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SPECIAL FOCUS REVIEW

Tuberculosis vaccine development
The development of novel (preclinical) DNA vaccine

Masaji Okada* and Yoko Kita

Clinical Research Center; National Hospital Organization Kinki
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“A third of the world’s population is infected with Mycobacte-
rium tuberculosis, and 2 million people die from tuberculosis
every year. The only tuberculosis vaccine currently available is
an attenuated strain of Mycobacterium bovis BCG,; although its
efficacy against adult tuberculosis disease remains controver-
sial. Furthermore multi-drug resistant tuberculosis is becom-
ing big problems in the world. Therefore, the development of
novel therapeutic vaccine as well as novel prophylactic vaccine
against tuberculosis is required. .

This review. provides a: summary of ‘novel vaccines: {espe-
cially DNA vaccines) in preclinical stage using mouse, guinea pig
and monkey'models. In several promising novel vaccines; the
studies were extended to a cynomolgus monkey model, which
is currently the best animal model of human tuberculosis. The
review also provides recent advances of the precise studies of
induction of immunity including CD8 positive cytotoxic T cells
and effector moleculés such as granulysin by. these vaccines,
against multi-drug resistant tuberculosis and extremely drug
resistant tuberculosis.

Introduction

Tuberculosis is a major global threat to human health, with about
2 million people dying every year from Mycobacterium tuberculo-
sis (TB) infection. The only tuberculosis vaccine currently avail-
able is an attenuated strain of Mycobacterium bovis BCG (BCG),
although its efficacy against adult TB disease was not effective.
Furthermore, multi-drug resistant tuberculosis (MDR-TB) and
extremely drug resistant TB (XDR-TB) are becoming big prob-
lems in the world. In such circumstances, the development of
therapeutic vaccine as well as prophylactic vaccine against TB is
required. TB vaccines were classified into four main vaccines (1)
DNA vaccines (2) recombinant BCG vaccines (3) subunit vac-
cines (4) attenuated TB vaccines.

It is well established that protective immunity to M. tuberculo-
sisdepends on both CD4* and CD8* T cells.!"® Because DNA vac-
cination results in the generation of cellular immune responses,
including those of a Th-l-type response, and protection in
animal models of infectious diseases.>'® In fact, several human
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clinical trials have recently been initiated to test the efficacy of
DNA vaccines against emerging and re-emerging infectious dis-
eases including hepatitis B, malaria'>”® and HIV infections.'
DNA vaccination has also shown potential for the development
of tuberculosis vaccines in the mouse model.’* However, in a
guinea pig model, which is arguably one of the most biologically
relevant systems available for studying human pulmonary tuber-
culosis, DNA vaccines has not been proven more efficacious than
BCG.” The efficacy of any experimental tuberculosis vaccine
remains to be evaluated in human clinical trials and, thus, a vac-
cine against tuberculosis is still anxiously awaited.

— _ ;Vaccmes for T8 (DNA Vaccmes)

- { ; v

DﬁA vaccmes “are a relauvely new approach to immunization
for infectious diseases."!>1¢292> Many gene therapies includ-
mg DNA v ccmes have been u ;d for the treatment of several
 kinds of cancers for more than twenty years, via the activation of

- CD§* cytdtoxic T-cells: 2% Plasmids containing genes have been
also used to induce protection against a variety of bacterial, viral

“(such as SARS corona virus), protozoal and helminth infection
in animal models.”»*® DNA vaccines by the use of several kinds
of vectors including HV]-envelope, HV]-liposome, adenovirus
vector and AAV vector were established.

DNA vaccines can induce strong cellular immunity against TB
and can invoke both CD4 and CD8 T cell responses.>® The first
data showing significant protection against M. tuberculosis came
from naked DNA immunization in mice. Several mycobacterial
antigens delivered as naked DNA have elicited protection against
M. tuberculosis. HspG5 antigens (derived from H37Rv M. tubercu-
losis)-, Ag 85B-, Ag 85A-, M.tb8.4-, M.tb41-, PPT39-, MPT51-,
MPT63-, MPT64-, MPT83-, ESAT-6-, Pst-3- and the 38 kDA
lipoprotein-DNA vaccines were studied (Table 1),120:30-44

Ag85A antigen has been used to prime immune responses fol-
lowed by homologous or heterologous boosting vaccines in mice.
Protection as defined by a reduction in the numbers of bacteria
recovered from the lungs was observed. Antigen Ag85B, an abun-
dant 30 kDa secreted protein of M. uberculosis, has shown pro-
tection in mice as well as in guinea pigs against TB.>* Similarly
DNA vaccines encoding secreted proteins Ag85B and MPT64
have also been reported to protect mice from M. tuberculosis
H37Rv challenge by prompting a Thl response. The effective-
ness of DNA vaccines can be increased by codelivery of multiple
DNA plasmids or chimeric DNA vaccines.®% Derrick et al.
used a DNA vaccine cocktail consisting of Ag85B, ESAT. KatG,

