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The combination of plasmid interleukin-12 with a single DNA vaccine is more
effective than Mycobacterium bovis (bacille Calmette—Gueérin) in protecting
against systemic Mycobacterim avium infection

ELA MARTIN,* ARUN T. KAMATH,*{ HELEN BRISCOE§ & WARWICK J. BRITTON*§ *Centenary Institute of Cancer
Medicine and Cell Biology, Newtown, NSW, Australia, 1Co-Operative Research Centre for Vaccine Technology, Queensland
Institute of Medical Research, Brisbane, Queensland, Australia, {The Edward Jenner Institute for Vaccine Research, Compton,

Newbury, UK and §Department of Medicine, University of Sydney, NSW, Australia

SUMMARY

Sub-unit vaccines utilizing purified mycobacterial proteins or DNA vaccines induce partial
protection against mycobacterial infections. For example, immunization with DNA vaccines
expressing the gene for the immunodominant 35 000 MW protein, common to Mycobacterium
avium and Mycobacterium leprae but absent from the Mycobacterium tuberculosis complex,
conferred significant protection against infection with either virulent M. avium or M. leprae in mice.
However, the level of protection was equivalent to that obtained with the viable, attenuated vaccine,
Mycobacterium bovis, bacille Calmette—Guerin (BCG). The cytokine, interleukin (IL)-12, is
essential for priming naive CD4 " T lymphocytes to differentiate into interferon-y (IFN-7y)-secreting
T cells. We have used a novel self-splicing vector expressing both chains of murine IL-12 to
determine if plasmid IL-12 would increase the efficacy of a vaccine expressing the M. avium
35 000 MW protein (DNA-Av35). Co-immunization with p2AIL-12 and DNA-Av35 led to a
significant increase in the number of antigen-specific IFN-vy secreting cells and total amount of IFN-
v released, but a concomitant fall in the antibody response to the 35 000 MW protein. This pattern
of response was associated with enhanced clearance of M. avium from the liver and spleen of
coimmunized mice, and was significantly more effective than BCG or DNA-Av35. alone.
Following M. avium challenge there was significant increase in the expansion of the
35 000 MW antigen-reactive T cells in the coimmunized mice. Therefore, plasmid-delivered
IL-12 acts as an effective adjuvant to increase the protective efficacy of a single DNA vaccine
against M. avium infection above that achieved by BCG, and this strategy may improve the efficacy
of subunit vaccines against M. leprae and M. tuberculosis.

INTRODUCTION

Mycobacterial infections remain major causes of mortality and
morbidity worldwide. Tuberculosis causes 2-3 million deaths
and 9 million new cases per annum,' and there is a continuing
high case detection rate of leprosy in endemic countries despite
the implementation of antimicrobial control programs. Infec-
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tion with members of the Mycobacterium avium complex are
responsible for significant morbidity in patients with human
immunodeficiency virus/acquired immune deficiency syndrome
and other immunodeficiency disorders,” and are increasingly
recognized as a cause of pulmonary disease in immunocompe-
tent individuals.® Immunization with the vaccine strain M. bovis
bacille Calmette—Guerin (BCG) provides partial, but variable,
protection against tuberculosis and leprosy* and new
approaches to immunization against mycobacterial infections
are urgently required. Recently a number of protein and DNA
vaccines expressing single mycobacterial antigens have been
found to induce partial protection against experimental infec-
tion with M. tuberculosis,s"8 M. lepme9 or M. avium,lo’11
suggesting that non-replicating subunit vaccines may be effec-
tive in humans. However, of the 18 different anti-tuberculosis
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DNA vaccines reported thus far, none were more effective than
BCG (reviewed in 12). In the case of M. avium and M. leprae
infection, DNA vaccines expressing the shared immunodo-
minant 35 000 MW protein induced protective immunity
equivalent to, but not greater than, that afforded by BCG
against either infection.”'® Therefore, the protective immu-
nity provided by DNA and other subunit vaccines must be
increased if they are to be considered as practical replacements
for BCG.

