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To reduce the biothreat posed by anthrax, efforts are under way to improve the protection afforded by
vaccination. This work examines the ability of immunostimulatory CpG oligodeoxynucleotides (ODN) ad-
sorbed onto cationic polylactide-co-glycolide (PLG) microparticles (CpG ODN-PLG) to accelerate and boost
the protective immunity elicited by Anthrax Vaccine Adsorbed (AVA, the licensed human anthrax vaccine). The
results indicate that coadministering CpG ODN-PLG with AVA induces a stronger and faster immunoglobulin
G response against the protective antigen of anthrax than AVA alone. Immunized mice were protected from
lethal anthrax challenge within 1 week of vaccination with CpG ODN-PLG plus AVA, with the level of
protection correlating with serum immunoglobulin G anti-protective antigen titers.

Bacillus anthracis is an aerobic gram-positive spore-forming
bacterium found naturally in wild and domesticated animals
(13). It is highly resistant to environmental degradation and
produces a tripartite toxin that reduces the ability of the host’s
immune system to eliminate the pathogen (13). Human expo-
sure to anthrax typically arises following contact with infected
livestock and generally results in a mild form of cutaneous
disease (8, 32). However, anthrax spores designed for aerosol
delivery were intentionally released by bioterrorists in the
United States in 2001. The resultant morbidity, mortality, and
widespread panic underscored the potential for anthrax to be
used as a bioterror agent and the need to improve the speed,
magnitude, and safety of anthrax vaccination (25).

Anthrax Vaccine Adsorbed (AVA) is the only anthrax vac-
cine licensed for human use in the United States. It is prepared
by adsorbing the culture filtrate of an attenuated toxinogenic
nonencapsulated strain of B. anthracis (V770-NP1-R) onto
aluminum hydroxide (16). Studies show that protective antigen
(PA), the core of anthrax toxin, is the major immunogen of
AVA. Antibodies against PA neutralize the toxin, inhibit spore
germination, and improve the phagocytosis and killing of
spores by macrophages (18, 26, 41, 42). Vaccination with AVA
requires a series of six immunizations delivered over 18 months
followed by yearly boosters (30, 31). This schedule has been
linked to the development of adverse side effects including
joint pain, gastrointestinal disorders, and pneumonia, leading
many U.S. soldiers to refuse vaccination (9, 30, 33). Strategies
designed to reduce the dose and number of immunizations
required to achieve protection might improve compliance.
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Synthetic oligodeoxynucleotides (ODN) containing immu-
nostimulatory CpG motifs can boost the immune response to
coadministered antigens, including AVA (4, 19, 20, 21, 40).
CpG ODN induce the functional maturation of professional
antigen-presenting cells and trigger the production of immu-
nostimulatory cytokines and chemokines (2, 12, 20, 23, 24).
Biodegradable cationic polylactide-co-glycolide (PLG) micro-
particles represent a different form of immune adjuvant. PLG
improve the uptake and processing of adsorbed antigen by
antigen-presenting cells (3, 6, 7, 28, 35, 36, 37). The current
work examines whether CpG ODN adsorbed onto PLG mi-
croparticles (CpG ODN-PLG) increase the speed and magni-
tude of protective anti-PA immunity induced by coadminis-
tered AVA.

MATERIALS AND METHODS

Reagents. Phosphorothioate CpG ODN 1555 (GCTAGACGTTAGCGT) and
control ODN 1612 (GCTAGAGCTTAGCGT) were synthesized at the Center
for Biologics Evaluation Research core facility (10). All ODN were free of
endotoxin and protein contamination. ODN were adsorbed onto PLG at 1%
(wt/wt) as previously described (37). Briefly, PLG microparticles with a copoly-
mer ratio of 50/50 were emulsified with hexadecyl trimethyl ammonium bromide
through a solvent evaporation process. The resultant cationic PLG micropar-
ticles were incubated with ODN overnight at 4°C with gentle shaking followed by
washing and freeze-drying, and the amount of ODN adsorbed to PLG micro-
particles was quantitated. AVA was obtained from BioPort Corporation (East
Lansing, Mich.). Recombinant PA was provided by U.S. Army Medical Research
Institute of Infectious Diseases (Fort Detrick, Md.) and prepared as described
(15). Recombinant lethal factor was purchased from Research Diagnostics Inc.
(Flanders, N.J.). Toxinogenic (pXO1™), nonencapsulated (pXO2~) Sterne vac-
cine strain spores of B. anthracis (STI) were obtained from the U.S. Army
Medical Research Institute of Infectious Diseases and stored at 4°C (17).

