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Subunit vaccines against anthrax based on recombinant protective antigen (PA) potentially offer more consistent and less reac-
togenic anthrax vaccines but require adjuvants to achieve optimal immunogenicity. This study sought to determine in a murine
model of pulmonary anthrax infection whether the polysaccharide adjuvant Advax or the innate immune adjuvant murabutide
alone or together could enhance PA immunogenicity by comparison to an alum adjuvant. A single immunization with PA plus
Advax adjuvant afforded significantly greater protection against aerosolized Bacillus anthracis Sterne strain 7702 than three
immunizations with PA alone. Murabutide had a weaker adjuvant effect than Advax when used alone, but when murabutide was
formulated together with Advax, an additive effect on immunogenicity and protection was observed, with complete protection
after just two doses. The combined adjuvant formulation stimulated a robust, long-lasting B-cell memory response that pro-
tected mice against an aerosol challenge 18 months postimmunization with acceleration of the kinetics of the anamnestic IgG
response to B. anthracis as reflected by �4-fold-higher anti-PA IgG titers by day 2 postchallenge versus mice that received PA
with Alhydrogel. In addition, the combination of Advax plus murabutide induced approximately 3-fold-less inflammation than
Alhydrogel as measured by in vivo imaging of cathepsin cleavage resulting from injection of ProSense 750. Thus, the combina-
tion of Advax and murabutide provided enhanced protection against inhalational anthrax with reduced localized inflammation,
making this a promising next-generation anthrax vaccine adjuvanting strategy.

Bacillus anthracis is a spore-forming, Gram-positive bacterium
that is the causative agent of anthrax. The primary infectious

form of B. anthracis is spores, which are tolerant of hostile envi-
ronments and survive for years, germinating into vegetative bacilli
when presented with appropriate conditions (1). Three forms of
the disease exist, depending on the route of exposure. Cutaneous
anthrax occurs when spores are introduced through a skin wound,
gastrointestinal anthrax results from ingestion of spores, and in-
halation anthrax, the most severe form of the disease, occurs when
spores are inhaled into the lungs (2). Inhalational anthrax is of
particular concern since it represents the route of exposure follow-
ing the intentional release of anthrax spores into an environment,
as in the case of bioterrorism. The accidental release of anthrax
spores in the Russian city of Sverdlovsk in 1979 (3) and the delib-
erate dissemination of anthrax spores by mail in the United States
in 2001 (4) demonstrated the potential risks of future attacks and
spurred the development of improved vaccines highly protective
against inhalational anthrax (5).

Following inhalation into the alveolar space, spores are en-
gulfed by pulmonary phagocytes, such as macrophages and den-
dritic cells (DC) (6–9). Once inside the cell, spores germinate,
bacilli escape the endosome, and bacterial replication occurs in
the cytosol (10–12). B. anthracis has several major virulence fac-
tors, including its toxin components lethal factor (LF), edema
factor (EF), and protective antigen (PA) and the poly-�-D-glu-
tamic acid polymer capsule (13, 14). LF is a zinc-dependent met-
alloprotease capable of cleaving host cell mitogen-activated pro-
tein kinase kinases in the cell cytosol (15, 16). EF is an adenylate
cyclase that increases intracellular concentrations of cyclic AMP,
which also disrupts host cell responses (17–19). Both EF and LF
require PA to function. PA complexes with the toxin subunits EF

and LF and interacts with host cell receptors to translocate the
toxins into the cytosol (14). Due to its essential role in anthrax
pathogenesis, recombinant PA is the lead candidate in develop-
ment of next-generation anthrax vaccines (20, 21).

Recombinant PA vaccines require formulation with an appro-
priate adjuvant to achieve optimal immunogenicity (22). Al-
though, to date, human trials of PA vaccines have used alum ad-
juvant (23, 24), other adjuvants, including Ribi adjuvant
formulation for parenteral formulations (25) and cholera toxin
and poly(I·C) for intranasal formulations (26, 27), have been
shown to be effective in animal studies. Hence, use of alternative
adjuvant technologies (28) may allow the development of more-
effective and better-tolerated PA vaccines.

