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Evaluation of quantitative anti-F1 IgG and anti-V IgG ELISAs for use
as an in vitro-based potency assay of plague vaccine in mice*
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Abstract
Quantitative anti-F1 and anti-V IgG enzyme-linked immunosorbent assays (ELISAs) were developed to measure the serological response of
female Swiss Webster mice after vaccination with the recombinant fusion protein, rF1-V, which is being developed as a plague vaccine. Several
fundamental parameters of the ELISA were evaluated: specificity, precision, accuracy, and stability. Experimental results suggested that a potency
assay based upon the serological response of female Swiss Webster mice, as measured by quantitative anti-F1 IgG and anti-V IgG ELISAs,
might be used to evaluate the rF1-V fusion protein vaccine.
Published by Elsevier Ltd on behalf of The International Association for Biologicals.
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1. Introduction

Two major proteins of Yersinia pestis are associated with
protection against plague. The first is Fraction 1 (F1) capsular
protein [1,2] which is encoded on the 100 kb pFra plasmid, has
anti-phagocytic activity [3] but is not considered to be an
essential virulence factor based upon studies in mice and
non-human primates using non-encapsulated isogenic strains
[4e7]. Anti-F1 antibody, however, is protective against encap-
sulated strains [8]. The second protective protein is virulence-
associated V antigen (V or LcrV) [9,10] which is encoded on
the LCR plasmid. V antigen is considered to be a virulence
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factor in that it plays a role in formation of the type III secre-
tion system and translocation of Yersinia outer proteins (Yops)
[11], inhibits chemotaxis [12], and modulates the cytokine
response [13,14]. Two early plague vaccines that were devel-
oped were either a Y. pestis live attenuated strain EV76 or
a formaldehyde-killed virulent strain 195/P [15]. The live, at-
tenuated vaccine was never licensed in the U.S. because of the
risk of severe side effects. Injection with the formaldehyde-
killed vaccine, known as killed whole cell (KWC), Plague
Vaccine USP, or Cutter USP [15], elicited an antibody
response to F1 but not to V antigens [16]. One of the major
drawbacks with KWC became evident when it was demon-
strated that it did not provide protection in animal models
against an aerosol challenge or challenged with F1� Y. pestis
strains [2,17e19]. It was this inability of KWC to fully protect
against infection that eventually led to removal of KWC from
production and highlighted the need of an improved vaccine to
protect against infection with Y. pestis. Two different
approaches have been pursued in the development of newer
vaccines which incorporate both the F1 capsular protein and
the virulence-associated V antigen of Y. pestis. The first is
based upon F1, purified from Y. pestis, and recombinant V an-
tigen (rV), purified from E. coli, which are co-administered
[16,17]. The second approach proposed the use of a vaccine
sociation for Biologicals.
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based upon a recombinant fusion protein between F1 and V
(rF1-V) [18,19]. While both proposed vaccine preparations
have been shown to be effective against aerosol challenge
with fully virulent Y. pestis [16e19], the F1-V fusion vaccine
demonstrated a higher relative potency against lethal exposure
in the mouse model than the F1þV cocktail or USP vaccine
[20].

Serological evaluation of the antibody response of mice
injected with F1 and V is currently conducted by ELISA end-
point titers, which have been reported to correlate with pro-
tection [10,21]. Additionally, passive protection studies with
anti-F1 and anti-V sera have demonstrated that antibodies to
both antigens are protective against encapsulated Y. pestis in-
fection [6,8,22,23]. Data are presented here evaluating various
parameters of a quantitative anti-F1 IgG ELISA and a quanti-
tative anti-V IgG ELISA as assays to measure the serological
response of female Swiss Webster mice after vaccination with
F1-V-based vaccine in support of its use as a possible in vitro
serology-based potency assay to monitor consistency of the
F1-V vaccine. An in vitro serology-based potency assay will
not require stringent biosafety containment measures as neces-
sitated by the current potency assays using efficacy testing in
animal models [1,24e26].

