RESEARCH PAPER

Human Vaccines & Immunotherapeutics 9:3, 515-525; March 2013; © 2013 Landes Bioscience

The study of novel DNA vaccines against
tuberculosis

Induction of pathogen-specific CTL in the mouse and
monkey models of tuberculosis

Masaji Okada,"* Yoko Kita,' Toshihiro Nakajima,? Satomi Hashimoto,' Hitoshi Nakatani,' Shiho Nishimatsu,' Yasuko Nishida,'
Noriko Kanamaru,' Yasuhumi Kaneda,? Yasushi Takamori,* David McMurray,® Esterlina V. Tan,® Marjorie L. Cang,® Paul
Saunderson® and E.C. Dela Cruz®

'Clinical Research Center; National Hospital Organization Kinki-chuo Chest Medical Center; Kitaku, Sakai Japan; ?lkeda Laboratory; Genomldea, Inc.; Midorigaoka, lkeda;
3Division of Gene Therapy Science; Graduate School of Medicine; Osaka University; Suita, Osaka Japan; *Department of Periodontology; Tsurumi University School of Dental
Medicine; Tsurumi, Tsurumiku Japan; °System Health Center; College of Medicine; Texas A&M University; College Station, TX USA; °Leonard Wood Memorial Institute; Cebu,

Philippines

Keywords: tuberculosis, vaccines against tuberculosis, CTL, monkeys, mice, HV]-Envelope, HSP65 DNA+IL-12 DNA Vaccine,

granulysin vaccine, Ksp37

Abbreviations: CTL, cytotoxic T cell; Ksp37, Killer-specific secretory protein of 37kDa; 15K granulysin, 15 kilodalton granulysin;

HV]J, hemagglutinating virus of Japan; MDR-TB, multi-drug resistant tuberculosis; TB, Mycobacterium Tuberculosis

Results: HSP65 + IL-12 DNA vaccine showed higher protective efficacy compared with BCG in both mouse and monkey
models of TB. It induced the TB-specific CTL in the mouse model of TB, while little level of activity was observed after
the injection of BCG. It also showed strong therapeutic efficacy against MDR-TB. In the monkey model, the vaccine
augmented the production of IFN-y and IL-2 from PBL and the therapeutic effect was correlated with the level of IL-2. We
next evaluated the potential of DNA vaccine encoding a granulysin, which is an important defensive molecule expressed
by human T cells. We found that granulysin-encoding vaccine induced the differentiation of the CTL in vitro and in vivo.
It also showed therapeutic efficacy against TB in the monkey as well as the mouse model. The DNA vaccine encoding a
Ksp37 also induced the TB-specific CTL in vitro and in vivo in the mouse model. It augmented the production of IL-2, IFN-y
and IL-6 from T cells and spleen cells. A synergistic effect on the activation of the TB-specific CTL was observed by the
combination of Ksp37 DNA vaccine with granulysin DNA vaccine.

Purpose and Methods: Emergence of the multi-drug resistant (MDR) Mycobacterium tuberculosis (TB) is a big prob-
lem in the world. We have developed novel TB vaccines [DNA vaccines encoding HSP65 + IL-12, granulysin or killer-
specific secretory protein of 37kDa (Ksp37)] using Hemagglutinating virus of Japan -envelope (HVJ-E). It is suggested
that the activity of the TB-specific CTL is one of the most important factor for the resistance to TB and immunity for TB in
chronic human TB disease. Therefore, we examined the level of activation of the TB-specific CTL after the administration

of these vaccines.

Conclusion: These data indicate that our novel vaccines (HSP65 + IL-12 DNA, granulysin and Ksp37) have a capability to
activate the TB-specific CTL and will be very strong protective and therapeutic vaccines against TB.

Introduction

Tuberculosis is a major global threat to human health, with about
2 million people dying every year from Mycobacterium tuber-
culosis (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
controversial. Furthermore, multi-drug resistant tuberculosis
(MDR-TB) and extremely drug resistant TB (XDR-TB) are
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becoming big problems in the world. It has been reported that a
cytotoxic T-lymphocyte (CTL) is activated during the induction
of host protective immune responses to TB."* In such circum-
stances, the development of therapeutic vaccine against TB as
well as prophylactic vaccine against TB is expected. 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 (HV])-liposome (HSP65 + IL-12/HV]). This vaccine
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HVJ-E : Delivery system/adjuvant for DNA vaccine
(Hemagglutinating ‘irus of Japan)

- Muitiple functions in one delivery system (delivery + adjuvant)
- Adjuvant : induction of NK/CTL + repression of Treg via the activation of DC
- Mechanism : natural inmune reactions mediated by RIGH

Induction of the pathogen
Specific immunity

(CTL kills infected cells)

Induction of IL-6 “*"““"“?“
Q Maintenance of the pathogen-
tb\ o specific imnsuanity
<;V'<j%. (Sustained immunity)
Regulatory T lymphocyte (Treg)

Induction of the innate immunity
{NK kills infacted cells)

cells.