Polysaccharide-based adjuvants have shown promise in improv-
ing vaccine immunogenicity (29) Advax is an adjuvant made from
delta inulin that was developed through the NIH Adjuvant Develop-
ment Program (30). Inulin is a plant-derived polysaccharide that can
exist as a number of different isoforms (31). The delta isoform of
inulin forms a semicrystalline structure that possesses immune-mod-
ulatory activity and has been shown to enhance the immunogenicity
and protection of a wide variety of vaccines, including those against
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Japanese encephalitis virus (32), West Nile virus (33), influenza virus
(34), human immunodeficiency virus (35), and hepatitis B virus (36).
Advax has also been shown to safely enhance the immunogenicity of
a pandemic H1N12009pdm influenza virus vaccine in human sub-
jects (37). The ability of Advax adjuvant to induce humoral and T-cell
responses to a broad range of antigens with low reactogenicity makes
it an interesting candidate to test in place of alum for development of
next-generation PA-based anthrax vaccines.

Murabutide, a synthetic derivative of the bacterial cell wall
peptidoglycan muramyl dipeptide (MDP), is another candidate
adjuvant for anthrax vaccines. MDP is the minimal necessary el-
ement of the bacterial cell wall required for immune recognition
by nucleotide-binding oligomerization domain-containing pro-
tein 2 (NOD2) receptors (38–40). Murabutide has similar adju-
vant capacity but lacks the pyrogenicity and toxicity of MDP (41–
45). Murabutide activates NOD2 receptors, which are located on
antigen-presenting cells and T cells, thereby enhancing adaptive
immune responses (46–49). Previous studies showed that mu-
rabutide was able to enhance specific antibody responses to a va-
riety of antigens (50–52). Murabutide is well tolerated by humans
and is weakly pyrogenic, with minimal adverse events (45, 53).

This study examined whether Advax or murabutide alone or
together could enhance the immunogenicity of PA vaccine and
thereby provide more robust and longer-lasting protection
against anthrax infection. As vaccine tolerability is a significant
factor affecting vaccine uptake, the study also sought to confirm
the low inflammatory potential of Advax and murabutide adju-
vants observed in other studies.

MATERIALS AND METHODS
Mice. Female A/J mice were purchased from the National Cancer Institute
(Bethesda, MD) or Jackson Laboratory (Bar Harbor, ME). Mice were
between 6 and 12 weeks of age at the time of experiment commencement.
All animal procedures were performed in a facility accredited by the As-
sociation for Assessment and Accreditation of Laboratory Animal Care
International in accordance with protocols approved by the Center for
Biologics Evaluation and Research (CBER) Animal Care and Use Com-
mittee and the principles outlined in the Guide for the Care and Use of
Laboratory Animals by the Institute for Laboratory Animal Resources,
National Research Council.

Vaccinations. Mice were immunized by subcutaneous (s.c.) injection
with 100 �l of each vaccine preparation. Vaccine preparations contained
50 ng of PA per dose (determined to be optimal for adjuvant experiments;
data not shown). Alhydrogel adjuvant (Brenntag Biosector, Denmark)
was mixed with PA and incubated on ice for 1 h before injection per
manufacturer instructions and injected at 0.3 mg/ml. Murabutide (Invi-
vogen, San Diego, CA) was mixed with PA and injected at a concentration
of 1 mg/ml. Advax adjuvant (Batch Ad1; Vaxine, Australia) was mixed
with PA immediately and injected at a concentration of 10 mg/ml. Mice
were bled via tail bleeding at various times after vaccination, and serum
was collected for measurement of antibody titers.

