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Abstract

Quantification of anthrax lethal toxin (LTx) neutralization activity (TNA) is pivotal in assessing protective antibody responses
to anthrax vaccines and for evaluation of immunotherapies for anthrax. We have adapted and redesigned the TNA assay to establish
a unifying, standardized, quantitative and validated technology platform for LTx neutralization in the J774A.1 murine cell line.
Critical design features of this platform are 1) the application of a free-form or constrained 4 parameter logistic (4-PL) function to
model neutralization responses within and between boundary limits of 100% cell survival and 95% cell lysis and 2) to exploit
innovative assay curve recognition algorithms for interpretive endpoints. The assay was validated using human serum ED50
(dilution of serum effecting 50% neutralization) as the primary reportable value (RV). Intra-operator and intermediate precision,
expressed as the coefficient of variation (%CV), were high at 10.5–15.5%CV and 13.5–14.5%CV respectively. TNA assay
dilutional linearity was demonstrated for human sera using linear regression analysis of log10 transformed data with slope=0.99,
intercept=−0.03 and r2=0.985. Assay accuracy, inferred from the precision and linearity data and using a spike-recovery
approach, was high with a percent error (%E) range of only 3.4–20.5%E. The lower limit of detection (LLOD) was ED50=12 and
the lower limit of quantification (LLOQ) was ED50=36. The cell-based assay was robust, tolerating incubation temperatures from
35 to 39 °C, CO2 concentrations from 3% to 7% and reporter substrate (MTT) concentrations of 2.5–7.5 mg/ml. Strict assay quality
control parameters were met for up to 25 cell culture passages. The long term (50 month) assay stability, determined using human
reference standards AVR414 and AVR801, indicated high precision, consistent accuracy and no detectable assay drift. A
customized software program provided two additional assay metrics, Quantification Titer (QT) and Threshold Titer (TT), both of
which demonstrate acceptable accuracy, precision and dilutional linearity. The TT was also used to establish the assay reactivity
threshold (RT). The application of the assay to sera from humans, Rhesus macaques and rabbits was demonstrated separately and
by aggregate dilutional linearity analysis of the ED50 (slope=0.98, intercept=0.003, r2=0.989). We propose this TNA assay
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format with a qualified standard reference serum and customized interpretive software as a unifying platform technology for
determination of functional serologic responses to anthrax vaccines and for evaluation of anthrax immunotherapeutics.
Published by Elsevier B.V.
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1. Introduction

The pathogenicity of Bacillus anthracis is due pri-
marily to the separate but complementary actions of the
γ-linked poly-D-glutamic acid (γDGA) capsule and the
two protein exotoxins, edema toxin (ETx) and lethal
toxin (LTx). Production of capsule and toxins parallels
the germination and outgrowth of B. anthracis spores
(Guidi-Rontani et al., 1999). The γDGA capsule pro-
tects the multiplying bacilli against phagocytosis and
the exotoxins disarm the innate and acquired immune
responses thus facilitating bacterial proliferation (Agra-
wal et al., 2003; Baldari et al., 2006; Xu and Frucht,
2007). The exotoxins comprise binary combinations of
protective antigen (PA) with edema factor (EF) to form
ETx, or PAwith lethal factor (LF) to form LTx (Leppla,
1999). ETx elevates intracellular cyclic-adenosine mo-
nophospate (cAMP) levels resulting in cytokine mod-
ulation, upregulation of the anthrax toxin receptor and
disruption of interstitial fluid balance (Cui et al., 2007;
Tessier et al., 2007). LTx inactivates members of the
mitogen-activated protein kinase kinase (MAPKK)
family to cause an imbalance in the production or
release of a range of cytokines (Singh et al., 1999). The
combined effects of the toxins are tissue edema and
local necrosis in cutaneous anthrax, and hemorrhagic
mediastinal necrosis, hypoxic insult and pleural edema
in systemic anthrax (Duesbery et al., 1998; Moayeri
et al., 2003). Ameliorating the toxin effects is central in
host protection against anthrax and much evidence has
accumulated that protection is mediated by antibody
responses whether actively induced or passively admi-
nistered. Vaccines and therapies targeting PA are
particularly effective (Klein et al., 1968; Little et al.,
1997; Pitt et al., 2001; Welkos et al., 2001).

LTx has been shown to cause death in a variety of
animal models and can lyse certain cell lines in vitro
(Vick et al., 1968; Ezzell et al., 1984; Friedlander,
1986). An in vitro LTx cytotoxicity assay (Friedlander
et al., 1993) has previously been developed and used
to evaluate the neutralizing potential of polyclonal
and monoclonal antibodies to PA and anthrax vaccines
(Pitt et al., 2001; Little et al., 2004; Pittman et al., 2005,
2006). The neutralization assay has been applied and
validated in a variety of formats (Hering et al., 2004). A
range of LTx sensitive cell types have been used in these
assays, most notably the murine monocyte/macrophage
J774A.1 and RAW264 cell lines (Hanna et al., 1993;
Arora et al., 1994; Tang and Leppla, 1999). The reporter
systems have included monitoring release of lactate de-
hydrogenase (LDH) and use of colorimetric reporters,
most commonly the tetrazolium salt, 3-[4,5-dimethylthia-
zol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) or
alamarBlue (Hansen et al., 1989; Quinn et al., 1991;
Friedlander et al., 1993; Hanson et al., 2006).

Typically, LTx neutralization activity (TNA) has been
reported as the ED50— the dilution of serum neutralizing
50% of total cell cytotoxicity, and the NF50 — the quo-
tient of a reference sample ED50 and the test sample
ED50 (Hering et al., 2004). The concentration of purified
antibody neutralizing 50% of total cell cytotoxicity is
usually reported as the EC50 (Lim et al., 2005).

The TNA assay has become increasingly pivotal as a
tool for quantifying functional antibody responses to
anthrax vaccines, for evaluation of immunotherapies for
anthrax and characterization of anthrax toxin inhibitors
(Brossier et al., 2004; Mohamed et al., 2004; Wang
et al., 2004; Huber et al., 2005; Hull et al., 2005; Lim
et al., 2005; Hanson et al., 2006; Pittman et al., 2006).
The assay formats, reportable values and interpretation
however, can vary significantly between laboratories,
leading to difficulty in comparison of data between
studies. It was our objective to address this variability by
creating a standardized technology platform for quanti-
fying LTx neutralization, developing this technology to
a level of standardization and robustness that facilitates
its use in a variety of laboratories, making the tech-
nologies and pivotal reagents generally available and
thence providing a framework for qualitative and quan-
titative comparison of different anthrax vaccine and
therapeutic studies. This article reports the development,
performance characteristics and validation using human
serum of a robust and rugged format of the TNA assay
and its application in evaluating immune serum from
humans, Rhesus macaques and rabbits. This format uses
standardized and characterized reagents in conjunction
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with customized interpretive software and a novel mathe-
matical algorithm to calculate and extrapolate multiple
reportable values, in addition to ED50, with high speci-
ficity, analytical sensitivity, accuracy and precision.

2. Materials and methods

2.1. Anthrax lethal toxin

Recombinant anthrax toxin protective antigen (rPA)
and lethal factor (rLF)were either supplied byDr. Stephen
Leppla, National Institute of Craniofacial and Dental
Research, National Institutes of Health, Bethesda, MD or
purchased fromList Biologicals, Campbell, CA.Antigens
were stored frozen in small aliquots (30 μl,≥1 mg/ml) in
5 mM Hepes, pH 7.5 at ≤−70 °C. The concentration of
LTx (50 ng/ml PA plus 40 ng/ml LF) used in the TNA
assay was determined by titration to ensure a potency of
approximately 95% cell killing under standard assay
conditions. LTx potency was reviewed every 2 months.