The cytokine, interleukin (IL)-12, plays a major role in the
induction of interferon-y (IFN-y) T helper 1 (Thl)-like cell
responses, which are essential for protective immunity against
mycobacterial infections.'® It promotes Thl-like responses
through the secretion of IL-2 and IFN-y, while inhibiting
Th2-like responses.'* Neutralization of IL-12'*'> or genetic
deletion of the p40 chain of IL-12'® results in progressive
infection with M. avium in mice, and mutations in the IL-12
signalling pathway are associated with progressive M. avium
infection in humans.!” Dendritic cells (DCs) rather than
macrophages are the major source of IL-12 during M. avium
infection,'® and the levels of IL-12 secreted are related to
the degree of virulence of the M. avium strain.'® The addition
of recombinant IL-12 protein as an adjuvant increases
efficacy of vaccines against protozoal and viral pathogens, such
as Leishmania and herpes simplex virus (HSV),*! and
recently was found to enhance the protective efficacy of culture
filtrate proteins against M. avium.'® Furthermore, vector-
encoded IL-12 enhanced the immune response to both DNA
and protein vaccines.?” Therefore we have investigated whether
codelivery of a plasmid encoding both chains of murine IL-12
with a DNA vaccine expressing the M. avium 35 000 MW
antigen is more effective than BCG at inducing protective
immunity against systemic infection with a virulent strain of
M. avium.

MATERIALS AND METHODS

Plasmid vaccines and recombinant protein

The DNA vaccine expressing M. avium 35 000 MW protein
(DNA-Av35) was prepared by cloning the gene for the M. avium
35 000 MW antigen into the vector pJW4303 between the
cytomegalovirus early/intermediate promoter and the bovine
growth hormone polyadenylation sequence, as previously
described.'® The parental plasmid, pJW4303, was used as
the control vector (DNA-Neg). The plasmid expressing
murine IL-12 (p2AIL12) was prepared by cloning the genes
for the p40 and p35 chains of I1-12 on either side of the self-
cleaving peptide termed 2A, of the foot-and-mouth-disease
virus (FMDV).?*?* This permits the conjugate expression of
both chains in the same cell. Transient transduction of HEK293
cells with p2AIL12 confirmed the release of biologically active
IL-12-* The gene for M. avium 35 000 MW protein was
expressed in M. smegmatis and the recombinant 35 000 MW
protein purified by monoclonal antibody affinity chromato-
graphy.”

Animals and immunization schedules

Female C57BL/6 mice were obtained as specific pathogen-free
mice from ARC (Perth, Australia) and maintained in specific
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pathogen-free conditions. Groups of mice (n = 5) were immu-
nized between 8 and 12 weeks of age with 50 pg of each
plasmid in volume of 50 pl by intramuscular injection (i.m.)
into the tibialis anterior muscle of each hindleg. Mice were
immunized three times, at three weekly intervals, with DNA-
Av35 (100 pg) and p2AIL12 or the control plasmid (100 pg
each) or DNA-Neg and p2AIL12 or the control plasmid (100 pg
each) to provide equivalent amounts of total DNA. Mice
immunized with BCG were administered 5 x 10* colony-form-
ing units (c.f.u.) subcutaneously (s.c.) 12 weeks prior to chal-
lenge. Mice coimmunized with BCG and p2AIL12 received
p2AIL12 (300 pg i.m.i) at the same time as the BCG. These
experiments were approved by the Animal Ethics Committee of
the University of Sydney.

Mycobacterium avium infection

The M. avium isolate used is a virulent strain of serotype 8
which produces a fatal infection in C57BL/6 mice,"” and was
kindly provided by C. Cheers (University of Melbourne, Vic-
toria, Australia). The M. avium was grown in Middlebrook 7H9
broth with supplement (Difco Laboratories, Detroit, MI) and
stored at —70°. Prior to use, the suspension was thawed at 37°
and briefly sonicated (10 s) to disperse clumps. Six weeks after
the last DNA boost and 12 weeks after the BCG immunization,
the mice were infected with 1 x 10° c.fu. M. avium. by
intravenous injection (i.v.i). Mice were killed at 4 weeks after
the infection and the number of bacteria in homogenates of the
spleen and liver were determined by culture of serial dilutions
on Middlebrook 7H11 Bacto agar for 10 days.

