaluated therapeutic effect of this vaccine on the MDR-TB infection and
XDR- TB infection in murine and monkey models, indicating that the vaccine exerts therapeutic efficacy against TB,
MDR-TB and XDR-TB.

2. Method for the evaluation of the efficacy of vaccines on the M.tuberculosis-infected mice

DNA vaccines encoding M.tuberculosis HSP65 and human IL-12 were encapsulated into HVIJ-Envelope or
HVJ-liposomes [6]. CTL activity was assessed by *'C,-release assay[1,7]. At 5 and 10 weeks after intravenous
challenge of M.tuberculosis H37RV, the number of CFU in the lungs, spleen, and liver were counted and therapeutic
efficacy of HVJ-Envelope DNA vaccines was evaluated [1]. Therapeutic efficacy was also evaluated by chronic TB
infection model of mice using aerosol challenge of TB (15CFU/mouse: Madison aerosol exposure chamber, University
of Wisconsin).

3. Method for the evaluation of the efficacy of the vaccine on the M.tuberculosis-infected monkeys

Cynomolgus monkeys were housed in a BL 3 animal facility of the Leonard Wood Memorial Research Center. The
animals were vaccinated nine times with the HVJ-envelope with expression plasmid of both HSP65 and human IL-12
(HSP65 + hIL-12/HVIJ: 400ug i.m.), one week after the challenge with the M.tuberculosis Erdman strain (5x10% by
intratracheal instillation. Immune responses and survival were examined as described in our previous studies [2,5].
4. Results and Discussion

(a) Prophylactic efficacy

All 4monkeys in the control group (saline) died within 8 months, while 50% (2monkeys out of 4) of monkeys in the
HSP65+hIL-12/HV] group survived more than 14 months post-infection (the termination period of the experiment)(data

not shown).
I
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Fig 1. Protective efficacy (survival) of HSP65+IL-12/HVJ and BCG using priming- booster method against TB challenged cynomolgus monkey 350
days after TB using cynomolgus monkey models.
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Table 1. Efficacy of HSP65 + IL-12 DNA Vaccine in Monkey

Efficacy of HSP65 + IL-12 DNA in Monkeys

Survival
Chest X-p (improvement)
Erythrocyte Sedimentation Rate (improvement)
Body Weight
Immune Responses
IFN-y
IL-6
IL-2

Proliferation of T cell

Furthermore, using 32 monkeys, the protective efficacy of the HSP65+IL-12 /HVJ and BCG using the
priming-booster method in the TB infected cynomolgus monkeys was very strong. All four monkeys from the group of
BCG-priming and the DNA vaccine (HVIJ-liposome/HSP65+1L-12 DNA vaccine) booster were alive more than 12
months post-infection (Fig.1). In contrast, only 2 monkeys out of 6 from the BCG Tokyo group were alive (33%
survival). 50% of the monkeys from the saline control group and DNA vaccine-priming and the BCG Tokyo vaccine
booster group, respectively, were alive more than 12 months in the study. In addition, HSP65+hIL-12/HVJ improved
both ESR and chest X-ray findings. IL-2 and IL-6 production were augmented in the group vaccinated with BCG
vaccine-priming and the DNA vaccine-booster (Tablel). Furthermore, proliferation of PBL was strongly enhanced.
Taken together, these results clearly demonstrate that BCG priming and the HSP65+hIL-12/HV]J booster could provide
extremely strong protective efficacy against M.tuberculosis in the cynomolgus monkey model.

(b)Therapeutic efficacy

The survival of vaccinated mice after XDR-TB (extremely drug resistant TB) was investigated. All mice in the
control group died of TB within 160 days after XDR-TB infection. In contrast, mice treated with HVJ-Envelope/HSP65
DNA-+IL-12 DNA prolonged the survival periods significantly by statistical analysis(p<0.05). (data not shown) It was
demonstrated that this vaccine had a therapeutic activity against XDR-TB (Table 2A).

