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Anthrax toxin neutralization assays are used to measure functional antibody levels elicited by anthrax
vaccines in both preclinical and clinical studies. In this study, we investigated the magnitude and molecular
nature of Fc gamma (Fcvy) receptor-dependent toxin neutralization observed in commonly used forms of the
anthrax toxin neutralization assay. Significantly more Fcy receptor-dependent neutralization was observed in
the J774A.1 cell-based assay than in the RAW 264.7 cell-based assay, a finding that could be due to the larger
numbers of Fcy receptors that we found on J774A.1 cells by using flow cytometry. Thus, the extent to which Fcy
receptor-dependent neutralization contributes to the total neutralization measured by the assay depends on the
specific cell type utilized in the assay. Using Fcy receptor blocking monoclonal antibodies, we found that at
least three murine Fcy receptor classes, IIB, III, and IV, can contribute to Fcy receptor-dependent neutral-
ization. When antibodies elicited by immunization of rabbits with protective-antigen-based anthrax vaccines
were analyzed, we found that the magnitude of Fcy receptor-dependent neutralization observed in the J774A.1
cell-based assay was dependent on the concentration of protective antigen utilized in the assay. Our results
suggest that the characteristics of the antibodies analyzed in the assay (e.g., species of origin, isotype, and
subclass), as well as the assay design (e.g., cell type and protective antigen concentration), could significantly
influence the extent to which Fcy receptor-dependent neutralization contributes to the total neutralization
measured by anthrax toxin neutralization assays. These findings should be considered when interpreting

anthrax toxin neutralization assay output.

Anthrax is a serious and potentially fatal disease caused by
Bacillus anthracis. After uptake and germination of anthrax
spores within the host, the bacteria elaborate large quantities
of anthrax toxin, which is believed to be essential for disease
progression (12, 16, 19). The tripartite toxin is composed of a
receptor-binding component, protective antigen (PA), and two
distinct enzymatic components, lethal factor (LF) and edema
factor (16). LF, a Zn*"-dependent metalloprotease, combines
with PA to form lethal toxin (LT), which is cytotoxic to certain
cell types, such as macrophages from susceptible species (2, 6,
7). Edema factor, an adenylate cyclase, combines with PA to
form edema toxin, which exerts its effects on cells by dramat-
ically increasing cyclic AMP levels (15).

B. anthracis is considered a serious bioterror threat. For this
reason, a considerable amount of effort has been devoted to
the development of new vaccines and therapeutics for anthrax.
While one licensed anthrax vaccine is currently available in the
United States, efforts are under way to develop new-generation
anthrax vaccines composed of purified recombinant PA (rPA)
(9). Antibodies generated by such vaccines would be expected
to neutralize the action of both LT and edema toxin and thus
protect against disease.
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The efficacy of new anthrax vaccines cannot be measured
directly in humans because such clinical studies are either not
feasible or not ethical to conduct. Therefore, in the United
States, animal protection data, obtained using two relevant
animal species, may serve as primary data to support human
efficacy of new-generation anthrax vaccines, as described in the
U.S. Government regulation (21 CFR 601, subpart H) com-
monly known as the “Animal Rule” (3). In order to apply the
Animal Rule, animal protection data must be extrapolated to
humans in a scientifically sound manner. In the case of anthrax,
aerosol infection of nonhuman primates and rabbits is thought
to adequately reflect human disease (4, 5). Thus, these two
animal models will likely serve as the basis for pivotal animal
protection studies. Immunogenicity data will play a critical role
in application of the Animal Rule to anthrax vaccines, since
serological data from the animals and humans will serve to
bridge the animal protective response to human efficacy (5).

One serological assay that is likely to be used to assess
vaccine immunogenicity in pivotal animal and human studies is
the anthrax toxin neutralization assay (TNA), which measures
functional antibody levels to anthrax toxin (10, 17). In this
assay, the toxin is added to susceptible cells in the presence and
absence of neutralizing antibodies. The effect of the toxin on
the cells in the presence of antibodies is compared to that
observed in their absence. Several forms of the TNA exist, with
common forms designed to assess neutralization of the cyto-
toxic action of LT on either J774A.1 cells or RAW 264.7 cells,
both of which are mouse macrophage-like cell lines. The RAW
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264.7 cell-based assay has been used primarily in anthrax toxin
research (25), whereas the J774A.1 cell-based assay has also
been used in clinical vaccine studies and to measure antibody
levels in clinical samples (9, 26).