2.2. Human reference sera

Human standard reference sera AVR414 and
AVR801 were prepared from healthy adult volunteers
who had received a minimum of 4 subcutaneous in-
jections of Anthrax Vaccine Adsorbed (AVA, BioThrax,
BioPort Corp., Lansing MI) with the licensed regimen
(0, 2, 4 weeks, 6, 12 and 18 months). The preparation
and characterization of these sera are detailed elsewhere
(Semenova et al., 2004). The assigned ED50 values and
operational ranges of AVR414 and AVR801 in this
assay were determined from the average of 132 and
1045 individual test results, respectively. Human ref-
erence serum AVR801 is available from the CDC and
BEI Resources (Manassas, VA) under appropriate agree-
ments. The acquisition and use of human serum in this
study were approved by the Centers for Disease Control
and Prevention (CDC) Human Subjects Institutional
Review Board.

2.3. Preparation of pooled Rhesus macaque normal
serum and pooled Rhesus macaque anti-AVA antisera

Negative control Rhesus macaque (Macaca mulatta)
serum was derived from a Rhesus macaque normal
serum pool obtained commercially (Valley Biomedical,
Winchester, VA) and pre-screened by species specific
anti-PA immunoglobulin (Ig) G ELISA to confirm non-
reactivity to anthrax toxin PA. An anti-PA Rhesus ma-
caque standard reference serum AVR731 was prepared
by pooling serum from 10 different macaques who
received 3 intramuscular injections of a full human dose
of AVA at 0, 4 and 26 weeks. The sera were collected
at 7–14 days after the week 26 injection. To create
AVR731, the serum pool was diluted 1/3 with pooled
normal Rhesus macaque serum (Research Diagnostics,
Inc, Flanders, NJ). An anti-PA IgG concentration of
171.9 μg/ml was assigned to AVR731 by quantitative
species specific anti-PA IgG ELISA with affinity
purified anti-PA IgG as a standard (V. Semenova, un-
published data). All animal procedures were approved
by the CDC Institutional Animal Care and Use Com-
mittee (IACUC) and were implemented by the CDC
Scientific Resources Program (SRP).

2.4. Preparation of pooled rabbit normal serum and
rabbit anti-PA antisera

Negative control rabbit serumwas prepared by pooling
equal volumes of normal rabbit serum (Life Technologies,
Gaithersburg, MD and Sigma-ALDRICH, Inc., Saint
Louis, MO). Rabbit anti-PA standard reference serum
AVR819 was prepared by pooling equal volumes of
serum from 2 rabbits (New Zealand White, Myrtle's
Rabbitry Inc., Thompson's Station, TN) immunized with
7 intramuscular injections (0, 17, 28, 38, 49, 59, and
71 days) of 50 μg rPA in Freund's Incomplete Adjuvant
(Sigma-ALDRICH, Inc., Saint Louis, MO). The sera for
this reference serum pool were collected at 12 days after
the 7th injection. The serum pool was diluted 1/4 with
pooled normal rabbit serum (Sigma-ALDRICH, Inc.,
Saint Louis, MO and Valley Biomedical, Winchester,
VA). An anti-PA IgG concentration of 523.8 μg/ml was
assigned to AVR819 by quantitative species specific anti-
PA IgG ELISA with affinity purified anti-PA IgG as a
standard (D. Schmidt, unpublished data).

2.5. Sera for assay development and validation

Human, Rhesus macaque and rabbit sera were used
for assay development and performance evaluation.
Separate analyses of genus-specific dilutional linearity
and inferred accuracy together with analyses of the
aggregate data from all three genera were completed.
Assay validation was based on human sera because these
were the most abundant and best characterized reagents
available in terms of anti-PA antibody reactivity. Spe-
cifically, the validation sera were the human standard
reference serum AVR414, negative control (NE) sera
AVR190 and AVR811 and positive control sera AVR216,
AVR284 andAVR370. Positive control serawere selected
from human AVA vaccinees on the basis of measurable
PA-specific IgG reactivity and LTx neutralization activity
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as measured by enzyme-linked immunosorbent assay
(ELISA) and the TNA assay respectively (Quinn et al.,
2002, 2004; Semenova et al., 2004).

2.6. Toxin neutralization activity (TNA) assay standard
procedure

The J774A.1 murine monocyte/macrophage cell line
(TIB-67) used in this study is available from the
American Type Culture Collection (ATCC, Manassas,
VA) and from BEI Resources (Manassas, VA). The
J774A.1 cells were cultured in D-MEM supplemented
with high glucose (4.5 g/l), 4 mM L-glutamine (Gibco
BRL, Gaithersburg, MD), 5% heat-inactivated fetal
bovine serum (FBS,Hyclone, Logan,UT), 10mMHEPES
buffer solution (Gibco BRL), penicillin (50 units/ml),
streptomycin sulfate (50 μg/ml) and 1 mM sodium
pyruvate (Gibco BRL). All incubations were at 37 °C in
a 5% CO2 atmosphere, 95% relative humidity. Cultures of
J774A.1 cells were harvested during late exponential
growth into warmed growth medium and plated at 3×104

cells/well in 96-well flat bottommicrotiter plates, 17–19 h
prior to the assay. The standard reference serum, positive
neutralization control serum (PNC), negative control
serum (NE) and test materials were prepared in a separate
96-well microtiter plate and then incubated with anthrax
lethal toxin (50 ng/ml PA and 40 ng/ml LF) at 37 °C for
30 min. This ratio of PA to LF provides a 1.4:1 molar ratio
of PA:LF such that LF is in approximately a 1.7-fold
functional excess (Mogridge et al., 2002). LTx was titrated
to effect 95% cell lysis. The standard reference serum and
test materials were each prepared as seven-point log2
dilution series and plated in 3 adjacent well series (‘pseudo
triplicates’) to control for potential inter-well cell density
variance. Matched controls for the test sera were plated in
duplicate in the absence of LTx at the lowest dilution of the
test serum series (100% viability controls). An additional,
independent serum positive neutralization control (PNC)
for 100% viability in the presence of LTx was plated in
triplicate at 1/100. Spent medium was removed from the
J774A.1 cells, the toxin–antiserum mix was then
transferred (100 μl/well) to the J774A.1 cell plate and
the incubation continued for 4 h. Cell viability was
determined by the addition of 25μl/well of a 5mg/ml stock
solution of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide (MTT, Sigma Chemicals, St. Louis, MO)
dissolved in 0.01 M phosphate buffered saline (PBS) pH
7.4 (Life Technologies, Gaithersburg, MD), and the
incubation continued for 2 h. The assay was terminated
by addition of 100 μl/well of an aqueous preparation of
20% wt/vol SDS (Sigma Fine Chemicals, St. Louis, MO),
50% vol/vol N,N,-dimethyl formamide (DMF) (Fisher
Scientific, Pittsburg, PA) and incubation at 37 °C for 16 to
20 hours (overnight). Optical density (OD) values were
read at 570 nmwith a 690 nm reference filter using aMRX
Revelation™microtiter plate reader (Thermo Labsystems,
Franklin, MA). The minimum serum dilution used in the
assaywas 1/50. For development and validation studies the
test materials were sera or purified murine monoclonal
antibodies. Alternative test materials for evaluation as LTx
inhibitors may be substituted at dilution or concentration
ranges that generate a sigmoidal dose–response curve.

2.7. Mathematical model for dose–response curves

All TNA assay analyses and endpoint calculations
were done in SAS® version 8.0, 8.2, or 9.1 (SAS In-
stitute Inc. Cary, NC) running a customized endpoint
calculation algorithm (Taylor et al., 2003). The TNA
analysis code used in this study was designated ED50.51.
The code used a 4 parameter logistic (4-PL) model to fit a
dose–response curve to the data (Fig. 1). For evaluation
of sera of low reactivity the code contains a pattern-
recognition algorithm which distinguishes among fully
formed sigmoid neutralization curves, partially formed
curves (upper asymptote not defined by the data) and the
absence of curve formation (negative sera). Full curves
are estimated using Gaussian or Marquardt methods,
which deliver nearly equivalent results if both are con-
vergent. Partial curves are defined algorithmically using
the pattern-recognition logic described above. For partial
curves in which the upper region of the curve is not well-
characterized by the dilution data, the computed curve is
constrained to the upper asymptote of either the reference
standard or the matched-serum control on the same plate.
The choice of constraint is based on the best fit of the data.
The resultant fitted curve is the best approximation of the
true, full sigmoid curve that would have been estimated if
the full range of OD signal had been observable below the
minimal starting dilution (Fig. 1.A).