Measurement of serum antibody titers. Total serum immunoglobin
G (IgG) antibody titers to PA were determined using a quantitative
anti-PA enzyme-linked immunosorbent assay (ELISA). Reagents were
obtained from KPL (Gaithersburg, MD). Plates were coated overnight at
4°C with 1 �g/ml of PA in coating buffer. Plates were washed with phos-
phate-buffered saline (PBS)-Tween and then blocked for 2 h with assay
diluent at room temperature (RT). Samples were added and serially di-
luted, and plates were incubated overnight at 4°C. Plates were washed, and
horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG was
added. Plates were incubated at RT for 1 h and then given a final thorough
wash. Plates were developed with SureBlue TMB Microwell Peroxidase
Substrate and stopped with Stop Solution. Plates were read using a Ver-

saMax ELISA microplate reader and data analyzed using SoftMax Pro
software, as previously described (54).

Challenges. Bacillus anthracis Sterne (strain 7702) aerosol challenges
were performed as previously described (55). Briefly, mice were exposed
to aerosolized spores for 90 min using a nose-only exposure system (CH
Technologies, Westwood, NJ) with fresh air supplied for 10 min before
and after spore exposure. The spore inoculum for each challenge con-
tained 12 ml of 5 � 109 spores/ml in distilled water with 0.01% Tween 80.
The 90-min aerosol exposure results in a retained dose in the lungs of
�4 � 106, which is approximately 20 times the 50% lethal dose (LD50) for
this model (55). Mice were monitored for survival for 10 days. No deaths
were observed after day 6 in any challenged mice, so data in figures are
shown only for the first 7 days. For each challenge, control mice were
sacrificed following challenge and lungs were homogenized, serially di-
luted, and plated on BHI agar plates to determine an approximate chal-
lenge dose.

Inflammation imaging. Mice were immunized subcutaneously (s.c.)
with each PA-adjuvant combination as described above. The next day,
they received tail vein injections of ProSense 750 (PerkinElmer, Waltham,
MA). Mice were anesthetized with isofluorane and imaged for fluores-
cence according to the manufacturer’s instructions using a PerkinElmer
In Vivo Imaging System (IVIS). Data were quantitated using ImageJ den-
sitometry analysis.

Statistical analyses. Mortality data were plotted into Kaplan-Meier
curves and assessed for significance by the log-rank test. GraphPad Prism
5.0 for Windows (GraphPad Software, San Diego, CA) was used for draw-
ing graphs and statistical analysis. Significant differences between propor-
tions were assessed by Fisher’s exact test and differences in means by
Student’s t test or by one-way analysis of variance (ANOVA) using Dun-
nett’s posttest. Differences were considered statistically significant when P
was �0.05.

RESULTS
Single-dose immunization with PA plus either Advax or Alhy-
drogel enhances survival following anthrax aerosol challenge.
To determine whether Advax or murabutide enhanced PA immu-
nogenicity in a murine model, mice were immunized s.c. with a
single dose of 50 ng of PA (a dose determined to provide only
partial protection from aerosol anthrax spore challenge; data not
shown) alone or combined with 1 mg of Advax (optimal dose
determined by titration; data not shown), 100 �g of murabutide,
or 35 �g of Alhydrogel as a positive control. Mice were challenged
28 days following the final immunization with 20 LD50s of aero-
solized Sterne strain B. anthracis spores, as previously described,
and monitored for survival for 10 days. All control unvaccinated
mice died within 6 days of challenge (survival, 0/8; 0%); similarly,
the majority of mice immunized with PA alone succumbed to
challenge (survival, 2/8; 25%) (Fig. 1). Significantly improved sur-
vival over unimmunized mice or mice immunized with PA alone
was seen in mice immunized with PA plus Advax adjuvant (sur-
vival, 7/8; 87.5%) (P � 0.001 or P � 0.04 versus unimmunized or
PA-alone results, respectively) which was not significantly differ-
ent from the survival results in the positive-control Alhydrogel
group (survival, 8/8; 100%). The trend to increased survival in the
murabutide group failed to reach significance (survival, 4/8; 50%)
(P � 0.07 or P � 0.6, respectively, versus unimmunized or PA-
alone results) (Fig. 1).