Antibody-mediated neutralization in the TNA can occur by
“classic” toxin neutralization or, with appropriate cell types, by
Fc gamma (Fcy) receptor-dependent neutralization (31). We
define “classic” toxin neutralization as the blocking of a critical
step in toxin action, such as receptor binding, pore formation,
or enzyme activity. This type of neutralization can be observed
with any cell type that is susceptible to the toxin. In contrast,
Fcy receptor-dependent neutralization would be observed only
in assays that use cell types that express Fcy receptors. One
such cell type is the macrophage, the cell type that is used for
LT neutralization assays because the macrophage, unlike most
other cell types, is susceptible to the cytotoxic action of LT.
The molecular basis for Fcy receptor-dependent neutralization
is not well understood; however, it may be the result of Fcy
receptor-mediated endocytosis of immune complexes leading
to their degradation, sequestration of PA monomers at the cell
surface, and/or enhancement of antibody-mediated neutraliza-
tion by increasing the effective concentration of neutralizing
antibodies at the cell surface. Of note, others have observed
that nonneutralizing or marginally neutralizing monoclonal an-
tibodies (MAbs) can actually enhance the cytotoxicity of LT on
J774A.1 cells through an Fc receptor-dependent mechanism
(20). In that case, it was postulated that the Fc receptor-
MAD-PA complex decreased the off-rate of PA from the cell
surface. Because the antibody did not effectively neutralize PA,
stabilization of PA on the cell surface—its target site of ac-
tion—had the effect of increasing LT toxicity. By similar logic,
in the case of neutralizing antibodies, the Fc receptor would be
expected to stabilize the antibody at the cell surface, increasing
its effective concentration at the very site at which PA accu-
mulates before it combines with LF and exerts its effects on the
cell.

In order to properly interpret TNA output from pivotal
animal and clinical studies and to begin to assess the relevance
of the assay output to in vivo protective mechanisms, we need
a thorough understanding of the mechanisms of neutralization
that contribute to the total neutralization observed in the as-
say. In this study, we further investigated Fcy receptor-depen-
dent neutralization in order to better define the molecular
basis for this type of toxin neutralization. We also examined
the effect of assay parameters, such as cell type and PA con-
centration, on Fcy receptor-dependent neutralization in order
to better understand the effects that these parameters have on
assay output.

MATERIALS AND METHODS

Cell lines and other reagents. The murine macrophage-like cell line RAW
264.7 was obtained from the American Type Culture Collection (ATCC, Man-
assas, VA). Anti-rPA rabbit reference polyclonal serum (NR-3839), B. anthracis
rPA (NR-140), recombinant LF (NR-142), and murine macrophage-like cell line
J774A.1 cells (NR-28) were obtained from the NIH Biodefense and Emerging
Infections Research Resources Repository, NIAID, NIH (Bethesda, MD). Rat
anti-mouse CD16/CD32 MADb clone 2.4G2 (Fcy receptor class IT [FeyRII] and
FcyRIII blocking MAb) was obtained from BD Pharmingen (Franklin Lakes,
NJ). MAD 2.4G2 functionally blocks FcyRIIB and FcyRIII but will not func-
tionally block FcyRIV, even though it can bind to this receptor class (11, 13, 18,
22, 30). MADb 9E9, which specifically blocks FcyRIV, was kindly provided by
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Jeffrey Ravetch, Rockefeller University (New York, NY). Phycoerythrin (PE)-
conjugated anti-FcyRI (anti-CD64, clone X54-5/7.1) and PE-conjugated anti-
FeyRII/III/IV (anti-CD16/CD32, clone 2.4G2) were also obtained from BD
Pharmingen. Different strains of BALB/c mice, wild type, Fcerlg (FeyRI/III/IV
knockout [KO]), and Fcgr2b (FcyRIIB KO), were obtained from Taconic Lab-
oratories (Germantown, NY). The Fcerlg mouse is deficient in the gamma chain
subunit common to FcyRI, FcyRIII, and FeyRIV, which is necessary for the
assembly and cell surface expression of the intact receptors (23).