Figure 1. HVJ-Envelope exerts strong adjuvant activity by the induction of CTL/NK and repression of regulatory T cells via the activation of dendritic

was 100 fold more efficient than BCG in the murine model on
the basis of the elimination of M. tuberculosis, which is medi-
ated by the induction of CTL.">*¢ Furthermore, the HSP65 +
IL-12 vaccine delivered by HV]-envelope was 10,000 fold more
efficient than BCG in the murine TB-prophylactic model. This
vaccine induced a strong activity of CTL against TB, while BCG
vaccine induced little activity of CTL in the same model. It is
considered that CTL is most important lymphoid cells for the
immunity to TB in chronic human TB diseases. In the present
study, we analyzed CTL activity and IFN-y production after
the vaccination with our vaccines. We also evaluated the pro-
phylactic effect in the cynomolgus monkey and mouse models
of TB. A nonhuman primate model of TB is an excellent model
of human tuberculosis and provides a lot of information for vac-
cine development. In fact, we previously evaluated the protec-
tive effects of HSP65 + IL-12/HV] vaccine in the cynomolgus
monkey model and obtained a data indicating the synergistic
effect of the HSP65 + IL-12/HV] and BCG injected by a prime-
boost method.’” The combination of the two vaccines showed a
strong prophylactic efficacy in the monkey model infected with
M. tuberculosis (100% survival). We have previously obtained a
similar data in the monkey model of TB.>®# In the present study,
we examined the production of cytokines (IFN-vy and IL-2) from
PBL and revealed the correlation of cytokine levels and efficacy
in the monkey model of TB. We also compared the production
levels of these cytokines between the combinatorial vaccination
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(BCG prime and HSP65+IL12/HV] vaccine boost) group and
BCG vaccination group. We also evaluated the potential of other
novel vaccines (DNA vaccines encoding granulysin or Ksp37),
which were expected to induce the differentiation of CTL against
TB. Granulysin is a protein secreted from T cells and NK cells
and has an antibacterial effect on TB. Killer-specific secretory
protein of 37 kDa (Ksp37) vaccine also showed anti-T'B efficacy
mediated by the induction of CTL. Synergistic effect on the acti-
vation of CTL in vitro was observed by the simultaneous admin-
istration of Ksp37- and granulysin-based vaccines. In the present
study, we further demonstrated the correlation of the activation
of CTL and the efficacy of these novel vaccines (HSP65 + IL-12/
HVJ-E DNA vaccine, granulysin vaccine and Ksp37 vaccine) in
the mouse and monkey models.

Results

Induction of CTL by HSP 65+IL-12/HV] DNA vaccine in the
mouse model of TB. The advantage of HV]J-Envelope vector is
shown in Figure 1. (1) HV]-Envelope is efficient delivery system
and functions as an adjuvant for DNA vaccine, (2) It induces
CTL and NK cell, (3) It induces a production of IL-6 which sup-
presses the regulatory T cell (T reg) and (4) It activates the innate
immunity by the stimulation of RIG-I signaling pathway.

Mice were immunized three times with the DNA vaccine
using HVJ-Envelope every three weeks. Four weeks after last
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immunization, H37Rv M.tuberculosis (M.tb) was challenged.
Five weeks after the challenge of M.tb, mice were sacrificed and
C.EU. of M.tb in lung, liver and spleen were accessed as reported
previously.?*!! The C.F.U. of lungs in BCG vaccine alone group
was decreased in 1 log compared with non-vaccinated mice
group. The combination of the DNA vaccine (HSP65 DNA +
IL-12) and BCG using prime-boost method enhanced the pro-
phylactic efficacy (more than ten thousand fold) in the mouse
model of TB (BCG prime-DNA vaccine boost). This regimen
(BCG-prime then DNA vaccine boost) strongly increased the
number of IFN-y producing cells as compared with BCG vac-
cine alone (Table 1).

CD8* CTLs have been considered as critical effectors of
protective immunity to M. tuberculosis. This vaccine induced
CD8* CTL against TB, whereas a little or no CTL response was
observed in either the naive or BCG-vaccinated mice (Figs. 2
and 3). We used HSP65 DNA-transfected syngenic tumor cells
as target cells for CTL. This vaccine augmented the induction of
CD8* CD4 CTL against target cells in vivo. On the other hand,
a little or no CTL response was observed in BCG-vaccinated
mice (Figs. 2 and 3).

Furthermore, we revealed that CD8* T cells as well as CD4* T
cells were necessary for the prophylactic effficacy of this vaccine.
The administration of anti-CD8 antibody or anti-CD4 antibody
during the whole immunization period decreased the antibacte-
rial immunity against TB and increased the number of C.F.U in
lungs (Table 2). Simultaneous administration of anti-CD8 and
anti-CD4 antibodies resulted in the further increase of the num-
ber of C.E.U in lungs (Table 2).

T cell activation by HSP 65+IL-12/HV] DNA vaccine in the
monkey model of TB. We used cynomolgus monkeys and prime-
boost methods for the evaluation of our vaccines. We immunized
monkeys with BCG Tokyo as a prime vaccine, and then immu-
nize them with this vaccine as a boost vaccine. Survival rate of
monkeys vaccinated with BCG prime-HSP65+1L-12 DNA boost
was 100%. In contrast, survival rate of monkeys vaccinated with
BCG alone was 33%. Thus, prime-boost method showed stron-
ger efficacy than the method vaccinated with BCG alone (data
not shown).

IFN-v production from PBL was the highest level in the mon-
key group immunized with BCG prime-HSP65+IL-12/HV]
DNA vaccine boost (Fig. 4A). The strongest production of IL-2
from PBL was also observed in same group (Fig. 4B). Thus, in
monkey as well as in mouse, we demonstrated that the combina-
tion of BCG Tokyo as a prime vaccine and the DNA vaccine as
a boost vaccine is suitable method to get the prophylactic effica-
cies against TB. The prime-boost method efficiently induced the
TB-specific CTL and also induced the production of IFN-y and
IL-2.