Boosting enhances protection by Advax- or murabutide-ad-
juvanted PA vaccine. Typically, to maximize immunogenicity,
anthrax vaccines are administered as priming doses with multiple
boosts. To assess the ability of Advax or murabutide to maximize
anti-PA IgG responses and anthrax protection across multiple im-
munizations, mice were immunized once, twice, or three times s.c.
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at 2-week intervals with PA alone or adjuvanted with Advax or
murabutide. Animals immunized with a single dose of PA plus
Alhydrogel served as positive controls. Mice were bled 28 days
after the final immunization, and serum anti-PA IgG was mea-
sured by ELISA. Following a single immunization or two immu-
nizations, mice immunized with PA adjuvanted with Advax or
murabutide had lower anti-PA titers than mice immunized with
PA with Alhydrogel, but the advantage of Alhydrogel was lost after
the third immunization (Fig. 2A). There were no significant dif-
ferences at each of the study time points in the anti-PA IgG titers
induced by PA adjuvanted with either Advax or murabutide.
Thirty days after their final vaccination, all mice were challenged
with aerosolized B. anthracis. Notably, a single immunization with
PA plus Advax gave significantly better protection (survival, 9/12
mice; 75%) than three doses of unadjuvanted PA alone (survival,
3/12; 25%) (P � 0.0016). Paralleling the progressive increase in
anti-PA IgG titers seen with each PA vaccine boost with Advax
(Fig. 2A), survival also improved with each vaccine boost: from
survival of 9/12 mice (75%) after a single immunization of PA
with Advax to survival of 10/12 mice (83%) after two immuniza-
tions and survival of 12/12 mice (100%) after three immuniza-
tions (Fig. 2B). Murabutide-adjuvanted PA provided only modest
protection after a single immunization (survival, 5/12; 42%)
which was not significantly different from the survival achieved
with a single dose of unadjuvanted PA (survival, 3/12; 25%), but
this improved after a second immunization (survival, 9/12; 75%)
and reached 100% protection after the third immunization (sur-
vival, 12/12; 100%) (Fig. 2C), thereby comparing favorably to the
significantly lower protection achieved with three doses of PA
alone (survival, 3/12; 25%) (P � 0.007).

Efficacy of adjuvant formulation of Advax and murabutide
combined. Since the initial studies demonstrated that both Advax
and, to a lesser extent, murabutide individually improved anti-PA
IgG responses and protection, we asked whether combining these
two adjuvants might further enhance the anti-PA response and
protection. Mice were immunized twice s.c. 2 weeks apart with 50
ng of PA adjuvanted with Alhydrogel, Advax, or murabutide or
with an Advax plus murabutide combined formulation. Mice
were bled 28 days following the final immunization, and serum
was assayed for anti-PA IgG by ELISA. Consistent with the results
presented in Fig. 1 and 2, after two immunizations, murabutide or
Advax individually stimulated lower anti-PA IgG titers than Alhy-
drogel (Fig. 3A). However, when used in combination, after two
PA immunizations, the Advax plus murabutide combined formu-

lation induced anti-PA titers (129,100 � 11,000) higher than the
PA plus Alhydrogel immunization formulation (105,300 � 7,900)
(Fig. 3A). Following challenge, the mice immunized twice with the
Advax plus murabutide combined formulation achieved com-
plete protection (survival, 12/12; 100%), thereby matching the
protection of mice immunized twice with PA plus Alhydrogel
(survival, 12/12; 100%) (Fig. 3B). Mice immunized with two doses
of PA with Advax alone also exhibited a high level of protection
(survival, 10/12; 83%) (results not statistically significant [n.s.]),
whereas mice immunized with two doses of PA with murabutide
alone had significantly lower survival (survival, 5/12; 42%) (P �
0.009) than the Alhydrogel or Advax plus murabutide combined
formulation groups (Fig. 3B).