2. Materials and methods
2.1. rF1, rV, and rF1-V fusion proteins
Recombinant F1 capsule protein (rF1; 15.563 kDa) [2], re-
combinant virulence-associated V antigen (rV; 37.240 kDa)
(B. Powell, unpublished data), and recombinant fusion protein
F1-V (rF1-V) [19] were prepared as described and stored at
�70 �C. Two different lots of rF1-V were used through out
these studies.
2.2. Animals
Female Swiss Webster mice (NCI-FCRC, Frederick, MD)
and BALB/c mice (Charles River Laboratories, Wilmington,
MA) were used when 6e8 weeks old at the start of each exper-
iment. The animals received food and water ad libitum. Re-
search was conducted in compliance with the Animal
Welfare Act and other federal statutes and regulations relating
to animals and experiments involving animals and adheres to
principles stated in the Guide for the Care and Use of Labora-
tory Animals, National Research Council, 1996. The facility
where this research was conducted is fully accredited by the
Association for Assessment and Accreditation of Laboratory
Animal Care International.
2.3. ELISA

2.3.1. Preparation of reference standard
The reference standards for the ELISAs were prepared from

ascitic fluids produced in female BALB/c mice that had been
injected with either F1 or V adsorbed to aluminum hydroxide
gel (Alhydrogel, 2% Al2O3; HCL Biosector, Frederikssund,
Denmark) [27]. Mice were injected intraperitoneally (i.p.)
with 0.2 ml of 2,6,10,14-tetramethylpentadecane (pristine;
Sigma Chemical Co., St. Louis, MO) on day 0. Ten days,
17 days, and 38 days later, mice were injected i.p. with 50 mg
of either F1 or Vadsorbed to Alhydrogel at 0.5 mg of aluminum
per dose. On day 42, mice were injected i.p. with 1 � 106 of
Sp2/0-Ag14 myeloma cells. Ascitic fluid was collected from
the mice as it was produced. The pooled ascitic fluids were
centrifuged at 25 000� g, passed through 0.2 mm filters, and al-
iquots were stored at �70 �C until purified. The ascitic fluids
were diluted 1:1 with 10 mM sodium phosphate, 138 mM
NaCl, 2.7 mM KCl, pH 7.4 (PBS) before being chromato-
graphed over a HiTrap Protein G column (AmershamPharma-
cia, Piscataway, NJ). The bound IgG was eluted with 0.1 M
glycine/HCl, pH 2.7, and the eluted fractions were neutralized
by adding 1 M Tris/HCl, pH 9.0, and dialyzed against PBS at
4e6 �C overnight. Antigen affinity columns were prepared by
binding F1 or V to AminoLink resin (Pierce Biotechnology,
Inc., Rockford, IL) according to the manufacturer’s directions.
Protein G-purified IgG was passed over the respective affinity
column in 20 mM Tris/HCl, pH 7.0 and washed to the baseline
absorbance value. Bound antibody was eluted from the affinity
resin with 20 mM Tris/HCl, pH 3, and the fractions neutralized
by adding 1 M Tris/HCl, pH 9.0. The affinity-purified IgG was
dialyzed against PBS at 4e6 �C overnight, filtered through
0.22 mm filters, and aliquots were frozen at �70 �C. Protein
concentration was determined by using the BioRad microplate
protein assay (BioRad Laboratories, Hercules, CA). The IgG
concentration was determined by using a mouse IgG ELISA
(Roche Applied Science, Indianapolis, IN). For both the affin-
ity-purified mouse anti-F1 and anti-V sera, seven dilutions of
each were prepared as the reference standards and three dilu-
tions (high (Pos1), mid (Pos2), and low (Pos3)) were prepared
as positive controls. Normal mouse serum (NMS; Sigma Chem-
ical Company, St. Louis, MO) was used as the negative control.
The dilutions were prepared as twofold higher concentrations in
PBS containing 0.5% Tween 20 and 5% non-fat dry milk and
stored at �70 �C.

2.3.2. ELISA
The ELISA was designed to measure anti-F1 or anti-V-

specific IgG by using F1 or V, respectively, as the solid-phase
capture antigens. Each plate contained three positive controls,
one negative control (NMS), one blank, seven dilutions of the
reference standard, and five, fourfold serial dilutions of four
test samples. All standards, controls, and test samples were
tested in triplicate on each plate.