In Japan, BCG Tokyo vaccine is immunized in all infants.
Thus it is expected to function as a prime vaccine. Therefore,
we need the administration of novel vaccines (boost vaccines)
for adults in Japan. We plan to use similar prime-boost method
(BCG prime-DNA vaccine boost) in future clinical trial.

www.landesbioscience.com

Table 1. ELISPOT assay for IFN-y antigen-specific responses in the
spleens of vaccinated mice following stimulation with HSP65 protein

Vaccination Number of IFN-vy secreting cells/
(15t/2"d/31d) (10°splenocytes)
GI1 -/-/- 3 i 1
G2 -/-/BCG 13 ok
G3 DNA*/DNA/DNA 16 + 4
G4 BCG/DNA/DNA 115 + 12

*DNA means HVJ-Envelope/HSP65 DNA+IL-12 DNA vaccine. Spleen cell
cultures were stimulated with rHSP65 protein for 20 h. The number of
IFN-y-secreting cells specific for rtHSP65 protein per million cells was
determined individually by ELISPOT assay. Results are expressed as the
mean + S.D. of 6 wells of 3 mice per group. The statistically significant
differences of the G1 (naive) group compared with the G2 (BCG alone
group), G3 (DNA / DNA / DNA) or G4 (BCG / DNA / DNA) were observed
(p < 0.01). The statistically significant difference between G2 group
and G4 was observed (p < 0.01). The statistically significant difference
between G3 group and G4 was observed (p < 0.01).

Correlation of IL-2 production and the therapeutic efficacy
of HSP65+IL-12/HV] DNA vaccine in the monkey model of
TB. This vaccine showed therapeutic efficacy against MDR-TB
and XDR-TB as well as drug-sensitive TB in mice.”'"'? Therefore,
we confirmed the therapeutic efficacy of the DNA vaccine and T
cell responses induced by the DNA vaccine in the monkey model
of TB. To establish the model of TB, human TB (5 x 10> CFU)
was intratracheally instillated in monkeys. After the TB infec-
tion, DNA vaccine was injected intramuscularly 9 times, three
times a week. Therapeutic effect was evaluated on the basis of
survival, ESR, body weight, immune responses, chest X-ray and
PPD skin test.

Injection of the therapeutic vaccine improved the survival
of monkeys, as compared with the saline (control) group. No
death was observed in monkey group treated with HSP65 +IL-
12/HV] DNA vaccine. In contrast, the survival rate of control
saline group was 60% (data not shown). The proliferation of PBL
after the stimulation with HSP65 was measured to evaluate the
immune response. The proliferation of PBL from the monkeys
treated with the DNA vaccine was more augmented than that
from the monkeys treated with saline (data not shown). IL-2 pro-
duction from PBL after the stimulation with killed TB H37Ra
antigens was also examined. The level of IL-2 was higher in the
DNA vaccine-treated group than that in saline control group
(Table 3A). In addition, the IL-2 production from PBL after the
stimulation with PPD was seemed to correlate with the survival
after TB challenge. The level of IL-2 production of died monkeys
was significantly lower than that of survived monkeys in saline
group at 53days after TB challenge (Table 3B). IL-2 production
by the stimulation with HSP65 protein was also extremely low
level in died monkeys (data not shown). These data suggested
that therapeutic efficacy of this vaccine correlate with the level of
IL-2 production.

Induction of CTL by 15K granulysin vaccine. Granulysin is
protein especially abundant in CTL and NK cells. It is be clas-
sified into two major protein products [15kDa (15K) granuly-
sin and 9kDa (9K) granulysin]. Latter granulysin (9K) exhibits
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Target cell P815 transfected with HSP65 DNA
% Specific Cytotoxicity

precursor CTL into effecter CTL.
Thus, this is a first report that reveals
the novel function of 15K granulysin
(inducer of CTL differentiation).

10(%
° Effector CTLs produce 15K granu-

HSP65DNA +1L- 12DNA )

HSP65DNA +1L- 12DNA AntiCD8Ab+C

HSP65DNA +1L- 12DNA AntiCD4Ab+ C

HSP65DNA +1L- 12DNA AntiThy1-2+C

Effect
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lysin which induces the differentia-
tion of CTL. Thus, there is a positive
feedback loop (or autocrine system)
in the regulation of the production
of 15K granulysin. Granulysin (15K)
might efficiently induce TB-specific
CTL and enhance its therapeutic
effect against TB infection by means
of such a positive feedback loop sys-
tem (Fig. 5).

CTL induction by Ksp37 vac-

cine. To investigate the immune

function of Ksp37 protein, in vitro

CTL induction by the addition of

conventional *'Cr release assay as described in Materials and Methods.