Effects of adjuvants on long-term anti-PA antibody re-
sponses. An important characteristic for anthrax vaccines is the
ability to induce long-lasting protective immunity to anthrax ex-
posure. To determine whether the combination of Advax plus

FIG 1 Efficacy of Advax- or murabutide-adjuvanted single-dose PA vaccine
against B. anthracis aerosol challenge. Groups of mice (n � 8) were immunized
once s.c. with a 50-ng dose of PA unadjuvanted or adjuvanted with Advax (1
mg), murabutide (MB) (0.1 mg), or Alhydrogel (0.035 mg) or were left unvac-
cinated. Mice were challenged 28 days postimmunization with 20 LD50 of
aerosolized Sterne strain anthrax spores.

FIG 2 Booster vaccinations enhance anti-PA antibody response to and sur-
vival of challenge. (A) Groups of mice (n � 12) were immunized once, twice,
or three times s.c. with 50 ng of PA unadjuvanted or adjuvanted with either
Advax (1 mg), murabutide (MB) (0.1 mg), or Alhydrogel (0.035 mg). Mice
were bled 28 days following their last immunization for measurement of
anti-PA IgG titers by ELISA. Mice were then challenged with 20 LD50 of aero-
solized Sterne strain anthrax spores. (B and C) Survival curves are shown for
animals immunized with Advax versus Alhydrogel (B) or murabutide versus
Alhydrogel (C). *, significantly different from Alhydrogel results (P � 0.001).
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murabutide was able to induce durable anti-PA responses, mice
were immunized three times s.c. at 2-week intervals with 50 ng of
PA adjuvanted with Alhydrogel or the Advax plus murabutide
combined formulation. Serum samples were collected 11 months
following the last immunization and assayed for anti-PA IgG by
ELISA and the mice then challenged. Eleven months postimmu-
nization, there was no statistically significant difference in anti-PA
IgG titers (Fig. 4) between the Alhydrogel and the Advax plus
murabutide combined formulation groups and all mice from both
groups survived aerosol challenge (data not shown).

Anamnestic antibody responses in immunized mice. Mice
that had been immunized 18 months earlier with three doses of PA
adjuvanted with Alhydrogel or the Advax plus murabutide com-
bined formulation were challenged with aerosolized anthrax, as
described earlier. Mice were bled 2 and 5 days postchallenge, and
anti-PA IgG was measured by ELISA. Anti-PA IgG titers were
significantly (P � 0.02) higher 2 days postchallenge in mice im-
munized with PA adjuvanted with the Advax plus murabutide
combined formulation (37,840 � 4,510) than in mice immunized
with PA plus Alhydrogel (15,740 � 7,545) (Fig. 5). Anti-PA IgG
titers were also higher in mice immunized with Advax plus mu-

rabutide 5 days postchallenge, although the difference was no lon-
ger statistically significant.

PA vaccine adjuvanted with the Advax plus murabutide
combination adjuvant induces less injection site inflammation.
Advax (36) and murabutide (45) have both previously been indi-
vidually shown to be nonpyrogenic and nonreactogenic, consis-
tent with their adjuvant action being associated with little or no
inflammation. To assess the level of inflammation induced by PA
formulated with the Advax and murabutide combined formula-
tion versus PA formulated with Alhydrogel, mice were immu-
nized s.c. at the base of the tail with PA adjuvanted with either
Alhydrogel or the Advax plus murabutide combined formulation.
Two days postimmunization, mice were injected intravenously
with Prosense 750 and then imaged. Prosense 750 is a compound
that is optically silent in its unactivated state but becomes highly
fluorescent when cleaved by cathepsins produced during inflam-
mation, thereby providing an in vivo assay of vaccine-induced
inflammation (56). Mice immunized with PA plus Alhydrogel
(Fig. 6A) showed greater fluorescence around the injection site

FIG 3 The combination of Advax and murabutide improves anti-PA antibody responses and protection. (A) Groups of mice (n � 12) were immunized twice
s.c. with a 50-ng dose of PA adjuvanted with Alhydrogel (0.035 mg), Advax (1 mg), murabutide (MB) (0.1 mg), or Advax plus murabutide. Mice were bled 28
days postimmunization, and anti-PA IgG was measured by ELISA. Statistical analysis was done to compare these groups; a single asterisk (*) indicates a significant
difference from Alhydrogel results (P � 0.0001), and double asterisks (**) indicate a significant difference from the results obtained with Advax plus murabutide
(P � 0.0001). (B) Survival curves are shown for mice challenged with 20 LD50 of aerosolized Sterne strain anthrax spores.

