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Leishmaniasis affects 12 million people, but there are no vaccines in routine clinical use. Th1 polarizing
vaccines that elicit long-term protection are required to prevent disease in susceptible populations. We recently
showed that heterologous priming-boosting with tryparedoxin peroxidase (TRYP) DNA followed by TRYP-
modified vaccinia virus Ankara (TRYP MVA) protected susceptible BALB/c mice from Leishmania major. Here
we compared treatment with TRYP DNA with treatment with TRYP DNA/TRYP MVA. We found that equiv-
alent levels of protection during the postvaccination effector phase correlated with equivalent levels of serum
immunoglobulin G2a and gamma interferon (IFN-v) in draining lymph nodes. In contrast, challenge infection
during the memory phase revealed that there was enhanced clinical efficacy with TRYP DNA/TRYP MVA. This
correlated with higher levels of effector phase splenic IFN-y, sustained prechallenge levels of memory phase
IFN-y, and a more polarized post-L. major challenge Th1 response compared to the Th2/T,., response. Thus,
TRYP DNA/TRYP MVA, but not TRYP DNA alone, provides long-term protection against murine

leishmaniasis.

Leishmaniasis is caused by intracellular protozoan parasites
transmitted by the bite of a sand fly, and the diverse clinical
manifestations range from localized cutaneous lesions to fatal
visceral infection. The disease prevalence is estimated to be 12
million people, and there are 1.5 million new cases annually.
There are no vaccines in routine use. Experimental infections
of inbred mice with Leishmania major defined the Th1/Th2
paradigm (for reviews, see references 16 and 26) and demon-
strated that primary immunity to L. major in resistant mice
requires the development of a polarized Th1 response (11, 31,
32). In contrast, susceptibility in BALB/c mice was associated
with an aberrant Th2 response resulting from the early pro-
duction of interleukin-4 (IL-4) by a restricted population of
VB4Va8 CD4™ T cells (12, 13). These studies supported the
hypothesis that immunotherapy shifting the balance from IL-4
to gamma interferon (IFN-vy) would provide the key to vaccine
success. The challenge for developing a vaccine against Leish-
mania spp., like the challenge for developing vaccines against
other intracellular pathogens, such as Mycobacterium tubercu-
losis, is thought to be induction and maintenance of a cell-
mediated immune response that produces IFN-y to activate
macrophages to kill the pathogen.

The vaccination strategies employed to induce protective im-
munity in experimental models of leishmaniasis have included
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vaccination with recombinant Leishmania antigens, such as a
Leishmania homologue of the receptor for activated C kinase
(LACK) plus IL-12 as an adjuvant, vaccination with live attenu-
ated parasites, vaccination with plasmid DNA encoding single or
multiple parasite antigens, and vaccination with live recombinant
vectors, such as Salmonella spp., Mycobacterium bovis BCG, or
vaccinia virus (for a review, see reference 19). While all of these
studies have resulted in some degree of efficacy, long-lived pro-
tection has rarely been observed.

We recently showed that heterologous priming-boosting
with DNA followed by modified vaccinia virus Ankara
(MVA) expressing the Leishmania antigen tryparedoxin per-
oxidase (TRYP), alternatively referred to as thiol-specific antiox-
idant (3), protected susceptible BALB/c mice from cutaneous
leishmaniasis (34). Here, we compared TRYP delivered as DNA
alone with heterologous priming-boosting with TRYP DNA fol-
lowed by TRYP MVA. We found that while equivalent protec-
tion was induced if mice were challenged during the effector
phase of the response to vaccination, only heterologous priming-
boosting with TRYP DNA followed by TRYP MVA induced
long-term protection. This correlated with higher levels of effector
phase splenic IFN-y, which may have reflected induction of a
central memory response, sustained prechallenge memory phase
IFN-y, and a post- L. major challenge Thl response that was
more polarized than the Th2 response.

