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Anthrax toxin consists of protective antigen (PA) and two toxic components, lethal factor (LF) and edema
factor (EF). PA binds to mammalian cellular receptors and delivers the toxic components to the cytoplasm. PA
is the primary antigenic component of the current anthrax vaccine. Immunity is due to the generation of
antibodies that prevent the PA-mediated internalization of LF and EF. In this study, we characterized sera
obtained from vaccinated military personnel. Anthrax vaccine is administered in a series of six injections at 0,
2, and 4 weeks and 6, 12, and 18 months, followed by annual boosters. The vaccination histories of the subjects
were highly varied; many subjects had not completed the entire series, and several had not received annual
boosters. We developed a simple colorimetric assay using alamarBlue dye to assess the antibody-mediated
neutralization of LF-mediated toxicity to the J774A.1 murine macrophage cell line. Recently vaccinated
individuals had high antibody levels and neutralizing activity. One individual who had not been boosted for 5
years had low immunoglobulin G antibody levels but a detectable neutralization activity, suggesting that this
individual produced low levels of very active antibodies.

A major virulence factor of anthrax is a unique, tripartite
toxin (5). The enzymatically active domains, lethal factor (LF)
and edema factor (EF), are produced as separate proteins.
Alone, they lack toxic activity because they cannot enter mam-
malian cells. Toxic function requires a third protein, protective
antigen (PA), which binds to cell surface receptors (4, 7, 26).
Following proteolytic processing, cell-associated PA oligomer-
izes and binds LF or EF, and the complex is internalized by
receptor-mediated endocytosis. Acidification of the endosome
induces a conformational change, allowing the complex to in-
sert into the membrane, forming a pore that enables the en-
zymatic portion (EF or LF) to enter the cytoplasm and seek
the molecular target for its toxic activity (for a review, see
reference 7). LF is a protease, and EF is a calmodulin-acti-
vated adenylate cyclase. Both toxins cause cellular disregula-
tion and are particularly effective at altering the ability to
generate a productive immune response. LF targets cells in-
volved in generating the adaptive immune response (1). In
contrast, EF targets innate immune defenses, in particular,
phagocytosis and clearance by neutrophils (19).

The current human vaccine for anthrax is based on devel-
oping toxin-neutralizing antibodies following immunization
with PA. The anthrax vaccine used by the U.S. Armed Forces,
anthrax vaccine adsorbed, or BioThrax, is formulated from an
aluminum hydroxide-adsorbed, cell-free, formalin-treated fil-
trate culture of strain V770-NP1-R, a toxigenic, noncapsulated,
and nonproteolytic strain (27). This strain has been reported to
produce high levels of PA, whereas levels of LF and EF are
minimal.

The generation of protective immunity requires a lengthy
immunization schedule that consists of the initial inoculation;
inoculations at 2 weeks, 4 weeks, 6 months, 12 months, and 18
months; and then a yearly booster. While anthrax vaccine ad-
sorbed has been shown to protect animals from both cutane-
ous- and inhalational-anthrax challenges (14), its effectiveness
in humans has been more difficult to ascertain. One study in
1962 (3) examined the incidence of anthrax among workers in
the animal industry, comparing vaccinated and unvaccinated
individuals over a period of 4 years. In all, 26 cases of anthrax
were reported. Only one of those cases occurred in the fully
vaccinated group, and four cases occurred in the partially vac-
cinated group. The remaining 21 cases occurred in the unvac-
cinated group (27).

Aside from this report, much of what is known regarding the
ability of the anthrax vaccine to generate protective immunity
in humans has been inferred from in vitro studies that assess
the development of neutralizing antibodies. Currently, the
most widely used in vitro assay to assess vaccine efficacy mea-
sures the presence of serum antibody that neutralizes LF tox-
icity to a mouse macrophage-like cell line, J774A.1 (9, 11, 15,
18, 22, 23). Cellular viability following toxin treatment is de-
termined by a colorimetric assay based upon the chemical
reduction of 3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) by living cells. However, to quantify the
amount of reduced MTT, the cells must be lysed and the dye
must be solubilized before the values can be determined spec-
trophotometrically.