Human Vaccines |



Table 1. Mycobacterial antigens and cytokines delivered as DNA vac-
cine
DNA Vaccines
HSP65
IL-12
Ag 85A
Ag 85B
MPTS5I
HSP70
ESAT-6
IL-6 +.1L-6 Receptor:+ gpi30
YIFN
Mtb8.4
Mtb4}
Mtb39
"MPT63
MPT64
Psts-3
38 kDa lipoprotein
MPTI2
IL-15
IL-23
IL-27

Table 2. Vectors for DNA vactines against tuberculosis ; ]
s - i

VaTRS o
Types Characteristics
(1) HVJ-Envelope

[ SO

Very Good Expression (GMP
Level)

(2) HV}-liposome Good Expression

(3) Adenovirus Good Expression. Transient

AAV 2/5 Good Expression: Long
Term

(4) Adeno Assosiated Virus (AAV)
Vector

(5) Lentivirus Non-proliferating cell

(6) Liposome safety

(7) Sendai virus Vector Good Expression

{8) Gene Gun

(9) Vaccinia Virus (Attenuated:
MVA)

(10) BCG (recombinant BCG)

safety.

(11) Attenuated Listeria

MPT8.4, MPT12, MPT63, MPT64 and MPT83 to reduce the
bacterial burden in the lungs of normal mice as well as mice
lacking CD4 T cells after aerosol challenge.

DNA vaccines are safe, cheap, stable and effective for induc-
ing cellular immunity (helper T cell, cytotoxic T cell, mac-
rophages) and humoral immunity in preclinical models of
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infectious diseases.*®° These vaccines are also able to activate
innate immune responses. They interact with Toll-like receptor
9 (TLR 9: the pattern recognition receptor) through unmethy-
lated CpG oligodeoxynucleotides (CpG ODNs9),54% result-
ing in the upregulation of cytokines gene expression through
MyD88 molecule. ¢

DNA vaccines have been in general proved to be safe and
well tolerated in preclinical and clinical studies.5”8 The naked
plasmid DNA molecules have not caused any adverse effects
on the biochemical and hematological blood values and have
caused neither detectable organ pathology nor systemic toxic-
ity. Furthermore, there has been no evidence of autoimmunity,
development of anti-nuclear or anti-DNA antibodies, or plas-
mid DNA integration into chromosomes.

TB Vaccine Strategies

Pre-infection vaccination strategy. From a public health per-
spective, delivering a vaccine prior to mycobacterial infection
and soon after birth makes most sense.

Booster vaccination strategy (prophylactic). A second
option would be to use a new TB vaccine as a booster sometime
after neonatal BCG vaccination. .

rl?ost—mfecnon yaccinestrategy. Arthlrd@ptxgﬂ is/to prevent
dl‘Se se bwhana or“boostmg infMtinity | in persons already

T}ted a post—mf;‘} tion vaccine strategy “This’ approach is
attractive because more than 2 billion persons worldwide are
al;ﬁwad};)nfected gpd therefor_g acr risk of progression to disease.

~~Therapeutic yacgine. A féur&h»eptlon would be to use a vac-
| cind as-ar ad]‘un’cr‘go amti-TB treatmene, to shorten therapy or
reduce the risk of relapse, a therapeutic vaccine. This may be
particularly relevant in situations where multi-drug resistant
TB cases are common.

Vector and Adjuvant

Prophylactic and therapeutic DNA vaccines were established
by using several kinds of vectors such as HV]-liposome, HV]J-
envelope, adenovirus vector, adeno-associated virus vector
(AAV), lenti-virus vector, vaccinia-virus vector, poliovirus vec-
tor, BCG, attenuate Listeria®#2%245-6! (Table 2).