2.8. Assay reportable values

To enhance the analytical sensitivity of the assay the
software calculates three reportable values (RV); the
reciprocal of the effective dilution of a serum sample
providing 50% LTx neutralization (ED50), the Thresh-
old Titer (TT) and the Quantification Titer (QT). Each of
these values was defined in the context of the implicit
full curve from the 4-PL function, fitted to the 7-point
log2 dilution series of triplicate optical density (OD) val-
ues from each independent serum neutralization curve.
The ED50 was the primary reportable value and was
determined as the reciprocal of the dilution corresponding



Fig. 1. Schematic representation of the 4-PL model for LTx neutralization in J774A.1 monocyte macrophages (not to scale). A. ED50, reactivity threshold
(RT) and curve extrapolation for low reactivity sera. The software used a 4 parameter logistic (4-PL) model to fit a dose–response curve to the data. Full
curves are estimated using Gaussian or Marquardt methods, dependent on convergence. Partial curves from sera of low reactivity are defined algorithmi-
cally using a pattern-recognition logic which distinguishes among fully formed sigmoid neutralization curves, partially formed curves (upper asymptote
not defined by the data) and the absence of curve formation (negative sera). For partial curves the computed curve is constrained to the upper asymptote of
either the reference standard or the matched-serum control on the same plate (100% neutralization). The choice of constraint is based on the best fit of
the data. The resultant fitted curve is the best approximation of the true, full sigmoid curve that would have been estimated if the full range of OD signal had
been observable below the minimal starting dilution. B. Illustration of the relationship between the 1st derivative of the 4-PL model and the Threshold
Titer (TT). The TTwas defined as the highest serum dilution corresponding to a fixed, empirically determined level of 30% of the maximum slope of the
first derivative of the fitted 4-PL curve. C. Illustration of the relationship between the 2nd derivative of the 4-PLmodel and theQuantificaton Titer (QT). The
second derivative of the 4-PLmodel was used to identify the upper and lower “bends” of the curve. The region between these points was the Quantification
Range of the assay curve. The higher-dilution end of the range was interpolated to the dilution axis to provide the QT. The SAS algorithm also used the
quantification range to compute mass values for test samples by interpolation to a reference serum with an assigned anti-PA IgG calibration factor.
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to the inflection point (‘c’ parameter) of the 4-PL fit. The
TTwas defined as the highest serum dilution correspond-
ing to a fixed, empirically determined level of 30% of the
maximum slope of the first derivative of the fitted 4-PL
curve (Fig. 1.B). TheQTwas the highest serum dilution in
that region defined by the second derivative of the 4-PL
model to identify the upper and lower “bends” of the
curve. The QTwas an extension of the threshold concept
to the points where the change in slope was most mea-
surably changing from zero at both the upper and lower
bends in the curve. The region between these points was
the Quantification Range of the assay curve. The higher-
dilution end of the range was interpolated to the dilution
axis to provide the QT (Fig. 1.C). The SAS algorithm
also computed mass values for test samples by interpola-
tion to a reference serum with an assigned anti-PA IgG
calibration factor. The interpolation for mass values was
only applied within the Quantification Range of the ref-
erence serum.

2.9. Assay acceptance criteria

The acceptance criteria for the each assay plate were
designed to be comprehensive and rigorous. They were
derived from the performance characteristics of the
assay-critical reagents; the anthrax lethal toxin (lethal
factor and protective antigen), the J774A.1 cell line and
the standard reference reagent. Primary acceptance
criteria were based on the essential operational char-
acteristics of the assay; cell density, LTx potency,
appropriate dose–response curve formation in the
reference standard, and acceptable operator precision.
Specifically, these criteria included: 1) the mean OD
value for the negative control serum (NE) with LTx
(≥95% cell lysis) was required to be ≤0.45 OD units;
2) the maximum OD mean triplicate value for the serum
standard (100% viability) was required to be ≥0.85
(acceptable curve height); 3) within-dilution %CV of
OD values for reference standard dilution triplicates was
required to be ≤20% for 6 of the 7 dilutions (acceptable
intra-assay precision); 4) the difference between the
maximum OD mean triplicate and the minimum OD
triplicate value was required to be ≥0.55 OD units
(adequate curve depth); 5) the mean OD value for the
positive neutralization control (PNC) was required to be
≥0.85 (upper asymptote control) and 6) the difference
between the mean OD triplicate for the highest dilu-
tion and mean OD value for the negative control was
required to be ≤0.25 OD units (adequate formation of
curve lower asymptote). Secondary acceptance criteria
were based on specific performance characteristics of
the reference standard curve to ensure that the critical
reagents and 4-PL model were performing to the re-
quired specification. These criteria included: 1) the
ED50 value of standard reference serum was required
to be within a range of ±2 standard deviations (SD)
from the established operational arithmetic mean (e.g.
AVR414, ED50=1128±542); 2) the 4-PL curve gener-
ated from the standard reference serum was required
to have a squared correlation coefficient (r2) value of
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≥0.945 (adequate goodness of fit to the 4-PL model); 3)
at least three OD mean triplicate dilution points were
required to be on either side of the inflection (adequate
formation and empirical data distribution for a full
sigmoid curve from the reference serum). In addition,
the test samples were required to have an r2N0.895
in the 4-PL model, the percent coefficient of variation
(%CV) for all triplicate OD value data points for the
test samples was required to be ≤20% for 6 of the 7
dilutions and the test sample curve was required to
converge using a Gaussian or Marquardt model. All
of these criteria were evaluated automatically in the
analysis software. The matched-serum controls (no LTx)
provided an assessment of potential effects of test se-
rum analytes on the J774A.1 cell viability. Assay devel-
opment studies were used to evaluate assay ruggedness
and robustness and to determine assay tolerances to es-
tablish acceptance criteria for validation. Validation
focused on intra-operator precision, inter-operator (inter-
mediate) precision, dilutional linearity, lower limit of
detection (LLOD) and lower limit of dilutional quantifi-
cation (LLOQ). In the absence of an independent stan-
dard, accuracy was inferred from linearity and precision
using assay-assigned ED50 values. The ED50 provided
the primary analytical endpoint for assay validation. QT
and TT were recorded for additional analysis of assay
performance.

2.10. Assay precision, goodness of fit and drift

Precision is a measure of the degree of repeatability of
the assay under normal operating conditions. Intra-
operator precision was expressed as the coefficient of
variation (%CV) of the ED50 for each of 3 different
human sera tested n≥4 on 3 non-consecutive days to
generate a minimum of 12 replicates per sample. For
validation purposes, the acceptable level of intra-operator
precision for the TNA test serum ED50 was ≤30%CV.
Inter-assay (intermediate) precision was expressed as the
coefficient of variation (%CV) of the ED50 for each
human validation sera tested by 2 different operators over
three non-consecutive days to complete a minimum of
24 replicates per sample. Intermediate precision for ma-
caque and rabbit samples was determined from the ED50
endpoints (n=50) from multiple operators over multiple
days for each of the macaque and rabbit reference stan-
dards AVR731 andAVR819, respectively. The acceptable
level of intermediate precision for this TNA assay was a
≤30%CV. Intermediate precision for both the QTand TT
was also recorded.