At 5 and 10 weeks after intravenous challenge of MDR-TB, the CFU of TB in the lungs, spleen, and liver were
counted and therapeutic efficacy of HVJ-Envelope DNA vaccine was evaluated.

HVJ-Envelope/HSP65 DNA +IL-12 DNA vaccine treatment significantly reduced the bacterial loads of MDR-TB as
compared to saline control group(P<0.05) (Table2).

Therapeutic efficacy of HVJ-Envelope/HSP65 DNA + IL-12 DNA was also observed, using in vivo humanized
immune models of IL-2 receptor y-chain disrupted NOD-SCID mice constructed with human PBL (SCID-PBL/hu)[8,9].
Therapeutic vaccination with HVJ-Envelope/HSP65 DNA+IL-12 DNA group resulted in significantly therapeutic
activity even in SCID-PBL/hu mice which exerted human T cell immune responses(Table 2A).

Table 2A. The Development of Novel Vaccines for M.tuberculosis using animal model

. : guinea SCID-
Vaccine mouse pig monkey PBL/Au human

prophylactic Effect Plan
10,000 fold effective [effective [effective [(phase. ,
effective than BCG )

HVI-Envelope/

Hsp65 DNA + Therapeutic Effect |plan effective

IL-12 DNA TherapeuticEffect
against i |
MDR-TB pian plan
XDR-TB

HVJ-liposome/ ProphylacticE ffect effective

Hsp65 DNA + 100 fold effective  |effective [(100%

1L-12 DNA than BCG survival)

133



Okada M. et al. / Procedia in Vaccinology 2 (2010) 34-39
. guinea SCID-
Vaccine mouse pig monkey PBL/hu human
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Hsp65 DNA + [L- lan lan Therapeutic] la
12DNA + Ag85B P P Effect plan
DNA + Ag85ADNA
15Kgranulysin .
. Therapeutic
recombm.ant 15K E ffect plan
eranulysin, | ]
15K granulysin Therapeutic 1
DNA E ffect plan

Furthermore, the therapeutic activity of this vaccine was evaluated in a2 nonhuman primate model infected with
M tuberculosis.

Immune responses of cynomolgus monkey at 11 weeks after challenge of M.tuberculosis Erdman strain by
intratracheal instillation were augmented. The proliferation of PBL in therapeutic vaccination of monkeys in the group
with HVJ-Envelope/HSP65 DNA +IL-12 DNA was augmented (data not shown). This vaccine also improved the
survival of monkeys, compared to the saline (control) group, after TB challenge(Fig.2). All five monkeys from the
group of HVJ-Envelope/HSP65DNA-+IL-12DNA vaccine were alive (100% survival). In contrast, 3 monkeys out of 5
from the saline control group were alive (60% survival). These results demonstrate that HVIJ-Envelope/HSP65DNA+
IL-12DNA vaccine could provide strong therapeutic efficacy against TB, MDR-TB or XDR-TB in the cynomolgus
monkey models as well as murine models

Control

HVJ/HSPSEDNA +IL-18DNA
Tharapesutic Vaccine

i

;

0 20 . 40 0 80 100 P
Surviv

Fig 2. Therapeutic efficacy (survival) of HVJ-Envelope/HSP65DNA-+IL-12DNA vaccine 130 days after TB infection using cynomolgus monkey
models.

(c) Discussion

The HSP65+hIL-12/HVIJ vaccine exerted a significant prophylactic effect against TB, as indicated by: 1) extension of
survival for over a year; 2) improvement of ESR and chest X-ray findings; 3) increase in the body weight; 4)
augmentation of immune responses, in a cynomolgus monkey model which closely mimics human TB disease. It is very
important to evaluate the long survival period in a monkey model, as human TB is a chronic infection disease.
Furthermore, the decrease in the body weight of TB patients is usually accompanied by a progression of the disease. [10]

DNA vaccine are a relatively new approach to immunization for infectious diseases. >4

