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Virus-specific T-cell responses can limit immunodeficiency virus type 1 (HIV-1) transmission and prevent
disease progression and so could serve as the basis for an afordable, safe, and effective vaccine in humans. To
assess their potential for a vaccine, we used Mycobucterium bovis baciflus Calmette-Guérin (BCG)-Tokyo and
a replication-deficient vaccinia virus strain (DIs) as vectors to express full-length gag from simian immune-
deficiency viruses (SIVs) (rBCG-SIVgag and rDIsSIVgag). Cynomolgus macaques were vaccinated with either
rBCG-SIVgag dermally as a single modality or in combination with rDIsSIVgag intravenously. When cynom-
olegus macaques were primed with rBCG-SIVgag and then boosted with rDIsSIVgag, high levels of gamma
interferon (IFN-v) spot-forming cells specific for SIV Gag were induced. This combination regimen elicited
effective protective immunity against mucosal challenge with pathogenic simian-human immunedeficiency
virus for the 1 year the macaques were under observation. Antigen-specific intracellular IFN-y activity was
similarly induced in each of the macaques with the priming-boosting regimen. Other groups receiving the
opposite combination or the single-modality vaccines were mot effectively protected. These results suggest that
a recombinant M. bovis BCG-based vector may have potential as an HIV/AIDS vaccine when administered im

combination with a replication-deficient vaccinia virus DIs vector in a priming-boosting strategy.

As the rate of new infections with human immunodeficiency
virus type 1 (HIV-1) continues to increase globally, an effective
preventive vaccine is urgently needed to stem further spread of
the virus (24). Because long-term survival in humans has been
observed when HIV-1 replication is controlled by protective
immunity (12, 29), targeted experimental immunogens have
been desigued to closely mimic the long-lasting protective im-
munity induced in long-term human survivors by the natural
infection (8, 25). Recently, various vaccine modalities, includ-
ing live viral vectors and DNA, have been used to elicit pro-
tective immunity in nonhuman primate models (9). However,
before an HIV-1 vaccine regimen can be considered promis-
ing, it must be shown to be not only effective at inducing
protective immunity, but also safe, affordable, and compatible
with other vaccines (2, 32).

When it comes to safety, traditional live vaccines, which have
been administered safely to both the healthy and the infected,
may be the vectors of choice for HIV-1 vaccines. In order to
fully take advantage of the potential benefits of traditional live
vectors in HIV-1 vaccine development, we studied the Myco-
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bacterium bovis bacillus Calmette-Guérin (BCG) substrain To-
kyo 172 (6) and the replication-deficient vaccinia virus vaccine
strain DIs (22, 50), both of which have been shown to be
nonpathogenic when inoculated into immunodeficient animals
(41, 51, 53) as live recombinant vaccine vehicles (1, 17-19,
46~48). As further evidence of the potential of the live vectors
for use in HIV/AIDS vaccines, we noted that a recombinant M.
bovis BCG vector candidate vaccine for HIV-1-induced posi-
tive immune responses in animals (17, 46). Moreover, we
found that recombinant vaccinia virus DIs encoding the simian
immunodeficiency virus (SIV) gene was effective at eliciting
anti-SIV immunity in mice when administered as a booster
antigen after priming with SIV DNA (47). In this study, we
have developed a new combination regimen, priming with re-
combinant M. bovis BCG-SIV Gag followed by boosting with
rDIsSIVgag. This immunization regimen elicited effective pos-
itive immunity against an immune deficiency virus in macaques
for the 1 year they were under study.

MATERIALS AND METHODS

Animals and virus challenge stecks. All animals used in this study were captive
bred and obtained from the Philippines. They were mature, cycling, male cynom-
ologus macaques (Macaca fascicularis) from the Tsukuba Primate Center, the
National Institute of Infectious Diseases, Japan. Animals used in these studies
were free of known simian retroviruses, herpes viruses, bacteria, aud parasites.
They were housed in acoordance with the Guidelines for Animal Experimenta-
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tion of the Japanese Association for Laboratory Animal Science, 1987, under the
Japanese Law Concerning the Protection and Management of Animals (46) and
were maintained in accordance with the guidelines set forth by the Institutional
Animal Care and Use Committee of National Institute of Infections Diseases,
Japan. Once approved by an institutional committee for biosafety level 3 exper-
iments, these studies were conducted at the Tsukuba Primate Center, National
Institute of Infectious Diseases, Japan, in accordance with the requirements
specifically stated in the laboratory biosafety manual of the World Ticalth Or-
ganization. The animals’ condition was monitored by analyzing a hemogram
parameter as well as absolute CD4* and CD8* T-lymphocyte counts with an
automated blood analyzer Celltac (Nihon Koden, Tokyo Japan), as described
below.

Two thousand 50% tissue culture infectious doses (TCIDj,) of SHIV KS661c,
a pathogenic molecular clone, were intrarectally administered as a challenge
virus (39). The parent virus, SHIV-C2/1, is an SHIV-89.6 variant isolated by in
vivo passage in cynomolgus macaques (40, 42) and the original SHIV-89.6 strain
was kindly provided by Y. Lu at the Harvard AIDS Institute (Boston, MA) (26,
37). SHIV-C2/1 and SHIV KS661c were shown to infect cynomologus macaques
by both the intravenous and intrarectal routes (39). Both viruses induced high
levels of viremia and marked CD4*+ T-cell depletion within 2 and 3 weeks after
inoculation, respectively (39, 40, 42). Virus stocks were stored at —125°C and
thawed just prior to use.

Production and preparation of recombinant M, bovis BCG (fBCG) and vac-
cinia virus DIs expressing full-length SIV Gag. Detailed methods for plasmid
construction were described previously (7, 17, 18, 21). Briefly, a DNA fragment
enceding the full-length gag sequence of SIVmac239 was cloned downstream of
the Asp60 promoter (52) and then inserted into the multicloning site of the
plasmid pSO246 (28). Recombinant Mycobacterium bovis BCG substrain Tokyo
172 that stably expressed the inserted DNA fragment (designated rBCG-SIVgag)
was then selected and used for all 1BCG inoculations. For the Western blot
analysis, the transformaant of rBCG was grown in 7H9-ADC broth for 2 weeks
and a portion of the culture medium was periodically collected, sonicated and
blotted using the monoclonal antibody 1B6, as described previously (47). Since
the recombinant DIs virus (rDis) encoding the SIVmac239 gag-pol open reading
frame elicited remarkably high SIV Gag-specific T-cell responses but low poly-
merase responses in mice (47), confirming the findings of a previous report (20),
we named it rDIsSIVgag. The rDIsSIVgag and rDIs encoding B-galactosidase
(xDIsLacZ) were prepared with chicken embryo fibroblast (CEF) cells (18, 47).
Virus preparations were purified by sucrose density gradient ultracentrifugation
and were adjusted to 107 PFU/ml. P27 antigen generation in cells was measured
by antigen-specific enzyme-linked immunosorbent assay (42).

Virus-specific IFN-y ELISPOT assays. ELISPOT assays were performed us-
ing the method developed by and following the direct instructions of Mothe and
Watkins, Wisconsin University Primate Center (31, 46). In brief, 96-well flat-
bottomed plates (U-CyTech-BV, Utrecht, Netherlands) were coated with anti-
gamma interferon (IFN-v) monoclonal antibody MD-1 (U-CyTech-BV). Freshly
isolated peripheral blood mononuclear cells (PBMC) were added with either
concanavalin A or pooled Gag peptides (AIDS Research and Reference Re-
agent Program, National Institutes of Health, Rockville, MD). The cells were
then incubated in anti-TFN-y-coated plates before lysing with ice-cold deionized
water. After plates had been washed, rabbit anti-IFN-y polyclonal biotinylated
detector antibody (1 pg per well; U-CyTech-BV) was added. The plates were
reacted with gold-labeled antibiotin immunoglobulin G solution by adding 30 pl
of the activator mix (U-CyTech-BV) to each of the wells and allowing them to
develop for 15 min.

Wells were imaged and spot-forming cells (SFC) were counted using the KS
ELISPOT compact sysiem (Carl Zeiss, Germany) (31, 46). An SIFC was defined
as a large black spot with a fuzzy border. To determine significance levels, we
established a baseline for each peptide using the average and standard deviation
of the number of SFC for each peptide. A threshold significance value corre-
sponding to this average and two standard deviations were then determined. A
response was considered positive if the number of SFC exceeded the threshold
significance level of the sample with no added peptide.

Detection of intracellular IFN-y by flow eyiometry. Intracellular macaque
IFN-y was detected by intracellutar YFN-y cytokine staining as previously de-
scribed (30). Briefly, freshly isolated PBMC was incubated with antigen for 16 h
at 37°C with 5% CO,, During the final 6 to 8 h, brefeldin A (Sigma Chemical Co.,
St. Louis, MO) was added at 10 pg/ml, Antibody to CD28 (1 pg/mi, BD Phar-
mingen, San Diego, CA) was also added during the incubation as a costimulator
molecule. After stimulation, the cells were stained with fluorescein isothiocya-
nate-conjugated anti-CD3 (FN18; Biosource, Camarillo, CA) and peridinin chlo-
rophyll protein-conjugated anti-CD8 antibodies (Leu-2a; Becton Dickinson Bio-
sciences, San Jose, CA). The cells were then sequentially incubated with
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fluorescence-activated cell sorter (FACS) lysing solution (Becton Dickinson) for
10 min and FACS permeabilizing solution (Becton Dickinson) for another 10
min. The cells were washed, stained with phycoerythrin-conjugated anti-human
IFN-vy antibody (45.B3; BD Pharmingen), and fixed with 2% paraformaldehyde.
Samples were analyzed with a FACSCalibur using Cell Quest software (Becton
Dickinson).