Cell culture. Murine macrophage-like cell lines J774A.1 and RAW 264.7 were
grown in Dulbecco’s modified Eagle medium (containing high glucose and so-
dium pyruvate) supplemented with 5% heat-inactivated fetal bovine serum, 2
mM L-glutamine, 25 U/ml of penicillin, 25 pg/ml of streptomycin sulfate, and 10
mM HEPES. Bone marrow-derived macrophages were collected from femurs of
mice (wild type, FcyRI/III/IV KO, and FcyRIIB KO on the BALB/c back-
ground). Bone marrow cells were grown in the complete Dulbecco’s modified
Eagle medium mentioned above, supplemented with 10% conditioned 1929
culture supernatant in 96-well plates. Bone marrow cells were grown for 5 days
to confluence and used for TNAs. Since LT is cytotoxic for macrophages from
only certain strains of mice (1, 7), only specific genetic backgrounds, such a
BALB/c background, were useful in these studies. Cell culture reagents were
obtained from Gibco (Carlsbad, CA).

Anthrax TNAs. TNAs were performed essentially as described previously (26),
using J774A.1 cells and RAW 264.7 cells. Briefly, cells were plated in 96-well
flat-bottomed plates (40,000 cells/well) and incubated for 17 to 19 h at 37°Cin a
5% CO, incubator. Neutralization of LT cytotoxicity was measured by assessing
cell viability with twofold serial dilutions of the rabbit polyclonal serum (NR-
3839). Twofold serum sample dilutions prepared in a 96-well plate were prein-
cubated with a constant amount of LT (PA at 50 ng/ml plus LF at 40 ng/ml),
unless otherwise indicated. This concentration of LT kills approximately 95% of
the cells in the absence of any neutralizing serum sample. After a 30-min incu-
bation of rabbit polyclonal serum with LT, the mixtures were transferred to the
96-well cell plate and cells were incubated for 4 h at 37°C. Following incubation,
MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] was added
to plates. After 2 h of incubation, cells were lysed by the addition of solubilization
buffer (90% isopropanol, 0.5% sodium dodecyl sulfate [wt/vol], and 38 mM HCI).
The plates were read for optical density by use of a microplate reader at A5, A
four-parameter logistic regression model was used to fit the data points gener-
ated when the optical density was plotted versus the logarithm of the reciprocal
of the serum dilution. The inflection point, which indicates 50% neutralization,
was reported as the mean effective dilution (EDs;). For TNAs performed using
purified immunoglobulin G (IgG) and F(ab’),, twofold serial dilutions of IgG or
F(ab"), were incubated with LT, followed by transfer to the cell plate. Data were
analyzed as described above, and the inflection point was reported as the mean
effective concentration (ECs). For TNAs performed in the presence of blocking
MAD 2.4G2 or 9EY, cells were preincubated with MAbs at a concentration of 10
pg/ml for 15 min prior to the addition of LT and the serum sample mix. For
experiments to determine the effect of PA concentration on the extent of the Fcy
receptor-mediated neutralization, PA was used at a concentration of 50 ng/ml or
400 ng/ml, whereas LF was used at 40 ng/ml.

IgG purification and F(ab’), preparation. IgG was purified from the rabbit
reference polyclonal serum (NR-3839) by using a Nab Spin kit (Pierce, Rockford,
IL) according to the manufacturer’s instructions. Briefly, rabbit polyclonal serum
was incubated with an immobilized protein G column for 10 to 15 min. After IgG
binding, the column was washed five times and bound IgG was eluted using a
low-pH elution buffer into a tube containing neutralization buffer. Purified IgG
was stored in 1X phosphate-buffered saline (PBS). F(ab’), fragments were pre-
pared from the purified rabbit polyclonal serum IgG described above by use of
an ImmunoPure F(ab’), preparation kit (Pierce). Briefly, approximately 10 mg of
IgG in 1 ml of digestion buffer was incubated with immobilized pepsin for about
3 h in a shaking water bath at 37°C. F(ab’), fragments were then purified using
an immobilized protein A column. Additional purification was performed using
a Bio-Gel P-100 column (Bio-Rad, Hercules, CA). Purified F(ab’), fragments
were concentrated and stored in 1X PBS. The concentrations of the purified IgG
and F(ab’), fragments were determined using absorbance at 280 nm and extinc-
tion coefficients of 1.43 and 1.48, respectively.