Immunological responses

Mice were bled 2 weeks following the final DNA immunization
and the presence of antigen-specific immunoglobulin G (IgG)
antibodies determined by a solid-phase enzyme-linked immu-
nosorbent assay (ELISA) using r35 000 MW protein, as pre-
viously described.'® The spleens were collected either 2 weeks
following the third DNA immunization or 4 weeks following
M. avium challenge and single cell suspensions prepared. The
cells were cultured in complete RPMI medium supplemented
with 2 mM glutamate, 50 pM B-mercaptoethanol and 10% fetal
calf serum (CSL Bioscience, Melbourne, Australia) and stimu-
lated with M. avium 35 000 MW antigen (10 pg/ml) or whole
M. avium sonicate (10 pg/ml) or medium alone for 16 hr. The
number of IFN-y-secreting cells was measured by enzyme-
linked spot (ELISpot) assay using the monoclonal antibodies
(mAbs) R46A2 for capture and XMG1.2 (Endogen, Woburn,
MA) for recognition as previously described.® The amount of
IFN-y released was quantified by ELISA using the mAbs
R46A2 and biotinylated-XMG1.2 (Endogen) and recombinant
murine IFN-vy as standard. The limit of detection was 0-4 U/ml
with 1 U equivalent to 197 pg/ml.

Statistical analysis

The significance of the differences between groups were ana-
lysed using Fisher’s Protected Least Significant Difference
analysis of variance (ANOVA) post hoc test for pair-wise com-
parison of multigrouped data sets, with log transformation of the
bacterial counts. Differences with P < 0-05 were considered
significant.
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RESULTS

Effect of p2AIL12 coimmunization on DNA vaccine
induced immune responses

The p2AIL12 vector permits the coordinate expression of both
the p35 and p40 chains of IL-12, resulting in the secretion
biologically active IL-12.>* The effect of immunization with
DNA-Av35, with and without p2AIL12, on the T-cell response
to the 35 000 MW protein was assessed. Co-immunization with
p2AIL12 significantly increased the frequency of antigen-spe-
cific IFN-v secreting cells by fourfold (Fig. 1a) and the levels of
IFN-y released (Fig. 1b). Immunization with DNA-Av35
induces a strong IgG antibody response to conformational
determinants on the protein.'® Co-delivery of p2AILI12 with
DNA-Av35 resulted in a significant reduction in the anti-
35 000 MW protein IgG titre (Fig. 2).

Co-immunization with p2AIL12 improves protection by
DNA-35 vaccines against challenge with M. avium

The effect of p2AIL12 on DNA vaccine-induced protection
against intravenous challenge with M. avium was investigated
6 weeks after the last DNA immunization, when the protective
effects of DNA-Av35 are maximal.'® Immunization with DNA-
Av35 resulted in significant protective immunity against M.
avium infection with a 2-log;( reduction in the M. avium load
in the spleen (P < 0-001). The addition of p2AIL12 to the
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Figure 1. Co-immunization with plasmid IL-12 increases the antigen-
specific IFN-y T-cell responses following DNA immunization. Two
weeks following the third immunization with DNA-Av35 or the empty
vector, DNA-Neg, with and without p2AIL12, splenocytes were stimu-
lated overnight with M. avium 35 000 MW protein and the frequency of
IFN-v secreting cells (a) or amount of IFN-vy secreted (b) analysed. The
data represent the means (= SEM) for five mice and are representative
of three separate experiments. The significance of the differences
between DNA-Av35 alone or with p2AIL12 were ***, P = 0-001 (a)
and **, P =0-005 (b).
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Figure 2. Co-immunization with plasmid IL-12 reduces antigen-spe-
cific antibody following DNA immunization. Mice (n = 5) were immu-
nized with DNA-Av35 or the empty vector, DNA-Neg, with and without
p2AIL12. Two weeks following the third immunization the serum
geometric mean titre (&= SEM) of IgG anti-35 000 MW antibodies
was determined by ELISA. The significance of the difference between
immunization with DNA-Av35 alone and with pIL-12 was *, P = 0-05.
The results are representative of three separate experiments.