MATERIALS AND METHODS

Mice. Female 5- to 6-week-old BALB/c mice were purchased from Charles
River Laboratories (Margate, United Kingdom) and were maintained at Central
Biomedical Services (University of Cambridge, United Kingdom) under patho-
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FIG. 1. Clinical outcome following L. major challenge of BALB/c mice vaccinated with TRYP DNA/TRYP MVA (TRYP/TRYP), TRYP
DNA/vector MVA (TRYP/Vec), or vector DNA/vector MVA (Vec/Vec) at 2 weeks after booster vaccination. Mice were vaccinated with two
100-p.g doses of TRYP or vector DNA given 3 weeks apart and were boosted with 1 X 10° PFU of TRYP or vector MVA 2 weeks later. Mice were
challenged 2 weeks after administration of the booster with 2 X 10° L. major promastigotes in the hind footpad, and footpad depth was monitored
weekly with vernier calipers. The results are means *+ standard errors for groups of mice in one experiment, which was representative of replicate
experiments in which similar results were obtained. The asterisks indicate significant differences from the results for Vec/Vec-vaccinated mice, as
determined by Student’s ¢ test (one asterisk, P < 0.05; two asterisks, P < 0.01; three asterisks, P < 0.001).

gen-free conditions. All procedures were carried out under United Kingdom
Government Home Office guidelines.

Plasmid construction and purification. TRYP was amplified from cDNA
clone Imf30 (accession number T67356), obtained from an L. major substrain
LV39 (MRHO/SU/59/P) cDNA library (14), and was inserted downstream of the
cytomegalovirus promoter into a modified version (without the neomycin resis-
tance gene) of pcDNA3 (Invitrogen). Empty pcDNA3 was used as vector control.
Plasmid DNA was purified using Endofree plasmid Maxi kits (QIAGEN Ltd.,
Crawley, United Kingdom) with pyrogen-free material, and the final pellet was
resuspended in pyrogen-free phosphate-buffered saline.

Construction and purification of recombinant MVA. Recombinant MVA was
constructed as previously described (4, 34). For vaccinations, semipurified stocks
of recombinant MVA grown in RK13 cells were prepared by ultracentrifugation
through a sucrose cushion, resuspended in 10 mM Tris-HCI (pH 9), and stored
at —80°C until they were needed. Expression of protein from MVA-infected
culture lysate was demonstrated by Western blotting using pooled immune sera
from TRYP DNA-vaccinated mice. The expected protein band at ~22 kDa was
observed (data not shown).

Preparation of crude and recombinant antigens. Crude freeze-thawed parasite
antigen (FTP) was prepared from stationary-phase promastigotes by resuspen-
sion in 10 mM Tris-HCI (pH 8.5), 0.5 M NaCl, 1 mM phenylmethylsulfonyl
fluoride, 50 pg/ml leupeptin and three cycles of freezing and thawing over liquid
nitrogen. Recombinant protein was prepared by cloning TRYP into the expres-
sion vector pET-15b (Novagen, Madison, WI) and transformation into Esche-
richia coli BL21(DE3) host cells (15). Recombinant proteins were purified by
affinity chromatography after incubation of cleared supernatants with Ni-nitrilo-
triacetic acid agarose (QIAGEN). Proteins were eluted with 10 mM Tris-HCl
(pH 8.5), 0.5 M NaCl, 200 mM imidazole, dialyzed, and purified further using
Detoxi-Gel affinitypak columns (Perbio Science, Tattenhall, United Kingdom) to
remove endotoxin. Protein contents were estimated using the Bio-Rad protein
assay (Bio-Rad Laboratories, Hemel Hempstead, United Kingdom).

Immunization. Groups of 14 mice were inoculated subcutaneously in the
shaved rump with two 100-pg doses of TRYP or vector DNA 3 weeks apart. We
designated these two doses of DNA the priming vaccination. After 5 weeks, mice
were boosted intravenously with 1 X 10° PFU TRYP (referred to below as
TRYP/TRYP) or vector MVA (referred to below as TRYP/Vec), which we
designated the booster vaccination. Control mice received vector DNA followed
by vector MVA (referred to below as Vec/Vec).

Infectious challenge. L. major substrain LV39 promastigotes were cultured at
26°C in Schneider’s insect medium (Sigma) supplemented with 10% fetal calf
serum (Invitrogen), 2 mM L-glutamine, 50 U/ml penicillin, and 50 p.g/ml strep-
tomycin. BALB/c mice were challenged 2 weeks after the boost with 2 X 10°
stationary-phase (days 5 to 6) promastigotes in the hind footpad. Footpad depth
was determined by weekly measurement with vernier calipers.

In vivo recall. Two weeks after the booster vaccination, BALB/c mice were
inoculated in both hind footpads with 5 wg of FTP; 48 h later, mice were
sacrificed and bled to obtain serum, and draining lymph nodes (LN) and spleens
were removed.