Prophylactic and therapeutic DNA vaccines were established by using several kinds of vectors such as )]
HVJ-lig)ggome, (2) HVJ-envelope, (3) adenovirus vector, (4) adeno-associated virus vector (AAV), (5) lenti-virus
vector.™™

We have developed a hemagglutinating virus of Japan envelope (HVIJ-Envelope) using inactivated Sendai virus, as a
nonviral vector for drug delivery.'*"7 It can deliver very efficiently DNA, siRNA, proteins and anti-cancer drugs into
cells both in vitro and in vivo'>®!°, Therefore, HVJ-Envelope was used as an efficient and safe vector for DNA vaccine
against TB in the present study.
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In the guinea pig model, HSP65+gpIL-12/HVJ provided better protection against the pulmonary pathology caused by
pulmonary infection with TB than BCG vaccination (data not shown). In the present study, it was demonstrated that
BCG vaccine priming and HSP65+h IL-12/HVJ booster could provide extremely strong (100% survival) efficacy against
M.tuberculosis compared to BCG alone (33% survival) in the cynomologus monkey model. In Japan and other
countries, the BCG vaccine is inoculated into human infants (0~6months after birth). Therefore, BCG priming in infants
and HSP65+h IL-12/HVIJ boosters for adults (including junior high school students, high school students and old
persons) may be required for the significant improvement of clinical protective efficacy against TB.

Furthermore, the HSP65+hIL-12/HVJ vaccine exerted a significant therapeutic effect against TB, as indicated by: (1)
extension of survival of mice infected with XDR-TB, (2) decrease in the CFU of TB in lungs, liver and spleen of mice
infected with MDR-TB as well as drug-sensitive TB(H37RV), (3) decrease in the CFU of TB in these organs of mice
challenged with TB in the in vivo humanized immune model of SCID-PBL/hu, (4) augmentation of immune responses, in
a cynomologus monkey model which closely mimics human TB disease. It is important to evaluate the survival of
monkey [7,8]. Increases in the survival rate of the monkeys treated with this vaccine were observed, compared to the
control monkeys treated with saline. Increase in the survival rate of the monkeys treated with
HVIJ-Envelope/HSP65DNA+IL-12DNA+Ag85B DNA+Ag85A DNA was also strongly observed in the therapeutic
models of monkeys(Table 2B). In the recent study, it is demonstrated that granulysin vaccine shows therapeutic efficacy
against TB in mice(Table 2B). Therefore, the combination of these therapeutic vaccines might be useful in the future.

MDR-TB and XDR-TB are becoming big problems in the world. About 500,000 new patients with MDR-TB are
shown every year. However, the effective drugs against MDR-TB are few.

The HVI-Envelope/HSP65DNA+IL-12DNA vaccine exerted the therapeutic activity even against XDR-TB, which is
resistant to RFP, INH, SM, EB, KM, EVM, TH, PAS, LVFX, PZA and only sensitive to CS. Thus, our results with the
HVIJ-Envelope/HSP65 DNA+IL-12 DNA vaccine in the murine therapeutic model and cynomolgus monkey therapeutic
model should provide a significant rationale for moving this vaccine into clinical trial. Furthermore, we have
established chronic TB disease model using mouse infected with TB in the aerosol chamber (data not shown). By using
this model, therapeutic efficacy of this vaccine was also observed.