The ‘goodness of fit’ of the assay was, for com-
parative purposes, an indication of how closely the data
points of the standard reference serum curve fit the 4-PL
model. These data should exhibit a sigmoidal shape
when plotted on an optical density–log2 dilution scale.
The ‘goodness of fit’ was expressed as the estimated
non-linear squared correlation coefficient (r2) of the
standard curve and determined by averaging the r2

values of at least 100 independent standard reference
curves for AVR414. An r2 value that approaches 1.0 is
indicative of a ‘good fit’ for the data to the curve.

Assay stability, longitudinal performance and driftwere
assessed from the characteristics of reference standards
AVR414 andAVR801 over a 50month period (25months'
AVR414; 26 months' AVR801 with 1 month overlap).
Additional parameters reviewed included the Quantifica-
tion Titer (QT), Threshold Titer (TT), mean r2 of the 4-PL
fit for each reference (RSQRD), mean OD of the negative
control (ODNEGMEAN), maximum OD triplicate mean
for a sample (ODTRIPMAX), minimum OD triplicate
mean for a sample (ODTRIPMIN), maximum CVof the
dilution OD values for a sample (ODCVMAX), mean OD
of the positive neutralization control (ODPNCMEAN),
and the lower asymptote ‘a’, upper asymptote ‘b’ and slope
‘d’ parameters of the 4-PL fit.

2.11. Accuracy and inferred accuracy

Accuracy is a measure of the exactness of the assay,
or the closeness of agreement between the measured
value and the value that is accepted as a true value or an
accepted reference value. Accuracy was expressed as
the percent error (%E) between the assay-determined
(observed) value and the assigned (expected) value for
the validation serum. In this study, accuracy was eval-
uated in two separate approaches. In the first approach,
accuracy was evaluated by repeated analysis of 12 pos-
itive control human anti-AVA antisera for which anti-PA
IgG concentrations were pre-assigned by independent
enzyme-linked immunosorbent assay (Quinn et al.,
2002) and one affinity purified IgG1 murine monoclonal
anti-PA IgG (AVR1046) with a mass value assigned by
absorbance at 280 nm. The observed assay anti-PA IgG
values were calculated in the TNA assay by interpola-
tion from the test serum curve to the quantification range
of AVR414 reference standard using a calibration factor
of 141.2 μg/ml anti-PA IgG (Semenova et al., 2004). For
accuracy experiments, each of 12 human sera and 1
murine monoclonal anti-PA IgG was tested a minimum
of 3 times by 3 independent operators. In the second
approach, accuracy was determined by inference. In-
ferred accuracy is used where an independently assigned
neutralization standard is not available (Food and Drug
Administration, Guidance for Industry). In this assay, it
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was determined by spike-recovery analysis of 21
positive sera for which the ED50 had been assigned
based on the dilution factor of the parental sample.
Inferred accuracy required acceptable levels of linearity
and precision to be demonstrated. Inferred accuracy was
calculated by comparing the %E between the observed
ED50 of spiked serum with the expected ED50 for that
serum. For inferred accuracy experiments, each of 21
human, 7 rabbit and 7 Rhesus macaque samples was
tested a minimum of 3 times by 2 independent
operators using the same sample panel as for dilutional
linearity.

2.12. Dilutional linearity

The dilutional linearity of an assay is its ability to
elicit results that are directly, or by a well-defined
mathematical transformation, proportional to the neu-
tralizing efficacy of a test sample. Dilutional linearity of
ED50, QT and TT and inferred accuracy of the ED50
were evaluated from the same set of experiments using
stock sera from three different animal genera; human,
Rhesus macaque and rabbit, for which the ED50 was
assigned from multiple tests (n≥50) over a range of 9–
35 months. For construction of spike-recovery samples,
a human negative serum pool (AVR190), a macaque
negative serum pool (AVR815) and a rabbit negative
serum pool (AVR820) were each spiked with their
genus-specific anti-PA IgG positive control or reference
serum at a range of different dilutions. The human
positive control sera AVR216, AVR284 and reference
standard AVR414 were each spiked into human neg-
ative serum at six separate dilutions between 1/2 and 1/
64 to create a panel of 21 positive sera that represented
a range of expected ED50 values from 10.8 to 940.8.
Macaque positive serum pool AVR731 and rabbit posi-
tive serum pool AVR819 were spiked into their re-
spective negative sera, AVR815 and AVR820, at six
different dilutions between 1/2 and 1/128 to create a
panel of 14 sera that represented a range of expected
ED50 values from 25.3 to 3237.2 for macaque and
rabbit inclusive. All spiked samples were tested at a 1/50
starting dilution. Partial curves were constrained to an
upper asymptote as described above. Dilutional linearity
was calculated by weighted least squares regression
analysis of log10 transformed observed vs. expected
values for the ED50, QT and TT for each of the spiked
serum pools. A two-sided t-test was used to determine
whether the intercepts of regression data were signifi-
cantly different from the origin. The r2 statistic in
combination with the slope and the y-intercept was used
as a measure of goodness of fit for the regression. All
serum tests were done in triplicate in a minimum of two
separate assays. For assay validation, the acceptance
criteria for dilutional linearity were 1) the slope of the
regression for the ED50 values was between the range
0.7 and 1.3 and 2) a squared correlation coefficient (r2)
≥0.900.

2.13. Lower limit of detection and lower limit of
quantification

For assay validation using human sera, the empirical
lower limit of detection (LLOD) and the lower limit of
quantification (LLOQ) were determined from the highest
dilution of a known positive serum for which a Threshold
Titer (TT) was calculated and for which at least one data
point on the constructed curvewas at or above the TT. The
LLOQwas the lowest ED50 calculatedwith an acceptable
level of precision (≤30%CV) and accuracy (≤30%E).
LLOD and LLOQ were calculated from the same data set
as for dilutional linearity.

2.14. Reactivity threshold

The reactivity threshold (RT) (Fig. 1.A) was used to
categorize a serum as reactive or non-reactive and thence to
determine the diagnostic sensitivity (DSN) and diagnostic
specificity (DSP) of the assay. For this study the RT
required that the OD values of 2 or more data points from
the test serum curve were greater or equal to the TT for that
curve. If only one data point was greater or equal to the TT
optical density (OD) reading or a TT could not be
calculated, then the sample was considered non-reactive.

2.15. Diagnostic sensitivity and specificity

Diagnostic sensitivity (DSN) is the ability of the
assay to identify a true positive (TP) result. Diagnostic
specificity (DSP) is the ability of the assay to identify a
true negative (TN) result. For calculation of DSP and
DSN, sera were first classified either as true positives
(TP) or true negatives (TN) on the basis of their clinical
or anthrax vaccination status. DSN was calculated
as (TP / (TP+FN))×100. DSP was calculated as (TN/
(TN+FP))×100 where FN and FP are false negatives
and false positives, respectively. The DSN test panel
comprised 100 sera obtained from humans with either
clinically confirmed anthrax (Quinn et al., 2004) or a
known history of vaccination with anthrax vaccine
adsorbed (AVA). The DSP panel comprised 195 sera
assembled from samples provided by the CDC Occupa-
tion Health Service (CDC, Atlanta, GA), the National
Health and Nutrition Examination Survey (NHANES,
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CDC, Atlanta, GA) and individual patient sera with
clinically confirmed non-anthrax-related illnesses or
vaccinations. The clinical sera were from acute Hae-
mophilus influenzae infection, staphylococcal infection,
legionellosis, Chlamydia pneumoniae infection, Myco-
bacterium pneumoniae infection and from recipients of
non-anthrax related vaccines (influenza, hepatitis-B,
tetanus toxoid and botulinum toxoid). For determination
of DSN and DSP, sera were tested once with a starting
dilution of 1/50. FP and FN were identified using the
assay RT. The acquisition and use of human serum were
approved by the CDC Human Subjects Institutional
Review Board.