IgG ELISA. Sera for antibody testing were collected from vaccinated mice 48 h
after the in vivo recall with FTP. Antigen-specific antibody subclasses were

measured by an enzyme-linked immunosorbent assay (ELISA) using recombi-
nant TRYP-coated plates and biotinylated rabbit anti-mouse immunoglobulin
G1 (IgG1)- or IgG2a (Zymed Laboratories Inc., San Francisco, CA)-detecting
antibodies. Total IgG was probed using biotinylated rabbit anti-mouse IgG
(Dako). Detection was performed with streptavidin-horseradish peroxidase and
the o-phenylenediamine substrate. Plates were read at 492 nm (OPTI-MAX;
Molecular Devices).

Cytokine assays. Pooled cells from spleens or draining (popliteal) LN were
cultured in RPMI 1640 (Invitrogen) at a concentration of 6 X 10° cells/well in
U-bottom 96-well plates and were stimulated for 72 h at 37°C in the presence of
5% CO, with or without 10 pg/ml TRYP recombinant protein or 10 pg/ml FTP.
Bone marrow-derived dendritic cells (DC) were obtained by in vitro stimulation
for 5 to 7 days with 10 to 20 ng/ml granulocyte-macrophage colony-stimulating
factor (Peprotech, London, United Kingdom) prior to overnight infection with
opsonized stationary-phase L. major promastigotes (five parasites per DC). DC
were washed twice and incubated at a concentration of 1 X 10° infected or
uninfected DC per 6 X 10° splenocytes or LN cells for 72 h prior to the removal
of cell supernatants. For blocking antibody experiments, cells were incubated
with 10 pg/ml inhibitory CD4 (H129.19; NA/LE; Pharmingen) or CD8 (53-6.7;
NA/LE; Pharmingen) monoclonal antibody or an isotype control (R35-95; NA/
LE; Pharmingen). Supernatants were removed, and IL-4, IL-10, and IFN-y levels
were determined by a sandwich ELISA using antibodies obtained from Phar-
mingen.

Statistical analysis. Statistical differences (P < 0.05) between the immuniza-
tion groups were determined using the unpaired, two-tailed Student ¢ test. The
data below are representative of at least two replicate experiments.

RESULTS

TRYP/Vec DNA alone elicits protection equivalent to that
provided by TRYP/TRYP DNA/MVA heterologous priming-
boosting when mice are challenged with L. major 2 weeks after
booster vaccination. BALB/c mice were primed with two
100-pg doses of TRYP or vector DNA and boosted with 10°
PFU MVA either expressing TRYP (TRYP/TRYP) or com-
prising vector only (TRYP/Vec or Vec/Vec), and they were
challenged 2 weeks later (i.e., in the effector phase of the
postvaccination immune response) with 2 X 10° promastigotes
of L. major in the hind footpad (Fig. 1). TRYP DNA-vacci-
nated mice challenged in the effector phase were significantly
protected compared to mice vaccinated with vector DNA
alone (Fig. 1A and B). Boosting with TRYP MVA did not
significantly enhance the protection provided by TRYP DNA
alone, as demonstrated by footpad depth (Fig. 1C) and mouse
survival rates (data not shown).
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FIG. 2. TRYP-specific IgG responses in mice vaccinated with TRYP/TRYP, TRYP/Vec, or Vec/Vec. Mice were vaccinated with two 100-pg
doses of TRYP or vector DNA given 3 weeks apart and boosted with 1 X 10° PFU of TRYP or vector MVA 2 weeks later. At 2 weeks after
administration of the booster, immune cells were recalled by in vivo inoculation of 5 ug FTP in the hind footpad, and serum, spleens, and draining
LN were removed after 48 h. TRYP-specific total IgG (A), IgG1 (B), and IgG2a (C) were analyzed by ELISA using pooled sera. The antibody
levels are the averages for duplicate absorbance (OD) determinations obtained using 12 serial twofold dilutions. The dotted line indicates the value
used to determine end point titers. The results are representative of the results of replicate experiments in which similar results were obtained.