Flow cytometry. J774A.1 and RAW 264.7 cells were maintained in culture as
described above and harvested at 60 to 80% confluence to perform flow cyto-
metric analysis. Cells were washed and suspended in cold flow cytometry buffer
(FB), defined as Ca®*- and Mg>* -free PBS, supplemented with 10% fetal bovine
serum (HyClone, Logan, UT) and incubated for 30 min on ice to inhibit non-
specific binding of antibodies. Cells were incubated with either PE-conjugated
anti-FcyRI or PE-conjugated anti-FeyRII/ITI/IV for 30 min on ice at appropriate
concentrations, determined separately by titration to ensure saturation of all
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FIG. 1. Contribution of Fcy receptor-dependent neutralization in J774A.1 cell-based and RAW 264.7 cell-based TNAs. IgG was purified from
the polyclonal antiserum NR-3839; F(ab'), fragments were prepared from this IgG preparation. The indicated concentrations of either IgG or
F(ab'), fragments were examined for their ability to neutralize LT in either the J774A.1 cell-based TNA (A) or the RAW 264.7 cell-based TNA
(B). Each point corresponds to the mean of the values obtained for three independent sample preparations run on the same plate, with the
standard error of the mean indicated by the error bar. For each independent assay, the samples were run on duplicate plates. The figures are
representative of four and three independent assays for the J774A.1 and RAW 264.7 cell-based assays, respectively, with each independent assay

run on different days.

receptors. After one wash with FB, the cell suspension was stained to discrimi-
nate live from dead cells by using a commercially available kit according to the
manufacturer’s instructions (Live/Dead staining kit; Invitrogen, Carlsbad, CA).
A second wash with FB was performed before the samples were stained for other
cell surface markers. The following antibodies were used: anti-CD19 (clone
1D3), anti-CD45 (clone 30-F11), and anti-CD11b (clone M1/70). Appropriate
fluorochrome-labeled, isotype-matched antibodies were used as controls for sur-
face staining. After 30 min of incubation, cells were washed and fixed in 0.5%
paraformaldehyde (EMS, Hatfield, PA). Twenty thousand total events were
counted using an analytical LSR II flow cytometer (Becton Dickinson, San Jose,
CA). The starting point for all analyses was the exclusion of dead (Pacific Blue
positive) cells and of aggregates by comparison of forward scatter A versus
forward scatter H. Cells were then analyzed for CD45 and CD11b, characteristic
markers of leukocytes and macrophages, respectively, and CD19, a B-cell marker
used as negative control. Live CD45" CD11b* CD19~ cells, representing 98 to
99% of the cells, were then evaluated for expression of FcyRI and FeyRII/III/IV,
and the mean fluorescence of these entire populations was calculated. Data
analyses were performed using FlowJo (Tree Star, Inc.) software, v7.1.3.

Statistical analyses. All statistical analyses were performed using GraphPad
Prism 5 software. ED5gs, ECsgs, and EDs, ratios were log transformed prior to
analysis. For the determination of EDs, (or ECs) ratios, the ED5, (ECs) values
were established using a constrained four-parameter logistic model in which the
slope parameters and the asymptotes were equal in the two curves.

RESULTS

Fcy receptor-dependent neutralization in J774A.1 cells and
RAW 264.7 cells. Fcy receptor-dependent toxin neutralization
has been documented to occur in the J774A.1 cell-based TNA
(31). Fcy receptor-dependent neutralization might also be ex-
pected to be observed in the RAW 264.7 cell-based TNA, since
these cells express Fcy receptors (28). To determine the con-
tribution of Fcy receptor-dependent neutralization in each of
these two forms of the assay, we compared the neutralizing
capacities of equimolar amounts of a purified IgG preparation
and its corresponding F(ab’), fragments in the two different
cell-based TNAs. The difference in neutralization observed for
purified IgG and its corresponding F(ab'), fragments in a
particular assay represents the contribution of Fcy receptor-
dependent neutralization for that assay, since F(ab'), frag-