Figure 2. Induction of CD8* CTL specific for HSP65 protein and M. tuberculosis by vaccination with HVJ-
Envelope/HSP65 DNA+IL-12 DNA. Spleen cells from the naive, BCG-, and HVJ-Envelope/HSP65 DNA+IL-12
DNA vaccinated mice were obtained eight weeks after the final vaccination. Cytotoxicity was assayed as
release of radioactivity from *'Cr-labeled P815 target that had been transfected with HSP65 DNA using

recombinant Ksp37 protein was ana-
lyzed in murine system. Splenic T
cells from C57BL/6 were cultured
with alloantigen (BALB/c spleen

potent cytotoxic activity against a broad panel of microbial tar-
gets, including bacteria, fungi and parasites. Granulysin is pres-
ent in human CD8* (and some CD4*) CTLs, NK cells, NKT
cells and y/8 T cells. However, the precise function of 15K gran-
ulysin has not yet been elucidated. We found that 15K granulysin
was secreted from CD8 positive CTL, could enter into human
macrophages and killed M. tuberculosis in the cytoplasm of mac-
rophages. Expression of 15K granulysin protein and mRNA in
CD8 positive T cells in the patients with Tuberculosis was sig-
nificantly lower than those in the healthy volunteers. Moreover,
the induction of 15K granulysin production after the stimula-
tion with PPD antigen was suppressed in the supernatants of PBL
from TB patients (data not shown).

Recombinant 15K granulysin protein enhanced the in vitro
induction of human CTL in the MLC culture (Table 4A). In
vivo induction of CTL in the spleen was augmented by the
administration of recombinant 15K granulyin into C57BL/6
mice (Table 4B). The administration of recombinant 15K gra-
nulysin also augmented in vivo induction of CTL in the lymph
node and PEC (peritoneal exudate cells) (Table 4B).

Synergistic effect was observed by the combination of recom-
binant 15K granulysin and IL-6-related DNA vaccine (IL-6+
IL-6 receptor + gp130 DNA vaccine). In vivo induction of CTL
specific for HSP65 TB antigen was augmented by the combina-
tion of two vaccines (data not shown). Two types of granulysin
vaccines (recombinant 15K granulysin and 15K granulysin DNA
vaccine) showed strong therapeutic efficacy in the mice infected
with TB by aerosol challenge, resulted in the decrease of the
number of C.F.U. in the lungs, liver and spleen (data not shown).

The granulysin (15K) has function as a CTL differentiation
factor (Fig. 5). It augmented the differentiation of CTL from
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cells) in the presence or absence of
recombinant Ksp37 for five days.

Induction of in vitro CTL differentiation was observed by the
addition of recombinant Ksp37 (Fig. 6), suggesting that Ksp37
has function as a CTL differentiation factor.

IL-2 production from T cells and spleen cells was augmented
by the addition of Ksp37 protein (Fig. 7A). Ksp37 also aug-
mented the production of IFN-y and IL-6 from murine spleen
cells in vitro (Fig. 7B and C). Thus, Ksp37 is an inducer of mul-
tiple types of cytokines (IFN-v, IL-2 and IL-6).

In order to study the immune function of Ksp37 in vivo,
induction of CTL by the administration of Ksp37 DNA vaccine
was investigated in murine system. Augmentation of CTL dif-
ferentiation in vivo in the PEC was observed by the treatment
with Ksp37 DNA vaccine (Fig. 8). Thus, Ksp37 DNA vaccine
functioned as an inducer of CTL in vivo as well as in vitro.
Furthermore, synergistic effect on the in vitro CTL induction
was observed by the simultaneous treatment of Ksp37 and gra-
nulysin vaccines (Fig. 9).

Taken together, we established three kinds of novel vaccines
and examined their potential in the mouse and monkey models
in vitro and in vivo.

We demonstrated that: (1) HSP65+IL-12/HV]-E DNA vac-
cine (HSP65 vaccine) had a prophylactic effect against TB. We
revealed the induction of CD8* CTL and CD4* T cell were
required for the protective efficacy of HSP65 vaccine. We also
confirmed currently available vaccine (BCG vaccine) induced
a little or no TB-specific CTL; (2) We also revealed the 15K
granulysin functioned as a cytotoxic T cell differentiation fac-
tor (CTL differentiation factor). The production of granulysin
is regulated by the positive feedback system. Thus, granulysin-
based vaccine might have a strong therapeutic potency against
TB, since it is expected to effectively induce TB-specific CTL;
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Induction of CD8*CTL against TB from mice vaccinated with
HVJ/HSP65DNA+IL-12DNA vaccine

HSP65 DNA +1- 12 DNA vaccine + +
CTL Differentiation granulysin M.T8
/ Fungus
IL-2 IL-6 Bacteria
t Fas ligand TRAIL  Fas TRAILR
early late
l 4 g Apoptosis
Precursor of CTL L5 IFN-y? Effector CTL OODA
IL-1, 7,12, 13, 15, 18,23,27 A u]
IFN-a/b, TNF-a Perforin ‘Destruction of tumor cell
Granzyme A, B | .pestruction of virus infected cells
Okada et al J.mmunol 1979 PNAS 1981 ‘Destruction of bacteria infected
J.Exp. Med 1983 Imm. Rev 1986 cells (mg)
Cancer Res 1997

‘ Figure 3. Induction of CD8 positive CTL against TB by HVJ-Envelope/HSP65 DNA + IL-12 DNA vaccine, and differentiation of CTL. ‘

(3) We also revealed that Ksp37 acts as a CTL differentiation
factor in human and mouse. Ksp37 vaccine augmented the pro-
duction of IL-2, IFN-v, and IL-6 from murine T cells and spleen
cells; (4) We also demonstrated the synergy of the vaccines, e.g.,
synergistic effect on the in vitro CTL induction was shown by
the combination of Ksp37 and granulysin DNA vaccines.