2.16. Assay robustness

Robustness is a measure of the assay's capacity to
remain unaffected by small but deliberate variations in the
method parameters. Robustness evaluations provide an
indication of assay reliability by simulating the inad-
vertent variations that might occur in normal use. The
parameters tested to evaluate the robustness of the TNA
assay were: incubation temperature (35 °C, 37 °C and
39 °C), intoxication period (3.5 h, 4.0 h and 4.5 h),
incubator CO2 concentration (3%, 5% and 7%), MTT
concentration (2.5mg/ml, 5 mg/ml, and 7.5 mg/ml), MTT
incubation period (1.5 h, 2.0 h, and 2.5 h), and cell passage
number. The cell passage number (P) was defined as the
number of times that a cell preparation had been sub-
cultured. Cell stocks received from the American Type
Culture Collection (ATCC) were considered as passage
number 1. The effect of cell passage number on the ED50
was determined by repeated analysis of characterized test
samples on cells that had undergone between 6 and 15 cell
passages (P≤15), 20 cell passages (P20), and 25 cell
passages (P25). Cell passages P≤15 were considered the
basic procedure as these are the minimum number of
passages required to produce sufficient cell densities for
routine serological testing. The effect of cell passage was
determined by comparison of≥20 ED50 at each passage
number value using the standard reference serum and each
of 3 test sera, together with the ‘goodness of fit’ of the
standard reference curve to the 4-PL model. For all
robustness test conditions, 3 operators each tested 6 plates
per day on each of 3 days. The acceptance criteria for
robustness included the requirement that all test plates
meet all quality control criteria.

2.17. Statistical analysis of test conditions

All statistical analyses were done using SAS®
version 9.0 or higher (SAS Institute Inc. Cary, NC).
Summary procedures in SAS® were used to capture the
mean, standard deviation (SD), standard error (SE) and
coefficient of variance (%CV) of the ED50, QT and TT
values for the standard reference serum and each test
sample, where appropriate. Robustness was evaluated
by inter-condition %CVof the ED50 values of all sam-
ples for each experimental condition. Dilutional linear-
ity was evaluated by a weighted least squares regression
analysis of log10 transformed data. A two-sided t-test
was used to determine whether the intercepts of regres-
sion data were significantly different from the origin.
The r2 statistic in combination with the slope and the y-
intercept was used as a measure of goodness of fit for
the regression. Analysis of covariance (ANCOVA) was
used to compare the dilutional linearity regression anal-
yses between human, Rhesus macaque and rabbit data
where the slopes of the regression lines were first shown
to be equivalent (t-test). Where levels of statistical sig-
nificance were considered, the p values were set as p=
0.05. Rounding of the reported values was done after
statistical analyses.

3. Results

3.1. Precision, goodness of fit and assay drift

Intra-operator precision was determined by the re-
peated analysis of 3 human validation sera that gen-
erated full sigmoid dilution–response curves and
represented a range of high, medium and low ED50
values (AVR216, ED50=714; AVR284, ED50=345;
AVR370, ED50=225). Intra-operator precision was
high and ranged from 10.5 to 15.5%CV and met the
acceptance criteria of ≤30% (Table 1). Intermediate
(inter-operator) precision was also high, with 13.5%–
14.5%CV (Table 1). The longitudinal performance
of the assay, as determined from 3116 independent
AVR414 standard reference curves tested over a 25month
period, was ED50=976 (SE=4.1) and intermediate
precision was 23.2%CV. Goodness of fit (mean r2) for
these data was r2=0.990 (Table 2). The proportion of
ED50 values N2SD from the assigned value were 7.5%
and 1.2% for AVR414 and AVR801 respectively. These
proportions comprise all assays including those not
meeting the QC criteria (QC failures). The low frequen-
cies of discrepant plates were distributed similarly
between high and low ED50 values (data not shown).
Performance ranges and intermediate precision of the QT
and TT for these data were QT=1739 (SE=10.7) with
34.3%CV and TT=2875 (SE=20.4) with 39.6%CV
(Table 2). Similar evaluation of the assay determined
from 3130 independent AVR801 standard reference



Table 1
Precision and intermediate precision of the TNA assay using human
sera

Sample n Mean
observed
ED50

Std dev %CV Pass/fail
acceptance
criteria

Operator 1
precision

AVR216 12 688 107 15.5% Pass
AVR284 12 315 38 11.9% Pass
AVR370 12 210 28 13.2% Pass

Operator 2
precision

AVR216 12 614 65 10.5% Pass
AVR284 12 282 37 13.1% Pass
AVR370 12 187 24 13.0% Pass

Intermediate
precision

AVR216 24 651 94 14.5% Pass
AVR284 24 299 40 13.5% Pass
AVR370 24 199 28 14.2% Pass

Precision and intermediate precision were assessed by two indepen-
dent operators testing 3 samples a minimum of 4 times on each of three
non-consecutive days. Intra-operator precision was expressed as the %
CVof the ED50 values for each sample for each operator. Intermediate
(inter-operator) precision was expressed as the overall %CV of the
ED50 values for each sample for both operators.
n=number of observations.
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curves tested over a 26 month period was ED50=548
(SE=2.0) and intermediate precision of 20.6%CV. Good-
ness of fit (mean r2) for these data was r2=0.994.
Performance ranges and intermediate precision of the
QT and TT for these data were QT=902 (SE=4.5)
Table 2
Evaluation of assay performance with extended use

Variable AVR414 mean performance
data by time period (months)

Combined AVR414 da
and precision (%CV)
n=3116

1–8
(n=1102)

9–20
(n=1466)

21–25
(n=548)

Mean Standard
error

%C

ED50
(‘c’ parameter)

961 1025 878 976 4.1 23

QT 1730 1822 1536 1739 10.7 34
TT 2903 2999 2489 2875 20.4 39
RSQRD 0.991 0.989 0.991 0.990 b0.015 0.9
ODNEGMEAN 0.249 0.225 0.247 0.237 b0.015 26
ODTRIPMAX 1.457 1.474 1.474 1.468 b0.015 19
ODTRIPMIN 0.303 0.284 0.285 0.291 b0.015 29
ODCVMAX 7.3% 7.9% 6.9% 7.5% b0.015 N/
ODPNCMEAN 1.431 1.404 1.395 1.412 b0.015 18
‘a’ parameter 0.290 0.270 0.280 0.279 b0.015 29
‘b’ parameter 1.460 1.469 1.473 1.466 b0.015 20
‘d’ parameter 2.282 2.384 2.412 2.353 b0.015 19

Assay stability, longitudinal performance and drift were assessed from the
50 month period (25 months' AVR414; 26 months' AVR801 with 1 month
Titer (QT), Threshold Titer (TT), mean r2 of the 4-PL fit for each reference (R
OD triplicate mean for a sample (ODTRIPMAX), minimumOD triplicate mea
for a sample (ODCVMAX), mean OD of the positive neutralization control (O
slope ‘d’ parameters of the 4-PL fit. N/A=not applicable.
with 27.6%CV and TT=1405 (SE=9.1) with 36.3%CV
(Table 2). Macaque and rabbit positive control sera tested
(n=50) by multiple operators also showed acceptable
levels of intermediate precision for the ED50 of 27.7%CV
and 20.5%CV, respectively (data not shown). The com-
bined data indicate a very high agreement of the assay
with the 4-PL model, high precision and the assay did not
drift in extended use.