Lymphecyte proliferative respenses. SIV-specific proliferative responses were
measured in freshly isolated PBMC as described by Gauduin et al. and Hel et al.
(14, 15). PBMC were cultured in flat-bottomed 96-well plates with either con-
canavalin A or purified $IVmac251 p27 protein (Advanced BioScience Labora-
tories, Rockville, MD) (15) for three days before the addition of [*H]thymidine.
Cells were harvested 16 h later to determine uptake.

Absgolnte CD4* and CD8* T-lymphocyte counts. An absolute cell count of
peripheral blood was measured as previously described (55). Briefly, 50 ul of
whole blood was placed in a polypropylene tube and incubated with FITC-
conjugated monoclonal anti-CD3 (FN18; Biosource), phycoerythrin-conjugated
anti-CD4 (Leu-3a; Becton Dickinson), and peridinin chlorophyll protein-conju-
gated anti-CD8 (Leu-2a; Becton Dickinson) antibodies at 4°C. After incubation
with FACS lysing solution (Becton Dickinson), the cells were analyzed with a
FACSCalibur using Cell Quest software (Becton Dickinson).

Plasma viral RNA copy numbers. Plasma viral RNA copy numbers were
measured using a real-time quantification assay based on the TagMan system
(Applied Biosystems, Foster City, CA) and the Prism 7700 sequence detection
system (Applied Biosystems), as reported previously (30, 46). Briefly, viral RNA
was extracted and putified from macaque plasma samples using a QLAamp viral
RNA mini kit (QIAGEN, Valencia, CA). The RNA was subjected to reverse-
transcription and amplification using a TagMan EZ RT-PCR Kit (Applied Bio-
systems) with SIV Gag consensus primers STVmac239-1224F and SIVmac239-
1326R, and the SIV Gag consensus Tagman probe FAM-SIV-1272T. To cbtain
control RNA for quantification, SIVmac239 gag RNA was synthesized using T7
RNA polymerase and pKS460, a template plasmid that contains STVmac239 gag
under control of the T7 promoter.

To measure the RNA recovery rate, 10° copies of SHIV KS661c, in which the
viral RNA copy number was previously determined by branched DNA assay
(Bayer), were extracted and purified using the same kit as for the sample. Plasma
viral load was calculated based on the standard enrve of control RNA and the
RNA recovery rate. All assays were carried out in duplicate.

Statistical analysis. Data analysis was carried ont using the Stat View program
(SAS Institute, Cary, NC) and data are expressed as the mean * standard
deviation. A P value of <0.05 was considered significant.

RESULTS

Construction and preparation of recombinant M. bovis BCG
Tokyo 172 and vaccinia virus DIs expressing whole SIV Gag.
In initial studies, we cloned DNA encoding SIVmac239 geg
downstream of the hsp60 promoter and the expression unit was
inserted into the Kpnl restriction site of plasmid pSO246. We
also constructed a recombinant M. bovis BCG vaccine based on
the Tokyo 172 strain expressing the full-length gag gene of
SIVmac239 (rBCG-SIVgag) (Fig. 1A). The presence of SIV
Gag-spccific DNA was confirmed in rccombinant bacicria by
DNA-PCR (42). To determine the in vitro expression of the
SIV Gag protein in the cells, we analyzed cell extracts of
rBCG-SIVgag bacteria after 2 weeks of culture by Western
blot using anti-SIV Gag monoclonal antibody IB6. The rBCG
clone produced an SIV Gag recombinant protein that strongly
reacted as a single band with the specific monoclonal antibody
(Fig. 1B). The concentration of SIV GagP?’ protein in trans-
formed bacteria was 28.56 * 8.30 ng/10® CFU of bacilli. In
contrast, neither SIV Gag protein nor gag DNA was detected
in bacteria transformed with rBCG-pS0246, a control con-
struct lacking the SIV gag insert and used as a vector control
(Fig. 1B).

rDIsSIVgag and a control vaccinia virus, rDIsLacZ, were
propagated in CEF and adjusted to 107 PFU/ml. Using West-
ern blot, we confirmed the expression of each foreign gene in
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FIG. 1. Vector construction and expression of rBCG-SIVgag.
(A) Construction of the expression vector pSO-SIVgag. Full-length
DNA of SIVmac239 gag was inserted into the multicloning site of
pS0246 and expressed in the vaccine strain M. bovis BCG Tokyo 172.
(B) Detection of SIV Gag protein by Western blot with anti-p27 Gag
monaclonal antibody IB6.
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the cell extract, and purified virions used as immunogens in this
study.

Immune induction after single-modality or combined immu-
mization regimens with vaccime candidates. We examined
whether 1BCG expressing the full-length gag gene of SIVmac239
would be suitable for use in combined prime-boost protocols
with the replication-deficient vaccinia virus strain DIs recom-
binant. The rBCG was intradermally delivered to the inner
region of the thigh and rDIs was intravenously administered
into the small saphenous vein on the back of the leg. Of the 15
macaques registered in this study, 13 were divided into five
groups and immunized using either a single-modality regimen
plus vector controls or with a priming-boosting regimen con-
sisting of M. bovis BCG and vaccinia virus DIs recombinants
(Table 1). The remaining two macaques were inoculated with
phosphatc-buffcrcd salinc and scrved as naive controls
throughout the experiment.

Group 1 (control group, n = 3) served as a vector control
group that received rBCG-pS0246 intradermally followed by
two incculations of rDIsLacZ intravenously; group 2 (fBCG
group, n = 2) received rBCG-SIVgag intradermally followed
by two inoculations of rDIsLacZ intravenous, while group 3
(rBCG/tDIs group, n = 3) received rBCG-SIVgag intrader-
mally followed by two inoculations of rDIisSIVgag intrave-
nously. Finally, group 4 (tDIs group, n = 2) received two
inoculations of rDIsSIVgag intravenously followed by rBCG-
pS0246 intradermally, while group 5 (rDIs/rBCG group, n =
3) received two inoculations of rDIsSIVgag intravenously fol-
lowed by rBCG-SIVgag intradermally. The 13 immunized and
two naive animals were studied for immune induction for 64
weeks before being mucosally challenged with virnlent SHIV
for a period of 1 year (Table 1).

Antigen-specific T-cell responses in all 15 animals were
monitored by SIV Gag peptide-specific IFN-y-ELISPOT as-
says (Fig. 2). Fifty weeks postinfection, the rBCG/rDIs group
showed the highest SIV Gag-specific IFN-y-ELISPOT re-
sponses; that group’s responses peaked at 1,020 = 360 SFC/10°
PBMC at 56 weeks postinfection or 2 weeks after the second
booster inoculation (Fig. 2A). At 56 weeks postinfection, the
ELISPOT responses of the rDIsABCG group (380 * 35 spots
per million PBMC, Fig. 2B) were significantly lower than those
of the rBCG/tDIs group (P < 0.05), as were the ELISPOT

TABLE 1. Immunization and challenge schedule”

((:i'?gi“gl;:; Macaque 1o, Priming ;;ménumzan;n, route, Boost lmmmg, route, and M | challenge®

1 {control) 06, 90, and 91 rBCG-pS0O246, 10 mg, 1DIsLacZ, 10° PFU, iv., wk 2,000 TCID g,
id,wko 47 and 54 ir., wk 64

2 (\BCG) 29 and 93 BCG-SIV gag, 10 mg, rDIsLacZ, 10° PFU, iv, wk 2,000 TCID,,
id,wk0 47 and 54 ir., wk 64

3 (tBCG/rDIs) 08, 10, and 46 BCG-8IVgag, 10 mg, DIsSIVgag, 10° PFU, iv,, 2,000 TCID,,,
id,wko0 wk 47 and 54 ir., wk 64

4 (rDls) 01 and 42 rDIsSTVgag, 10° PFU, 1BCG-pSO246, 10 mg, id., 2,000 TCIDg,,
iv,wkOand 8 wk 54 ir., wk 64

5 (fDis/rBCG) 85, 36, and 40 fDIsSIVgag, 10° PFU, rBCG-SiVgag, 10 mg, id,, 2,000 TCID,,,
iv,wkOand8 wk 54 ir., wk 64

2 Vaccines, immunization, and challenge studies for all the macaques are described in the text. Animal studies were simultaneously conducted using cynomolgus
macaques. i.d., intradermal incculation; i.v., intravenous inoculation; ir., intrarectal inoculation.
2 All of the animals were mucosally challenged with virulent SHIV KS661¢ at 64 weeks postimmunization and were observed for at least 1 year or, if they did not

survive for a year, until the time of their death.
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FIG. 2. Kinetics of STV Gag peptide-specific TFN-y spot-forming
cell responses. PBMC freshly isolated from macaques immunized with
either rBCG-SIVgag or rDIsSIVgag alone or with the two in combi-
nation were assessed for their ability to produce IFN-vy in response to
stimulation by overlapping peptides that span the SIV Gag protein.
Arrows indicate inoculation dates of the rBCG/rDIs, rBCG,and con-
trol groups, and error bars represent mean * standard deviation.

responses in other rBCG and rDIs groups, both at 56 weeks
postinfection and before mucosal challenge with pathogenic
SHIV (P < 0.05). Furthermore, the number of SFC in the
control and in the two naive macaque groups did not exceed
twenty during the 64-wk immunization period. Thus, the two
booster inoculations of rDIs in rBCG-immunized animals ef-
fectively induced Gag peptide-specific IFN-y-ELISPOT re-
sponses in peripheral blood, with the booster effect of DIs
somewhat resembling that observed in our previous report on
DNA/DIs prime-boost immunization in mice (47).