Animals. Specific-pathogen-free male A/J mice were obtained from the Na-
tional Cancer Institute (Frederick, Md.). They were housed in sterile microiso-
lator cages in a barrier environment and studied at 8 to 12 weeks of age. All
animal experiments were conducted with Animal Care and Use Committee-
approved protocols, and challenge studies were performed in a biosafety level 2
facility.
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FIG. 1. IgG anti-PA antibody titers in AVA-vaccinated mice. Male A/J mice were immunized intraperitoneally with 200 pl of AVA (O) with
and without 20 pg of free (A) or PLG-adsorbed CpG ODN (m). Data represent the geometric mean = standard error serum IgG anti-PA titer
of 10 independently studied mice per group. **, P < 0.01; ***, P < 0.001; ns = not significant; determined by two-way analysis of variance. TNA,

toxin-neutralizing activity.

Immunization and challenge studies. A/J mice were immunized intraperito-
neally with AVA formulated in alum with and without CpG ODN, PLG, or CpG
ODN adsorbed onto PLG (CpG ODN-PLG). The mice were bled weekly, and
their serum was stored at —20°C until use. Mice were challenged intraperitone-
ally with 3 X 107 to 9 X 10° 50% lethal doses (LDs,) of STI spores suspended
in 0.5 ml of sterile phosphate-buffered saline (1 LDs, = 1.1 X 10* STI spores).
Survival was monitored for 21 days.

IgG anti-PA ELISA. Immunoglobulin G (IgG) anti-PA antibody titers were
monitored as described (21). Briefly, 96-well microtiter plates (Immulon 1B,
Thermo Labsystems, Franklin, Mass.) were coated with 1 pg of recombinant PA
per ml in phosphate-buffered saline at 4°C overnight. The plates then were
blocked with 5% nonfat dry milk in phosphate-buffered saline containing 0.1%
Tween 20. Plates were washed, and overlaid with serially diluted serum for 2 h at
room temperature. After thorough washing, bound antibodies were detected by
adding horseradish peroxidase-labeled goat anti-mouse IgG, IgG1, or IgG2a
(Southern Biotechnology, Birmingham, Ala.) followed by ABTS (2,2'-azino-di-
3-ethylbenzthiazoline-6-sulfonic acid) substrate (Kirkegaard & Perry, Gaithers-
burg, Md.). Relative antibody titers were determined by comparison to a stan-
dard curve generated with pooled sera from hyperimmunized mice and
expressed as the reciprocal of the endpoint dilution which yielded an absorbance
value at least three times background levels. All samples were analyzed in
duplicate.

Toxin-neutralizing assay. The toxin-neutralizing titers of individual serum
samples were assessed by their ability to protect RAW264.7 cells (American
Type Culture Collection, Manassas, Va.) from lethal toxin with minor modifica-
tions from previously described methods (15). RAW264.7 cells were plated at 3
% 10* cells/well in 100 pl of glutamine-free RPMI 1640 medium containing 10%
fetal bovine serum and 2 mM glutamax-1 (Invitrogen Corporation). The cells
were incubated at 37°C in a 5% CO, incubator overnight. Serially diluted anti-
serum was 1:1 (vol/vol) mixed with lethal toxin (100 ng of recombinant PA per ml

plus 100 ng of recombinant lethal factor per ml) at room temperature for 30 min
to allow neutralization to occur; 100 pl of this mixture was then incubated with
the cells for 6 h at 37°C. Cell viability was determined by monitoring the reduc-
tion of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT;
Sigma-Aldrich, St. Louis, Mo.). Results were standardized against known high-
titered monkey serum kindly provided by the Centers for Disease Control.