ments, which retain the bifunctional binding of the IgG anti-
body, lack an Fc portion (14) and therefore cannot bind to the
Fcy receptor on the cell surface. The IgG preparation used in
this study was isolated from a polyclonal antiserum (NR-3839)
pooled from rabbits immunized with an rPA vaccine. Our
reasons for using rabbit antiserum for this study were twofold.
First, rabbits will be utilized for pivotal protection and im-
munogenicity studies that will serve, in part, as the basis for
approval of new anthrax vaccines. Second, the quantities of
rabbit immune serum available to us were larger than those of
immune sera from other species, such as human, nonhuman
primate, or mouse, which is of particular importance when
purified IgG and F(ab’), fragments are needed. Of note, Fcy
receptor-dependent neutralization was observed previously
with immune sera from mice, rabbits, and humans, indicating
that the murine Fcy receptors can bind to the constant region
of IgG molecules of multiple species, despite the fact that the
primary structures of the Fc region differ between species (31).

As seen in Fig. 1A, the purified IgG preparation neutralized
LT more efficiently than the corresponding F(ab’), fragments
in the J774A.1 cell-based LT TNA. The geometric mean (GM)
ratio of ECsys for F(ab’),:IgG based on four independent
experiments was 3.0, with a 95% confidence interval (95% CI)
of 2.2 to 4.2. The fact that the lower limit of the 95% CI for the
ratio was clearly greater than 1.0 indicates that Fcy receptor-
dependent neutralization contributes significantly to the total
neutralization observed in the J774A.1 cell-based assay. When
the neutralization by the purified IgG preparation was com-
pared to that of the corresponding F(ab’), fragments in the
RAW 264.7 cell-based TNA (Fig. 1B), the GM ratio of the
EC;s for F(ab'),:IgG was 1.3, with a 95% CI of 1.3 to 1.4, as
determined in three independent assays. The GM ratio of the
ECs,s for F(ab’),:1gG obtained in the J774A.1 cell-based assay
was significantly different than that observed for the RAW
264.7 cell-based assay (P < 0.01, unpaired ¢ test), indicating
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that Fcy receptor-dependent neutralization plays a consider-
ably larger role in the J774A.1 cell-based assay.

Quantification of Fcy receptors on J774A.1 cells and RAW
264.7 cells. The finding that the two macrophage-based TNAs
manifest Fcy receptor-dependent neutralization to differing
extents prompted us to further investigate the root cause for
this difference. A simple explanation for the difference in Fc
receptor-dependent neutralization observed with the two as-
says might be a difference in the numbers of Fcy receptors
present on the surfaces of the two different cell types. Fc
receptors are classified based on the isotypes of antibodies that
they recognize. Fcy receptors bind the most prevalent antibody
isotype, IgG (27). In the mouse, four different classes of Fcy
receptors have been identified: FcyRI, FeyRIIB, FeyRIII, and
FeyRIV (23). Murine monocytes and macrophages have been
reported to express all four classes of Fcy receptors (23); thus,
both J774A.1 cells and RAW 264.7 cells, which were derived
from BALB/c mice, might be expected to express all four
classes of Fcy receptors.

We used flow cytometry to determine whether the quantities
of Fcy receptors on J774A.1 cells and RAW 264.7 cells differ.
Using an antibody specific for FcyRI or an antibody that
binds FcyRIIB, FcyRIII, and FcyRIV, we examined the
relative levels of abundance of these groups of receptors on
the two different cell types. Both cell types expressed FcyRI
and FcyRIIB/III/IV (Fig. 2). The mean fluorescence of FcyRI
binding was about two times greater for J774A.1 cells than for
RAW 264.7 cells, while about a 10-fold difference between the
two types of cells was observed for FeyRIIB/III/IV binding.
Thus, a simple explanation for the difference in the extents
of Fcy receptor-mediated neutralization observed between
the J774A.1 cell-based assay and the RAW 264.7 cell-based
assay may be the greater number of Fcry receptors, especially
FeyRIIB/III/IV, on J774A.1 cells.