We further studied the induction of SIV Gag-specific IFN-y
ELISPOT by stimulating PBMC with SIV GagP?” protein 56
weeks postinfection (Fig. 3A). The rBCG/tDlIs group ex-
pressed whale-protein-specific IFN-y responses of 615 = 49
cells per million PBMC and the highest peptide-specific
ELISPOT responses at 56 weeks postinfection (Fig. 2) of all
five groups, with the peptide-specific responses being higher
than the protein-specific responscs (Fig. 2 and 3A). Other
groups exhibited fewer than 200 cells per million PBMC.

To characterize the cellular immune responses in the rBCG/
rDIs group, PBMC from the rBCG/rDIs-immunized macaques
were compared with those of the rBCG and control groups by
staining the surface for CD8 and intraceliular SIV Gag-specilic
IFN-y expression (CD8*IFN-y* cells) and then performing
flow cytometric analysis (Fig. 3B). In vitro stimulation of
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FIG. 3. SIV Gag-specific IFN-y production in both CD8* and non-
CD8™ T cells in animals immunized with the rBCG/rDIs priming-
boosting regimen. (A) SIV Gag protein-specific IFN-y Elispot re-
sponses in immunized monkeys. Monkey PBMC were prepared 2
weeks after final boosting, and 2 X 10 cells were stimulated with 2 pg
of recombinant SIV Gag p27 antigen protein. The bars indicate mean
values of antigen-specific YFN-y spot-forming cells per 10° PBMC.
(B) Flow cytometric analysis of YFN-y-producing T cells specific for
SIV Gag. PBMC from macaques were cultured in vitro with overlap-
ping peptides and stained for intracellular IFN-y. The percentage of
IFN-y-producing CD8' T cells in each macaque’s PBMC was deter-
mined by flow cytometry 2 weeks after final boosting.

PBMC with SIV Gag peptides in macaques 08, 10, and 46 of
the rBCG/rDIs group generated a higher percentage of CD8™
IFN~y* T cells (1.34, 0.60, and 0.75%, respectively) than it did
in animals of the rBCG group. Furthermore, non-CD8" T cells
in PBMC from each animal of the rBCG/tDIs group expressed
higher levels of SIV Gag-specific IFN-y activities (macaque 8:
0.42%; macaque 10: 0.29%; macaque 46: 0.55%) than did
those of the other two animal groups. The vector control ani-
mals had fewer than 0.03% of both CD8" IFN-y™ and non-
CD8™ IFN-y" double-positive cells in PBMC. These findings
show that the rBCG/tDIs prime-boost immunization aug-
mented numbers of both IFN-y-specific intraccllular staining-
positive cells and ELISPOT in the immunized animals, and
that antigen-specific IFN-y activities were highly induced in
CD8" as well as in non-CD8" T cells, the latter most likely
being CD4' T cells.

Mucosal challenge study with virulent SHIV KS66lc for
vaccine efficacy. Ten weeks after the second booster immuni-
zation or 64 weeks postinfection, the macaques were chal-
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FIG. 4. Plasma viral loads and CD4 T-cell counts after viral challenge. Postchallenge plasma viral RNA copies and absolute CD4 T-cell
counts in peripheral blood were detected in macagues in each of five groups immunized with a consecutive prime-boost regimen consisting of
TBCG-STVgag and rD1sSTVgag. In the study, 13 macaques were divided into five groups following the experimental designs described in Table 1.

lenged by intrarectal inoculation with 2 X 16° TCID,, or 50
50% monkey infectious doses (MIDj,) of SHIV KS66lc, a
molecular clone derived from an SHIV-89.6 variant. As shown
in Fig. 4, only those macaques in the ¥BCG/rDIs group first
primed with rBCG-SIVgag and then boosted with two inocu-
lations of rDIsSIVgag showed evidence of protective immune
responses (rBCG/rDIs). For two animals in this group (ma-
caques 10 and 46), plasma viremia levels remained undetect-
able (<500 RNA copies/ml, shadow in left panel of IBCG/tDIs
in Fig. 4) and CD4" T-cell counts stayed above 500 cells/pl
(shadow in right panel of tBCG/rD1Is in Fig. 4) for the entire
year of testing. The third animal in this group (macaque 08)
had fluctuating levels of viremia that were still significantly
lower than those of animals in the other immunization groups.

Coincidentally, this animal also had significantly decreased
CD4* T-cell counts.

All macaques in the rBCG/rDIs group remained clinically
healthy during the one-year observation period. Those in the
DIsABCG group maintained antigen-specific immune re-
sponses (Fig. 6), but showed no protective immunity against
viral challenge, except for macaque 36 who showed fluctuation
in the number of CD4' T cells, with numbers dipping at times
betow 500 cells/pl (xDIs/rBCG in Fig. 4). macaques in the
other three groups all showed high levels of plasma viremia
and a loss of CD4* T cells, suggesting that vaccination with
rBCG and rDIs, either alone or as a priming agent, may not be
suitable to induce effective, long-term positive immunity
against mucosal challenge by virulent virus. By day 170 after
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FIG. 5. Survival rates of immunized and control macaques in each of the live immunization groups. A Kaplan-Meier plot of cumulative survival
rates at 1 year postchallenge with pathogenic SHIV is shown. The bold line represents group 3 immunized with the FBCG/rDIs priming-boosting
regimen; the rectangular broken line represents the mean value for the total number of animals in groups 1, 2, 4, and 5.

challenge, six of the 13 macaques had died with symptoms
consistent with simian AIDS: four with interstitial pneumonia,
one with neurological disturbances, and one with acquired
hemorrhagic diathesis. Analysis of the cumulative survival rate
using the Kaplan-Meier plot showed that the rtBCG/rDIs group
vaccinated with the priming-boosting regimen had a superior
survival rate (P = 0.012) to the other groups receiving vaccine
protocols (P = 0.548) and to the control group (Fig. 5). These
findings demonstrate that a prime-boost irnmunization with
rBCG-STVgag/tDIsSIVgag controlled virulent immunodefi-
ciency virus infection in macaques for at least 1 year and more
significantly improved survival rates than did other vaccine
protocols,

Immumne correlates of protection after viral challenge. In
order to study virus-specific immune enhancement by SHIV
challenge, we followed the postchallenge expansion of the vi-
rus-specific IFN-y-positive cells in each animal by comparing
the virus-specific IFN-y-positive cell numbers pre- and post-
challenge (Fig. 6). In all of the challenged animals of the
rBCG/DIs group, the mean number of IFN-y-positive cells
expanded from 369 * 73 at the time of viral challenge to 629 *
41 cells per 10° PBMC at 7 days after viral challenge, the
sharpest increase noted with any of the animal groups. The
animals of the rDis/fBCG group showed much less enhance-
ment, from a mean of 108 * 46 cells per 10° PBMC before
challenge to 224 * 64 postchallenge, demonstrating that cel-
lular immune responses are enhanced by viral challenge in the
initial viral infection period in animals. Although in the rBCG/
1DIs group high levels of IFN-y production were observed in

both CD8"* and non-CD8* T cells in all three monkeys, ma-
caque 10 and macaque 46 maintained undetectable setpoint
levels of plasma viral load and normal numbers of CD4* lym-
phocytes, while macaque 08 did not. The macaques showed no
clinical sign of weight loss, lymphoadenopathy, splenomegaly,
anemia, or thrombocytopenia in the 1-year observation period.
Furthermore, macaques in the rDIs group survived under low

{74 Belre challenge
7 twk posichallenge

Gag peptide specific IFN-y SFC/10° PBMC

65 98 9 42 8 3 4
LContral rBCG rRCGHDEs i eDEsABCG
FIG. 6. Virus challenge enhances the SIV Gag peptide-specific
IFN-y ELISPOTs in PBMC from immunized macaques. PBMC from
immunized animals were tested with pools of peptides spanning all the
proteins from SIVmac239. Results show the production of IFN-y to
pooled peptides in CD8* and non-CD8™ T lymphocytes.

I 93 65 16 45 6
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immune induction but exhibited CD4* T-cell loss and plasma
viremia. Notably, all macaques in the control group exhibited
very low levels of immune induction by viral challenge and
showed no viral control.

DISCUSSION

In the current study, we initially produced rBCG expressing
SIV whole Gag. Second, by introducing a priming-boosting regi-
men combining rBCG-SIVgag with a nonreplicating rDIsSIVgag,
we found that the rBCG/rDIs vaccination induced a long-
lasting and effective immunity that was able to control a highly
pathogenic virus after mucosal challenge in macaques. Third,
elicitation of virus-specific immunity was observed to be im-
portant in exerting viral control in the animals immunized with
the prime-boost vaccine regimen. Further investigation using
larger groups of animals will be needed to determine whether
high levels of immune induction correlate with increased effi-
cacy. In this study, the macaques in the rBCG/rDIs group
developed high levels of cellular immunity and were protected
against the loss of CD4" T lymphocytes and the increase of
viral RNA levels induced by viral challenge. Furthermore, the
rBCG/rDIs group showed no evidence of clinical diseases or
mortality after viral challenge during the 1-year period of ob-
servation.