Thus, we are taking advantage of the availability of multiple animal models to accumulate essential data on the
HVIJ-envelope DNA vaccine in anticipation of a phase I clinical trial.
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ARTICLE INFO ABSTRACT

Article history:

We have developed a novel tuberculosis (TB) vaccine; a combination of the DNA vaccines expressing
Available online 5 February 2009

mycobacterial heat shock protein 65 (HSP65) and interleukin 12 (IL-12) delivered by the hemagglutinat-
ing virus of Japan (HV])-envelope and -liposome (HSP65 + IL-12/HV]). This vaccine provided therapeutic

Keywords: efficacy as well as remarkable protective efficacy via CD8* T and CD4* T cells in murine models com-
HSP65 +IL-12 DNA vaccine pared with the saline controls, on the basis of CFU of number of multi-drug resistant TB (MDR-TB), and
%:g;‘;::’;':effect survival of extremely drug resistant TB (XDR-TB) challenged mice. Furthermore, we extended our studies

to a cynomolgus monkey model, which is currently the best animal model of human tuberculosis. This
vaccine exerted therapeutic efficacy (survival and immune responses) in the TB-infected monkeys. These
data indicate that our novel DNA vaccine might be useful against Mycobacterium tuberculosis including
XDR-TB and MDR-TB for human therapeutic clinical trials.

© 20089 Elsevier Ltd. All rights reserved,

1. Introduction

Tuberculosis is a major global threat to human health, with
about 2 million people dying every year from Mycobacterium
tuberculosis (TB) infection, The only tuberculosis vaccine currently
available is an attenuated strain of Mycobacterium bovis BCG (BCG),
although its efficacy against adult TB disease remains controver-
sial. Furthermore, multi-drug resistant tuberculosis (MDR-TB) and
extremely drug resistant TB (XDR-TB) are becoming big problems
in the world. In such circumstances, the development of therapeu-
tic vaccine against TB as well as prophylactic vaccine against TB
is required. Therefore, we have recently developed a novel TB vac-
cine, a DNA vaccine expressing mycobacterial heat shock protein 65
(HSP65)and interleukin-12 (IL-12) delivered by the hemagglutinat-
ing virus of Japan (HV])-liposome (HSP65 +IL-12/HV]). This vaccine
was 100-fold more efficient than BCG in the murine model on the
basis of the elimination of M. tuberculosis mediated by the induc-
tion of CTL [1,2]. A nonhuman primate model of TB will provide

* Corresponding author. Tel.; +81 72 252 3021; fax: +81 72 251 2153,
E-mail address: okm®kch.hosp.go.jp (M. Okada).
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information for vaccine development. In fact, in the previous study
we evaluated the protective efficacy of HSP65 +1L-12/HV] in the
cynomolgus monkey model, which is an excellent model of human
tuberculosis [1,3}. Furthermore, we observed the synergistic effect
of the HSP65 +IL-12/HV] and BCG using a priming-booster method
in the TB-infected cynomolgus monkeys. The combination of the
two vaccines showed a very strong prophylactic efficacy against
M. tuberculosis (100% survival) as we have seen previously in the
murine model of TB [4]. In the present study, we evaluated thera-
peutic effect and prophylactic effect of this vaccine on the MDR-TB
infection and XDR-TB infection in murine and monkey models.

2. Materials and methods

DNA vaccines encoding M. tuberculosis HSP65 and human IL-
12 were encapsulated into HVJ-envelope or HVJ-liposomes [5].CTL
activity was assessed by 5!C;-release [1,6].

At 5 and 10 weeks after intravenous challenge of M. tubercu-
losis H37RV, the number of CFU in the lungs, spleen, and liver
were counted and therapeutic efficacy of HVJ-envelope DNA vac-
cines was evaluated [1]. Therapeutic efficacy was also evaluated by
chronic TB infection model of mice using aerosol challenge of TB
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Fig. 1. The in vivo necessity of CDB positive T cells and CD4 positive T cells for pro-
phylactic efficacy of the HV}-envelope/HSP65 DNA +1L-12 DNA vaccine. Anti-CD8
antibody and/or anti-CD4 antibody were injected i.p. every 5 days after the chal-
tenge of TB. BCG was used as a priming vaccine and this DNA vaccine was immunized
2 times {HV]-envelope/HSP65 DNA 50 pg+IL-12 DNA 50 p.g) as booster vaccine, 4
weeks after last immunization, 5 x 10% H37RV were challenged i.v. into mice, G1:
without vaccine (1), G2: vaccine (B2 ). G3: vaccine + anti-CD8 antibody (8). G4: vac-
cine+anti-CD4 antibody (EJ ). G5: vaccine + anti-CD8 antibody + anti-CD4 antibody
(8) (G2-G3; P<0.05) (G2-G4: P<0.05) (G2-G5: P<0.,01),