Specific IgG2a and IgG1 responses are equivalent in the
effector phase for TRYP/Vec DNA and TRYP/TRYP heterolo-
gous DNA/MVA vaccination. Two weeks after the booster vac-
cination, mice were inoculated in the footpad with FTP to elicit
a recall response, and draining LN cells, splenocytes, and se-
rum were removed 48 h later. Figures 2A to C show that the
levels of TRYP-specific total immunoglobulin, IgG1, and
IgG2a were almost equivalent in mice that received TRYP/
TRYP and mice that received TRYP/Vec, demonstrating that
TRYP DNA elicits a potent humoral immune response which
is minimally boosted by TRYP MVA. Furthermore, the ratios

of Thl to Th2 were similar, with the ratio of IgG2a to IgGl
slightly more biased toward Thl for TRYP/Vec-vaccinated
mice (0.74; 0.63 in a repeat experiment) than for TRYP/
TRYP-vaccinated mice (0.53; 0.52 in a repeat experiment).
Thus, the humoral immune response reflected the clinical chal-
lenge shown in Fig. 1.

Effector phase splenocyte, but not draining LN, IFN-vy levels
are enhanced after boosting with TRYP MVA. In vivo FTP-
recalled draining LN cells removed from TRYP DNA-vacci-
nated mice released similar levels of IFN-y upon restimulation
in vitro with recombinant TRYP protein, regardless of whether
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FIG. 3. TRYP-specific IFN-y, IL-10, and IL-4 levels in BALB/c mice immunized with TRYP/TRYP, TRYP/Vec, or Vec/Vec. Two weeks after
booster vaccination, in vivo recall was performed by footpad injection of 5 pg FTP 48 h prior to removal of splenocytes (A to C) and draining LN
cells (D to F). Triplicate wells containing pooled LN cells or splenocytes were restimulated in vitro with 10 wg/ml TRYP for 72 h in the presence
or absence of 10 wg/ml anti-CD4 or anti-CD8 monoclonal antibody, the supernatants were removed, and the IFN-y (A and D), IL-10 (B and E),
and IL-4 (C and F) levels were determined by ELISA. The results (means * standard errors) are representative of the results of replicate
experiments in which similar results were obtained.
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FIG. 4. FTP- or L. major parasite-mediated IFN-y responses in splenocyte or LN cells derived from BALB/c mice immunized with TRYP/
TRYP, TRYP/Vec, or Vec/Vec. Two weeks after booster vaccination, in vivo recall was performed by footpad injection of 5 pg FTP 48 h prior
to removal of splenocytes (A and C) and draining LN cells (B and D). Triplicate wells of pooled LN cells or splenocytes were restimulated in vitro
with 10 wg/ml FTP or L. major-infected dendritic cells for 72 h, and supernatants were removed for detection of IFN-y by ELISA. The results
(means * standard errors) are representative of the results of replicate experiments in which similar results were obtained.

mice were boosted with TRYP or vector MVA (Fig. 3D). This
result mirrors the immunoglobulin responses (Fig. 2) and clin-
ical phenotype (Fig. 1) described above. In contrast, enhanced
IFN-y release (P < 0.001) was observed in splenocytes (Fig.
3A) derived from TRYP/TRYP-vaccinated mice compared to
splenocytes derived from TRYP/Vec-vaccinated mice. The
TRYP/Vec responses were only marginally higher than the
Vec/Vec splenic IFN-y levels (P < 0.05). Hence, TRYP MVA
boosts IFN-y release in the spleen but not in the draining LN
and/or these cells failed to traffic to draining LN upon in vivo
recall. In addition, in the TRYP/TRYP treatment group, the
splenocyte IFN-vy levels were significantly higher than the lev-
els in the corresponding draining LN (P < 0.001) (compare
Fig. 1A and D), whereas for TRYP/Vec the opposite was true.
For both splenocytes (Fig. 3A) and LN cells (Fig. 3D), antigen-
specific IFN-y was produced predominantly by CD4" T cells
rather than by CD8" T cells.

In vivo recalled splenocytes and LN cells were also restim-
ulated in vitro either with FTP (Fig. 4A and B) or, to mimic
more faithfully the in vivo response to parasite challenge, with
L. major-infected DC (Fig. 4C and D). As observed after
restimulation with TRYP protein, splenocytes released much
higher levels of IFN-y following vaccination with TRYP/TRYP
than following vaccination with TRYP/Vec, although the mag-
nitude of the response was markedly lower for DC stimulation.
In draining LN, the FTP responses were equivalent for TRYP/

TRYP and TRYP/Vec (Fig. 4B), whereas DC-stimulated LN
cells from TRYP/TRYP-vaccinated mice released significantly
higher levels of IFN-y (P < 0.01) (Fig. 4D). These data suggest
that effector cells from TRYP/TRYP-vaccinated mice may be
more responsive to live L. major parasites than effector cells
obtained from mice immunized with TRYP DNA alone, a
phenomenon not observed when parasites are killed by freez-
ing and thawing.