We developed a variation of this assay that is simpler to
perform using alamarBlue as an indicator of cell survival.
alamarBlue is a nontoxic, fluorogenic indicator (2). In its oxi-
dized form, alamarBlue is nonfluorescent and blue. As with
MTT, metabolically active cells can internalize alamarBlue and
convert the oxidized form to the reduced form. The reduced
form is fluorescent and pink. Cellular viability, as reflected by
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the amount of metabolic activity, is assessed by determining
the amount of reduced alamarBlue. Unlike with MTT, quan-
tification of the amount of reduced alamarBlue can be done in
the presence of viable cells and does not require a cell lysis
step. Furthermore, sequential readings can be taken without
killing the cells. In this study, the ability of sera from vacci-
nated individuals to neutralize LF toxicity to J774A.1 cells was
assessed using the alamarBlue assay and compared to antibody
titers to PA as determined by enzyme-linked immunosorbent
assay (ELISA) and Western blotting.

MATERIALS AND METHODS

PA, LF, and anti-PA antibody were obtained from List Biological Laboratories
(Campbell, CA). Goat anti-human antibody was obtained from Cappel (Aurora,
OH).

Serum sample collection. Serum samples were obtained from retired military
personnel and active personnel stationed at Wright-Patterson Air Force Base
near Dayton, OH. Samples were collected in a single 10-ml Vacutainer tube
(Becton, Dickinson and Company, Franklin Lakes, NJ) and allowed to clot for 30
min. The tubes were centrifuged at 1,500 � g for 10 min. The sera were collected
in a sterile tube and placed on dry ice for transport. Samples were thawed, heat
inactivated (56°C for 30 min), and filter sterilized using a 0.22-�m cellulose
acetate centrifuge tube filter (Costar, Corning, Inc., Corning, NY). Each sample
was aliquoted and stored at �80°C. For a negative control, sera were drawn from
five individuals presumed to have had no exposure to anthrax or the vaccine,
pooled, heat inactivated, and then filter sterilized as described above.

ELISA analysis of serum. Serum samples were characterized using an anthrax
protective-antigen IgG ELISA (Bio-Quant, Inc., San Diego, CA), which was
performed according to the manufacturer’s instructions. Samples were prepared
by adding 5 �l of serum to 200 �l of sample diluent. One-hundred-microliter
samples of the sample, calibrator, positive control, and negative control were
added to each of three wells, and 100 �l of the sample diluent was added to the
blank well. The plate was incubated at room temperature for 30 min, and then
all wells were washed three times with wash buffer using an automated plate
washer (ELx405 plate washer; BIO-TEK, Winooski, VT). The plate was read on
the plate reader (BIO-TEK ELx800) at 450 nm, and the level of anti-PA anti-
bodies was determined. Antibody index (AI) values, or increases (n-fold) over
the cutoff value, were calculated according to the manufacturer’s instructions.

Western blot analyses. PA (5 �g/ml or 20 �g/ml) was mixed with equal
volumes of 2� sample buffer plus �-mercaptoethanol (62.5 mM Tris-HCl [pH
6.8], 20% glycerol, 2% sodium dodecyl sulfate, 5% �-mercaptoethanol), boiled
for 10 min, and separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis using 10% Tris-glycine precast gels (Cambrex Bio Science Rockland,
Inc., Rockland, ME). The proteins were transferred to polyvinylidene difluoride
membranes (Millipore Corp., Bedford, MA) using a semidry transfer device
(Fisher Biotech, Fisher Scientific, Pittsburgh, PA). The membranes were incu-
bated in blocking buffer (5 g nonfat dairy milk-500 ml of phosphate-buffered
saline blocking buffer [0.08 M Na2HPO4, 0.025 M NaH2PO4, 0.1 M NaCl]) and
then washed three times in wash buffer (1.25 g nonfat dairy milk and 2.5 ml
Tween 20 in 500 ml of phosphate-buffered saline blocking buffer). Human serum
samples were diluted 1:500 in wash buffer, and the positive control, goat anti-PA
(List Biological Laboratories), was diluted 1:7,500. The membranes were incu-
bated with the sera for 1 h at room temperature and washed three times with
wash buffer. Peroxidase-conjugated goat anti-human immunoglobulin (ICN/Cap-
pel, Aurora, OH) added at a 1:2,000 dilution was used for human samples, and
peroxidase-conjugated rabbit anti-goat (Cappel, West Chester, PA) added at a
1:20,000 dilution was used for the control anti-PA. The membranes were incu-
bated for 1 h and washed three times in wash buffer, and the bands were
visualized using Western Lightning Chemiluminescence Reagent Plus
(PerkinElmer Life Sciences, Boston, MA).