DNA-Av35 vaccine significantly increased the level of protec-
tion in both the spleen (P < 0-005) (Fig. 3a) and liver
(P < 0-01) (Fig. 3b), with a further reduction in the bacterial
load of about 1-log;o. Immunization with p2AIL12 alone led to
a small reduction in the bacterial load, which was significant in
the spleen (Fig. 3b). When plasmid IL-12 was combined with a
single BCG immunization, there was no significant decrease in
mycobacterial load when tested 12 weeks later (Fig. 3a, b).

Effect of coadministration of p2AIL12 on protective
IFN-y T-cell responses

The 35 000 MW protein is a dominant antigen in the murine
response to M. avium infection. Control mice showed a mod-
erate IFN-y T-cell response to the protein following infection
with M. avium, and this was increased in mice previously
immunized with DNA-Av35 (Fig. 4a, b). Mice immunized with
DNA-Av35 and p2AIL12 demonstrated significantly greater
IFN-vy responses to 35 000 MW protein alone (Fig. 4), as well
as to M. avium sonicate (data not shown), when compared to
recipients of DNA-Av35 alone. There was a doubling in the
number of IFN-y secreting cells and the amount of IFN-y
released. Immunization with BCG and p2AIL12 also resulted
in significantly increased responses to M. avium sonicate (data
not shown) and the 35 000 MW antigen, however, immuniza-
tion with DNA-Av35 and pIL-12 was more effective (Fig. 4).
Therefore priming with the DNA-Av35 and p2AIL12 was the
most efficient strategy to induce protective IFN-y-secreting T-
cell responses.

DISCUSSION

Subunit vaccines against mycobacterial infection have consid-
erable potential advantages. As non-replicating vaccines they
should be safe in immunodeficient subjects, particularly in areas
of high human immunodeficiency virus endemicity, and could
be used for repeat immunization to boost flagging memory
T-cell responses. In addition, because they induce cellular
immunity to only a small subset of mycobacterial antigens, it
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Figure 3. Plasmid IL-12 enhances the protection against systemic M.
avium infection in the spleen and liver following DNA immunization.
Mice (n = 5) were immunized i.m. with DNA-Av35 or the empty
vector, DNA-Neg, with and without p2AIL12, or by a single s.c.
injection with BCG, with or without pIL-12 i.m. Six weeks following
the last DNA immunization and 12 weeks after the BCG immunization,
mice were challenged with 1 x 10° M. avium by the intravenous route.
Four weeks later, the bacterial loads (c.f.u. = SEM) were determined in
the spleen (a) and liver (b). The significance of the differences between
individual groups were determined by ANOVA and were ***, P < 0-001;
#* P < 0-01, and ns, not significant. The results are representative of
three separate experiments.

would be possible to detect infection with virulent mycobac-
teria, such as M. tuberculosis, by the development of T-cell
responses to other mycobacterial proteins. As yet, however, no
single mycobacterial antigen delivered as a DNA or protein
vaccines is reproducibly better than BCG at inducing protective
immunity against M. tuberculosis, M. avium or M. leprae
infection in murine models.'? Further, subunit vaccines appear
less effective than BCG at controlling replication of M. tuber-
culosis in the more susceptible guinea pigs, although some
single antigen vaccines do reduce immunopathology and pro-
long guinea pig survival.?® Therefore a variety of approaches are
being pursued to increase their immunogenicity, particularly for
DNA vaccines.?? This study demonstrates that coadministration
of plasmid-encoded IL-12 with DNA expressing the dominant
M. avium 35 000 MW protein enhances the immunogenicity of
the DNA vaccine and is significantly more protective than BCG
against a strain of M. avium which causes progressive infection
(Fig. 3). The 35 000 MW protein was first identified as the
homologue of the M. leprae major membrane protein I,>” which
elicits either a strong CD4 T cell and/or antibody response in
>90% of leprosy patients across the leprosy spectrum.?> The
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Figure 4. Co-administration of plasmid IL-12 with the DNA-Av35
vaccine enhances the 35 000 MW protein-specific IFN-y T-cell
response following M. avium challenge. Mice (n = 5) were immunized
as described in Fig. 3. Following M. avium challenge the number of
splenocytes secreting IFN-y (mean + SEM) (a) and the amount of
IFN-y secreted (mean £ SEM) (b) in response to M. avium
35 000 MW antigen were determined. The significance of differences
between groups immunized with DNA-35 alone or with p2AIL12 were
##%k P < 0. 0-001; ** P < 0-01; and *, P < 0-05. The results are
representative of three separate experiments.