Wells of 96-well plates (Immulon II HB, ThermoLab Sys-
tems, Franklin, MA or ReactiBind, Pierce, Rockford, IL) were
coated with 100 ml of F1 or V diluted to 1 mg/ml in borate
buffer, pH 9.5, wrapped in plastic wrap, and incubated over-
night at 4 �C. The plates were washed three times with PBS
containing 0.1% Tween 20 (PBST) using a Dynex Ultrawash-
Plus microplate washer (Dynex Technologies, Chantilly, VA)
before adding 50 ml of reference standards and controls to an
equal volume of PBST containing 5% non-fat dry milk
(PBSTM). Samples were diluted in PBSTM then serially
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diluted fourfold in PBSTM (100 ml per well). The plates were
incubated for 1 h at 37 �C. The plates were washed three times
in PBST and horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (g) (Kirkegaard & Perry, Gaithersburg, MD)
diluted to 1:1000 in PBSTM was added to the wells and the
plates were incubated for 1 h at 37 �C. The plates were washed
three times with PBST, rotated 180�, and washed again three
times and incubated with the two-component substrate (2,20-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt; ABTS; Kirkegaard & Perry) at 37 �C for 30 min.
Stop solution (Kirkegaard and Perry) was added and absor-
bance readings at 405 nm were obtained using a BioTek
ELx808 microplate reader (BioTek, Winooski, VT). The
mean absorbance values and coefficient of variation (%CV)
for each triplicate dilution of all reference standards, controls,
and test samples were obtained using the KC4 software pro-
gram (BioTek Instruments). The IgG concentration of each
unknown sample and control was calculated from each corre-
sponding reference standard curve using a 4-parameter logistic
regression equation of the KC4 program. Data were reported
as arithmetic mean� the standard error of the arithmetic
mean (SEM). Further data analysis was performed using
XLfit4 (IDBS, Inc., Emeryville, CA), SigmaPlot (Systat Soft-
ware, Inc. San Jose, CA), and GraphPad InStat and Prism
(GraphPad Software, Inc., San Diego, CA) software.
2.4. Specificity
Specificity was measured by several different approaches.
The first was by determining the binding of anti-F1 and
anti-V affinity-purified antiserum to their respective (homolo-
gous) protein and a heterologous antigen in the ELISA above.
Two analysts each performed the assay on three plates with
triplicate samples.

To determine the concentration of soluble homologous anti-
gen that would inhibit binding of the respective antiserum to the
homologous antigen in the solid phase, a competitive binding
ELISA was performed. Various concentrations of F1 were
pre-incubated with a 1:5000 dilution of anti-F1 serum, or V
were pre-incubated with a 1:3000 dilution of anti-V serum for
1 h at 37 �C before transferring 100 ml to triplicate wells of three
ELSIA plates prepared with the homologous respective antigen
and the ELISA was completed as above. Half-maximal binding
to the plate was determined by XLfit4 software (IDBS, Inc.).

Specificity was further examined by incubating equal vol-
umes of a 1:2500 dilution of mouse affinity purified anti-F1
serum or a 1:5000 dilution of mouse affinity-purified anti-V
serum with F1 protein at 1 mg/ml or with V protein at
10 mg/ml for 1 h at 37 �C. After the incubation, 100 ml were
transferred to each of three wells of three homologous anti-
gen-coated ELISA plates in addition to the homologous refer-
ence standards for each respective plate. After incubation for
1 h at 37 �C, the ELISA was completed as above. Assay was
performed by two analysts.