(15 CFU/mouse: Madison aerosol exposure chamber, University of
Wisconsin), 5 weeks after aerosol infection of TB, the vaccine was
administered to mice 6 times in 3 weeks,

Cynomolgus monkeys were housed in a BL 3 animal facility of
the Leonard Wood Memorial Research Center, The animals were
vaccinated 9 times with the HVJ-envelope with expression plas-
mid of both HSP65 and human IL-12 (HSP65 +hiL-12/HV]: 400 ng
im.), 1 week after the challenge with the M. tuberculosis Erdman
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Fig. 2. Therapeutic efficacy of HVj-envelope/HSP65 DNA +1L-12Z DNA vaccine on the
extremely drug resistant Mycobacterium tuberculosis (XDR-TB). The survival of DBA/1
mice treated with HV]-envelope/HSP65 DNA (50 pg)+1L-12 DNA vaccine (50 pug) 3
times after 5 x 105 XDR-TB, injection i.v. XDR-TB is resistant to RFP, INH, SM, EB, KM,
EVM, TH, PAS, LEFX and PZA. XDR-TB is only sensitive to CS, Survival rate of mice
treated with HV]-envelope/HSP65 DNA+1L-12 DNA (B ). Survival rate of control
mice without treatment (). Kaplan-Meler's method (log rank test and Wilcoxon)
was used to compare the survival of each group (G1-G2: log rank 00157 Wilcoxon
0.0359).
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Fig. 3. Therapeutic efficacy of HVJ-envelope/HSP65 DNA+1L-12 DNA vaccine on
MDR-TB TNF R gene disrupted DBA/1 mice were treated with HV}-envelope/HSP65
DNA +IL-12 DNA vaccine 3 times after 5 x 10° MDR-TB injection i.v. CFU of MDR-TB
in the lungs of mice, 4 weeks after MDR-TB injection, were assessed as described in
Section 2. G1: (=) (03). G2: treated with HVJ-envelope/HSPG5 DNA +1L-12 DNA (&)
G3: treated with HV]-envelope/HSP65 DNA +IL-12 DNA and BCG (@), Student’s t-test
was used to compare the CFU of TB of each group (G1-G2: P<0.05).

strain (5 x 102) by intratracheal instillation, Immune responses and
survival were examined as described in our previous studies [2,4].

3. Results

The purpose of this study was to elucidate the therapeutic effi-
cacy of a TB vaccine we have developed in a murine and nonhuman
primate TB model [1,3].

The in vivo necessity of CD8 positive T cells as well as CD4
positive T cells to exert the prophylactic efficacy of the HV]}-
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Fig. 4. Therapeutic efficacy of HVJ-envelope/HSP65 DNA+IL-12 DNA, using in
vivo humanized immune models of IL-2 receptor y-chain disrupted NOD-SCID
mice (SCID-PBL/hu). Groups of animals were treated with 3 times with HV]-
envelope/HSP65 DNA +1L-12 DNA (50 pg i.m,) 10 days after the third vaccination,
mice were sacrificed and CFU of TB in the liver of mice were accessed as described in
Section 2 (1, 2). 1 x 107 PBL from a healthy human volunteer were injected i.p, into
1L~2 receptor y-chain disrupted NOD-SCID mice, 21 days after injection of PBL, mice
were challenges with 5 x 105 H37RV Lv, and then treated with the vaccine. G1: (-)
control ((1). G2: treated with HVj-envelope/HSP65 DNA +IL-12 DNA (). Student's
t-test was used to compare the CFU of TB of each group (G1-G2: P<0.05).
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