M. avium 35 000 MW protein stimulates a strong T-cell
response during infection with M. avium in mice (Fig. 4).
The 3-log;o reduction in bacterial load in the spleen following
immunization with DNA-Av35 and plasmid IL-12 was signifi-
cantly higher than the level of protection observed in separate
experiments with DNA vaccines expressing the M. avium
65 000 MW heat-shock protein or M. bovis antigen 85A."
These induced a four- and eightfold reduction in M. avium
load in the spleen, respectively.'! The apparent enhanced effect
with DNA-Av35 and p2AIL12 may be due to both the immu-
nodominance of the 35 000 MW protein and the adjuvant effect
of IL-12.

The Th1 pattern of cellular responses induced during myco-
bacterial infections is largely a result of the secretion of IL-12
by infected dendritic cells. The level of IL-12 production from
BCGe-infected DCs can be increased in vitro by stimulation of
cell surface CD40 and the inhibition of endogenous IL-10.%°
This results in increased primary activation of Thl-like T cells
both in vitro and in vivo. In addition, DNA induces a Thl-bias
via the immunostimulatory effects of CpG oligonucleotide
sequences in bacterial DNA, which stimulate Toll-like receptor
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9 on DCs to initiate IL-12 secretion through the nuclear factor-
«B-dependent pathway.*® Despite this effect of DNA alone, in
this study maximum Thl-like response was induced when
additional IL-12 was expressed by plasmid IL-12 leading to
an increase in the number of M. avium-specific IFN-y-secreting
T cells by fourfold compared to DNA-35 alone (Fig. 1). One
advantage of this p2AIL12 vector is that equivalent amounts of
the p40 and p35 chains of IL-12 are produced within the
transfected cells, and this prevents an excess of p40 chain with
the possible inhibitory effects of p40 homodimers. Co-admin-
istration of p2AIL12 with DNA vaccines expressing M. tuber-
culosis secreted proteins increased the frequency of both CD4
and CD8 IFN-y secreting specific T cells and increased the
protective effect of DNA-85B in both the lungs and spleen.”
Intriguingly, codelivery of p2AIL12 with DNA-35 reduced
the titre of the IgG antibody response to the protein (Fig. 2),
and a similar inhibition of specific antibody occurred when
p2AIL12 was combined with DNA-85B or DNA-MPT64.
This is consistent with the known role that IL-12 plays in
promoting a Thl-like response whilst inhibiting Th2-like
responses.'* By contrast, the combination of a plasmid secreting
GM-CSF with DNA-85B or DNA-MPT64 increased both the
antibody and IFN-y secreting T-cell responses and this effect
was not associated with increased protection against M. tuber-
culosis.>!

Plasmid IL-12 alone given prior to M. avium challenge
resulted in a small, but significant, reduction in the M. avium
load in the spleen, but not in the liver (Fig. 3). There is
conflicting evidence on the effects of rIL-12 therapy during
M. avium infection. Initial reports indicated that rIL-12 therapy
of mice reduced the mycobacterial load during established M.
avium infection.>” By contrast, treatment of M. avium-infected
beige mice had no effect on the multiplication of the bacteria,
although rIL-12 therapy appeared to reduce the early growth of
M. tuberculosis in normal mice.>® These differences may be
caused by the variation in the virulence of the M. avium strains
tested. Silva and colleagues'® found that rIL-12 treatment
reduced the growth of low, but not high, virulence strains of
M. avium. Further, rIL-12 increased the activation of IFN-y-
secreting CD4 T cells, which were able to transfer increased
clearance of M. avium to irradiated recipients.'® When used as
immunotherapy, IL-12 may increase the clearance of M. avium
through the activation of natural killer cells,'® as well by
enhancing specific T-cell immunity. The cytokine IL-18, which
is secreted by both macrophages and DCs, is also involved in the
deviation of naive CD4 T cells to the Thl-like phenotype.
Therapy with plasmid IL-18 during intranasal infection with
M. avium reduced the bacterial load in the lung during the
treatment period and this was associated with increased IFN-y
production in the lung.** However the addition of plasmid IL-18
to IL-12 as a further adjuvant during immunization with DNA-
85B did not increase the protective effect against M. tubercu-
losis infection.®