Effector phase CD4-derived IL-10 responses in splenocytes
and LN cells from TRYP/TRYP-vaccinated and TRYP/Vec-
vaccinated mice. As observed for IFN-vy, the CD4-derived
IL-10 responses were significantly enhanced in spleens (P <
0.01) (Fig. 3B) but not in the draining LN (Fig. 3E) when
heterologous primed-boosted TRYP/TRYP mice were com-
pared to TRYP/Vec mice vaccinated with DNA alone. In-
deed, the level of IL-10 released from splenocytes (Fig. 3B)
derived from TRYP/Vec-vaccinated mice was not signifi-
cantly higher than the level of IL-10 released from spleno-
cytes derived from Vec/Vec-vaccinated mice, whereas the
draining LN IL-10 responses (Fig. 3E) were greatest in the
TRYP/Vec group. The IL-4 responses were also determined
for both splenocytes (Fig. 3C) and draining LN cells (Fig.
3F). The responses were generally low (<50 pg/ml) and
were not significantly greater in splenocytes from TRYP/
TRYP-vaccinated or TRYP/Vec-vaccinated mice than in
splenocytes from Vec/Vec-vaccinated mice. In draining LN,
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FIG. 5. Clinical outcome following L. major challenge of BALB/c mice vaccinated with TRYP/TRYP, TRYP/Vec, or Vec/Vec at 16 weeks after
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significant differences as determined by Student’s ¢ test (one asterisk, P < 0.05; two asterisks, P < 0.01; three asterisks, P < 0.001).

the IL-4 responses in TRYP/TRYP- and TRYP/Vec-vacci-
nated mice were equivalent. In our previous work (34) we
showed that the ratio IFN-y to IL-10, which can reflect
Th1/Th2 activity as well as Th1/T,., activity, was a good
predictor of vaccine outcome. In contrast to the Th1/Th2
bias indicated by IgG2a/IgG1 ratios, which were equivalent
or higher for TRYP/Vec-vaccinated mice than for TRYP/
TRYP-vaccinated mice, the IFN-y/IL-10 ratios in LN cells
were significantly higher (P < 0.01) for TRYP/TRYP-vac-
cinated mice (52.0 = 5.55) than for TRYP/Vec-vaccinated
mice (35.9 = 2.39), indicating that T,,, is a possible source
of IL-10. Nevertheless, the ratio of IFN-y to IL-10 for the
draining LN recall response was clearly sufficient in this
effector phase of the postvaccination response to mediate
protection whether mice had been vaccinated with DNA
alone or heterologous DNA/MVA priming-boosting.
TRYP/TRYP is more protective than TRYP/Vec when mice
are challenged with L. major 16 weeks after booster vaccina-
tion. Given that TRYP/Vec was as protective as TRYP/
TRYP at 2 weeks after booster vaccination and immune
responses in draining LN suggested that little enhanced
efficacy was provided by boosting with TRYP MVA, the
length of protection was determined by examining the re-
sponses to challenge infection at 16 weeks after booster
vaccination. MVA is a nonreplicating virus; therefore, this
time frame represents immunological memory as opposed to
the effector phase of the immune response at 2 weeks post-
challenge. As previously shown at 2 weeks after booster
vaccination, TRYP/TRYP significantly protected (P <
0.001) mice from leishmaniasis compared to Vec/Vec-vac-
cinated mice at 1, 2, and 3 weeks postchallenge (Fig. SA),
after which euthanasia was necessary for Vec/Vec-vacci-
nated mice. In contrast, TRYP/Vec provided protection
during weeks 1 and 2 after L. major challenge, but the
protective effect waned by week 3 (Fig. 5B). A comparison
of the TRYP/TRYP and TRYP/Vec data (Fig. SC) demon-
strated that significant enhancement of the efficacy resulted
from boosting with TRYP MVA (P < 0.01). Hence, the
potent IFN-vy response measured in splenocytes during the
effector phase 2 weeks after booster vaccination may have
affected the clinical phenotype when mice were challenged

16 weeks after boosting with TRYP MVA, possibly reflect-
ing early induction of a central memory response.