MPL + Q821 + Squallene (AS101), or cationic liposome
dimethyl dioctadecyl ammonium bromide (DDA) is promising
adjuvant for TB vaccines.®? Lipopolysaccharide (LPS), a com-
ponent of bacterial cell walls, is driven by the adaptor proteins
myeloid differentiation factor 88 (MyD88) and Toll-interleukin
1 receptor domain-containing adapter inducing interferon-f
(TRIF), which together mediate signaling by the endotoxin
receptor Toll-like receptor 4 (TLR4). Monophosphoryl lipid A
(MPLA) is a low-toxicity derivative of LPS with useful immu-
nostimulatory properties, which is nearing regulatory approval
for use as a human vaccine adjuvant. Mata-Havo et al. reported
that, in mice, the low toxicity of MPLA’s adjuvant function is
associated with a bias toward TRIF signaling which is likely
caused by the active suppression, rather than passive loss, of
proinflammartory activity of this LPS derivative. This finding
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mouse guinea pig cynomolgus monkey human
Vaccine mouse gu‘:?gea monkey human
Prophylactic Effect Plan
10,000 fold effective effective | effective | (phase
than BCG 1.I)
_E I .
:Z:BS g\:::ie/ Therapeutic Effact plan effective
IL-12 DNA Therapeutic Effect
against
MDR-TB plan plan
XDR-TB
HVJ-liposome/ | Prophylactic Effect effective
Hsp65 DNA + 100 fold effective than | effective | (100%
IL-12 DNA BCG survival)

Figure L. The Development of Novel Vaccines for M. tuberculosis using animal models.

P PR B A

may have important implication for the development of future
vaccine adjuvants.®

Animal Model

Murine models are usually used for the first screening of novel
TB vaccines, because (1) genetic background of mice is homo-
geneous, (2) only small spaces are required for the experiments
(3) we can use TB-resistant C57BL/6 mice and TB sensitive
BALB/C mice.?

Guinea pig models are also used for the evaluation of efficacy
of novel TB vaccines. Guinea pig is sensitive to TB and makes
granulomatous TB lesions in the lungs.”

Cynomolgus monkey model is the best animal TB model as
reported by Walsh and EV. Tan in Leonard Wood Memorial
Institute. TB infection in the cynomolgus monkeys is very simi-
lar to human TB disease"**2"%¢ (Fig. 1). Monkeys make caseous
necrosis in TB granulomas in the lungs as human make caseous
necrosis.

HVJ-Envelope/HSP65 DNA + IL-12 DNA Vaccine

DNA vaccines against TB using murine models. Prophylactic
DNA vaccines. We investigated the immunogenicity and protective
efficacy of DNA vaccine combinations expressing mycobacterial

heat shock protein 65 (Hsp65) and interleukin-12 (IL-12) using

www.landesbioscience.com
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gene gun bombardment and the hemagglutinating virus of Japan
(HV]J)-liposome method.® A mouse IL-12 expression vector (mIL-
12 DNA) encoding single-chain IL-12 proteins comprised of p40
and p35 subunits were constructed. In a mouse model, a single gene
gun vaccination with the combination of Hsp65 DNA and mIL-
12 DNA provided a remarkably high degree of protection against
challenge with virulent M. tuberculosis; bacterial numbers were
100-fold lower in the lungs compared to BCG-vaccinated mice. To
explore the clinical use of the DNA vaccines, we evaluated HV]-
liposome encapsulated Hsp65 DNA and mIL-12DNA (Hsp65 +
mlL-12/HV]). The HV]-liposome method improved the protec-
tive efficacy of the Hsp65 DNA vaccine compared to gene gun
vaccination. Hsp65 + mlL-12/HV] induced CD8* cytotoxic T
lymphocyte activity against Hsp65 antigen.®”® Most importantly,
Hsp65 + mIL-12/HV] vaccination resulted in a greater degree
of protection than that evoked by BCG. This protective efficacy
was associated with the emergence of IFNY-secreting T cells and
activation of proliferative T cells and cytokines (IFNYy and IL-2)
production upon stimulation with Hsp65 and antigens from M.
tuberculosis (Fig. 2). These results suggest that Hsp65 + IL-12/
HV]J could be a promising candidate for a new tuberculosis DNA
vaccine, which is superior to BCG vaccine.?

The in vivo necessity of CD8 positive T cells as well as CD4
positive T' cells to exert the prophylactic efficacy of the HVJ-
envelope/HSP65 DNA + IL-12 DNA vaccine was demonstrated

in mice.



Killing of M. Tuberculosis
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Furthérmore, by using BCG priming-DNA vaccine booster TNA vaccmes agamst B using cynomolgus monkey ¢y models.

method, M. tuberculosis numbers in the lungs of DNA vac-
cinated mice were 10,000 T(ten thousand) lowfq; compared to
BCG alone vaccinated mic C (F g 1) { ;

Therapeutic DNA vaccinéi. MDRTB andXDRTB -art -
becoming big problems in thc world. About 500,000 new
patients with MDR-TB are shown every year. However, the
effective drugs against MDR-TB are few.