The rBCG/rDIs prime-boost vaccine controlled the infection
efficiently for the duration of the one-year observation period,
reducing viral loads to below the threshold level for RNA
copies in peripheral blood and maintaining the CD4* cell
numbers above 500 cells per microliter of peripheral blood in
two of the three animals in group 3. The remaining animal in
the group showed fluctuations in the two parameters. Viral
loads and CD4* cell numbers were not significantly affected in
animal groups following the other vaccine regimens. The level
of vaccine efficacy for the rBCG/rDIs group seems to be com-
parable to that observed in previous studies with DNA/fusion
protein of interleukin-2 and immunoglobulin G (5), DNA/
MVA (3), DNA/recombinant adenovirus type 5 (AdS) (45),
and MVA/recombinant vesicular stomatitis virus (36); that is,
effective control of pathogenic SHIV 89.6P infection was
achieved in macagues for 6 to 8 months.

SHIV KS661c, which was used as a mucosal challenge virus
in this study, is a highly pathogenic molecular clone of a variant
of SHIV-89.6 possessing a tropism of CXCR-4. In our prelim-
inary study, the SHIV virus infected GHOST-X4 cells in vitro
and the virus challenge eliminated the naive CD4* T-cell pop-
ulation in the peripheral blood in macaques, findings which
confirmed those by Nishimura et al. (33, 34). In conjunction
with CCRS5-tropic pathogenic SIVsmE660, Qurmanov et al.
obtained similar results with the partial control of homologous
viremia by the recombinant MVA vaccination (35). Further-
more, the potential of the DNA vaccination to induce a broad
spectrum of mucosal protection against heterologous SIV/
DeltaB670 has been demonstrated (13).

Although the virus-specific immune elicitation by DNA/AdS
vaccination was extremely high in immunized animals (45), the
efficacy results for a DNA/AdAS study with an SIVmac239
were not comparable to those for SHIV 89.6 (43). These dis-
crepancies in vaccine efficacy by challenge viruses suggest that
SIVmac239 might be a difficuit virus to control by the active
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immunization of various vaccine candidates. Since DNA/AdS
is expected to elicit higher levels of immunity than either MVA
or DNA alone (43-45), it might be possible to obtain vaccine
efficacy in conjunction with different CCR5-tropic SIV or
SHIV from SIVmac239. Alternatively, a multicomponent
DNA/AdS might elicit broad-spectrum immunity as well as
protection against SIV or CCRS5-SHIV. Recently, a DNA/
Sendai virus vaccination (27) proved to be as effective at con-
trolling STVmac239 as an attenuated live SIV vaccine (10, 11),
opening the possibility for studies comparing the protective
immunity elicited by ordinary vaccination to that induced by
attenuated live SIV vaccination.

Because the lack of an exact HIV-1 macaque model signif-
icantly limits our ability to study and calibrate vaccine efficacy,
we may need to rely on parameters such as the control of
viremia, the loss of CD4™ cells, and the absence of mortality to
establish the efficacy of a tested vaccine against an immuno-
deficiency virus. Certainly, such parameters would represent a
more realistic goal for the development of a preventive vaccine
in the macaque model. They may also play a key role in the
evaluation of vaccine efficacy in human trials I/11 using the
vaccine modalities developed in the macaque model.

It was recently reported that the AIDS vaccine failed in
rhesus macaques approximately six months post-virus chal-
lenge, with viral avoidance of cytotoxic T-lymphocyte recogni-
tion posing a major limitation to cytotoxic T-lymphocyte-based
AIDS vaccines (4). In contrast, the rBCG/rDIs prime-boost
vaccine was shown in this study to control viral load throughout
the 1-year observation period, suggesting that it may improve
the prospects for a vaccine regimen capable of providing long-
term protection against HIV-1 replication and disease progres-
sion (38, 49). Work is under way to determine whether this
rBCG/DIs vaccine will fail to control the plasma viral load in
the macaque model, a failure associated with the viral escape
of antigen-specific cytotoxic T lymphocytes.

The route of recombinant DIs administration will be key to
effectively inducing immunity in humans. In the preliminary
study to determine cellular immune induction, hundred times
more DIs was needed to achieve SIV Gag antigen-specific
immunity in macaques by the intradermal (10® PFU/ml) than
by the intravenous (10° PFU/ml) route (K. Someya et al,
unpublished data). These findings may suggest that replica-
tion-defective vaccinia virus DIs is effective at eliciting antigen-
specific immunity by intravenous administration. In addition,
they suggest that the intravenous inoculation of rDIs may more
effectively induce specific immunity than intradermal inocula-
tion, although intravenous inoculation is not practical for use
in human.

This study did not show a clear correlation between levels of
virus-specific cellular immunity induced by booster inocula-
tions with rDIs to rBCG-primed animals and protection
against a highly virulent immunodeficiency virus after mucosal
challenge. The levels of both virus-specific IFN-y ELISPOT
and gamma interferon cytokine staining responses in periph-
eral blood from animals in the rBCG/rDIs group were the
highest of the five groups studied. Why did the prime-boost
vaccination of animals of the rBCG/tDIs group prove more
effective than the vaccine protocols used with the other
groups? We speculate that rBCG priming, which occurs at the
skin region of the thigh near the inguinal and iliac lymph nodes
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draiﬁing the genitorectal mucosa, may elicit mucosal immunity
in the region (23). Furthermore, we showed that the two
booster intravenous inoculations with rDIs help induce a level
of protective immunity sufficient to control a mucosal viral
challenge in the immunized animals. Although the two intra-
venous inoculations with rIDIsSIVgag alone proved capable of
inducing some virus-specific immunity in peripheral blood af-
ter the homologous booster immunization in the immunized
animals (DIs group), they appeared to provide no protection
against the mucosal viral challenge.

The M. bovis BCG/DIs prime-boost vaccination might thus
provide the opportunity to study the relationship between pro-
tection against mucosal viral challenge and elicitation of sys-
temic or mucosal immunity. Our findings regarding the efficacy
of the M. bovis BCG/DIs prime-boost vaccine rcgimen confirm
those by Lehner et al. (23) and they further demonstrated a
significant association between protection from mucosal rectal
infection with SIV and an increase in the levels of CD8 sup-
pressor factor and beta-chemokine. Although we cannot fully
explain the differences in vaccine efficacy at this moment, it is
likely that the routes of immunization and of challenge, the
character of the vaccine vectors and the immunization sched-
ule all play profound roles in eliciting vaccine efficacy in ma-
caques.

Recently, considerable progress has been made in under-
standing M. bovis BCG as a HIV vaccine vector. Our own
group demonstrated that recombinant M. bovis BCG vectors
have the potential to deliver an HIV immunogen for desirable
immune elicitation in macaques (46). Furthermore, M. bovis
BCG vaccine substrain Tokyo 172 was revealed to be avirulent
in HIV-infected children (16). The insertion of a full-length
SIVmac239 gag into the M. bovis BCG substrain Tokyo 172
does not affcct its toxicity, stability, or cfficacy against Myco-
bacterium tuberculosis (54). Furthermore, rBCG has been
shown to be nonvirulent in immunodeficient mice (54). These
findings highlight the utility of rBCG as a vector for HIV-1
vaccine development.

In summary, our results demonstrate that a prime-boost
vaccine regimen using rBCG as the prime and vaccinia virus
rDIs as the boost can induce effective immunity against a
mucosal infection with a highly virulent immunodeficiency vi-
rus for at least a year. Both of the vectors are safe for humans,
making them atiractive candidates for use in a preventive
prime-boost vaccine against HIV-1.
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The safety of nasal vaccines containing enterotoxin-based mucosal adjuvants has not been studied in detail.
Previous studies have indicated that native cholera toxin (nCT) can aiter antigen trafficking when applied
nasally. In this study, we determined the enterotoxin-based variables that alter antigen trafficking. To measure
the influence of enterotoxin-based mucosal adjuvants on antigen trafficking in the nasal tract, native and
mutant enterotoxins were coadministered with radiclabeled tetanus toxoid (TT). The nCT and heat-labile
enterotoxin type 1 (LTh-1) redirected TT into the olfactery neurcepithelivm (ON/E). Antigen redirection
occurred mainly across the nasal epithelium without subsequent transport along olfactory neurcns into the
olfactory bulbs (OB). Thus, no significant accumulation of the vaccine antigen TT was observed in the OB when
coadministered with nCT. In contrast, neither mutant CT nor mutant LTh-1, which lack ADP-ribosyltrans-
ferase activity, redirected TT antigen into the ON/E, Thus, ADP-ribosyliransferase activity was essential for
antigen trafficking across the olfactory epithelium. Accumulation of TT in the ON/E was also due to B-subunit
binding to GM1 gangliosides, as was demonstrated (i) by redirection of TT by LTh-1 in a deose-dependent
manner, (i) by ganglioside inhibition of the antigen redirection by LTh-1 and nCT, and (iii) by the use of
LT-Iib, a toxin that binds to gangliosides other tham GM1. Redirection of TT iato the ON/E coincided with
elevated preduction of interleukin 6 (IL-6) but not IL-18 or twmer necresis factor alpha in the nasal mucosa.
Thus, redirection of TT is dependent on ADP-ribosyltransferase activity and GM1 binding and is associated

with production of the inflammatory cytokine IL-6.