Mammalian cells. Primary human cells, including neutrophils, monocytes,
macrophages, and peripheral blood mononuclear cells, were obtained from hu-
man blood donors as previously described (17, 25, 29). J774A.1 cells obtained
from the American Type Culture Collection (ATCC) (Manassas, VA) were
grown in Dulbecco’s modified Eagle medium (high glucose with L-glutamine;
Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (10,000 U/ml penicillin G sodium and 10,000
�g/ml streptomycin sulfate) for 3 days. Human umbilical vein endothelial cells
(Clonetics, San Diego, CA) were grown in endothelial growth medium (Clonet-
ics) supplemented with bovine brain extract. The human monocytic cell line

U934, obtained from the ATCC, and the mouse monocytic cell line WEHI3,
kindly provided by John Monaco, University of Cincinnati College of Medicine,
were grown in RPMI 1640 medium (Invitrogen) supplemented with 10% FBS
and 1% penicillin-streptomycin. Chinese hamster ovary (CHO) cells obtained
from the ATCC were grown in Ham’s F-12 nutrient mixture (Invitrogen) sup-
plemented with 10% FBS and 1% penicillin-streptomycin.

alamarBlue assay to detect antibody-mediated LeTx neutralization. J774A.1
cells were harvested, and viable-cell concentration was determined by trypan
blue exclusion using a hemacytometer. Cells were brought to a final concentra-
tion of 106 cells/ml, and 100 �l was added to a 96-well flat-bottomed tissue
culture plate and incubated overnight. For neutralization assays, duplicate two-
fold dilutions of goat anti-PA antibody or human serum were prepared on a
96-well plate. PA and LF were added to one dilution series to generate lethal
toxin (LeTx), and an equivalent volume of Dulbecco’s modified Eagle medium
was added to the second dilution series to serve as a negative control. The
medium was removed from the cells and replaced with 100 �l of the serum
dilutions. The final concentration of PA and LF was 0.1 �g/ml. The plates were
incubated for 4 h at 37°C in 5% CO2. To serve as a negative control, cells in some
wells were lysed by the addition of 100 �l of Triton X-100 prior to the addition
of alamarBlue. alamarBlue (80% solution in Hanks’ balanced salt solution; Trek
Diagnostic Systems, Inc., Westlake, OH) was added at 10% of the well volume,
and the cells were incubated for 20 h at 37°C in 5% CO2. Absorbance at 570 and
595 nm was determined using a BIO-TEK Elx800 plate reader, and the percent-
age of reduced alamarBlue was determined. Data were analyzed using Student’s
paired t test.

RESULTS

The vaccine histories of the subjects enrolled in this study
are summarized in Table 1. Only one subject (sample
JHUC14) (Table 1) received all six inoculations, but this sub-
ject had not been boosted in 5 years. Twelve of the 16 subjects
were receiving their primary immunization series during the
study, 10 subjects had received five of the six inoculations, and
1 subject did not provide these data. Three subjects had not
received the complete series. JHUC26 and JHUC27 are sam-