TRYP/TRYP elicits more potent long-term immunological
memory with Thl bias than TRYP/Vec elicits. Serum immu-
noglobulin levels were determined 16 weeks after booster
vaccination either before (Fig. 6A and C) or after (Fig. 6B
and D) L. major challenge. As previously demonstrated at 2
weeks after booster vaccination (Fig. 2), the I[gG1 and IgG2a
responses were similar in TRYP/TRYP-vaccinated mice and
TRYP/Vec-vaccinated mice, and the IgG2a/IgG1 ratios sug-
gested that there was a greater bias toward Thl in TRYP/
Vec-vaccinated animals (1.3) than in TRYP/TRYP-vacci-
nated animals (0.51). In contrast, the 1gG2a/IgG1 ratios
after challenge indicated that there was a greater bias to-
ward Thl in TRYP/TRYP-vaccinated mice (1.97) than in
TRYP/Vec-vaccinated mice (1.06) and Vec/Vec-vaccinated
mice (0.05). These findings reflect the significantly higher
IgG2a levels in both TRYP/TRYP-vaccinated mice and
TRYP/Vec-vaccinated mice than in Vec/Vec-vaccinated
mice after challenge, which, measured against similar IgG1
levels, demonstrated that a clear Thl bias was elicited by
immunization with TRYP per se.

The in vitro restimulation of draining LN cells with FTP
at 16 weeks after booster vaccination demonstrated that
there was retention of antigen-specific cytokine responses in
TRYP/TRYP-vaccinated mice but not inTRYP/Vec-vacci-
nated mice (Fig. 7). The FTP IFN-vy responses were similar
to those observed at 2 weeks postchallenge in the TRYP/
TRYP group (compare Fig. 7A with Fig. 4B), demonstrating
that MVA boosting elicited a sustained T-cell memory re-
sponse that was consistent with improved efficacy of the
heterologous prime-boost vaccine strategy upon clinical
challenge (Fig. 5). The cytokine responses in draining LN
cells measured after L. major challenge also demonstrated
that there was a clear bias toward Thl for TRYP/TRYP
compared to TRYP/Vec (Table 1). Significantly elevated
ratios of IFN-vy to IL-10 and of IFN-y to IL-4 were observed
for TRYP/TRYP-vaccinated mice compared to TRYP/Vec-
vaccinated mice (P < 0.001) (Table 1). Higher levels of the
Th1 cytokine IFN-vy than of the immunoregulatory Th2/T,,
cytokines, such as IL-4 and IL-10, coupled with the demon-
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FIG. 6. TRYP-specific IgG1 and IgG2a responses in mice vaccinated with TRYP/TRYP, TRYP/Vec, or Vec/Vec before and after L. major challenge.
Mice were vaccinated with two 100-ug doses of TRYP or vector DNA given 3 weeks apart and boosted with 1 X 10° PFU of TRYP or vector MVA 2
weeks later. At 16 weeks after booster administration, either immune cells were recalled by in vivo injection of 5 wg FTP in the hind footpad and serum
was removed after 48 h (A and C) or mice were challenged in the hind footpad with 2 X 10° L. major promastigotes and serum was removed 2 weeks
later (B and D). TRYP-specific IgG1 (A and B) and IgG2a (C and D) were analyzed by ELISA using pooled sera. The antibody levels are expressed
as averages for duplicate absorbance (OD) determinations for 12 serial twofold dilutions. The dotted line indicates the value used to determine end point
titers. The results are representative of the results of replicate experiments in which similar results were obtained.
stration of a more Thl-biased immunoglobulin response, DISCUSSION
demonstrated that heterologous DNA/MVA prime-boost
vaccines are likely to be more efficacious than immunization
with DNA alone in the clinical setting.

We (29) and other workers (3) have shown previously that
susceptible BALB/c mice vaccinated with DNA encoding the
TRYP antigen are protected against infection with L. major
when mice are challenged during the effector phase of the
postvaccination immune response. We also demonstrated pre-
viously (29) that heterologous priming-boosting with TRYP/
TRYP DNA/MVA protected mice challenged in the effector
phase. A crucial question in deciding which of these vaccina-

500 (B)
LNcells + FTP LNcells + FTP

IFN-y (ng/ml)
IL-4 (pg/ml)

7
| 7

0
TRYP/TRYP  TRYP/Vec

TABLE 1. Postchallenge measurement of Th1-Th2/T,., in mice
challenged 16 weeks after booster vaccination