Statistics. Differences in the kinetic development of anti-PA immune re-
sponses were determined by two-way analysis of variance. Differences in the IgG
anti-PA response induced by various vaccine-adjuvant combinations were as-
sessed by one-way analysis of variance. Differences in survival were evaluated
with chi-square analysis of Kaplan-Meier curves. Correlation coefficients were
determined by linear regression analysis. The predictive value of IgG anti-PA
and toxin-neutralizing titers on survival was evaluated with two-parameter logis-
tic regression (1).

RESULTS

CpG ODN-PLG boost the immunogenicity of AVA. Previous
studies established that CpG ODN could act as immune adju-
vants when coadministered with AVA (21). To examine
whether CpG ODN adsorbed onto PLG microparticles consti-
tuted an even more effective adjuvant, CpG ODN-PLG were
coadministered to A/J mice with an optimally immunogenic
dose of AVA (200 wl). A/J mice were selected for study be-
cause they are susceptible to challenge by attenuated STI an-
thrax spores, allowing the protective activity of the resultant
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FIG. 2. IgG anti-PA antibody response in A/J mice following low-dose AVA (8 to 25 pl) intraperitoneal immunization. There were no
significant differences in IgG anti-PA titers at these vaccination doses, allowing data from all mice to be combined. Results represent the geometric
mean =+ standard error IgG anti-PA response 14 days after immunization (n = 11 to 29 independently studied mice per group). **, P < 0.01; ***,

P < 0.001, determined by one-way analysis of variance.

immune response to be examined in a biosafety level 2 facility
(21).

Consistent with previous studies, the magnitude of the IgG
anti-PA response induced by AVA was significantly improved
by coadministration of CpG ODN (P < 0.01, Fig. 1A). How-
ever, coadministering CpG ODN-PLG with AVA boosted this
response by an additional 4- to 30-fold (P < 0.001, Fig. 1A).
This improved humoral immune response persisted for the
duration of the study (4 months). IgG1, IgG2a, and serum
toxin-neutralizing antibody titers were all significantly in-
creased by combining CpG ODN-PLG with AVA (Fig. 1B to
D). IgG anti-PA antibody was undetectable in unvaccinated
mice.

Antigen-sparing effect of CpG ODN-PLG. The reactogenic-
ity of the licensed anthrax vaccine might be reduced if the
amount of AVA required to induce protective immunity could
be lowered. Thus, the ability of CpG ODN-PLG to reduce the
dose of AVA needed to elicit protective immunity was exam-
ined. Preliminary experiments established that 8 to 25 ul of
AVA induced a detectable anti-PA response in all vaccinated
mice, whereas 3 pl of AVA was immunogenic in only a fraction
of vaccinated animals. As seen in Fig. 2, coadministering CpG
ODN-PLG with 8 to 25 pl of AVA boosted the resultant IgG
anti-PA antibody response by nearly 50-fold compared to AVA
alone (P < 0.001, Fig. 2). This effect required the combination
of CpG ODN with PLG, since PLG microparticles (alone or in
combination with control ODN) had no significant impact on
the magnitude of the response induced by AVA (Fig. 2).

CpG ODN-PLG accelerate the development of AVA-medi-
ated protection. Preliminary studies demonstrated that mice
immunized with 3 to 8 pl of AVA took >2 weeks to develop a
protective immune response against anthrax infection (data
not shown). To determine whether CpG ODN-PLG could
accelerate this induction of protective immunity, A/J mice

were immunized with AVA with and without adjuvant and
their ability to resist anthrax challenge 1 week later was exam-
ined.