TABLE 1. Characteristics of the samples used in this studyd

Sample ID

No. of
mos

since last
shot

No. of
inoculations

Western blot
resulta

Antibody
index

Neutralization
titerb

JHUC17 0.17 NP � 2.8 1,024
JHUC19 0.17 5 � 2.6 1,024
JHUC25 0.17 5 � 1.7 256
JHUC13 1 5 � 2.8 512
JHUC15 1 5 � 3.0 2,048
JHUC16 1 5 � 2.8 2,048
JHUC20 1 5 � 2.6 2,048
JHUC22 1 5 � 2.4 1,024
JHUC18 2 5 � 1.7 256
JHUC24 3 5 � 2.0 1,024
JHUC23 6 4 � 2.1 512
JHUC12 9 5 � 3.0 1,024
JHUC26c 19 3 �/� 1.6 �4
JHUC27c 37 3 � 1.6 �4
JHUC21 45 5 � 1.2 128
JHUC14 60 6 �/� 1.2 64
JHUC28 96 2 � 1.1 �4
Pool NA 0 � 1.3 �4

ELISA control 0.37

a �, strong reactivity; �/�, weak reactivity observed at high PA concentra-
tions; �, no reactivity detected.

b A neutralization titer of 4 was determined to be the limit of detection.
c Specimens JHUC26 and JHUC27 were drawn from the same donor, approx-

imately 18 months apart.
d NP, no data provided; NA, not applicable; ID, identification.
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ples from the same subject drawn 18 months apart. Sera were
also drawn from five individuals presumed to have had no
exposure to anthrax or the vaccine and pooled to serve as a
negative control (pool) (Table 1). The serum samples were
examined for immune responses to PA in three ways: by West-
ern blot analysis, by an anti-PA ELISA, and by testing for the
ability to neutralize LeTx.

Western blot analysis. Western blot analyses were per-
formed on the samples (Fig. 1). In initial experiments, reactiv-
ity to PA was evident for 13 of the 18 serum samples (Fig. 1A).
Negative results were obtained for the pooled negative-control
serum, the individuals who had received the fewest inocula-
tions (samples JHUC26, JHUC27, and JHUC28), and an in-
dividual who received the complete series of inoculations but
who had not received a booster for 5 years (sample JHUC14).
The Western blot analysis was repeated using PA at a higher
concentration (Fig. 1B), and weak bands were detected with
samples JHUC14 and JHUC26 but not with JHUC27 and
JHUC28.

Determination of antibody index. Antibody index values for
IgG antibodies to PA, or increase (n-fold) over the cutoff
value, were determined by using a commercially available
ELISA. Each sample was tested three times in triplicate (Table
1). The anti-PA IgG levels varied considerably, although all of
the values, including those of the negative-control serum, were
greater than or equal to the manufacturer’s cutoff of 1.1 as a
positive value. The lowest values (1.1 to 1.6) were seen for the
pooled control serum and the samples from the individuals
with the fewest inoculations or the longest interval since a
booster.

In vitro cell culture assays to assess neutralizing antibodies.
We examined LeTx toxicity to primary human cells and human

and animal cell lines incubated with PA at 10 �g/ml and LF at
10 �g/ml. Neutrophils, monocytes, macrophages, and periph-
eral blood mononuclear cells isolated from human blood do-
nors were treated for up to 3 days, and no loss of viability was
observed. The susceptibility of the human monocytic cell line
U934 was also evaluated. It was not susceptible to LeTx in the
undifferentiated state. Addition of phorbol myristate acetate
causes U934 to become macrophage-like. U934 cells were
treated for 3 to 5 days with phorbol myristate acetate at 0.01 to
10 �g/ml and then incubated with LeTx, and no loss of viability
was observed. Human umbilical vein endothelial cells were
also reported to display some susceptibility to LeTx (12), but
we were unable to confirm these results when PA and LF were
added at 10 �g/ml for up to 3 days (data not shown).

We also tested a mouse monocytic cell line, WEHI3, and
unlike the J774A.1 cells, this line was totally resistant to PA at
10 �g/ml and LF at 10 �g/ml. CHO cells, which are highly
susceptible to edema toxin-mediated elevation of cyclic AMP,
did not display sensitivity to LeTx (data not shown). These
studies suggest that lethal factor is not universally toxic to cells
in culture and that the response of J774A.1 cells is unique.
Subsequent studies were performed with the J774A.1 cell line.