Finally, analyte specificity was further assayed by determin-
ing parallelism between the titration curves of the reference
standards with two test samples, mouse anti-F1-V serum and
either mouse anti-F1 or mouse anti-V serum. The sera were
prepared in female Swiss Webster mice that had been injected
subcutaneously with either 20 mg of F1, 40 mg of V, or 60 mg
of F1-V, each adsorbed to 0.186 mg of aluminum in Alhydrogel.
Mice were bled on day 36. The relationship between the absor-
bance value and the corresponding reciprocal of the dilution was
made linear by the fully specified logitelog model using the
formula; Logit(A405)fs¼ log(A405� A405min)/(A405max� A405)
[28]. In this formula, ‘A405min’ and ‘A405max’ are unknown values
corresponding to the lower and upper asymptotes, respectively
of the four-parameter logistic-log model [28]. For our calcula-
tions, these values were determined by the XLfit4 software
(IDBS, Inc.). The plot between the Logit(A405)fs and the respec-
tive log of the reciprocal of the dilution was a straight line. Test
sera were each tested on three plates in triplicate against the
respective antigens. Six plates from each assay contained the
respective calibration standards which were combined for
each analysis.
2.5. Accuracy and linearity
An initial 1:100 dilution of the mouse anti-F1 IgG reference
standard and the mouse anti-V IgG reference standard were pre-
pared in NMS. A starting dilution of 1:5000 was prepared in
PBSTM and serial twofold dilutions were then prepared in
PBSTM. Additionally, a 1:15 000 starting test dilution was pre-
pared from the 1:5000 dilution and serial twofold dilutions were
subsequently prepared as above. Three wells for each dilution
were tested on three plates each by two analysts using the
same sample dilutions. Linearity was evaluated by plotting
the log10 of the antibody concentration against the respective
absorbance value for each dilution and determining the correla-
tion coefficient (r2) (XLfit 4 software). Accuracy was reported
as the percent recovery from the average concentration of the
samples from 18 wells on six plates.
2.6. Precision
Assay repeatability and intermediate precision between
days that assays were performed were estimated based upon
the results from the three positive controls from three separate
ELISAs for each antigen. Each assay consisted of three plates
with samples run in triplicate on each plate. Precision was
expressed as %CV for triplicate wells on each plate (intra-
well), for a set of three plates (intra-plate), for the three assays
(inter-assay), and for two analysts.
2.7. Potency assay
Polyclonal antisera, obtained at 2 and 4 weeks after intra-
muscular injection of female Swiss Webster mice with various
concentrations of F1-V vaccine adsorbed to 0.20 g aluminum
in Alhydrogel, were tested in the anti-F1 and anti-V IgG ELI-
SAs. Sera were collected from six mice per dose of F1-V and
from four separate experiments in which two different F1-V
lots were used. Each data point represents 24 mice unless the
ELISA titer data were identified as an outlier [29] or a sample
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was unavailable for testing. The linear relationship between F1-
V vaccine dose and week 2 and week 4 quantitative ELISA
titers were plotted and the r2 was calculated using SigmaPlot
software (SPSS, Inc., Chicago, IL).

3. Results and discussion
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ence standards. Each point represents the average of 11 assays each performed