Consistent with preliminary studies, mice immunized with
AVA alone were highly susceptible to infection at this early
time point (>90% mortality, Fig. 3). Yet >80% of the mice
immunized with CpG ODN-PLG plus AVA survived infection
at this early time point (P < 0.0001, Fig. 3). Immunization with
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FIG. 3. Survival of vaccinated mice. A/J mice were immunized in-
traperitoneally with =8 ul of AVA plus 20 pg of free or PLG-adsorbed
ODN. The mice were challenged intraperitoneally 7 days later with 3
% 107 50% lethal doses of STI spores. The survival of control groups
(including naive mice and mice vaccinated with AVA) was indistin-
guishable between experiments. Thus, data from multiple experiments
were combined for 11 to 36 mice per group.
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CpG ODN plus AVA in the absence of PLG yielded interme-
diate protection (50% survival, P < 0.01 versus CpG ODN-
PLG/AVA, Fig. 3), whereas CpG ODN-PLG in the absence of
AVA was not protective.

Humoral immunity as a predictor of protection. There is
considerable interest in identifying a surrogate marker for pro-
tective immunity against anthrax. Towards that end, the serum
toxin-neutralizing activity and IgG anti-PA titer were evalu-
ated as predictors of survival following anthrax spore chal-
lenge. As seen in Fig. 4A, toxin-neutralizing antibody corre-
lated significantly with IgG anti-PA titer (R* = 0.46, P <
0.0001). Although toxin-neutralizing antibody predicted pro-
tection against anthrax, two-parameter logistic regression
modeling showed that IgG anti-PA was the superior surrogate
marker of survival (Fig. 4B, IgG: R* = 0.64, P < 0.0001; Fig.
4C, toxin-neutralizing antibody: R* = 0.36, P < 0.0001). In this
context, receiver operating characteristic analysis showed that
total IgG anti-PA titer was 97% accurate at predicting survival
following anthrax challenge, whereas toxin-neutralizing anti-
body was 91% accurate. The magnitude of the IgG anti-PA
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response provided valuable information on an animal’s resis-
tance to anthrax infection. For example, >90% of mice are
protected against 9 X 10° 50% lethal doses of anthrax if their
IgG anti-PA titer exceeds 1,000, while a titer of >6,000 indi-
cates that >99% of mice are protected from such high-dose
challenge.

DISCUSSION

Efforts are under way to increase the speed and magnitude
of the protective immune response elicited by AVA. Current
findings indicate that these goals may be met by coadminister-
ing CpG ODN-PLG with AVA, resulting in a more rapid and
stronger anti-PA antibody response than immunization with
AVA alone (or combined with CpG ODN in the absence of
PLG; Fig. 1 and 2). Significant protection against anthrax chal-
lenge was present within 1 week of vaccination with CpG
ODN-PLG plus AVA (Fig. 3), indicating that the combination
of CpG ODN with PLG is significantly more effective than
CpG ODN or PLG alone as an immune adjuvant. The quality
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FIG. 4. Correlation between serum antibody response and survival. Mice were immunized intraperitoneally with 8 to 25 pl of AVA plus free
or PLG-adsorbed ODN. Two weeks postimmunization, serum IgG anti-PA and toxin-neutralizing antibody titers were determined, and the mice
were challenged intraperitoneally with 9 X 10° 50% lethal doses of STI spores. Results from four independent experiments involving a total of 130
mice are shown. (A) Linear regression of IgG anti-PA versus toxin-neutralizing antibody titers in mice that succumbed to () or survived (4)
infection. (B) Logistic regression of survival versus IgG anti-PA titer. (C) Logistic regression of survival versus toxin-neutralizing antibody titer.

TNA, toxin-neutralizing activity.
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of the resultant anti-PA response was high, as evidenced by
enhanced toxin-neutralizing activity, improved in vivo protec-
tion, and high levels of IgG2a antibody (known to promote the
clearance of bacterial infection by complement-mediated cyto-
toxicity) (29).