22222
Vec/Vec

o TRYP/TRYP
FIG. 7. FTP-mediated IFN-y and IL-4 responses in LN cells derived

TRYP/Vec Vec/Vec

Ratios”
from BALB/c mice immunized with TRYP/TRYP, TRYP/Vec, or Vec/ Vaccine
Vec. At 16 weeks after booster vaccination, in vivo recall was performed IFN-v/IL-10 IFN-y/IL-4 IgG2a/IgG1
by footpad injection of 5 ug FTP 48 h prior to removal of draining LN
o > . . TRYP/TRYP 37.8 £ 2.6 402 + 16.9 1.97
cells. Triplicate wells containing pooled LN cells were restimulated in TRYP/Vec 258+ 1.6 297 + 14.0 106

vitro with 10 pwg/ml FTP for 72 h, and supernatants were removed for

detection of IFN-y or IL-4 by ELISA. The results (means * standard
errors) are representative of replicate experiments in which similar results
were obtained.

“ The ratios of IFN-y to IL-10 and of IFN-y to IL-4 for TRYP/TRYP- and
TRYP/Vec-vaccinated mice were compared using Student’s ¢ test, and the P
values were both <0.001.
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tion strategies might be more efficacious as a clinical vaccine
was whether the strategies differ in the ability to elicit a long-
term memory response. Here we demonstrated that heterolo-
gous priming-boosting with TRYP/TRYP DNA/MVA elicited
a more sustained Thl-biased immune response than immuni-
zation with DNA alone elicited, and there was an improved
clinical outcome when mice were challenged in the later mem-
ory phase of the postvaccination immune response. Together
with concerns about the recognition of DNA in humans, in
which Toll-like receptor 9 (TLRY) expression is restricted to B
cells and plasmacytoid dendritic cells (30), these results suggest
that a heterologous prime-boost strategy might provide a way
forward in the development of a vaccine for human clinical
trials.

Examination of immune responses in draining LN 2 weeks
after administration of MVA demonstrated that the levels of
IFN-y in TRYP/Vec- and TRYP/TRYP-vaccinated mice were
equivalent, suggesting that there were comparable effector
memory CD4" T cell responses when the two immunization
regimens were used. However, the splenocyte TRYP- and
FTP-specific IFN-y responses were significantly higher in the
TRYP/TRYP-vaccinated group. Based on evidence that cen-
tral memory CD4™ T cells mediate long-term immunity to L.
major (36), it is possible that IFN-y-producing CD4™ T cells
retained in the spleen represent central memory cells rather
than effector memory cells, which are subsequently liberated
upon in vivo recall at 16 weeks. This correlates with the en-
hanced levels of protection in TRYP MVA-boosted mice dur-
ing challenge at 16 weeks after booster vaccination. While
central memory cells divide in response to antigen stimulation,
they are associated more with IL-2 production than with IFN-y
production (35, 36). It is possible that the in vivo FTP recall,
followed by in vitro restimulation with antigen, was sufficient
for differentiation of central memory T cells in the spleen into
IFN-y-producing effector memory cells. Further characteriza-
tion using cell surface markers specific for central memory T
cells (including CD44, CD62L, and pre-Th1-associated chemo-
kines such as CXCR3 [28]), as well as in vivo cell transfers,
would be informative for determining the phenotype of cells
elicited early in the spleens of MVA-boosted mice.

Another question that arises is why heterologous priming-
boosting with DNA followed by MVA is more effective for
generating long-term memory than priming-boosting with
DNA alone is. We showed that DNA/MVA was more Thl
polarizing, especially during the memory response, although
there was evidence that TRYP/TRYP-vaccinated mice pro-
duced more IFN-y following exposure to live L. major para-
sites during the effector phase. One explanation is that more
sustained memory responses may have resulted from the dif-
ferential activation of DC subsets by DNA and MVA. For
example, CD8a™ DC that produce IL-12 and IFN-y have been
associated with Thl polarization, whereas CD8a~ DC in the
presence of IL-10 are associated with Th2 (17, 18). Further-
more, CD8a " DC are involved in priming cytotoxic T lympho-
cyte immunity to viruses, including vaccinia virus (1). An
alternative hypothesis is that the specific interaction of
pathogen-derived molecules with distinct TLRs expressed on
DC subsets defines Th1/Th2 polarization (2, 21). For example,
the interaction of CpG with TLR9 but not the interaction of
lipopolysaccharide with TLR4 on plasmacytoid DC induces the
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development of Thl (2). Recent evidence has shown that
TLR3 and TLR4 potently act synergistically with TLR7, TLRS,
and TLRY in the induction of Th1-polarizing genes (21). Other
factors influencing T-cell polarization include antigen dose and
signal strength. However, there is little information concerning
the critical factors necessary for induction of potent Thl-po-
larized CD4 " central memory cells, which will be critical for
the development of vaccines against intracellular pathogens,
such as leishmania.