with three plates.
In this study, we evaluated quantitative anti-F1 and anti-V
IgG ELISAs to measure the IgG antibody response of female
Swiss Webster mice that had been inoculated with F1-V fusion
protein adsorbed to Alhydrogel. The ELISAs were developed
to determine their possible use as potency assays for the F1-V
fusion protein vaccine. The reference standards used for the
quantitative ELISAs, mouse anti-F1 IgG and mouse anti-V
IgG, were produced as polyclonal ascitic fluids [27] in female
BALB/c mice by using Alhydrogel as the adjuvant (0.5 mg
aluminum per injection). However, unlike previous experience
with this method, we observed unexpected deaths of the mice
13 and 14 days after injection of the Sp2/O myeloma cells. For
the F1-injected mice, on day 13, 17/30 (57.7%) had died and
one of the remaining 13 mice was euthanized after removing
the ascitic fluid and on day 14, 10/12 mice had died (83.3%)
and the remaining two mice were euthanized after removing
the ascetic fluids. For the V-injected mice, on day 13, 7/30
(23.3%) of the mice had died and six of the remaining 23
mice were euthanized after removal of the ascetic fluid and
on day 14, 8/17 (47%) of the remaining mice had died and
the remaining nine mice were euthanized after removal of
the ascetic fluids. We collected 25 ml of anti-F1 ascetic fluid
and 50 ml of anti-V ascitic fluid. The IgG was purified from
the ascitic fluids by affinity chromatography over Protein G
resin and the respective antigen affinity columns prepared by
coupling F1 or V to AminoLink Plus gel (Pierce Biotechnol-
ogy). The relationship between the absorbance values at
A405 nm and the known IgG concentrations of the antiserum
prepared for use as reference standards were plotted by a sig-
moid curve defined by a four-parameter logistic equation
(KC4), y¼ (a�d )/(1þ (x/c)b)þ d, where ‘d’ is the y-value
corresponding to the upper asymptote, ‘a’ is the y-value corre-
sponding to the lower asymptote, ‘c’ is the x-value correspond-
ing to the y-midpoint between ‘d’ and ‘a’, and ‘b’ the slope
factor of the curve. The anti-F1 reference standard curve con-
sisted of seven dilutions of affinity-purified mouse anti-F1 IgG
from 1279.6 ng/ml (S1, 1:500 dilution) to 0.064 ng/ml (S7,
1:10 000 000 dilution). Data from 11 assays consisting of 33
reference standard curves (three plates per assay of triplicate
samples) for the F1 ELISA were calculated to be:
d¼ 3.287� 0.0141; a¼ 0.003� 0.0039; c¼ 30.2� 1.40;
b¼ 1.15� 0.015, and r2¼ 0.9993� 0.0001 (Fig. 1). For
non-immune mouse serum, the absorbance value was
0.301� 0.0219 at a 1:100 dilution during the assay. Likewise,
the anti-V antigen reference standard curve consisted of seven
dilutions of affinity-purified mouse anti-V antigen IgG from
594.2 ng/ml (S1, 1:500 dilution) to 0.06 ng/ml (S7,
1:5 000 000 dilution). Data from 11 assays consisting of 33
reference standard curves for the V ELISA were calculated
to be: d¼ 3.206� 0.0143; a¼ 0.029� 0.0102;
c¼ 16.3� 0.46; b¼ 1.27� 0.019, and r2¼ 0.9990� 0.0003
(Fig. 1). For non-immune mouse serum, the absorbance value
was 0.217� 0.0227 at a 1:100 dilution during the assay.

A logitelog plot [28] of S1eS6 anti-F1 (1279.6 ng/ml IgG
to 0.64 ng/ml IgG) and of S1eS6 anti-V IgG (594.2 ng/ml IgG
to 0.30 ng/ml IgG) reference standards showed a linear rela-
tionship between the log10 concentration of the reference stan-
dards and the logit(A405)fs from the 11 assays above (Fig. 2).
The last standard (S7) for both the F1 and V ELISAs was
omitted from the analysis as the logit(A405)fs could not be plot-
ted; the average absorbance value of S7 (�0.001 and 0.023 for
the F1 and V ELISAs, respectively) were less than the average
minimum absorbance value from the four-parameter logistic
equation (A405¼ 0.003 for F1 ELISAs and A405¼ 0.029 for
V ELISAs; value ‘a’ above). The r2 was 0.9996 and 0.9896
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for both the six data points plotted for anti-F1 IgG and for the
six data points plotted for anti-V, respectively.
3.2. Specificity
Specificity was measured first by determining the binding
of each reference standard antiserum to its respective (homol-
ogous) protein and a heterologous antigen (either F1 or V). We
did not examine the cross-reactivity of our Y. pestis anti-V se-
rum with that of LcrV from Yersinia enterocolitica or Yersinia
pseudotuberculosis [30], PcrV from Pseudomonas aeruginosa
[31,32], or AscV from Aeromonas salmonicida [33,34], inte-
gral components in type III secretion systems. However,
Goure et al. [32] reported inhibition of assembly of the Pseu-
domonas and Yersinia translocation pore, PopB/PopD and
YopB/YopD, respectively, by anti-V antibodies, suggesting
cross reactivity. Results showed that both mouse anti-F1 and
mouse anti-V bound to their respective antigens, but neither
antisera bound to the heterologous antigen in the solid phase
(Table 1). Additionally, as noted above, normal mouse serum
did not show significant reactivity with either F1
(A405 nm¼ 0.301) or V (A405 nm¼ 0.217) in the ELISA at
a 1:100 dilution. A competitive binding ELISA was performed
to estimate the concentration of soluble antigen that would
result in half-maximal binding of the respective homologous
antiserum in the ELISA. Various concentrations of antigen
were pre-incubated with a fixed concentration of its respective
antiserum before transferring the mixture to its respective an-
tigen-coated plate and completing the ELISA. Half-maximal
binding of anti-F1 IgG to the F1-coated ELISA plate by solu-
ble F1 was measured at 24.2 ng F1 per ml. Half-maximal bind-
ing of anti-V IgG to the V-coated ELISA plate by soluble V
was measured at 3739 ng of V per ml. Pre-incubating F1
(0.5 mg per ml) with anti-F1 serum (1:5000 final dilution)
reduced the absorbance value to background readings
(A405 nm¼ 0.097), while pre-incubating with V (5 mg per ml)
did not appear to influence binding to F1 in the solid phase
(A405 nm¼ 2.820) (Table 1). Pre-incubating V (5 mg per ml)
with anti-V serum (1:10 000 final dilution) reduced the absor-
bance value by only 72% (A405 nm¼ 0.638) of the absorbance
Table 1