CpG ODN and PLG microparticles represent distinct forms
of vaccine adjuvant. CpG ODN interact with immune cells
expressing Toll-like receptor 9 (including B cells and plasma-
cytoid dendritic cells), stimulating them to secrete proinflam-
matory and Thl cytokines and chemokines and to undergo
functional maturation (20). CpG ODN have been shown to
improve the immune response to coadministered vaccines, in-
cluding AVA (5, 10, 20, 22). Clinical trials indicate that CpG
ODN are safe and effective in humans, significantly improving
the antibody response elicited by a coadministered hepatitis B
vaccine (11).

PLG microparticles are composed of the same biodegrad-
able and biocompatible polymers used safely in adsorbable
stitches for many years (38). Antigen can be adsorbed onto (or
encapsulated within) PLG microparticles. The antigen-bound
particles are readily taken up and processed by professional
antigen-presenting cells, promoting the induction of humoral
and cytotoxic T-lymphocyte responses (7, 34, 35, 38, 39). Since
the adjuvant-like properties of PLG microparticles differ from
those of CpG ODN, Singh et al. examined whether the com-
bination could improve the immunogenicity of a coadminis-
tered antigen (37). Using p55%%%, a weak antigen, they showed
that CpG ODN-coated PLG microparticles significantly
boosted the cytotoxic T-lymphocyte response elicited com-
pared to antigen alone or combined with free CpG ODN or
PLG (37). The current results extend that finding by demon-
strating that, when combined with a strong immunogen such as
AVA, CpG ODN-PLG boost and accelerate the resultant im-
mune response. This response persisted at protective levels
throughout the 4-month duration of the experiment (Fig. 1 and
4). The absolute duration of protection, and whether CpG
ODN-PLG can boost the secondary immune response elicited
by AVA are subjects of ongoing investigation.

A goal of anthrax vaccine developers is to reduce the fre-
quency and severity of adverse reactions. The results indicate
that CpG ODN-PLG had an antigen-sparing effect, reducing
the amount of AVA required to elicit protection by >20-fold.
By reducing antigen load, CpG ODN-PLG might lessen the
risk of adverse reactions to an AVA-based vaccine. Yet a
recent report suggests that daily administration of high-dose
CpG ODN for up to 3 weeks causes severe toxicity (14). For-
tunately, neither local nor systemic reactions were observed in
mice vaccinated with CpG ODN-PLG plus AVA in the current
study. This is consistent with previous work showing that mod-
est doses of CpG ODN can be used safely as vaccine adjuvants
(4, 5, 11, 20, 21, 22, 37).

Both IgG anti-PA and toxin-neutralizing activity have been
proposed as surrogate markers for vaccine efficacy, although
their relative merit is uncertain (27). Resolving this issue is of
considerable importance, as the decision to license future an-
thrax vaccines will rely on surrogate markers of protection
(since conventional phase III efficacy studies cannot be con-
ducted with biothreat pathogens). While IgG anti-PA and tox-
in-neutralizing antibody levels both correlated with survival,
two-parameter logistic regression analysis showed the former
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to have greater sensitivity and specificity in predicting survival
(Fig. 4). From the perspective of evaluating the likely efficacy
of a vaccination campaign, serum IgG anti-PA antibody titer
would be useful in predicting survival following defined levels
of pathogen exposure (Fig. 4).

Current findings demonstrate that CpG ODN-PLG can in-
crease the speed and magnitude of the humoral immune re-
sponse induced by AVA. This vaccine-adjuvant combination
elicited protective immunity within 1 week, suggesting that a
CpG ODN-PLG-based vaccine might accelerate the induction
of a protective immune response in individuals potentially ex-
posed to anthrax. Such a vaccine might also be administered to
emergency personnel prior to deployment to a site of anthrax
release. The current results also help clarify the relationship
between serum anti-PA and toxin-neutralizing antibody titers
and their utility as surrogate markers for protection. Ongoing
research suggests that CpG ODN-PLG also boost the response
of vaccine candidates targeting other biowarfare pathogens.
While such studies need to be repeated in appropriate nonhu-
man primate challenge models, they suggest that CpG ODN-
PLG may be useful as adjuvants for a broad range of novel
vaccines.
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