Enterotoxins are powerful mucosal adjuvants; however, the
mechanisms for their adjuvanticity are still being defined. Na-
tive cholera toxin (nCT) and the Escherichia coli-derived heat-
labile toxin (human type 1) (nLTh-1) are both potent mucosal
adjuvants for coadministered protein antigens when given by
the oral, nasal, or parenteral route (4, 9-11, 33, 42, 50). Despite
extensive research on these enterotoxins, mucosal adjuvants
for human use remain in experimental phases, and recent
studies have focused on generating nontoxic mutants of CT
(mCT) and LTh-1 (mLTh-1). Detoxification of these entero-
toxins was accomplished by site-directed mutagenesis of the
ADP-ribosylation site located in the A subunit of these ABs
enterotoxins (3, 8, 51, 52, 53, 54). These mutants are effective
mucosal adjuvants in mice and induce long-term memory for
coadministered proteins given cither by the nasal or parenteral
route (3, 51, 52). In this regard, the nasal route is perhaps
superior to oral delivery, since it requires much lower doses of
both adjuvant and coadministered proteins/vaccines.

Both nCT and nL.Th-1 are part of serogroup I of the heat-
labile enterotoxins (38) and display somewhat different gangli-
oside binding specificities (12). For example, nCT binds pre-
dominantly to GM1, while n.Th-1 preferentially binds to GM1
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and to a lesser extent to GD1b and binds weakly to GM2 and
asialo-GM1 (12). Native LTh-I not only targets gangliosides,
but also binds to other glycoproteins in the intestinal tract and
is associated with a much larger repertoire of target molecules
than has been reported for CT (18, 25). The heat-labile ente-
rotoxins from serogroup II, such as LT-IIb, display different
ganglioside binding specificities. LT-TIb binds to GD1a and to
a lesser extent to GT1b and showed no affinity for GM1 (12).
LT-1Ib functioned as a mucosal adjuvant when given nasally
and induced a mucosal immune response consistent with a
mixed CD4* Th1/Th2 cell response (34), as was previously
reported for nLTh-1 (42). A lack of ganglioside binding, which
was accomplished by site-directed mutagenesis of amino acid
33, the G33D mutation, rendered both nCT and nL.Th-1 defi-
cient in GM1 binding and in the ability to function as mucosal
adjuvants following oral (21) or nasal (7) application. Entero-
toxin binding to gangliosides is functionally important for both
mucosal adjuvanticity and enterotoxicity. Both nCT and
nLTh-1 bind to GM1 on epithelial cells and are endocytosed
and transporled. Blocking GM1 sites is not suflicient to ame-
liorate the enterotoxicity of nL.Th-1, since the molecule also
binds to other intestinal epithelial glycoproteins (26, 55).
ADP-ribosyltransferase activity in nCT may potentially
causc damagc duc to toxicity and inflammation of the nasal
epithelium, and in so doing may allow passive entry of code-
livered vaccine proteins into the olfactory nerve/epithelium
(ON/E) (14). Increased permeability of the gut epithelium for
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low-molecular-weight dextran was seen when nCT was orally
administered. This study suggested that increased permeability
may be an intricate part of the ability of nCT to function as a
mucosal adjuvant (32). This conclusion was supported by the
fact that CT-B, which is a poor oral adjuvant, did not cause
permeability changes in the gut epithelium (32).

The hypothesis proposed in this study was that part of the
adjuvanticity of enterotoxin-based mucosal adjuvants may re-
flect their ability to alter antigen trafficking in the nasal tract
and that this antigen redirection could contribute to enhanced
inflammatory reactions, which may differentially boost mucosal
immune responses.

In this study, we show that enterotoxin-based mucosal adju-
vants, i.e., nCT and nL.Th-1, alter codelivered protein vaccine
trafficking into the ON/E when given nasally. This process of
antigen redirection requires ADP-ribosyltransferase activity of
the enterotoxin-based adjuvant, as well as binding to GM1
gangliosides, and coincided with the production of the inflam-
matory cytokine interleukin 6 (IL-6). On the other hand, mu-
tants of CT and LTh-1 lacking ADP-ribosyltransferase activity
did not redirect antigen into the ON/E, nor did the native toxin
LT-Iib, which is not able to bind GMI1. In conclusion, both
ADP-ribosyltransferase activity and GM1 binding are required
in order for enterotoxin to redirect antigen into the ON/E.

MATERIALS AND METHODS

Mice. Mice of the CS7TBL/6 strain 6 to 7 weeks of age were obtained from
Charles River Laboratories (Wilmington, MA). The mice were maintained in
horizontal laminar flow cabinets and were pathogen free as determined by
plasma antibody screening and tissne histopathology performed on sentinel mice.
All mice received sterile food and water ad libitum and were between 8 and 12
weeks of age when used for these experiments. All mouse studies were done in
accordance with guidelines of both the NIH and the Animal Institutional Care
and Use Committee of the University of Alabama at Birmingham to avoid pain
and distress.

Enterotoxin preduction and purification. The enterotoxins were produced in
our laboratory, with the exception of nCT, which was purchased (List Biological
Laboratories, Inc., Campbell, CA). The mCT (E112K) was generated by site-
directed mutagenesis of single-stranded DNA of Escherichia coli CI236 trans-
fected with M13 mp19, which included the CT gene, using the Mutant K system
(Takara Biomedicals, Kyoto, Japan) as described previously (29, 53). The giu-
tamate-to-lysine mutation of amino acid 112 was generated using the 5'-GATG
AACAAAAAGTTTCTGCT-3' oligonucleotide (53). The pUC119 plasmid car-
rying the mutated CT gene was transformed into E. coli DHSo. The E. coli
strains containing the mCT gene were grown in LB broth (10 g NaCl, 10 g
tryptone, and 5 g yeast extract/liter) with 160 pg/ml of ampicillin. The resulting
mCT, derived from a sonicated cell suspension, was purified by binding to and
elution from a p-galactose-immobilized column (Pierce Chiemical Co., Rockford,
1L).

The enterotoxin gene containing plasmid pMY1900 from E. coli strain 1032
was subcloned by PCR into the expression vector pTrc 99A (Amersham Phar-
macia Biotech, Piscataway, NJ). The LTh-1 mutant E112K was constructed by
site-directed mutagenesis with specific primers as described previously (43, 44).
The mLT (E112K) and LTh-1 were purified from sonicated cell suspensions and
resuspended in 0.9% NaCl in 10 mM Tris-HCI buffer, pH 8.6. After centrifuga-
tion, the supernatant was subjected to a 65% ammonium sulfate precipitation,
resuspended in 0.2 M Tris (pH 8.0)-1 M sucrose-10 miM EDTA (TEAN) buffer,
and purified on an immobilized p-galactose column (Pierce Chemical Co.) as
reported previously (45).

Heat-labile enterotoxin b (LT-1Ib) was produced with plasmid pTDC101-
transformed E. coli X1-1 Blue (Stratagene, La Jolla, CA) (5). The recombinant
E. coli was grown at 37°C with vigorous shaking (225 rpm) in Luria broth (Difco
Laboratories, Detroit, MI) supplemented with ampicillin (150 pg/ml; Sigma-
Aldrich, St. Lonis, MO) in the presence of kanamycin (50 pg/ml; Sigma-Aldrich).
The expression of LT-TIb was induced during mid-log phase by the addition of 1
mM isopropyl-B-p-thiogalactoside (Sigma-Aldrich). After 4 h of growth, the
bacteria were harvested by centrifugation at 8,000 x g for 15 min and resus-
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FIG. 1. Anatomy of the murine nasal tract and CNS. Indicated are
the locations of the the ONJE, the NALT, and the OB in the nasal tract
and adjacent CNS.

pended in ice-cold 100 mM Tris-HCI (pH 8.9) containing 20% sucrose, 5 mM
EDTA, polymyxin B (100 pg/ml; Sigma-Aldrich), and lysozyme (0.5 mg/ml;
Sigma-Aldrich) to release the periplasm content. The supernatants were har-
vested after 30 min of incubation at 4°C and precipitated by 60% ammonium
sulfate saturation. The precipitate was dissolved in 10 mM Tris-HCI (pH 8.0)
containing 0.3 M NaCl and filter sterlized prior to gel filtration on a Sephacryl-
100 column (Amersham Pharmacia Biotech), followed by chromatography with
an anion-exchange Mono Q column (Amersham Pharmacia Biotech). The LT-
1Ib preparations were analyzed for endotoxin content with the Limulus amoe-
bocyte lysate assay kit (BioWhittaker, Inc,, Walkersville, MD) using an E. coli
K235 lipopolysaccharide standard.

Radioiodination of profeims. Tetanus toxoid (TT) (kindly supplied by the
Biken Institute, Osaka, Japan) was radiolabeled with 1. The radioiodination
was performed with jodobeads (Pierce Chemicals) for 10 to 12 min at room
temperature as described previously (46). Free, unincorporated '*T was re-
moved by dialysis using a Slide Dialyzer (Plerce Chemicals). The trichloroacetic
acid-precipitable fraction of '*I-labeled TT was used for all experiments de-
scribed here. The specific adtivitics of the radiolabeled proteins were 24.5 w 65
cpm/ng. A bicinchoninic acid protein assay (Pierce Chemicals) was used to
determine the concentrations of radiolabeled proteins.