While we show here that heterologous priming-boosting
with DNA followed by MVA expressing TRYP elicited sus-
tained protective immunity to leishmaniasis, we previously
demonstrated that a similar immunization regimen utilizing
a Leishmania homologue of the receptor for activated C
kinase did not provide protection (34). Similarly, a compar-
ison of the cytokine responses during the memory phase
revealed diminished responses for LACK/Vec compared to
the responses for LACK/LACK, although LACK was not
protective as DNA alone or DNA/MVA at either 2 or 16
weeks after booster vaccination (data not shown). These
data demonstrate the importance of both the immunization
regimen employed and the microbial antigen used in the
generation of appropriate protective immunity to L. major.
Other laboratories have shown that LACK is protective both
as DNA (8-10) and upon heterologous priming-boosting
with DNA followed by MVA (7), although LACK did not
provide protection against Leishmania mexicana (6) and
visceral leishmaniasis (20). The findings obtained for the
Friedlin and WHOM/IR/-173 substrains of L. major by pre-
vious workers (7-10), compared to the findings for the po-
tent substrain LV39 used here, might also explain why
LACK induced protection. Noben-Trauth et al. (22, 23)
demonstrated that there were clear differences in immune
requirements in susceptible BALB/c mice depending on the
L. major challenge substrain; LV39 was less susceptible to
IFN-y-mediated killing than IR173, and both of these sub-
strains were less susceptible than the Friedlin substrain (22).

Using L. major substrain IR173, Gonzalo et al. (7) observed
enhanced immune responses and clinical efficacy after boost-
ing LACK DNA-vaccinated mice with LACK-expressing vac-
cinia virus at 3 weeks after booster immunization. The immune
responses were examined in spleens but not in draining LN,
which showed that there were enhanced IFN-y levels after
LACK MVA boosting, as we observed here for TRYP. Rather
than replication-incompetent MVA, Gonzalo utilized the rep-
lication-competent Western Reserve strain of vaccinia virus,
which influenced the longevity of viral expression in target
organs and subsequent immunogenicity, especially with respect
to cross-reacting viral antigens (24, 25). A recent comparison
of heterologous boosting with the Western Reserve strain and
boosting with MVA expressing LACK in a visceral leishman-
iasis model revealed that there were more potent Th1-Th2/T,.,
(IFN-y-IL-10) responses for the Western Reserve strain be-
fore challenge, although the levels of protection were equiva-
lent for the two viral strains (5).

In our study we did not demonstrate that CD8" T cells
were important in our vaccine model, whereas previous ev-
idence obtained using DNA vaccination with LACK dem-
onstrated that CD8™" T cells have a role both as effector cells
and in maintaining the frequency of CD4" IFN-y-producing
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T cells (10). In addition, CD8" T cells induced long-term
memory in response to heat-killed Leishmania antigen or
recombinant protein plus CpG oligonucleotides (27), which
was dependent on the interaction of CpG with CD11c¢* DC
(33). Importantly, immunization with the LACK protein
plus IL-12 provided short-term protection that correlated
with the inability to elicit antigen-specific CD8" T cells.
Hence, it was suggested that activation of CD8" T cells was
essential for the maintenance of CD4" T-cell memory. It is
highly probable that in vitro stimulation of immune cells
with recombinant TRYP protein in our model failed to
target IFN-y production by CD8™" T cells, and this would be
better demonstrated using DC infected with live parasites or
an appropriate peptide. Indeed, stimulation of LN cells
from TRYP/TRYP-vaccinated mice with L. major-infected
DC revealed enhanced IFN-y production compared to that
in TRYP/Vec-vaccinated mice, which could have resulted
from more appropriate targeting of CD8" T cells. It is also
possible that TRYP MVA-mediated CD8" T cells are crit-
ical for generation of CD4" central memory cells and for
maintenance of long-term immunity to leishmaniasis. Fur-
ther work is required to test this hypothesis.

In conclusion, we demonstrated that heterologous priming-
boosting with TRYP DNA/TRYP MVA promoted long-term
immunity to L. major that was more robust than the protection
provided by TRYP DNA alone. This enhanced protection cor-
related with sustained Th1l immunity to L. major infection in
the TRYP/TRYP-vaccinated group.
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