FIG 4 The combination of Advax and murabutide adjuvant induces a long-
lasting anti-PA IgG response. (A) Groups of mice (n � 24) were immunized
three times s.c. with 2 weeks between immunizations with a 50-ng dose of PA
adjuvanted with either Alhydrogel (0.035 mg) or the combination of Advax (1
mg) plus murabutide (MB) (0.1 mg). (A) Mice were bled 11 months postim-
munization for measurement of anti-PA IgG by ELISA. (B) Toxin neutraliza-
tion antibody (TNA) titers.

FIG 5 Comparison of anamnestic antibody responses to PA in immunized
mice subjected to a late challenge. Groups of mice were immunized three times
s.c. with 2 weeks between immunizations with a 50-ng dose of PA adjuvanted
with Alhydrogel (0.035 mg) (n � 8) or with Advax (1 mg) plus murabutide
(MB) (0.1 mg) (n � 9). Eighteen months postimmunization, mice were chal-
lenged with 20 LD50 of aerosolized Sterne strain anthrax spores and then bled
at day 2 and day 5 postchallenge for measurement of anti-PA IgG by ELISA.
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than mice immunized with PA plus Advax and murabutide (Fig.
6B). Quantified by densitometry, mice immunized with PA plus
Alhydrogel had a significantly (�3-fold) higher level of Prosense
750 activation (52.24 � 2.78) (P � 0.001) than mice immunized
with Advax plus murabutide (15.33 � 5.84) (Fig. 6C), consistent
with lower levels of inflammation induced by the Advax plus mu-
rabutide combination adjuvant.

DISCUSSION

The development of an immunogenic, nonreactogenic anthrax
vaccine capable of providing long-lasting protective immunity
is highly desirable. As PA is the major protective antigen in the
anthrax vaccine adsorbed (AVA, the only U.S.-licensed anthrax
vaccine [57]), efforts to develop next-generation anthrax vaccines
have been focused on strategies using purified PA (23) (24). In this
murine study, we showed that the immunogenicity of PA was
enhanced by formulation with Advax adjuvant and to a lesser
extent with murabutide and that this translated into enhanced
protection against a B. anthracis aerosol challenge compared to
mice immunized with PA administered alone. After three immu-
nizations, Advax or murabutide adjuvants were individually as
effective at induction of anti-PA antibodies as the Alhydrogel ad-
juvant. The early advantage of Alhydrogel may potentially be ex-
plained by the fact that it provides a marked Th2 bias favoring
early antibody production (58), whereas Advax (34) and mu-
rabutide (41) adjuvants both have a more balanced Th2 and Th1
action, resulting in enhanced cellular as well as antibody immu-
nity. Although Advax, after a single dose or two doses, enhanced
anti-PA IgG titers to the same extent as murabutide, it conferred
significantly higher protection against anthrax challenge than mu-
rabutide, suggesting that higher anti-PA IgG titers alone do not
fully explain the enhanced anthrax protection obtained with Ad-
vax. The highest dose tested in mouse aerosol challenge model was
equivalent to approximately 20 LD50s. While the efficacy of these
vaccinations against higher bacterial loads of anthrax is not
known, these results are indicative of strong protection against
inhalational anthrax. Adjuvants containing advax and mu-
rabutide, when formulated together, had an additive effect on
anti-PA IgG titers and provided 100% survival to challenge after
just two immunizations, thereby equaling the protection achieved
with the Alhydrogel adjuvant. The duration of protection induced
by both inactivated and recombinant anthrax vaccines is typically