Assessment of LeTx toxicity to J774A.1 cells using alamar-
Blue. The standard assay to assess antibody neutralization of
LeTx to mouse macrophage cell lines uses MTT as an indicator
of cellular viability. We developed a simpler method using
alamarBlue. AlamarBlue is not toxic to cells, and cellular via-
bility can be determined by simply incubating cells in the pres-
ence of alamarBlue. J774A.1 cells were plated at 105 cells/well
and incubated with or without LeTx. alamarBlue was added,
and the amount of reduced alamarBlue was determined after
20 h. J774A.1 cells reduced about 40% of the alamarBlue,
while significantly less reduced alamarBlue was observed (P �
0.03) when the cells were lysed with the detergent Triton X-100
prior to the addition of alamarBlue (Fig. 2). Cells grown in the
presence of only PA or LF (0.1 �g/ml) reduced as much
alamarBlue as the control cells. In contrast, cells treated with
LeTx (PA and LF added at 0.1 �g/ml each) reduced signifi-
cantly less (P � 0.03) alamarBlue than the control cells.

Interestingly, alamarBlue added at the same time as LeTx
protected the cells from death (data not shown). Reduced
alamarBlue is a weak base (20), and weak bases have been
shown to protect cells from several toxins, including LeTx, by
preventing acidification of the endosome and subsequent entry
of the toxic component into the cytoplasm (8).

Antibody neutralization of LeTx toxicity to J774A.1 cells. In
preliminary studies, we examined the ability of goat anti-PA to
neutralize LeTx and protect the cells from death. LeTx was
incubated with serial dilutions of a goat anti-PA antibody prior
to being added to the cells. In the absence of LeTx, cells
incubated with goat anti-human IgG, an irrelevant goat anti-
body (Fig. 2, bar labeled � Ab), or goat anti-PA (Fig. 2, bar
labeled � �PA) reduced as much alamarBlue as control cells.
Preincubation of LeTx with the irrelevant antibody did not
protect J774A.1 cells from LeTx-mediated killing (Fig. 2, bar
labeled �LeTx � Ab). In contrast, preincubation of LeTx with
anti-PA antibody diluted 1:100 or 1:200 protected the cells
from LeTx-mediated killing, and this protective activity was
lost when the antibody was diluted 1:400 or more. These re-
sults suggest that monitoring of levels of reduced alamarBlue

FIG. 1. Western blot analyses of serum samples. Numbers 12 to 28
refer to serum samples JHUC12 through JHUC28, respectively. The
relative migrations of molecular mass standards, 110 kDa and 82 kDa,
are indicated on the left. A, PA used at 5 �g/ml; B, PA used at 20
�g/ml. Pool, negative-control sera from five individuals presumed to
have had no exposure to anthrax or the vaccine.
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can be used to assess protection from anthrax toxin. Subse-
quent studies with human sera were performed essentially the
same way.

Neutralization of LeTx by human serum. The ability of hu-
man serum to protect J774A.1 cells from LeTx treatment was
examined (Fig. 3). Control assays performed in parallel with
each serum sample reproduced the results seen in Fig. 2.
J774A.1 cells with or without PA or LF alone generated sig-
nificantly more reduced alamarBlue than cells incubated with
Triton X-100 or LeTx. Furthermore, goat anti-PA prevented
LeTx-mediated death. However, we observed that the addition
of high concentrations of human serum (�1:32) inhibited the
metabolic activity of the J774A.1 cells compared to that of
control cells incubated without human serum (Fig. 3, black
bars). We examined the serum-treated cells for viability by
trypan blue exclusion. The cells incubated with high concen-
trations of human serum were viable, as evidenced by trypan
blue exclusion. In contrast, cells incubated with LeTx were not
viable, as evidenced by the uptake of trypan blue. These results
suggest that at high concentrations, some factor in human
serum affects the metabolic activity of J774A.1 cells without
affecting viability. To account for the influence of human se-
rum on metabolic activity in neutralization assays, we com-
pared the metabolic activity of cells incubated with LeTx in the
presence human serum (Fig. 3, white bars) to the metabolic
activity of cells incubated with the same amount of human
serum but lacking LeTx (Fig. 3, black bars).