3.2. Accuracy and inferred accuracy

Accuracy of anti-PA IgG concentration measure-
ments was determined by repeated analysis of 12 posi-
tive control human anti-AVA antisera for which the
‘expected’ anti-PA IgG concentration was assigned by
ELISA and a purified murine monoclonal anti-PA IgG1
(AVR1046) whose protein concentration was assigned
by absorbance at 280 nm. The ‘observed’ values were
calculated by interpolation to the reference standard on
the TNA assay plate. For accuracy of calculated IgG
concentrations the data show a range of percent errors
for all test sera of 2.4–51.2%E, only two of which were
in an acceptable range of b25%E (Table 3). Precision
for these data ranged from 6.1 to 19.5%CV except for
one sample (AVR386) which had a 39.6%CV. The low
accuracy together with the generally high precision
indicated that neutralization efficacy of sera with
ta AVR801 mean performance
data by time period (months)

Combined AVR801 data
and precision (%CV)
n=3130

V 25–32
(n=1015)

33–44
(n=1106)

45–50
(n=1009)

Mean Standard
error

%CV

.2% 519 558 565 548 2.0 20.6%

.3% 864 961 875 902 4.5 27.6%

.6% 1349 1561 1291 1405 9.1 36.3%
% 0.994 0.994 0.994 0.994 b0.015 0.5%
.4% 0.224 0.233 0.234 0.230 b0.015 17.3%
.8% 1.372 1.312 1.355 1.345 b0.015 17.7%
.6% 0.239 0.258 0.254 0.251 b0.015 20.4%
A 6.9% 6.5% 6.4% 6.6% b0.015 N/A
.3% 1.324 1.264 1.303 1.296 b0.015 17.6%
.1% 0.243 0.260 0.262 0.255 b0.015 20.4%
.2% 1.386 1.320 1.355 1.353 b0.015 18.1%
.9% 2.627 2.520 3.093 2.739 b0.015 26.9%

characteristics of reference standards AVR414 and AVR801 over a
overlap). Additional parameters reviewed included the Quantification
SQRD), mean OD of the negative control (ODNEGMEAN), maximum
n for a sample (ODTRIPMIN), maximum CVof the dilution OD values
DPNCMEAN), and the lower asymptote ‘a’, upper asymptote ‘b’ and



Table 3
Assessment of accuracy using anti-PA IgG mass values

Sample n Expected IgG
(μg/ml)

Observed
mean IgG
(μg/ml)

Observed
std dev

%
CV

%
Error

AVR216 12 102.0 99.6 14.4 14.5 2.4
AVR284 12 100.9 49.4 7.3 14.7 51.0
AVR286 12 34.0 16.6 3.2 19.3 51.2
AVR329 11 380.8 267.6 52.2 19.5 29.7
AVR342 11 31.6 20.1 3.7 18.5 36.4
AVR350 11 151.0 126.9 16.5 13.0 16.0
AVR353 12 43.1 29.9 2.7 9.2 30.7
AVR368 13 326.8 220.7 38.5 17.4 32.5
AVR370 13 59.8 32.5 2.4 7.4 45.7
AVR382 12 263.1 185.7 22.2 12.0 29.4
AVR386 12 137.1 90.4 35.8 39.6 34.1
AVR401 12 131.4 88.8 11.4 12.9 32.4
AVR1046 54 5200.0 2828.6 171.2 6.1 45.6

Accuracy was expressed as the percent error (%E) between the assay-
determined (observed) value and the assigned (expected) value for the
validation sera (n≥11). Accuracy was evaluated by repeated analysis
of 12 positive control human anti-AVA antisera using anti-PA IgG
concentrations assigned by independent ELISA and one murine
monoclonal anti-PA IgG with a mass value assigned by absorbance at
280 nm. Samples were tested 3 times by 3 independent operators. The
observed anti-PA IgG values were calculated in the TNA assay by
interpolation to the AVR414 reference standard with a calibration
factor of 141.2 μg/ml anti-PA IgG.

Table 4
Assessment of inferred accuracy using assigned ED50 values and spike-reco

Sample n Expected ED50 Observed mean ED50 Observed rang

AVR284-32 4 11 01 0–0
AVR414-64 4 15 01 0–0
AVR216-64 4 11 31 0–11
AVR414-48 4 20 31 0–12
AVR284-24 4 14 61 0–24
AVR216-48 4 15 121 0–24
AVR284-16 4 22 151 0–32
AVR414-32 4 29 171 0–27
AVR216-32 4 22 211 13–29
AVR216-16 4 45 36⁎ 30–40
AVR284-8 4 43 39 31–49
AVR414-16 4 59 53 44–60
AVR284-4 3 86 82 61–104
AVR216-8 4 89 86 74–100
AVR414-8 4 118 105 97–113
AVR284-2 4 172 145 124–163
AVR216-4 4 179 160 141–173
AVR414-4 4 235 213 193–231
AVR284 12 345 301 259–343
AVR216 12 714 676 580–794
AVR414 12 941 821 734–920

Inferred accuracy was determined by spike-recovery analysis of 21 human p
factor of the parental sample. Samples were tested by two operators on non-co
expected ED50 and %E was reported. For all accuracy experiments, each of 21
of 3 times by at least 2 independent operators. ⁎Lower limit of quantificatio
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predetermined anti-PA IgG mass values may not be
determined by interpolation to a standard reference
serum with a fixed anti-PA IgG calibration factor.

Inferred accuracy of the TNA assay ED50 however,
was high for samples above the LLOQ. Inferred
accuracy was determined using 21 spiked positive
human sera that represented a range of expected ED50
values from 10.8 to 940.8. All validation human sera
with an ED50 ≥36 (LLOQ) had low percent errors (%
E) ranging from 3.4 to 20.5%E with precision ranging
from 7.4 to 26.4%CV (Table 4), thus demonstrating
high levels both of accuracy and precision for the ED50
for a cell-based assay (Hering et al., 2004; Wei et al.,
2007).

3.3. Dilutional linearity

Dilutional linearity of the assay is the ability to elicit
results that are directly, or by a well-defined mathema-
tical transformation, proportional to the neutralizing ef-
ficacy of a test sample. Data below the empirical LLOQ
were included in these analyses. For validation of this
method, the fit of all data for the regression analysis of
log10 observed vs. expected ED50 values was required
to have a mean r2≥0.900 and a slope between 0.7 and
1.3 (unpublished development data). The ED50
very of human sera

e Observed std dev %CV % Error Pass/fail acceptance criteria

0 N/A 100.02 Fail
0 N/A 100.02 Fail
6 200.02 75.42 Fail
6 200.02 84.72 Fail

12 200.02 58.22 Fail
10 80.12 17.7 Pass
17 116.32 31.62 Fail
12 69.72 43.02 Fail
8 40.62 7.0 Fail
5 13.5 20.5 Pass
8 19.5 9.5 Pass
7 13.3 10.7 Pass

22 26.4 5.3 Pass
12 14.2 3.4 Pass
8 7.5 10.5 Pass

16 11.3 15.9 Pass
14 8.6 10.5 Pass
18 8.2 9.4 Pass
26 8.5 12.8 Pass
65 9.7 5.4 Pass
61 7.4 12.8 Pass

ositive sera for which the ED50 had been computed from the dilution
nsecutive days. Assay-based ED50 was calculated and compared to an
human, 7 rabbit and 7 Rhesus macaque samples was tested a minimum
n (LLOQ). 1 = below LLOQ; 2 = out of acceptance range.
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dilutional linearity regression characteristics for human
sera (n=83 observations) were r2 =0.985, slope=0.99
and intercept=−0.03 (Fig. 2.A, Table 5). For Rhesus
macaque sera the dilutional linearity regression data
(n=35) were r2=0.993, slope=0.95 and intercept=0.06.
For rabbit sera the regression data (n=35) were r2=0.990,
slope=0.98, and intercept=0.005. Regression intercepts
for all genera were not significantly different from 0
(p=0.05).
Fig. 2. Dilutional linearity regression analysis of human, Rhesus macaque and
transformed dilutional linearity data for (A) human sera and (B) combined hu
as described in the text. Partial curves were constrained to an upper asympto
minimum of two separate assays. Assay validation acceptance criteria for dilu
was between the range 0.7 and 1.3 and 2) a squared correlation coefficient (
The QT and TT regression data from each of these
data sets were also evaluated (Table 5). The regres-
sion intercepts for QT and TT using Rhesus macaque
and rabbit sera were not significantly different from 0
(p=0.05). For human sera, the QT regression intercept
was not significantly different from 0 (pN0.05), but only
if values below LLOQ were excluded (data not shown).
The human TT regression intercept was significantly
different.
rabbit sera. Plot of weighted least squares regression analysis of log10
man (●), Rhesus macaque (Δ) and rabbit (○) sera. Sera were prepared
te as described in the text. All serum tests were done in triplicate in a
tional linearity were 1) the slope of the regression for the ED50 values
r2) ≥0.900.