These data indicate that all of our novel vaccines are able to
induce the TB-specific CTL effectively and the combination reg-
imen of those vaccines might provide the new strategy to get very
strong protective and therapeutic efficacy against TB.

Discussion

In the presentstudy, we studied the CTL differentiation against TB
induced by the administration of novel vaccines (HSP65+IL-12/
HVJ-E DNA vaccine, granulysin vaccine and Ksp37 vaccine).
We found (1) 15K granulysin functions as a cytotoxic T cell
differentiation factor (CTL differentiation factor). The thera-
peutic efficacy of 15K granulysin vaccine might be mediated by
the induction CTL; (2) Ksp37 also acts as a CTL differentia-
tion factor in mice; (3) Ksp37 vaccine induces the production of
IL-2, IEN-y and IL-6 from murine T cells and spleen cells; (4)
Synergistic effect on the in vitro CTL induction is expected by the
combination of Ksp37 vaccine and granulysin vaccine.

On the other hand, it was demonstrated that HSP65 +1L-12/
HVJ-E DNA vaccine (HSP65 vaccine) has a prophylactic effi-
cacy against TB and that the induction of CTL specific for TB
is important for the efficacy of the vaccine. By using CD8 anti-
body and CD4 antibody we found CD8 positive CTL and CD4
positive T cell were required for the protective efficacy of HSP65

www.landesbioscience.com

Table 2. The in vivo necessity CD8 positive T cells and CD4 positive T
cells for prophylactic efficacy of the HVJ-Envelope/HSP65 DNA + IL-12
DNA vaccine

Vaccination Log,, CFU of TB
Antibody ;
= 288 3 in the lung
G1 = - - - 6.6 £0.3
G2 BCG DNA  DNA - 53+0.3
G3 BCG DNA  DNA «CD8 Ab 59+0.1
G4 BCG DNA DNA «CD4 Ab 71+0.5
G5 BCG DNA DNA  «CD8 Ab+aCD4 Ab 84+0.2

*p < 0.05 G2vsG3, G4; **p < 0.01. G2vsG5, Anti-CD8 antibody and/or
Anti-CD4 antibody were injected i.p. every 5 d after the challenge of TB.
BCG was used as a prime vaccine and the DNA vaccine was immunized
twice (HVJ-Envelope/HSP65 DNA 50 g + IL-12 DNA50 .g) as boost vac-
cine. Four weeks after last immunization, 5 x 10° H37Rv were challenged
i.v.into mice. (G2-G3: p < 0.05); (G2-G4: p < 0.05); (G2-G5: p < 0.01).

vaccine in vitro and in vivo. In contrast, BCG vaccine induced a
lictle or no CTL against TB.

There are increasing evidences which indicate the impor-
tance of cytotoxic cells.** Their role in immunity to TB has
been revealed by using knockout mice lacking a gene or genes
related to major histocompatibility complex (MHC) class I (e.g.,
transporter associated with antigen processing-1, CD8, 2m, and
MHOC class I heavy chain). These genes are involved in the anti-
gen presentation via MHC class I, 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."¢
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Figure 4. [FN-y and IL-2 production efficacy of HSP65+IL-12/HVJ and BCG using prime-boost method against TB challenged cynomologus monkeys.
Group of animals were vaccinated three times (every three weeks) with (1°) BCG Tokyo, (2°) HSP65 +IL-12/HVJ, (3°) HSP65+IL-12/HVJ = G1(l) BCG prime-
HVJ/DNA boost group; (1°) HSP65+IL-12/HVJ, (2°) HSP65 +IL-12/HVJ, (3°) BCG = G2(J) HVJ/DNA prime-BCG boost group; (1°) HSP65+IL-12/HVJ, (2°) HSP65
+IL-12/HVJ, (3°) HSP65+IL-12/HVJ = G3(E); (1) BCG, (2°) saline, (3°) saline = G4(Il) G4 group animals were vaccinated with BCG once.; (1°) saline, (2°)
saline, (3°) saline = G5(8). (A) PBL from vaccinated monkeys on 56 d or 112 d after 1 immunization, were cultured for three days. IFN-y activity on 56 d
and IL-2 activity (B) on 112 days were assessed by ELISA.
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The CTLs other than CD8* cells might be even more impor-
tant in humans. It has been reported that there are additional
effector modalities, such as granulysin, that are able to kill M.
tuberculosis.* Lymphocyte subsets that recognize antigens pre-
sented by molecules other than MHC class 1 were also reported
to be involved in the immunity against TB. In addition to MHC
class 1 molecule, these lymphocytes are able to utilize HLA-E or
groupl CD1 molecules (CDla, CDI1b, etc.) for the recognition
of antigens.®!>!

The precise function of 15K granulysin has not yet been
elucidated.” We found that 15K granulysin was secreted from
CD8 positive CTL and entered into human macrophages fol-
lowed by the killing of M. tuberculosis in the cytoplasm.'®! The
expression levels of 15K granulysin protein and mRNA in CD8
positive T cells of the patients with drug sensitive TB were lower
than that of the healthy volunteers. Among the TB patients,
the expression level of 15K granulysin protein in CD8 positive
T cells of the patients with multi-drug resistant tuberculosis
(MDR-TB) was significantly lower than that in the patients with
drug-sensitive TB. The expressions of 15K granulysin after the
stimulation with PHA-P, ConA, alloantigens or PPD antigens
were significantly suppressed in the supernatants of PBL from
MDR-TB patients.'®"! We have currently established 15K gra-
nulysin transgenic mice and 9K granulysin transgenic mice." It
was demonstrated that 15K granulysin transgenic mice as well
as 9K granulysin transgenic mice were resistant to TB infection.
The number of TB (C.F.U. in tissues) was decreased in those
transgenic mice. As to the induction of anti-TB immunity, dif-
ferentiation and proliferation of TB-specific CTL was augmented
in those transgenic mice. In addition, enhanced production of
cytokines was observed.