Nasal immuonization. To assess the ability of '2I-TT to tasget the ON/E
following nasal application, a total of 20 pg of TT (--0.5 x 10° to 1.3 x 10° cpm)
was administered in a 10-pl volume, ie., 5 pl per nare, to naive mice. A total
amount of 20 pg of 251-TT was given either alone or with the indicated entero-
toxin delivered in the same volume as antigen alone, For the enterotoxins, we
used 1 pg nCT, 10 pg mCT, and 10 pg mLTh-1, and for LTh-1, various amounts
of protein were used, i.e., between 1 and 10 pg. For nasal application of the
LTII-b enterotoxin, we used S pg of protein with '*51-TT,

Trafficking of radiolsheled TT. We used radiolabeled TT protein to track its
presence in both lymphoid and central nervous system (CNS) tissues. In these
studies, '25I-labeled-TT was given nasally, At 3, 6,12, 24, and 48 h and 6 days, the
125LTT levels present in various lymphoid and CNS tissues were determined. For
lymphoid tissues, the nasopharyngeal-associated lymphoreticular tissues
(NALT), the cervical lymph nodes (CLNs), the mesenteric lymph nodes, the
spleen, and blood (50 pl) were assessed. The isolation of NALT was performed
as previously reported (49). For the CNS, we examined the ONJE, the olfactory
bulbs (OB), and the remainder of the brain. These tissues were isolated as
previously described (46). The radiolabeled TT in each tissue was quantitated by
uvse of a gamma counter. The different nasal tract tissues isolated in this study are
illustrated in Fig, 1.

In order to assess the influence of blocking the GM]1 binding site of LTh-1 or
nCT with subsequent tissue distribution of coadministered ‘>I-TT after nasal
application, the LTh-T and nCT were preincubated with a 15-fold molar excess of
GM]1 (Sigma-Aldrich) for 30 min at 25°C prior to nasal application. The cpm
associated with different tissues 12 h after application were analyzed and com-
pared with application without preincubation with GM1. A total of 20 pg of
1251 TT and § pg of LTh-1 or 1 pg nCT either with or withont preincubation with
free GM1 was nasally administered to individual mice.

Sample collection. Blood was collected into heparinized collection tubes by
retro-orbital bleeding of anesthetized mice. The plasma was separated from the
cells by a 10-min centrifugation step at 10,000 X g. Nasal washes were collected
by intubation of the trachea to access the nasopharyngeal cavity. This approach
was used to avoid any blood contamination of the nasal washes. A total of 200 i
of phosphate-buffered saline (PBS) was inserted into the nasal cavity, and the
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FIG. 2. Comparison of nCT- and mCT- (A) with aLTh-1- and mLTh-1-induced uptake (B) of **I-TT into olfactory and neuronal tissues.

(A) Distribution of **I-TT in the ON/E, OB, and brain after nasal application of *>LITT alone (open bars) or in combination with 10 pg of mCT
(solid bars) or 1.0 ug nCT (hatched bars) expressed as '*I-TT protein (ng) accumulation. (B) Nasal application of '**I-TT alone (open bars) or
in combination with 10 jg of mLTh-1 (solid bars) or 1.0 ug of nLTh-1 (hatched bars) expressed as *#I-TT protein (ng) accumulation. A total of
20 p.gﬁof 25T in 12 ul was given nasally either with or without enterotoxin (6 pi/nare), Signilicant diflerences between the '**[-TT-only group
and *#1-TT-plus-enterotoxin group are indicated by an asterisk and mark P values smaller than 0.05. The averages of 4 to 10 mice plus 1 standard

error of the mean are depicted.

exudate from the nares was collected in microcentrifuge tubes. Cells and debris
were removed by a 10-min 10,000 X g centrifugation step. All samples were
frozen at —80°C until they were analyzed by enzyme-linked immunosorbent
assay (ELISA). Lymphoid and neuronal tissues were isolated as described pre-
viously (46).

Cytoldne ELISA. The detection of the cytokines IL-6, IL-18, and tumor ne-
crosis factor alpha (TNF-a) in plasma and nasal washes was performed on
Maxisorp 96-well immunoplates (Nunc A/S, Roskilde, Denmark). The plates
were coated overnight at 4°C with the following capture monaclonal antibodies:
rat anti-mouse 1L-6 (clone MP5-20F3; BD PharMingen, San Diego, CA), rat
anti-mouse IL-18 (clone 30311.1; R&D systems, Minneapolis, MN), and hamster
anti-mouse TNF-a (clone TN3-19.12; BD PharMingen) at 2 pg/ml. The plates
were washed with PBS-Tween 20 (0.05%) and blocked with 1% bovine serum
albumin in PBS-Tween 20 (0.05%) for 1 hour at room temperature. Subse-
quently, the samples were added to 96-well plates and incubated overnight at
4°C. The plates were washed with PBS-Tween 20, and the biotinylated capture
monoclonal antibodies rat anti-mouse IL-6 (clone MP5-32Cl11; BD Phar-
Mingen), goat anti-mouse IL-18 (R&D Systems), and rabbit anti-mouse TNF-a
(BD PharMingen) at concentrations of 0.5 pg/ml, 300 ng/ml, and 0.5 pg/ml,
respectively. For detection of IL-18 and TNF-a, streptavidin-conjugated to
horseradish peroxidase (Life Technologies Inc., Rockville, MD) was used at a
1:2,000 dilution and anti-biotin-horseradish peroxidase at a 1:2,000 dilution
(Vector Laboratories, Burlingame, CA) was used for IL-6. The ELISA plates
were washed, followed by a 15-min incubation with 2,2"-azino-bis-(3)-ethylben-
zylthiazofine-6-sulfonic acid substrate (Sigma Chemical Co., St. Louis, MO). The
absorption at 415 nm was measured at various sample dilutions, and the cytokine
levels were determined using standard curves. The detection limits of the ELISA
for IL-6, IL-18, and TNF-a were 10, 1, and 12 pg/ml, respectively.

Stafistics. The data are expressed as the mean plus 1 standard error of the
mean, and the results were compared by the two-tailed, vnpaired Mann-Whitney
or Student ¢ test. The results were analyzed using the Statview II statistical
program (Abacus Concepts, Berkeley, CA) adapted for Maclntosh computers.

RESULTS

Redirection of TT imte the ON/E. In order to define the
parameters involved in redirection of vaccine proteins into
olfactory tissues by nCT and nLTh-1, the role of ADP-ribosyl-
transferase activity in antigen redistribution was first analyzed
by comparison with nonenterotoxigenic mutants of CT
(E112K) and LTh-1 (E112K). The presence of '*°I-TT in the
ON/E, OB, and brain was assessed after nasal application of
'5LTT only or in combination with nCT or mCT (E112K)
(Fig. 2A) or with nLTh-1 or mLTh-1 (E112K) (Fig. 2B). The
enterotoxin dose was based on the amount required to induce
strong mucosal immune responses after nasal application. No
significant differences were observed between the distribution
of TT protein when given alone or with aCT (1 pg), mCT (10
pg), nLTh-1 (1 pg), or mLTh-1 (10 pg) in all tissues tested,
with the exception of the ON/E. Strikingly elevated levels of
TT protein were present at 12, 24, and 48 h in the ON/E (P =
0.004, P = 0.028, and P = 0.043, respectively) when given
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nasally with nCT. However, minimal uptake was seen at these
time points when TT was given alone or with mCT, nLTh-1 (1
1g), or mLTh-1 (Fig. 2A and B). Although the elevated redis-
tribution of '**I-TT into the ON/E induced by nCT was repro-
ducible, it is unlikely that the 48-h time point was of biological
importance, since the differences between the groups were
relatively small. The nCT-versus-mCT resulss clearly show that
ADP-ribosyltransferase activity is required for redirection of
TT into the ON/E. However, it was noteworthy that nLTh-1
(1.0 pg) did not induce significant increases of TT protein in
the ON/E at 12 h following nasal application. This TT accu-
mulation was considerably lower than that seen with 1.0 pg of
nCT and indicated that factors in addition to ADP-ribosyl-
transferase activity also play roles in protein redistribution. It
should be noted that no preferential accumulation of TT was
observed in the OB versus the brain as previously reported for
CT-B and CT (46). Thus, unlike CT or CT-B, limited or no
axonal transport of TT along olfactory neurons takes place
after nasal application, and the distribution of TT in the OB
and brain can be explained by the sizes of the organs and the
blood associated with them.

Since nCT and nLTh-1 display different ganglioside binding
specificities, where nL.Th-1 binds in addition to GM]1, as re-
ported for nCT and also GD1b, GM2, asialo-GM1, and other
intestinal glycoproteins (12, 18, 25), it remained possible that
GM1 binding by the enterotoxin was required for protein re-
direction into the ON/E. Thus, decreased binding by nLTh-1 to
GM1 may be due to competition by other nLTh-1 receptors in
the nasal tract, which would inhibit protein redirection. In
addition, it should be noted that the uptake of TT into various
tissues, when 1 pg nL.Th-1 was used, was about half of the total
uptake observed when 1 pg of nCT was given nasally. To test
the GM1 dependence of TT redirection, a dose-response ex-
periment with nL.Th-1 was performed (Fig. 3A). Increasing
levels of nLTh-1 induced enhanced TT redirection, and this
required between a two- and fivefold-higher dose to induce
levels not significantly difierent from thosc scen with 1 pg of
nCT. This observation is consistent with a requirement to tar-
get GM1 in order to redirect protein into the ON/E. A com-
parison between the abilities of nCT, mCT, nLTh-1, and
mLTh-1 to redirect protein into ON/E was made (Fig. 3B). In
conclusion, nCT was more potent than nL'Th-1 in redirecting
codelivered protein into the ON/E, while the nontoxic mCT or
mLTh-1 was only marginally able to do so at the levels tested.