Identification of specific Fcy receptor classes that play a
role in toxin neutralization. We next attempted to identify
specific Fcy receptor classes that can play a role in Fcy recep-
tor-dependent neutralization. We first examined the ability of
MADb 2.4G2, an FcyRIIB/III blocking antibody, to inhibit the
Fcy receptor-dependent neutralization observed with the poly-
clonal rabbit serum sample, NR-3839. As shown in Fig. 3A, the
presence of MAb 2.4G2 significantly decreased the neutraliza-
tion observed in the J774A.1 cell-based assay, as manifested by
a decrease in the EDs, of the serum sample examined. Three
independent replicates of this experiment were conducted, and
the GM ratio of the EDsys obtained with or without MAb
2.4G2 was 2.2, with a 95% CI of 1.8 to 2.6. This result indicates
that FcyRIIB and/or FcyRIII can contribute to the Fey recep-
tor-dependent neutralization observed in the TNA. In order to
determine whether FcyRIV might also contribute to Fey re-
ceptor neutralization, we next examined the effect of MAb
9E9, a MAD that functionally blocks FcyRIV (22). As seen in
Fig. 3B, MAb 9E9 significantly decreased the anthrax toxin
neutralization observed in the assay. The GM ratio of the
EDj4,s obtained with or without MAb 9E9 determined in three
independent experiments was 1.5, with a 95% CI of 1.3 to 1.6,
indicating that FcyRIV contributed modestly to the Fcy re-
ceptor-dependent neutralization.

The individual contributions of FcyRIIB and FcyRIII to the
neutralization of LT cytotoxic action on murine macrophages
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FIG. 2. Quantification of Fcy receptors on J774A.1 and RAW
264.7 cells, determined using flow cytometry. Flow cytometric analysis
was performed as described in Materials and Methods. Representative
histograms of live CD45" CD11b" CD19™ cells analyzed for FcyRI
(C) and FeyRIVIII/IV (D) are shown, with comparison to the appro-
priate isotype-matched, fluorochrome-labeled control antibodies for
each (FcyRI [A] and FeyRII/III/IV [B]). The arithmetic mean fluo-
rescent intensities = standard deviations from triplicate samples are
also shown (E).

could be distinguished further by using bone marrow-derived
macrophages derived from mice with mutations in genes en-
coding specific Fcy receptor subunits. We first confirmed that
the neutralization observed with wild-type bone marrow-de-
rived macrophages was sensitive to MAb 2.4G2. As shown in
Fig. 4, MAb 2.4G2 shifts the neutralization curve to the left
and decreases the ED5, of NR-3839 by about a factor of 2,
similar to that seen with J774A.1 cells. The individual roles of
FcyRIIB and FcyRIII were then distinguished using bone
marrow-derived macrophages from two different strains of KO
mice, Fcerlg and Fegr2b. The Fcerlg strain is referred to as
the FeyRI/III/IV knockout (KO) strain. The Fegr2b mouse is
deficient in the FcyRIIB protein of FeyRIIB (29) and is re-
ferred to as the FcyRIIB KO strain. Cells from both strains of
mice exhibited a shift in EDs, upon addition of the FcyRIIB/
III blocking antibody. The GM ratios of the EDs,s obtained
with NR-3839 with or without MAb 2.4G2 for the FcyRI/
III/TV KO strain and the FcyRIIB KO strain were 1.7 (95% CI
of 1.3 to 2.0) and 2.2 (95% CI of 1.8 to 2.7), respectively. Since
the FcyRIIB KO strain does not express FcyRIIB but does
express FcyRIII, the component of neutralization blocked by
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FIG. 3. Toxin neutralizing activity of rabbit polyclonal serum NR-3839, measured in the presence and absence of anti-FcyRII/III or anti-
FcyRIV. TNAs were performed essentially as described in Materials and Methods. The indicated dilutions of NR-3839 were used to neutralize
LT in J774A.1 cell-based TNAs in the absence (—) or presence (+) of anti-FcyRII/III (MAb 2.4G2) (A) and anti-FcyRIV (MAb 9E9) (B). Each
point corresponds to the mean of the values obtained for two independent sample preparations each run on a separate plate, with the standard

error of the mean indicated by the error bar. Each figure is representative of three independent assays, each run on different days.

MAD 2.4G2 is due to FcyRIII when cells from this KO strain
are used in the assay. Since the FcyRI/III/IV KO strain ex-
presses only FcyRIIB, the Fey receptor-dependent component
of neutralization seen with cells from this KO strain is due to
FcyRIIB. Because, in each case, the lower limit of the 95% CI
of the GM ratio of the EDss is greater than 1.0, these results
indicate that both FcyRIIB and FcyRIII can contribute to
toxin neutralization. The results reported above were obtained
using a polyclonal rabbit serum pool (NR-3839) to neutralize
the action of the toxin. Similar results were obtained using
either human or nonhuman primate polyclonal serum pools
(data not shown).