In the present study, we demonstrated that 15K granulysin
has function as a CTL differentiation factor. Granulysin (15K)
augmented the differentiation of CTL from precursor CTL
into effecter CTL. It has been reported that 15K granulysin is
produced from effector CTL. Thus, it is suggested that the pro-
duction of 15K granulysin is regulated by positive feedback loop
system. Large amount of granulysin might enhance the induc-
tion of CTL resulting in the increase of the therapeutic efficacy.
Recently, it was reported that 15K granulysin activated antigen-
presenting cells (APC, dendritic cells or macrophages) and aug-
mented the production of several cytokines.'®” Therefore, 15K
granulysin is able to activate the immune system effectively, since
the target cell of it is both APC and CTL.

Vaccination with BCG prime-HSP65 + IL-12/HV] boost
showed better protective efficacy than BCG alone on the
basis of the ESR, chest X-ray findings and immune responses.
Importantly, treatment with HSP65 + IL-12/HV] resulted in an
increased survival for over a year.’

Significantly higher levels of cytokine production from PBL
(IFN-y and IL-2) were observed in prime (BCG) - boost (HSP65
vaccine) group than those in BCG vaccine group. Prime-boost
method was reported in the study of MVAS85A vaccine, which is
a modified vaccine virus Ankara (MVA) strain expressing antigen
85A. In phase I clinical studies, this vaccine has induced high
immune responses in previously BCG-vaccinated individuals.”®
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Table 3. IL-2 production from PBL in the cynomolgus monkeys

(A) (monkeys) Responder cell H37Ra Ag IL-2 (u/ml)
vaccine-treated ) 2+3
control ) 0+0
vaccine-treated ) 13+£4
control ) 3%5
ID of . Day53 Post-
monkeys Baseline challenge
PR 6847 D 0.0 211 Survival
PR 8018 B 0.0 43.2 Survival
PR 5368 B 0.0 43.2 Survival
PR PbB2-4F 0.0 0.0 Death (after 41 d)
Prz7-51 AC 0.0 0.0 Death (after 55 d)

(A) Augmentation of IL-2 production from PBL by H37Ra stimulation in
the monkeys treated with HVJ-Envelope/HSP65 DNA + IL-12 DNA vac-
cine. (B) IL-2 production from PBL in the survived monkeys and the non-
survived monkeys. PBL from monkeys on day 53 after TB challenge were
stimulated with HSP65 protein for 3 d. ID (PR PbB2-4F) monkey and ID
(Prz7-51 AC) were died after 41 d and 55 d, respectively.

Table 4. In vitro and in vivo CTL induction by 15K granulysin

% Specific

15K Granulysin Cytotoxicity

(A) Invitro (5day MLC)

- 8.0 + 1.0
+ 23.0 + 0.5
(B) In vivo CTL

spleen - 1.0 ok 0.2

+ 11.0 + 0.3

LN - 7.2 + 2.5

+ 22.5 + 2.8

PEC - 0.5 + 2.0

+ 28.5 + 1.0

(A) In vitro induction of human cytotoxic T cell by the stimulation with
recombinant 15K granulysin protein. T cells from human PBL were ob-
tained by nylon-wool column method. An amount of 1 x 10° T cells were
cultured with CESS,, - cells (Mitomycic C treated CESS tumor cells) in
the presence of 15K granulysin for five days. CTL activity of effector cells
was assayed using *'Cr-labbelled CESS cells. Results are expressed as %
Specific cytotoxicity £ S.D. (B) In vivo induction of CTL by 15K granuly-
sin. C57BL/6 were injected i.p. with 1 x 107 syngeneic FBL-3 tumor cells
and then treated with recombinant 15K granulysin i.p. (5 pg/mouse) six
times. Twenty-one days after FBL-3 inoculation, mice were sacrificed,
and spleen cells, lymph node (LN) cells and peritoneal exudates cells
(PEC) were used as effector cells for CTL. Cytotoxic activity against FBL-3
cells were assessed using °'Cr release method.

Boosting of BCG vaccination with MVA85A reduced the
expression of immunoregulatory cytokine TGF-f."” Aeras-402
DNA (DNA that expressed 85A, 85B and TB10.4) vaccine is a

recombinant adenovirus vector-based vaccine and expected as
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Differentiation of Cytotoxic T cells
by 15K granulysin

IL-2 IL-6

o y |

Precursor ﬂ Effector
CTL 15K Granulysin CTL

(granulysin positive feedback loop)