No significant increase in protective effect was achieved
when p2AIL-12 was delivered i.m. at the same time as BCG
immunization, although this produced a small increase in the
postchallenge IFN-y response (Fig. 4b). The addition of CpG
oligonucleotides or rIL-12% or p2AIL12* did improve the
efficacy of BCG against pulmonary M. tuberculosis infection.

These differences may relate to the timing and route of delivery
of the BCG and the adjuvant IL-12 or oligonucleotides. In the
case of plasmid delivery, it is uncertain if the effect of the IL-12
is caused by expression at the site of injection, in this case i.m.,
or in the draining lymph node. Antigen presentation following
DNA immunization probably occurs through transfected DCs
which rapidly migrate from the site of immunization to the
draining lymph nodes®” and cotransfection of the same DCs
with pIL-12 may produce the optimal effect. In addition the
prolonged production of bioactive IL-12 by transfected muscle
cells may continue to the sustained adjuvant effect of pIL-12.
Co-administration of the pIL-12 vector by the intradermal or s.c.
route at the same site and time as the BCG injection may help to
decipher if the effect of IL-12 is a localized one.

The addition of rIL-12 to M. avium culture filtrate proteins as
an adjuvant resulted in an increase in the protective effect
against infection with M. avium (strain 2477) from 0-4- to
1-0-logly. The efficacy of this subunit vaccine lasted for
6 months and waned by 12 months. Although the addition of
rIL-12 increased the protection at six months, rIL-12 acceler-
ated the loss of protective efficacy at 12 months.* There may be
advantages in administering both the cytokine and antigen as
DNA vectors. Immunization with a leishmania protein with
either recombinant IL-12 or IL-12-expressing DNA protected
mice challenged with Leishmania major 2 weeks later, but the
protective immunity was only sustained for 12 weeks when the
IL-12 and antigen were delivered as DNA vectors.*® Recombi-
nant IL-12 has a short half-life in vivo, but production of IL-12
from the plasmid may sustain and induce a more prolonged
protective immune response. The adjuvant effects of CpG
motifs in the DNA vaccines may also contribute to sustained
IL-12 production induced by DNA itself. Thus DNA expressing
the leishmanial antigen®® or protein antigen immunized with
CpG motifs*” stimulated long-term protective immunity against
Leishmania major. Therefore, the initial burst of IL-12, either as
recombinant protein or expressed from the DNA vector, is
sufficient to initiate the development of a strong Thl T-cell
response to the accompanied antigen, but the continued secre-
tion of plasmid-derived IL-12 or the presence of the CpG motifs
may be necessary to sustain the protective Thl-like immune
responses.

In summary, the addition of plasmid IL-12 to the DNA-Av35
vaccine enhanced protective immunity against M. avium infec-
tion. DNA vaccine expressing the M. leprae homologue of the
35 000 MW protein induced moderate protection against
mouse footpad infection with M. leprae in outbred Swiss
mice.'? It will be of interest to assess this adjuvant strategy
with plasmid IL-12 in the M. leprae infection model. Infection
with M. leprae in humans results in a spectrum of immune
responses from strong Thl-like T-cell immunity to Th2-asso-
ciated antibody responses. BCG and other live mycobacterial
vaccines have been tested as therapeutic vaccines in leproma-
tous leprosy patients to deviate the immune response to the
tuberculoid pattern of potent Thl-like T cell reactivity to M.
leprae antigens. rIL-12 is capable of generating an antigen-
specific Thl-type response in the presence of an ongoing
infection-driven Th2-type response.'® It is possible that a
therapeutic vaccine consisting of IL-12 with appropriate myco-
bacterial antigens may promote Th1 T-cell responses in subjects
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with established lepromatous leprosy and so assist in the
clearance of the infection
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