Cells incubated with human serum from the pooled nega-
tive-control group displayed no evidence of LeTx neutraliza-
tion (Fig. 3A), since the amount of reduced alamarBlue gen-

erated by cells incubated in the absence of LeTx was
significantly greater than that generated by cells incubated in
the presence of LeTx for all serum dilutions except 1:2 (Fig.
3A, black bars compared to white bars). In contrast, sera from
most of the vaccinated individuals displayed evidence of toxin
neutralization. For one serum sample, JHUC14, equivalent
metabolic activities were observed in the presence and absence
of LeTx for all serum concentrations greater than 1:32 (Fig.
3B), suggesting that toxin neutralization had occurred. In con-
trast, when the serum was diluted 1:128 or more, the amount of
metabolic activity was significantly greater in the absence of
LeTx than in the presence of LeTx, suggesting that neutralizing
antibody was limiting for these dilutions.

FIG. 2. Determination of the protective capability of goat anti-PA
antibody. J774A.1 cells were plated at 105 cells/well. The cells were
incubated with antibody and toxin components. alamarBlue was added
to the wells, and viability was assessed 20 h later. Data are expressed
as the means 	 standard deviations from one trial, performed in
triplicate. J774A.1, control cells incubated in media alone; � Triton,
cells lysed with detergent; �PA, cells incubated with 0.1 �g/ml PA;
�LF, cells incubated with 0.1 �g/ml LF; �LeTx, cells incubated with
0.1 �g/ml of PA and LF; � Ab, cells incubated with goat anti-human
IgG antibody; � �PA, cells incubated with goat anti-PA antibody;
LeTx � �PA, cells incubated with 0.1 �g/ml of a PA-LF mixture which
had been preincubated with goat anti-PA antibody added at the indi-
cated dilution.

FIG. 3. Neutralization of LeTx by human serum. J774A.1 cells
were incubated with twofold serial dilutions of sera in the presence
(white bars) or absence (black bars) of LeTx. alamarBlue was added,
and percent reduction was determined 20 h later. Controls are shown
in gray bars, and abbreviations are defined in the legend for Fig. 2. A,
pooled negative-control serum; B, serum sample JHUC14. Data are
expressed as the means 	 standard deviations from three trials, per-
formed in triplicate. Values for sera with LeTx that are statistically
different (P � 0.05) from serum control values are indicated by brack-
ets marked with an asterisk.
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These results suggest that the alamarBlue assay can be used
to assess antibody neutralization. We defined the neutralizing
titer as the largest serum dilution where the metabolic activity
of the toxin-treated cells was greater than or equal to 50% of
that of the control cells at the same serum dilution. One hun-
dred percent metabolic activity at each serum dilution was
calculated by determining the average amount of reduced
alamarBlue generated in the absence of LeTx minus the
amount of reduced alamarBlue for Triton X-100-treated cells.
In addition, we required that at the neutralizing serum dilu-
tion, the amount of reduced alamarBlue generated in the ab-
sence of LeTx must be significantly greater (P � 0.05) than that
in the LeTx control. Due to the lack of metabolic activity when
cells were incubated with a 1:2 dilution of serum (Fig. 3), the
limit of detection for neutralization was defined to be a serum
dilution of 1:4. All of the serum samples were examined for
neutralization as described in the legend of Fig. 3, and the
complete data set is available elsewhere (10). Neutralization
titers calculated using this formula are reported in Table 1 and
are graphically displayed in comparison to antibody indexes as
determined by ELISA (Fig. 4), where antibody index is plotted
on a linear scale (indicated on the left axis) and neutralization
titer is plotted on a log scale (as indicated on the right axis).

Nearly all of the vaccine recipients who received four or five
inoculations within the last 9 months possessed moderate to
high antibody levels and neutralization titers compared to
those of the pooled negative-control sample. A different pic-
ture emerges for subjects with fewer shots and whose last
inoculation occurred more than 9 months ago. AI as deter-
mined by ELISA did not correlate well with neutralization
titer. Three samples (JHUC26, JHUC27, and JHUC28) and