Figure 5. Differentiation of CTL by 15K granulysin and positive feedback
loop of 15K granulysin in CTL induction. Precursor CTL are activated

by IL-2 in the early stage of CTL induction of five day MLC. On the other
hand, IL-6 acts, as a cytotoxic T cell differentiation factor, on the late
stage of CTL induction as shown by Okada, et al. (J.I. 1988). 15K granu-
lysin is produced from effector CTL, and induced the differentiation

of CTL as a CTL differentiation factor. (Positive feedback loop by 15K
granulysin).
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Figure 6. Induction of CTL differentiation by killer-specific secretory
protein of 37Kd (Ksp37). Splenic T cell from C57BL/6 mice (H-2°) were
obtained as described in (PNAS Okada et al. 1981), and cultured with uv-
treated BALB/c (H-29) spleen cells (Mitomycin C treated) in the presence
of 100ng/ml rksp37 and/or an anti-Ksp37 antibody for 5 d. CTL activity
against P815 tumor cells (H-29) was assessed by using *'Cr assay.

a boosting vaccine for BCG-primed individuals.® Several other
vaccines use a prime-boost strategy to enhance the immune
responses.”’ Recently, Rahman et al. established a plasmid-based
vaccine (rBCG/rAd35 vaccine) which enhanced the activation of
MHC class I-restricted CD8" cytotoxic T cell. It is a recombi-
nant BCG (tBCG) expressing a pore-forming toxin and TB anti-
gens (Ag85A, 85B and TB10.4). A non-replicating adenovirus35

522 Human Vaccines & Immunotherapeutics

encoding the same TB antigens (rAd35) is used as a boost vac-
cine. The prime-boost method using rBCG and rAd35 vaccines
were evaluated in nonhuman primate model.?" Similar to our
BCG prime- HSP65 + IL-12 DNA boost method, the results
suggested that activation of CD8* effector CTL followed by the
production of granulysin at the local site were involved in the
protective effects of this vaccine (prime-boost). Thus, induction
of TB-specific CTL and the augmentation of the cytokine pro-
duction (IFN-vy, IL-2) might be a critical factor to obtain the
prophylactic efficacy.

Furthermore, we established other vaccines (granulysin vac-
cine and Ksp37 vaccine) which induced the differentiation of
CTL against TB. The granulysin secreted from T cells and NK
cells has a therapeutic effect against TB.

On the other hand, Ksp37 is expressed selectively in the effec-
tor subset of CD8*T cells, CD16* NK cells and y/8 T cells.??
Expression of Ksp37 mRNA was closely correlated with good
prognosis of ovarian cancer and gliomas.”> However, immuno-
logical function(s) of Ksp37 is still unclear. Ksp37 showed anti-
TB effects by the induction of CTL in the present study. We
demonstrated that Ksp37 vaccine also induced murine CTL both
in vitro and in vivo. Ksp37 vaccine augmented the production
of IL-2, IFN-y and IL-6 from murine T cells and spleen cells.
Synergistic effect on the in vitro CTL induction was observed
by the combination of Ksp37 and granulysin vaccines. We also
demonstrated the correlation between the activity of CTL induc-
tion/cytokine production and the efficacy of these vaccines in the
mouse and monkey models.

In conclusion, our data might provide novel strategy to obtain
strong protective and therapeutic efficacy. The important factors
are the induction of CTL and production of several kinds of cyto-
kines. In addition, the combination of several kinds of vaccines
will enhance the efficacy of vaccines, which will be necessary for
the vaccine for the severe TBs such as MDR-TB and XDR-TB.
Similar to the treatment of cancers or infectious diseases, the reg-
imen of combination therapy will provide useful rationale that is
necessary to develop more effective vaccines against TB.

Materials and Methods

Bacteria. M. tuberculosis strains H37Rv and M. bovis BCG
Tokyo, were kindly provided by Dr. I. Sugawara (JATA, Tokyo,
Japan). M. bovis BCG Tokyo was maintained in synthetic
Sauton’s medium (Wako Chemicals, Osaka, Japan).!

Animals. Inbred and specific pathogen-free female BALB/c
miceand DBA/1 mice were purchased from Japan SLC (Shizuoka,
Japan). Mice were maintained in isolator cages, manipulated in
laminar flow hoods, and used between 8 and 10 weeks of age as
described previously.!

Plasmid construction. The HSP65 gene was amplified from
M. tuberculosis H37Rv genomic DNA, and cloned into pcDNA3.1
(+) (Invitrogen, San Diego, CA) to generate pcDNA-hsp65 (des-
ignated as HSP65 DNA) as described previously.! The HSP65
gene was fused with mouse Igk secretion signal sequence, and
pcDNA-Ighsp65 was generated. For construction of the mouse
IL-12 (mlL-12) p40 and p35 single-chain genes, mIL12p35 and
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mIL12p40 genes were cloned from pcDNA-p40p35,' fused and
cloned into pcDNA3.1 (+) to generate pcDNA-mIL12p40p35-F
(designated as mIL-12 DNA).

HV]J-E vaccination. HV]-E was prepared as described previ-
ously.! The HV]J-E complex was aliquoted and stored at -70°C
until use. DNA vaccines encoding M. tuberculosis HSP65 and
IL-12 were encapsulated into HV]-Envelope or HV]-liposomes.**
HV]J-liposomes and HV]-Envelope were prepared as described
previously.”? Groups of BALB/c mice were vaccinated 3 times
at 3-week intervals with 100 wL of HV]J-E solution containing
50 g of pcDNA-IgHSP65 and 50 g of mIL12 DNA.

Challenge infection of vaccinated animals and bacterial
load determination. Mice were challenged by the intravenous
route with 5 x 10° CFU of M. tuberculosis H37Rv 4 weeks after
the third vaccination as described previously.!