Dependence of Fc receptor-mediated neutralization on
PA concentration. Fcy receptor-dependent neutralization is
thought to occur through the interaction of Fcy receptors,
toxin-specific antibodies, and the toxin. For the case in which
antibodies were induced by vaccination with an rPA, toxin-
specific antibodies would target PA. Our results, described

above, suggest that the number of Fcy receptors available on
the cell surface can influence the magnitude of Fcy receptor-
dependent neutralization that is observed. We next investi-
gated whether the PA concentration used in the TNA might
also affect the magnitude of the Fcy receptor-dependent neu-
tralization observed. We examined the toxin neutralizing ca-
pacity of rabbit polyclonal antiserum NR-3839 when the PA
concentration used in the assay was either fixed at 50 ng/ml
(used in the experiments described above) or increased to 400
ng/ml. As shown in Fig. 5A and B, the extent of Fcy receptor-
dependent neutralization observed in the J774A.1-based LT
TNA exhibits a dependence on PA concentration. The GM
ratio of EDs s for neutralization with or without FcyRIIB/III
blocking MAb 2.4G2 increased from 2.6 (GM of three deter-
minations) at a [PA] of 50 ng/ml to 5.3 (GM of three deter-
minations) at a [PA] of 400 ng/ml, a statistically significant
difference (P < 0.01; unpaired ¢ test). The ratio of EDss for
neutralization with or without MAb 2.4G2 was not dependent
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FIG. 4. Fcy receptor dependence of anthrax toxin neutralization, determined using bone marrow-derived macrophages from wild-type (WT)
and KO mice. Primary cultures of bone marrow-derived macrophages were prepared from WT, FcyRIIB KO, and FeyRI/III/IV KO strains of
BALB/c mice. The macrophages were exposed to LT and various dilutions of polyclonal rabbit serum NR-3839, either in the absence (—) or in
the presence (+) of the FcyRII/III blocking MAb 2.4G2. Each point corresponds to the mean of the values obtained for two independent sample
preparations each run on a separate plate, with the standard error of the mean indicated by the error bar. Each figure is representative of three
independent assays, each run on different days.
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FIG. 5. Dependence of Fcry receptor-mediated neutralization on the concentration of PA used in the TNA. The indicated dilutions of NR-3839
in the absence (—) or presence (+) of anti-FcyRII/III (MADb 2.4G2) were examined for their ability to neutralize LT in either the J774A.1
cell-based TNA (A and B) or the RAW 264.7 cell-based TNA (C and D), using a PA concentration of either 50 ng/ml (A and C) or 400 ng/ml
(B and D). Each point corresponds to the mean of the values obtained for three independent sample preparations run on the same plate, with the
standard error of the mean indicated by the error bar. For each independent assay, the samples were run on duplicate plates. Each figure is

representative of three independent assays, each run on different days.

on LF concentration (data not shown), as might be expected
since the antibodies are specific for PA. In contrast to the [PA]
dependence seen in the J774A.1-based LT TNA, the RAW
264.7-based LT TNA did not exhibit this striking dependence,
as shown in Fig. 5C and D. For this assay, the GM ratios of
EDs,s for neutralization with or without MAb 2.4G2 were
similar at [PA] of 50 ng/ml and 400 ng/ml, i.e., 1.3 (GM of three
determinations) versus 1.4 (GM of three determinations), re-
spectively.

DISCUSSION

The anthrax TNA has been used, and is expected to continue
to be used, to evaluate the immunogenicity of new PA-based
anthrax vaccines in clinical studies. Therefore, a solid under-
standing of the nature and contributions of different types of

toxin neutralization measured by the assay is essential in order
to properly interpret assay output.