Table 5
Dilutional linearity regression statistics for human, Rhesus macaque
and rabbit sera

Genus Reportable
value

r2 Slope Intercept Observations (n)

Human ED50 0.985 0.99 −0.03 n=83
QT 0.984 0.91 0.13⁎

TT 0.980 0.86 0.22⁎

Rhesus
macaque

ED50 0.993 0.95 0.06 n=35
QT 0.990 0.96 0.05
TT 0.983 0.96 0.04

Rabbit ED50 0.990 0.98 0.005 n=35
QT 0.986 0.97 0.02
TT 0.978 0.96 0.04

Combined ED50 0.989 0.98 0.003 n=153
QT 0.985 0.95 0.06
TT 0.975 0.92 0.09

Dilutional linearity of human, Rhesus macaque and rabbit sera was
evaluated using a weighted regression analysis of log10 transformed
observed vs. expected data. A two-sided t-test was used to determine
whether the intercepts of regression data were significantly different
from the origin. The r2 statistic in combination with the slope and the
y-intercept was used as a measure of goodness of fit for the regression.
For assay validation, the fit of all data for the regression analysis of
log10 observed vs. expected ED50 values was required to have a mean
r2 ≥0.900 and a slope between 0.7 and 1.3. ⁎ = value not significantly
different from 0 (p=0.05).
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Combining data from humans, macaques and rab-
bits, the ED50 dilutional linearity data (n=153) demon-
strated an r2 =0.989, slope=0.98 and an intercept of
0.003 (Fig. 2.B, Table 5). For the ED50 data, the slopes
of the linear regression equations for each of human,
Rhesus macaque and rabbit data were not significantly
different from each other or from 1.0 (pN0.05). Analysis
of covariance (ANCOVA) demonstrated that these data
may be interpreted as equivalent. This is a strong indi-
cator of the intergenus application of the assay using
ED50 as the RV. For the QT and TT however, although
the intergenus aggregate dilutional linearity data had
good characteristics for slope, intercept and regression
coefficient (Table 5), ANCOVA demonstrated that there
was a difference between genera. We interpret this to
mean that neither QT nor TT may be used as an inter-
genus RV in this assay. The differences in the regression
data for the QT and TT may be attributable to dif-
ferences in the slope of each genus' data in the 4-PL
model which become accentuated at the low and high
response regions of the curve. Additional implications
of this are that multipoint interpolation from a test curve
to the standard curve should also be avoided unless
adequate parallelism is demonstrated (Plikaytis et al.,
1994).

In this study, the dilutional linearity r2 statistic, in
combination with the slope and the y-intercept, was used
as a measure of goodness of fit of these data. Because
the slopes were very close to 1.0 and the intercepts close
to 0, a high level of agreement between the measured
and the expected values is indicated. In addition, the
high positive values of the r2 statistics for all genera and
RVs tested demonstrated that this agreement was very
precise.

3.4. ED50 lower limit of detection (LLOD) and lower
limit of quantification (LLOQ)

LLOD and LLOQ were calculated from the same
data set as for dilutional linearity. Data indicated that the
empirical LLOD for this assay under normal conditions
was an ED50=12 and the LLOQ was ED50=36 (13.5%
CV, 20.5%E; Table 4). These limits were reaffirmed by
partial revalidation of the assay using reference stan-
dard AVR801, the data for which indicated an LLOD
ED50=11 and an LLOQ ED50=36 (27.4%CV, 4.4%E;
data not shown).

The human serum LLOQ for QT and TT with pre-
cision criteria of ≤40%CV and ≤50%CV respectively
and accuracy criteria of ≤40%E and ≤50%E respec-
tively, were QT=41 (21%CV, 0%E, n=4) and TT=59
(10.3%CV, 17.5%E, n=4). The lowest dilution of serum
used in the assay is 1/50, thus the empirical LLOQ using
the QT within authentic data points is 50. Both the QT
and TT are therefore suitable intra-genus reportable end-
points titers for this assay.

3.5. Diagnostic sensitivity and specificity

The DSP was determined from a panel of 195 serum
samples from individuals with clinically confirmed non-
anthrax related illnesses, individuals receiving non-
anthrax related vaccines and normal sera. The DSN test
panel comprised 100 sera obtained from humans with
either clinically confirmed anthrax or a known history of
vaccination with anthrax vaccine adsorbed (AVA). No
false negatives or false positives were detected, indicat-
ing that this assay has 100% DSP and 100% DSN under
the conditions described.

3.6. Robustness

Robustness is a measure of the assay's capacity to
remain unaffected by small but deliberate variations in
the method parameters. The standard operational con-
ditions for this TNA assay are CO2 concentrations of 5%
and a 2 h incubation using a stock MTT solution of
5 mg/ml. Changing incubator temperature conditions
from 35 °C to 39 °C demonstrated an inter-condition %
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CV range from 0.1 to 6.6%CV, indicating that the assay
tolerated this range of temperatures. Comparison of CO2

concentrations of 5% vs. 3% (vol/vol) and 3% vs. 7%
(vol/vol) demonstrated ED50 values within an accep-
table range of 2 standard deviations from the established
mean of the samples tested and had acceptable inter-
condition precision of 5.8%CV and 8.6%CV respec-
tively. On the basis of inter-condition CVs, these data
indicate that CO2 concentration is an important para-
meter but that the assay will tolerate fluctuations in CO2

concentrations from 3% to 7% (vol/vol). Similarly,
when comparing cell intoxication incubation times of
3.5 h vs. 4.5 h, the ED50 values of all test samples were
within an acceptable range of 2SD and the inter-
condition %CV for this comparison was 8.4%. Thus the
assay can tolerate variations in cell intoxication incu-
bation times between 3.5 and 4.5 h. MTT incubation
times of 1.5 h vs. 2.5 h generated low inter-condition %
CV, ranging from only 5.5 to 8.3%. Comparison of MTT
concentrations of 5 mg/ml vs. 7.5 mg/ml and 2.5 mg/ml
vs. 7.5 mg/ml generated inter-condition CVs ranging
from 7.6% to 15.5%. On the basis of these data, the
assay tolerated MTT incubation times of 1.5–2.5 h and
MTT concentrations of 2.5–7.5 mg/ml.

3.7. Cell passage number

The effect of cell passage number (P) on the report-
able ED50 was determined by evaluation of inter-
condition %CVs at P≤15, 20 and 25 cell passages. Inter-
condition %CVs, when comparing P≤15 vs. P20, P≤15
Table 6
Evaluation of the effect of differing cell passage numbers on ED50
endpoints

Cell passage Mean ED50

AVR216 AVR284 AVR370 AVR414

P≤15 714
(n=102)

345
(n=156)

225
(n=140)

941
(n=460)

P20 602 (n=24) 313 (n=24) 226 (n=24) 938 (n=24)
P25 959 (n=24) 431 (n=24) 292 (n=24) 1352 (n=24)

Inter-condition
comparison

Inter-condition %CV

P≤15 vs. P20 12.1%CV 6.8%CV 0.3%CV 0.2%CV
P≤15 vs. P25 20.7%CV 15.7%CV 18.2%CV 25.3%CV
P20 vs. P25 32.3%CV 22.4%CV 17.9%CV 25.6%CV

The precision of 3 test samples and the standard reference serum
AVR414 was evaluated at cell passage numbers P≤15, P20 and P25.
For each cell passage number, a minimum of 24 tests were completed
for each sample. Mean ED50 values were compared using inter-
condition precision (%CV).
vs. P25 and P20 vs. P25, ranged from 0.2 to 12.1%CV,
15.7 to 25.3%CV and 17.9 to 32.3%CV, respectively
(Table 6). On the basis of inter-condition CVs, the assay
was qualified to test serum with cells that have un-
dergone up to 25 cell passages. In practice, however,
the recommended number of cell passages is ≤20. By
limiting the passage number in this way, the intention is
to maintain longitudinal assay performance character-
istics and avoid adjusting key parameters such as cell
plating density.