Distribution of TT in lymphoid tissues. After nasal applica-
tion of '>I-TT, the NALT, blood, spleen, and CLNs were
isolated and analyzed for the distribution of protein when
given alone or in combination with oCT, nlTh-1, mCT
(E112K), and mLTh-1 (E112K). No significant differences
were seen in these lymphoid tissues with the exception of
NALT. A significantly decreased accumulation of TT was seen
in NALT of mice given TT nasally with nCT (Fig. 4). A small
decrease in TT protein accumulation in NALT was observed
with mCT, and no significant differences were seen between
nLTh-1 and mLTh-1 compared with TT given alone. The data
from these observations are summarized in Table 1 and were
compared with the observed immune responses induced by
these enterotoxin-based mucosal adjuvants. It was interesting
that only decreased antigen accumulation in NALT was ob-
served when a strong Th2 response was induced.
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The role of gangliosides in protein redirection. In order to
assess the role of GM1 ganglioside binding by nLTh-1 and nCT
for *>I-TT redirection into the ON/E, the ganglioside binding
site was blocked by prior incubation with a 15-fold molar ex-
cess of GM1. Blocking the ganglioside binding site of nLTh-1
and nCT with GM1 significantly inhibited redirection of
125LTT into the ON/E for both 5 pg of nLTh-1 (P = 0.04) and
1.0 pg of nCT (P = 0.02) 12 h after application (Fig. 5).
Blocking the ganglioside binding site also elevated TT levels in
the blood, spleen, and CLNs. A significant increase in TT
accumulation was observed in the CLNs (which drain the nasal
tract) 12 h after application with nL.Th-1 (data not shown).
Whether this increase of protein in the CLNs was due to a lack
of ON/E targeting and resulted in subscquent drainage into the
CLNs or was due to enhanced circulation in the blood, or a
combination of the two, cannot be distinguished.

In order to determine whether binding to gangliosides other
than GM1 would prevent antigen redirection into the ON/E,
the heat-labile enterotoxin from serogroup two, LT-IIb, was
used. This enterotoxin displays high-affinity binding to GDla
and GT1b and weak aflinity for GM3 and does nol bind at all
to GM1 (12). Furthermore, LT-IIb is more toxic to Y1 adrenal
cells than aCT based upon morphological changes and adenyl-
ate cyclase activation (24). When the ability of the LT-IIb
enterotoxin was compared with that of nL.Th-1I for redirection
of TT into the ON/E, it was very apparent that 5 pg of LT-1Ib,
vnlike nLTh-I, was unable to redirect *>’I-TT into the ON/E
and did not affect the TT distribution pattern observed in other
tissues (Fig. 6). Thus, GM1 targeting appears to be an essential
step in directing the ADP-ribosyltranferase to cause codeliv-
ered antigen redirection. As pointed out in Fig. 2, the TT
associated with the OB was considerably lower than that ob-
served in the brain and reflected the smaller size and lower
amount of blood associated with these organs and argues
against considerable axonal transport of TT from the nasal
tract into the OB as observed with labeled CT and CT-B (46).

Differential preduction of imflammatery cytokines im the
nasal tract. To determine if nasal application of mucosal ad-
juvants induces imflammatory cytokines, nasal washes and
plasma were collected at various time points after nasal deliv-
ery. The nasal washes and plasma were analyzed for IL-18,
IL-6, and TNF-o. Differential expression of IL-6 was seen in
the nasal washes (Fig. 7). Both nCT- and mCT-treated mice
displayed TL-6 levels significantly elevated over those seen
when TT was given alone (Fig. 7). Although the levels of IL-6
at 6 h were twofold higher in the nCT- than in the mCT-treated
mice, no significant differences were seen between these
groups until 12 h after application (P = 0.026). Markedly lower
levels of IL-6 and IL-1§ were seen in the plasma of the mice.
The time frame between 3 and 12 h following administration of
nCT and TT, when redirection of TT into the ON/E was
observed (Fig. 2A), also represented the time when maximal
IL-6 sccrction was noted in nasal washes. Thus, local inflam-
matory responses were induced by nCT, and to a much lesser
extent by mCT, during this time period. No detectable levels of
TNF-o were observed in either plasma or nasal washes (data
not shown), and IL-18 levels did not differ significantly among
the three groups. These differences in production of IL-6 were
not due to the differences in lipopolysaccharide, since the nCT
contained <0.048 ng/pg and the mCT contained =1.0 ng/10

—502—



6896 vaN GINKEL ET AL.

INFECT. IMMUN.

A

g £

Tetanus Toxoid (ng)
[
8

-

(28;0)

1500 -

1000 -

(12.2)

Tetanus Toxoid (ng)

(1.6)

Control| nCT [ mCT
Adjuvant (pg) : O 10

Control |LTh-1 |LTh-1jmLTh-1
10
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20 pg '*I-TT and applied nasally. The ON/E were collected 12 h after application to assess redirection of the protein. (A) Indicated is the increase
(n-fold) over control values, i.e., >I-TT alone, when administered with aLTh-I. (B) Comparison of the degrees of redirection of **I-TT into ON/E
observed with nCT, mCT (E112K), nLTh-1, and mLTh-1 (E112K). Indicated are the means plus standard errors of the mean,

ng. The observations for IL-6 were confirmed by real-time
reverse transcription-PCR on RNA derived from the ON/E
(data not shown).

To determine whether LTh-1 had similar effects on IL-18
and IL-6 production, nasal washes and plasma were collected
from mice treated 12 h prior with TT alone or TT with 1.0 or
5.0 pg of LTh-1. A significant increase in IL-6 was seen in nasal
washes when 5 pg of LTh-1 was given with TT, while no
significant increase was observed in plasma (Fig. 8). Elevated
secretion of IL-6 was also seen in nasal washes with the 1.0-pug
LTh-1 dose; however, this increase in I1-6 was not significant
compared with TT alone.

DISCUSSION

The redirection of TT protein by native enterofoxin-based
mucosal adjuvants raises questions regarding both safety and
the molecular mechanisms involved. In this study, we ad-
dressed the paramcters influcncing redircetion of the vaccine
protein TT into the olfactory nervefepithelium, NALT, and
related lymphoid tissues, as well as the associated production
of inflammatory cylokines in the nasal tract. To redirect nasally
coadministered '*I-TT into the ON/E by enterotoxin-based
mucosal adjuvants, ADP-ribosyltransferase activity is clearly
required. This is based upon the finding that both nCT and
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FIG. 4. Comparison of nCT- and nLTh-1- with mCT (E112K)- and mLTh-1 (E112K)-induced uptake of **I-TT into NALT. Distribution of
125.TT in NALT is expressed as TT (ng) accumulation per organ. A total of 20 pg of **I-TT alone or in combination with 10 pg of mCT or 1.0
wug of nCT (A) or "LTT alone or in combination with 10 g of mLTh-1 or 1.0 ug nLTh-1 (B) was given nasally (6 t/nare). Accumulation of "*I-TT
was analyzed at various time points after application. The average of 5 to 10 mice plus standard error of the mean per data point are depicted.

nLTh-1 redirected protein into the ON/E while mCT (E112K)
and mLTh-1 (E112K), which both lack ADP-ribosyltransferase
activity (28, 54), did not. Thus, ADP-ribosyltransferase activity
of the A subunit is an essential, although not sufficient, element
for redirection of protein into the ON/E by AB; enterotoxins.
Binding to GM1 by the B subunit, in addition to ADP-ribosyl-
transferase activity of the A subunit, also appears to be a
prerequisite for redirection of protein into the ON/E, since
incubation of nCT or nLTh-1 with excess GM1 prior to ad-
ministration prevented accumulation of **I-TT in the ON/E.

The finding that LT-IIb does not redirect TT into the ON/E
while it retains full ADP-ribosyltransferase activity and func-
tions as a mucosal adjuvant when delivered nasally (34) may be
explained by a requirement for GM1 binding by the entero-
toxin to induce protein redirection, since LT-1Ib, unlike nCT
or nLTh-1, does not bind to GM1 gangliosides (12, 38). Using
a human intestinal epithelial cell line (T84), others found that
both nCT and LT-1Ib bound with high affinity (2 to 5 pM) to
the apical membranes of T84 cells (48). However, only nCT
was able to elicit a cyclic-AMP-dependent secretory response.
Moreover, while nCT-GM1 fractionated with a caveola-like,
detergent-insoluble membrane fraction, the LT-IIb-GDla
complex was solubilized by 1% Triton X-100. The authors
suggested that signal transduction may require the formation
of caveola-like structures and demonstrated that the chimera

composed of the LT-IIb A subunit and CT-B was capable of
inducing a secretory response. Native CT binding to polarized
epithelial cells takes place on the apical membrane surface but
targets a basolaterally located effector molecule, i.e., adenylate
cyclase (31). It could be hypothesized that the requirement to
bind GM1 is associated with the endocytotic pathway taken
following GM1 endocyiosis. The LT-IIb binds to GDla, a
ganglioside that is not located in the caveola-like membrane
domains as reported for GM1 (48), and may thus follow a

" different intracellular path in epithelial cells. As a consequence

of this, the Al subunits or the ADP-tibose-Gsa may not reach
the adenylate cyclase located in the basolateral domain of
polarized epithelial cells. This could be an important step for
enhanced permeability of the epithelium and the ability of
antigen to cross the nasal epithelial barrier.