Our results indicate that Fcy receptor-dependent neutral-
ization manifests itself to differing extents depending on the
cell line used in the assay. Two of the most common cell lines
used in TNAs, J774A.1 cells and RAW 264.7 cells, are of
myeloid origin and express Fcy receptors on their surface. In
the case of the J774A.1 cell-based TNA, Fcy receptor-depen-
dent toxin neutralization contributes in a significant and sub-
stantial way to the total neutralization observed in the assay. In
contrast, in the RAW 264.7 cell-based TNA, Fcy receptor-
dependent neutralization contributes much less to the total
neutralization measured in the assay. These results indicate
that the two assays may provide fundamentally different infor-
mation about toxin neutralization. The basis for the difference
in the two cell-based assays may be simply the larger numbers
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of Fcy receptors on J774A.1 cells than on RAW 264.7 cells.
Such a result would imply that differences in cell growth con-
ditions that lead to altered expression of Fcy receptors on the
cell surface also have the potential to affect assay output for
either of these two cell-based assays.

We found that three murine Fcy receptor classes, FcyRIIB,
FceyRIII, and FcyRIV, can play roles in Fey receptor-depen-
dent neutralization. Our data do not exclude the possibility
that FcyRI might also contribute to Fcy receptor-dependent
neutralization. Murine Fcy receptor types are known to bind to
the four different murine IgG subclasses in a differential man-
ner. FcyRI displays high affinity for the Fc region of murine
IgG and has a restricted subclass specificity (2a >> 1, 2b, and
3), whereas FcyRIIB and FcyRIII have low to intermediate
affinity for the antibody constant region but display a broader
subclass specificity (1 = 2a = 2b >> 3) (8). FcyRIV is a
relatively recently discovered Fcy receptor type which displays
a low to intermediate affinity for IgG and restricted subclass
specificity (2a = 2b) (21). While the specificity of murine Fcy
receptor types for mouse IgG subclasses is well established,
less is known about the specificity and affinity of mouse Fcy
receptor types for IgG molecules of other species. Just as
specificities and affinities vary for the different mouse sub-
classes, specificities and affinities might vary for the different
IgG molecules of the different species. This raises the caution-
ary note that the extent to which Fcy receptor-dependent neu-
tralization contributes to the total amount of neutralization
observed in the TNA may depend on the characteristics of the
specific serum sample examined, e.g., species of origin, anti-
body isotype composition, antibody subclass composition, or
target epitopes. Factors that could affect serum antibody char-
acteristics likely include the dosing schedule, the adjuvant, and
the nature of the antigenic composition of the vaccine. There-
fore, care must be taken when interpreting results of an assay
in which Fcy receptor-dependent neutralization plays a role.
These results could have particular significance for interpret-
ing the output of the J774A.1 cell-based assay when the assay
is used to analyze the neutralizing action of a MADb, since the
specific characteristics of the antibody may significantly affect
assay output.

In this study, we also found that the extent to which Fcy
receptor-dependent toxin neutralization contributes to the to-
tal neutralization measured by the J774A.1 cell-based TNA is
strikingly dependent on the concentration of PA used in the
assay. FcyRII/III-dependent neutralization contributed to a
greater extent when PA was employed at a concentration of
400 ng/ml than when it was employed at 50 ng/ml. For most of
the experiments presented in this report, we chose to use PA at
a concentration of 50 ng/ml since this concentration has been
used in assays to evaluate clinical samples (9, 24, 26). Interest-
ingly, we did not observe this PA concentration dependence
for the RAW 264.7 cell-based assay. We do not know the
reason why RAW 264.7 cells respond differently than J774A.1
cells in this respect. Additional studies are needed to shed light
on this phenomenon.

In conclusion, our results suggest that elements of assay
design, such as cell type used and PA concentration, can sig-
nificantly influence the extent to which Fc receptor-mediated
neutralization plays a role in the TNA. Because differences in
assay parameters can significantly affect assay output, the use
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of a standardized form of the assay would facilitate the com-
parison of assay results between different laboratories. In ad-
dition, our findings indicate that a form of the TNA that
displays a significant component of Fcy receptor-dependent
neutralization, such as the J774A.1-cell based assay, may pro-
vide different information about anthrax toxin neutralization
than one which displays little or no component of Fcy recep-
tor-dependent neutralization, such as the RAW 264.7 cell-
based assay. This possibility raises the question of which assay
might be the best to use for the evaluation of new PA-based
vaccines in the clinic and in pivotal animal studies. The answer
to this question will depend on the results of studies which
elucidate the role that Fc receptor-dependent neutralization
plays in protection against B. anthracis infection in vivo.
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