4. Discussion and conclusions

As a result of the anthrax bioterrorism attacks in 2001
(Jernigan et al., 2001), the Department of Health and
Human Services (DHHS) prioritized the development
and acquisition of medical countermeasures against
biological threat agents, including B. anthracis (Russell,
2007). As a measure of functional activity, the TNA assay
is of increasing importance for evaluation and comparison
of current and next generation anthrax vaccines and
development of LTx countermeasures for inhalation
anthrax. Comparison and selection of countermeasures
using standardized assay technologies is therefore a high
priority. The TNA assay was developed previously,
validated in a variety of formats and used to evaluate
the toxin neutralizing potential of polyclonal and
monoclonal antibodies raised against anthrax vaccines
and anthrax toxin components (Friedlander, 1986; Little
et al., 1997; Hering et al., 2004). Standardization of the
test reagents, the test procedure, interpretation of
performance characteristics and a specific method for
data reduction to ensure comparability of data from
different sources has however, not previously been
accomplished. Given the importance of biological assay
standardization in vaccine research and product develop-
ment (Rymer et al., 1999; Borrow et al., 2006), it was our
objective to create a unifying technology platform with
broad application for in vitro quantification of LTx
neutralization activity and to facilitate its widespread
use as a framework for standardized comparison of
licensed and newly developed anthrax vaccines, ther-
apeutics and toxin inhibitors (Casadevall, 2002). To meet
this objective we have developed and validated a highly
standardized version of the TNA assay in the J774A.1
murine cell line. We have established and made available
a comprehensive package of detailed protocols, proce-
dures, cells, reagents and customized analytical software.
The primary reportable value is the dilution of serum that
provides 50% protection (ED50) against a fixed concen-
tration of anthrax lethal toxin (LTx). The ED50 is
calculated from the inflection point of a 4-PL model fit
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of the serum neutralization curve. A curve recognition
algorithm in the analytical software permits extrapolation
of neutralization response curves with incomplete upper
asymptote formation (low potency) and facilitates
accurate determination of ED50 values below the starting
dilution of the assay (1/50). This approach was sub-
stantiated by dilutional linearity spike-recovery studies in
which ED50 values could be calculated as low as
ED50=12. In addition, the customized analytical soft-
ware uses the 1st and 2nd derivatives of the 4-PL fit to
report additional parameters, the Threshold Titer (TT) and
Quantification Titer (QT).

The assay as presented has high inferred accuracy
and precision with 100% diagnostic sensitivity and
diagnostic specificity. The TNA assay is also rugged
and robust, withstanding variation in a range of key
operational procedures and conditions. Nonetheless, the
successful implementation of the standardized assay
format is dependent on achieving a balance of several
key parameters of cell growth, cell density, LTx protein
concentration, LTx potency to meet the QC and per-
formance criteria of the standard reference serum. These
key parameters include a well-defined upper asymptote
constraint (100% cell survival) and a maximum allow-
able lower asymptote (minimum level of LTx-mediated
cell killing) with sufficient depth of curve between
asymptotes to fit the 4-PL dilution–response model to
the standard reference serum data. Operational assess-
ment of these has been incorporated into the assay
quality control (QC) criteria of the customized analytical
software. Critical steps to meeting these criteria and the
successful execution of the standardized assay include
harvesting of the target cells at late exponential growth
phase, plating of sufficient cell density to maximize
reporter signal and robustly measure changes in neu-
tralization, and the titration of the appropriate concen-
tration of anthrax lethal toxin proteins to achieve 95%
cell lysis. We validated the TNA assay for human sera
using ED50 and demonstrated its intergenus application
by analysis of covariance (ANCOVA) of aggregate
dilutional linearity data from human, Rhesus macaque
and rabbit sera.

There is generally a high positive correlation between
anti-PA IgG antibody levels and LTx neutralization
efficacy in serum from clinical anthrax cases and recipi-
ents of anthrax vaccines (Pittman et al., 2002; Quinn et
al., 2004; Gorse et al., 2006; Hanson et al., 2006;
Semenova et al., 2007). Empirical spike-recovery an-
alyses in this study, however, demonstrated that al-
though anti-PA IgG mass values could be calculated
from the TNA assay standard curve with high precision,
the accuracy of this approach was generally low, with
only 2 of 13 samples tested, including one monoclonal
anti-PA, having a %E b25%. This finding may be at-
tributed to the presence of additional anti-PA Ig isotypes
in polyclonal antiserum, inherent differences in anti-PA
Ig epitope recognition relative to neutralization potential
and the undefined epitope interactions of antibodies
with different conformers of LTx. This is also the case
for purified monoclonal antibodies, the neutralizing
potential of which are dependent on the epitope and
the affinity of the antibody–antigen interaction. This
interpretation has important impact on the characteriza-
tion of antibody-based medical countermeasures for
anthrax. The data provided by this study strongly sug-
gest that the neutralizing efficacy of an antibody prep-
aration should not be expressed using solely either
antigen specific binding or assignment of neutralization
units by interpolation to a standard curve in the TNA
assay. For polyclonal antiserum this is primarily because
quantitative antigen binding may not fully reflect neu-
tralization and simple interpolation to a neutralizing stan-
dard discounts the antigen-binding but non-neutralizing
constituents of the antibody population. For monoclonal
antibodies, depending on the recognized epitope, high
affinity bindingmay occur in the absence of neutralization
(Mohamed et al., 2004). These data and their interpreta-
tion lead us to suggest that neutralizing efficacy of anti-
body preparations, and other inhibitors of LTx, should be
expressed as a specific neutralizing activity such as the
effective concentration providing 50% neutralization
(EC50) under standardized conditions (Lim et al., 2005).

The TNA assay as described here has been in use at
CDC for more than 4 years. This format of the TNA
assay uses standardized and characterized reagents, in
conjunction with customized interpretive software and a
novel mathematical algorithm, to calculate and extra-
polate multiple reportable values, in addition to ED50,
with high specificity, analytical sensitivity, accuracy
and precision. This format has been tested extensively
and applied broadly to evaluate antibody responses in
clinical anthrax, for vaccine evaluation in animal models
and human clinical trials and to provide in vitro char-
acterization of anthrax immunotherapeutics (Quinn
et al., 2004; Semenova et al., 2004, 2007; Williamson
et al., 2005; Gorse et al., 2006; Albrecht et al., 2007).
The extended inter-laboratory precision and ruggedness
of the TNA assay, together with development of a high-
throughput format and an evaluation of the NF-50 as a
reportable value, are currently under evaluation in an
independent study (F. Lynn, NIAID, personal commu-
nication). The assay validation master file is on record
with the Food and Drug Administration (1999) (FDA;
BB MF 12964) and the detailed protocols, standard
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reference serum and the interpretive software are
available from CDC. This highly precise, accurate and
robust version of the anthrax TNA assay reduces the
variance associated with these types of assays (Zmuda
et al., 2005), establishes a point of reference for
standardized analysis of antibody responses to anthrax
vaccines and develops the critical link between pre-
clinical animal models of vaccine efficacy and humoral
antibody responses in human vaccinees (Pitt et al., 2001;
Little et al., 2004; Williamson et al., 2005).
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