Figure 1 shows the therapeutic efficacy of HV]-Envelope/
Hsp65DNA + IL-12DNA vaccine against XDR-TB (extremely
drug resistant TB)." Mice treated with this DNA vaccine pro-
longed the survival periods significantly by statistical analy-
sis. The vaccine exerted the therapeutic activity even against
XDR-TB, which is resistant to REP, INH, SM, EB, KM, EVM,
TH, PAS, LVFX, PZA and only sensitive to CS.

This DNA 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 (Fig. 1).

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 vac-
cine was also observed.

DNA vaccines against TB using guinea pig models. In the
guinea pig model, HSP65 + gpIL-12/HV] provided better pro-
tection against the pulmonary pathology caused by pulmonary
infection with TB than BCG vaccination (data not shown)

(Fig. 1).
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Prophylactzc DNA vaccines. We have developed two novel TB vac-
cmcs HSPQS + IL 12/HV] and a recombinant BCG harboring the
72.f fusnon gene (72f BCG).2 7 Vé;e—extended our studies to a cyno-
moi’éusmdnkey fiodel, Sehich isctrréntly the best animal model
of human tuberculosis, to evaluate the HSP65 + IL-12/HV] and
72f tBCG vaccines. Vaccination with HSP65 + IL-12/HVT as well
as 72f rBCG vaccines provided better protective efficacy as assessed
by the Erythrocyte Sedimentation Rate, chest X-ray findings and
immune responses than BCG. Most importantly, HSP65 + IL-12/
HV] resulted in an increased survival for over a year. This is the first
report of successful DNA vaccination and recombinant BCG vac-
cination against M. tuberculosis in the monkey model which closely
mimics human TB disease” (Fig. 3).

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 T'B patients with
TB is usually accompanied by progress of TB disease.

Furthermore, the protective efficacy of the HSP65 + IL-12/
HV]J 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 (HV]-
liposome/HSP65 + IL-12 DNA vaccine) booster were alive more
than 12 months post-infection (Fig. 3).* In contrast, only 2
monkeys out of 6 from the BCG Tokyo alone 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. Furthermore, IFNY production and proliferation of
PBL from monkeys vaccinated with these vaccines were strongly
enhanced. Taken together, these results clearly demonstrated that
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Flgﬁre 3. Efﬁcacy‘ of HSP65 + IL-12 DNA in Monkeys. (B) Protective efficacy. (survival) of HSP65 + IL-12/ HVjand BCG using priming-booster
“method against TB challenged cynomolgus monkey 350 days after TB infection. . i

BCG priming and the HSP65 + hIL-12/HV] booster could pro-
vide extremely strong protective efficacy against M. tuberculosis
in the cynomolgus monkey model.?

In Japan and other countries, the BCG vaccine is inocu-
lated into human infants (0—6 months after birth). Therefore,
BCG priming in infants and HSPG5 + hIL-12/HV] 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.

Our results with the HSPGS + hIL-12/HV] vaccine in the
cynomolgus monkey model should provide a significant ratio-
nale for moving this vaccine into clinical trials. In fact, the 72f
fusion protein vaccine entered Phase I testing after its evalua-
tion in cynomolgus monkeys in Leonard Wood Memorial® by
Reed and Skeiky.

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

Figure 4 shows the results of immune responses of cyno-
molgus monkey at 11 weeks after challenge of M. tuberculo-
sis Erdman strain (5 x 10%) by intratracheal instillation. The
proliferation of PBL in therapeutic vaccination of monkeys

in the group with HVJ-Env/HSP65 DNA + IL-12 DNA was
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augmented (Fig. 4B). This vaccine also improved the survival
of monkeys, compared to the saline (control) group after TB
challenge (Fig. 4C).!

This vaccine exerted a significant therapeutic effect against
TB, as indicated by augmentation of survival and immune
responses, in a cynomolgus monkey model. It is important to
evaluate the survival of monkey.?*2

Thus, our results with this DNA vaccine in the murine
therapeutic model and cynomolgus monkey therapeutic model
should provide a significant rationale for moving this vaccine
into clinical trial.

Thus, we are taking advantage of the availability of mul-
tiple animal models (mouse, guinea pig and monkey) (Fig. 1) to
accumulate essential data on the HVJ-envelope DNA vaccine
in anticipation of a phase I clinical trial.

DNA vaccines against TB using SCID-PBL/hu model.
Therapeutic efficacy of HV]-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).2%%%° This
DNA vaccine resulted in significantly therapeutic activity even

in SCID-PBL/hu mice which exerted human T cell immune
responses (Fig. 1).

Human Vaccines 5