short, necessitating multiple frequent booster immunizations
(57). In a rabbit immunization model, only 37.5% protection was
seen 12 months after two immunizations with alum-adjuvated PA
compared to 74.1% protection at 6 months, with a strong corre-
lation being evident between anti-PA ELISA titers in individual
animals at 6 months and their survival when challenged at 12
months (59). The Advax plus murabutide combination was effec-
tive in inducing long-lived B-cell memory, as demonstrated as late
as 18 months postimmunization of mice by a more rapid and
potent anamnestic anti-PA IgG response versus Alyhrogel-immu-
nized mice 2 days post-anthrax challenge. This is crucial for opti-
mal vaccine effectiveness, as the rapid kinetics of death from in-
halational B. anthracis infection demands an equally fast memory
immune response for protection in the event of a bioterrorist at-
tack or other exposure to potentially lethal anthrax spores.

The additive adjuvant effects of the Advax and murabutide
combination could be explained by the compounds having non-
overlapping actions, activating different aspects of the immune
response. Murabutide activates the innate immune system via
binding to nucleotide-binding oligomerization domain-contain-
ing protein 2 (NOD2), thereby activating monocytes and den-
dritic cells (DC), resulting in enhanced humoral and cellular im-
mune responses (40, 45, 49). The mechanism of action for the
Advax adjuvant has yet to be fully deciphered, but Advax particles
have been shown to bind to dendritic cells and monocytes, leading
to upregulation of antigen presentation and costimulatory mole-
cules (P. Cooper and N. Petrovsky, international patent applica-
tion no. WO 2006/024100 A1), leading to enhanced T- and B-cell
responses to coadministered antigens (34). This additive effect of
Advax and murabutide is notable, as not all adjuvant combina-
tions result in enhanced immunogenicity and protection. For ex-
ample, the addition of imiquimod (TLR7 agonist) or resiquimod
(TLR8 agonist) to CpG oligonucleotide adjuvant (TLR9 agonist)
did not enhance the adjuvant effect (60). As in this example, the
two adjuvants in the combinations were using similar TLR path-
ways; utilization of adjuvants that activate different immune path-
ways may represent an important strategy for the development of
combination adjuvants able to induce synergistic protection.

A desirable feature for all vaccines is safety and low reactoge-
nicity. Advax and murabutide have been individually tested in
multiple animal and human studies that have shown both adju-
vants to be safe and with low reactogenicity and no pyrogenicity

FIG 6 Comparison of inflammations induced by PA adjuvanted with Alhydrogel versus Advax and murabutide combination adjuvant. (A and B) Groups of
mice (n � 4) were immunized s.c. with a single 50-ng dose of PA adjuvanted with Alhydrogel (0.035 mg) or Advax (1 mg) plus murabutide (MB) (0.1 mg). Two
days postimmunization, mice were injected with Prosense 750 FAST and then imaged using an IVIS imaging system. Representative images are shown for mice
that received PA with Alhydrogel (A) or Advax plus murabutide (B). (C) The mean total fluorescence intensities over the injection site were quantitated using
ImageJ, demonstrating levels of Prosense 750 cleavage for mice receiving PA vaccine with Alhydrogel that were significantly higher than those seen with the mice
receiving Advax plus murabutide (P � 0.001).
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(36, 45). This is the first report of these adjuvants being used in
combination, and it is notable that, despite additive effects on
vaccine immunogenicity, this did not come at the expense of tol-
erability, as no major injection site reactions or obvious systemic
illnesses were observed in groups injected with Advax plus mu-
rabutide. Through the use of the imaging agent Prosense 750,
which fluoresces when cleaved by cathepsins produced by inflam-
matory cells (56), we confirmed the low inflammatory potential of
vaccine formulated with Advax plus murabutide even compared
to PA formulated with Alhydrogel, itself a well-tolerated vaccine
adjuvant. As adverse reactions associated with inflammation are
significant barriers to uptake of vaccines, the minimal inflamma-
tory profile of the Advax plus murabutide combined formulation
is an important asset. Studies are ongoing into the mechanism of
interaction of these two adjuvants, but these data demonstrating
their ability alone or particularly in combination to stimulate
long-lasting protective humoral immunity to PA support their
potential for anthrax vaccine development.
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