The nasal tract is covered by a pscudostratificd cpithclium.
Underneath this epithelium, a dense network of fenestrated
capillaries provides a readily available blood supply (14). The
nasal administration of enterotoxin-based adjuvants would tar-
get this epithelium through GM1 ganglioside binding. Our
observations and those of others reporting the use of rabbit
mucosa in vitro (14) clearly raise questions regarding the safety
of nasal use of these adjuvants in humans. Human studies
performed previously using nasal nLTh-1 and CT-B suggest
that precautions need to be taken when applying these mole-

TABLE 1. Antigen-specific immune response and antigen distribution in NALT following nasal immunization

Adjuvant Antigen Plasma IgG* S-IgA” T helper activity TT in NALT Reference(s)
T +4 + Th1/Th2 ++++ 30, 47,51
aCT TT ++++ +++ Th2 + 47, 50,51
mCT(E112K) T ++++ +++ Th2 ++ 50,51
oLTh-1 T ++++ +++ Thl/Th2 +4++ 2,7,42
mLTh-1(E112K) T ++++ 4+ Th1/Th2 ot 2,7
LTilb Aglx +4++ + 4 Thi/Th2 +4++ 34

“1gG, immunoglobulin G.
b §-IgA, mucosally-derived secretory IgA.

¢ Data were obtained in this study and indicate the relative TT antigen accumulation in NALT.

4 4, low-, ++, medium-; +++, high-; ++ ++, very high.
< Agl/ll, Antigen I/I¥ from Streptacoccus mutants.
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FIG. 5. Influence of blocking the GM1 binding site on nl.Th-1 and nCT on tissue distribution of coadministered '25I-TT in the ON/E after nasal
application. nLTh-I (A) and nCT (B) were preincubated with a 15-fold molar excess of GM1 for 30 min at room temperature prior to nasal
application together with '#I-TT. The cpm associated with the ON/E 12 h after application were analyzed and compared with application without
preincubation with GM1 and with administration of *>’I-TT antigen alone. A total of 20 pg *°I-TT with 5 g of nLTh-1 or 1.0 pg of nCT was
nasally delivered to individual mice. The results are from five mice per group. Indicated are the means plus staudard errors of the mean.

cules to the human nasal tract. Human studies involving nasal
application of CT-B reported mild adverse effects, which re-
solved within 24 h (1, 39-41). The tolerated and effective dose
was between 100 and 500 pg for nasally applied CT-B in a
nasal spray/aerosol. At the lower end of an effective immuni-
zation range, i.e., 100 pg of CT-B, 7 out of 20 patients and all
in the high range (the 1,000-pg group), experienced adverse
effects. The symptoms consisted of profuse nasal secretions,
itching, and violent sneezing, which resolved within 1 day (1).
Although the use of a high-dose CT-B is different from our
toxin-mediated antigen redirection, it could be argued that
high doses of CT-B will accumulate in the olfactory neuroep-
ithelinm, as has been reported for mice (46), and consequently
would lead to induction of proinflammatory cytokines through-
out the nasal tract.

The results with nasally applied CT-B in humans are con-
sistent with our observations that high levels of IL-6, and to a
lesser extent IL~1f3, are present in the nasal tract during the
first 24 h afler application. Interleukin 6 was expressed during
the peak of TT protein redirection into the ON/E, and at 12 h
was significantly higher in nCT-treated mice than in mice
treated with mCT E112K. Furthermore, both enterotoxins in-
duced significantly higher 11.-6 levels in nasal washes than were
seen in mice given TT only. IL-6 is a multifunctional cytokine
that influences both innate immune reactions, such as inflam-
mation (36) and acute-phase responses, and specific immunity,
such as B-cell differentiation. IL-6 is produced by a variety of
cells, including epithelial cells, macrophages, fibroblasts, and T
cells. Native CT rapidly induces IL-6 secretion by the rat in-
testinal epithelial cell line IEC-6 (35). Whether IL-6 plays a

Tetanus Toxold (ng)

Blood

ON/E
FIG. 6. Trafficking of "*I-TT (20 pg) given nasally without or with nLTh-1 (5 p.g) or LT-IIb (5 p.g) as mucosal adjuvant. The uptake of "**I-TT

into the ON/E, OB, brain, NALT, CLNs, blood, and spleen is shown 12 h after nasal application. The results depicted are from five mice/group
and are representative of three separate experiments. Indicated are the means plus standard errors of the mean.
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o
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FIG. 7. Inflammatory cytokine expression in the nasal tract after nasal application of TT with or without mCT or nCT. Nasal washes were
collected at 0, 3, 6, 12, and 24 h after nasal application of TT alone (open bars), TT and mCT (solid bars), or TT and nCT (hatched bars). The
inflammatory cytokine levels for IL-6 (A), IL-18 (B), and TNF-o were determined by ELISA. No TNF-o was detected in the nasal washes.
Indicated are the means plus standard errors of the mean for IL-6 and IL-1B. The asterisks indicatc significantly elevated cytokine levels (P < 0.05)
when nCT or mCT with TT was compared with TT alone. The results are representative of two separate experiments.

role in antigen redirection remains to be determined; however,
it is more likely that multiple factors contribute to antigen
redirection into the ON/E. Specifically, neuropeplides could be
major players in this process. For example, vasoactive intesti-
nal peptide (VIP) plays an impertant role in fluid accumula-
tion in the rat jejunum following stimulation with nCT or
nLTh-1 (27). Furthermore, CT-B seems to specifically target
VIP-containing neurons in the intestinal tract (15). These ob-
servations indicate that VIP could also be important for nasal
reactogenicity and antigen redirection.

Human studies involving nasal application of CT-B have
focused on the induced immune responses to CT-B rather than
on its properties as a mucosal adjuvant (1, 39-41). However,
the adjuvant properties of nLTh-1 were assessed in humans
given two nasal applications a week apart with an aerosolized
virosome-formulated influenza vaccine containing 1.0 pg or 2.0
pg of nLTh-1 for induction of influenza virus-specific immune
responses (16, 17). The nLTh-1 functioned as a mucosal adju-
vant in humans and induced influenza virus-specific immune
responses; however, about 50% of the subjects experienced
some type of local or systemic adverse reaction. These reac-

tions included rhinorrhea, stuffiness, sneezing, and headaches,
but most of them were mild and resolved within 48 h (16).
Similar reactions have also been reported with nasal influenza
virus vaccine given with 99.5 pg LT-B and 0.5 pg nLTh-1 (23).
The results are consistent with our observations with nCT and
nl.Th-1 in that redirection of coadministered antigen into the
ON/E and production of inflammatory cytokines resolved
within 48 h, indicating that similar events could have taken
place in humans.

Despite the similarities between mice and humans, the rel-
ative surfaces of the nasal tract that constitute the olfactory
epithelium are quite different. In mice, approximately 45% of
the nasal tract surface constitutes olfactory epithelium (19),
while in humans it is an estimated 2.5 cm® which would trans-
late to ~2 to 3% of the nasal surface (13, 22). Thus, in mice,
nasal application is probably more likely to target olfactory
neurons than in humans. Furthermore, the nasopharynx has a
90° angle in humans while there is only a 15° angle in mice.
Due to the much larger volume of the human nasopharynx (20
ml) than the mouse nasopharynx (30 ul) and the larger angle,
it is likely much harder to consistently target the olfactory
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epithelium in humans using nasal drops, while in mice this
would be very reproducible (13). It could be argued that be-
cause of the above-outlined reasons nasal sprays would more
consistently target the olfactory epithelium in humans than
nasal drops.

The observation that nCT significantdy reduces TT accumu-
lation in NALT 3 h after nasal application compared to TT
alone or TT plus nLTh-1 (Fig. 4) is interesting from the per-
spective that exposure to a low dose of soluble protein is
associated with induction of a Th2-type T helper cell response
(6, 20, 37, 47). The induction of potent Th2-type helper activity
specific for antigens codelivered with nCT (33, 50) or mCT (30,
51, 53, 54) and the induction of a mixed Th1/Th2 response to
antigen coadministered with nL.Th-1 (2, 7, 42), mLTh-1 (2, 7),
or LTIIb (34) coincide with decreased antigen accumulation in
NALT with a strong Th2 response but not with the mixed
Th1/Th2 response (Table 1). For example, antigen accumula-
tion in NALT is approximately sixfold lower with nCT than
with nLTh-1. It will be interesting to see in future studies
whether this altered antigen level will translate into an altered
cytokine environment in the NALT for induction of a TT-
specific immune response.

In summary, the redirection of a vaccine protein into the
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FIG. 8. Inflammatory cytokine expression in the nasal tract after nasal application of TT with or without LTh-1, Nasal washes and plasma were
collected 12 h after nasal application of TT (10 pg) alone, TT and LTh-1 (1) (1.0 pg), or TT and LTh-1 (5) (5.0 ng). The levels of IL-6 and IL-18
in nasal washes and plasma were measured by ELISA. Indicated are the means plus standard errors of the mean for IL-6 and HL.-18 of five mice
per group. The asterisk indicates significantly clevated eytokine levels (P < 0.05) when LTh-1 given with TT was compared with TT given alone.
The results are representative of three separate experiments.

T+

olfactory tissues by enterotoxin-based mucosal adjuvants fol-
lowing nasal administration is associated with reacfogenicity in
the nasal mucosa, The differential accumulation of TT protein
in NALT when administered with nCT or nl.Th-1 may have
consequences for the induced TT-specific T helper cell re-
sponses. The parameters controlling antigen redirection into
the ON/E include ADP-ribosyltransferase activity of the A
subunit and GM1 ganglioside binding by the B subunit. Thus,
redirection of vaccine antigen into the ON/E by enterotoxin-
based mucosal adjuvants, such as nCT and nlTh-1, clearly
requires both ADP-ribosyliransferase activity and targeting of
GM1 gangliosides.
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