the pooled control lacked neutralizing activity, although the
ELISA suggested that these samples had IgG antibodies to PA.
Furthermore, antibody index did not correlate well with the
Western blot analysis results (Table 1). JHUC27 (AI, 1.6) and
JHUC28 (AI, 1.1) were negative by Western blot analysis,
while JHUC14 (AI, 1.2) and JHUC26 (AI, 1.6) had weak
activity by Western blot analysis. Interestingly, for the two sera
with weak Western blot activity, JHUC26 lacked detectible
neutralizing activity, while JHUC14 possessed neutralizing ac-
tivity when diluted 1:64. Remarkably, the individual who sup-
plied this sample had not been vaccinated within the last 5
years, while the individual who provided sample JHUC26 had
been vaccinated less than 2 years ago. The major difference
was that the subject who provided sample JHUC14 had re-
ceived the full six-inoculation series, while that who provided
JHUC26 had received only three inoculations. These results
suggest that JHUC14 had very low levels of highly effective
neutralizing antibodies.

DISCUSSION

In this study, three different assays were used to assess serum
antibody levels in anthrax vaccine recipients. Two assays were
quantitative, while Western blot analyses indicated only the
presence or absence of antibodies. The quantitative assays
included a commercially available ELISA that measures IgG
antibodies to PA and a new assay that we developed that
measures antibody-mediated neutralizing of LeTx toxicity to
the J774A.1 murine macrophage cell line using alamarBlue as
an indicator of cellular viability.

The crystal structure of PA has been determined (21), and

FIG. 4. Comparison of antibody index values and LeTx neutralization. Antibody index values as determined by ELISA are indicated on the left
axis, and neutralization titers are indicated on the right axis. Numbers 12 to 28 refer to serum samples JHUC12 through JHUC28, respectively,
and the vaccination histories for the subjects who provided these samples are summarized on the next two lines. “ELISA” indicates the value
obtained from a no-serum control. The line marked with an asterisk indicates an antibody index value of 1.1, which, according to the manufacturer,
is indicative of vaccination or exposure to anthrax. The line marked with a number sign indicates a neutralization titer of 4, the limit of detection
for neutralization. Ab, antibody; N/A, not applicable.
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the binding domains of neutralizing monoclonal antibodies to
PA have been characterized (6, 16, 24, 28, 30). Neutralizing
monoclonal antibodies have been shown to bind to domain 4,
which prevents PA binding to the receptor, and to domain 2,
which blocks proteolytic cleavage of PA to the active form. It
will be interesting to determine whether individuals who pos-
sess low levels of highly effective neutralizing antibodies, such
as the subject who provided JHUC14, generated a high pro-
portion of antibodies to these regions.

In a disturbing report, it was found that several monoclonal
antibodies to PA enhanced toxicity rather than neutralizing
toxicity (18). While antibodies of all isotypes were found to be
capable of enhancing toxicity, IgG2a antibodies were especially
likely to enhance toxicity (18). Mouse IgG2a antibodies are
equivalent to human IgG3 antibodies. This class of antibody
binds most avidly to the Fc antibody receptor expressed on
phagocytic cells, such as macrophages and neutrophils. Inter-
actions of certain monoclonal antibodies with the Fc receptor
may play a role in enhancing toxin entry into the cells, thus
increasing toxicity rather than neutralizing toxicity. The stan-
dard method to assess the presence of neutralizing antibodies
to anthrax toxin examines the ability of antibody to protect
mouse macrophage cell lines from LeTx-mediated death.
However, levels of antibody neutralization of bacterial toxins
can differ for cells that express different toxin receptors (17).
Ideally, neutralization of anthrax toxin should be examined
using human cells that are known to be targeted in diseases.
We were unable to detect LeTx toxicity to human cells. Edema
factor causes a rise in intracellular cyclic AMP levels in many
types of cells, including macrophages (13). Studies to assess the
ability of antibody to neutralize edema factor-mediated ele-
vated cyclic AMP levels are in progress.

The 18-month period needed to complete the anthrax im-
munization series and the need for yearly boosters makes it
unlikely that even the armed forces could achieve a fully im-
munized population using the current anthrax vaccine. Our
studies suggest that some individuals generate a more potent
neutralizing antibody response than others. It may be possible
to develop an anthrax vaccine that maximizes the development
of neutralizing antibodies.
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