Methods for the evaluation of the prophylactic efficacy of
the vaccine on the TB infection of the monkeys. Cynomolgus
monkeys were housed in a BSL 3 animal facility of the Leonard
Wood Memorial Research Center. The animals were vaccinated
three times with the HVJ-envelope with expression plasmid of
both HSP65 and human IL-12 (HSP65 + hIL-12/HV]: 400
mg i.m.), and then challenged with the M. tuberculosis Erdman
strain (5 x 10%) by intratracheal instillation. Survival, immune
responses (proliferation of PBL and cytokines production), body
weight, ESR, PPD skin test and chest X-p findings were examined

as described in our previous studies.>**

2 All animal experiments
were approved by the Leonard Wood Memorial Animal Care and
Use Committee and the National Hospital Organization Kinki-
chuo Chest Medical Center Animal Care and Use Committee.

Methods for the evaluation of the therapeutic efficacy of the
vaccine on the M. tuberculosis-infected monkeys. Cynomolgus
monkeys were vaccinated nine times with the HVJ-envelope with
expression plasmid of both HSP65 and human IL-12 (HSP65 +
hIL-12/HV]: 400 pgi.m.), one week after the challenge with the
M. tuberculosis Erdman strain (5 x 10?) by intratracheal instilla-
tion. Immune responses and survival were examined as described
in our previous studies.>®’

Reagents and antibodies. Fetal calf serum (FCS: lot
AGC6341) was obtained from Hyclone (Logan, UT). Anti-
L3T4, anti-Lyt2.2 monoclonal antibodies and anti-Thyl.2 anti-
body were provided."?

Cell lines. A mouse mastocytoma cell line (P815: DBA/2 ori-
gin) was kindly provided by Dr. C. S. Henney (Fred Hatchinson
Cancer Res. Center, Seattle).! The P815 cells were maintained
in RPMI 1640 medium (Flow Laboratories, Inc. Mclean, VA)
supplemented with 10% FCS, penicillin (100 U/ml), streptomy-
cin (100 pg/ml) and 5 x 10° M 2-mercaptoethanol."?

Tuberculosis—specific cytotoxic test using >'Cr release.
Eight weeks after the final vaccination, CTL activity of spleen
cells and mesenteric lymph node cells from vaccinated mice was
assessed by using the *'Cr-release assay. P815 mastocytoma cells,
which have the same major histocompatibility complex (MHC)
(H-2%) as BALB/c mice, were transfected with pcDNA-hsp65
and used as HSPG65 protein-expressing target cells. A total of 2
x 10° cells/ml effector splenic cells were treated with anti-CD8
antibody, anti-CD4 antibody or anti-Thyl.2 antibody followed

www.landesbioscience.com
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Figure 7. Augmentation of cytokines (IL-2, IFN-y and IL-6) production
by Ksp37 was also observed. (A) Augmentation of IL.-2 production from
T cells or spleen cells by Ksp37. An amount of 5 x 10 splenic T cells

or spleen cells from C57BL/6 mice were cultured with 5 x 10° BALB/c
spleen cells (Mitomycin-C treated) in the presence of rKsp37 for two
days. IL-2, IFN-y and IL-6 activities in the supernatants were assessed by
ELISA. (B) Augmentation of IFN-y production from spleen cells by Ksp37.
(C) Augmentation of IL-6 production from spleen cells by Ksp37.
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Figure 9. Synergistic efficacy of Ksp37 and granulysin on the in vitro
CTL induction. Splenic T cells were cultured with uv-treated BALB/c
spleen cells (Mytomycin C treated) in the presence or absence of 100ng/
ml Ksp37 protein and 500ng/ml 15K granulysin protein for 5 d. Five days
after culture, CTL activity against P815 tumor cells was assessed by us-
ing *'Cr release assay.

Figure 8. Augmentation of CTL differentiation in vivo by the treatment
with Ksp37 DNA was demonstrated. C57BL/six mice were challenged
with killed H37Ra antigen (1,000 pg/mouse) in vivo (i.p.) and then
treated with Ksp37 DNA (100 pg/mouse, six times) i.m. Twenty-one days
after challenge of killed TB antigen, and PEC (peritoneal exudate cells)
from these mice were harvested. CTL activity againt TB antigen (HSP65
antigen) was assessed by using *'Cr EL-4 which had been transfected
with HSP65 DNA.

by complement.! >'Cr release was assessed using the >'Cr-release
assay'®3* at the Effector:Target (E:T) ratio of 50:1. Spontaneous
lysis (with medium alone) and maximum lysis (*'Cr release after
three cycles of freeze-thaw) were set up for background and tar-
gets. Percent specific lysis was determined as: [(experimental
release — spontaneous release)/(maximum release — spontaneous
release)] x 100.30-34

Production of cytokines (IL-2 and IFN-y). Mouse cytokines
were measured in quantitative ELISAs for IL-2 and IFN-y as
described previously."?

ELISPOT assay. The spleens were removed aseptically
from vaccinated mice 3 weeks after the third vaccination.
Antigen-specific IFN-y-producing cells were determined by
enzyme-linked immunosorbent spot (ELISPOT) as described
previously."?

Statistical analysis. Tukey-Kramer’s HSD tests were used
to compare log  value of CFU between groups following chal-
lenge and T cell responses between groups in ELISPOT assay.
Student’s t-tests were performed to compare T cell responses
between groups in T cell proliferation assay and granuloma for-
mation between groups following challenge. A P-value of < 0.05
was considered significant.
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