Specificity. Absorbance values of either mouse anti-F1 IgG or mouse anti-V

IgG bound to their homologous or heterologous antigen in the solid phase

in the presence of homologous or heterologous soluble antigen

Sample Pre-incubation Dilution in well Absorbance value

F1 plate V plate

Anti-F1 IgG None 1:5000 2.816 0.021

F1 1:5000a 0.097 ntb

V 1:5000a 2.820 nt

Anti-V IgG None 1:10 000 �0.019 2.305

F1 1:10 000a nt 2.049

V 1:10 000a nt 0.638

Pre-incubation of antisera at a dilution similar to a reference standard dilution

with either the homologous or heterologous antigen.
a Mean absorbance values of triplicate wells from duplicate assays of three

plates each.
b nt, not tested.
value obtained from the control (A405 nm¼ 2.305; Table 1).
Pre-incubating F1 protein with anti-V serum did not appear
to inhibit binding to V antigen-coated plates
(A405 nm¼ 2.049) (Table 1). We chose to limit the concentra-
tion of V that was used to 5 mg per ml, which was just slightly
more than the concentration that resulted in half-maximal
binding of anti-V IgG to the V-coated ELISA plate by soluble
V (3739 ng/ml), which may have accounted for the incomplete
inhibition that was observed.

Finally, analyte specificity was further assayed by deter-
mining parallelism between the titration curves of the refer-
ence standards with two test samples, mouse anti-F1-V
serum, and either mouse anti-F1 or mouse anti-V serum.
Test sera were prepared in female Swiss Webster mice that
had been injected subcutaneously with either 20 mg of F1,
40 mg of V, or 60 mg of F1-V adsorbed to 0.186 mg aluminum
in Alhydrogel and bled on day 36. Test sera were each evalu-
ated on three plates in triplicate against the respective anti-
gens. Six plates from each assay contained the respective
calibration standards which were combined for the analysis.
The slopes and r2 of the logitelog plot measured for the
curves from F1 ELISA plates were; F1 reference standards,
1.1150, 0.9995; mouse anti-F1/V serum, 1.1331, 0.9989; and
mouse anti-F1 serum, 1.0128, 0.9975. The differences be-
tween the slopes of the mouse anti-F1 IgG reference standards
and mouse anti-F1-V serum and mouse anti-F1 serum were
�0.0181 and 0.1022, respectively. The slopes and r2 of the
logitelog plot measured for the curves from V ELISA plates
were; V reference standards, 1.2205, 0.9971; mouse anti-F1-
V serum, 1.1869, 0.9945; and mouse anti-V serum, 0.9390,
0.9912. The differences between the slopes of the mouse
anti-V IgG reference standards and mouse anti-F1-V serum
and mouse anti-V serum were 0.0336 and 0.2813, respectively.
The differences between the slopes for both assays appear to
be negligible and suggest that the assays will provide a reliable
estimate of the antibody concentrations.
3.3. Accuracy
Normal mouse serum was spiked with an initial 1:100 dilu-
tion of affinity-purified mouse anti-F1 IgG or anti-V IgG from
which an initial starting dilution of 1:5000 in PBSTM was pre-
pared. A 1:15 000 dilution in PBSTM was also prepared from
the 1:5000 dilution. From both the 1:5000 and 1:15 000 dilu-
tions, twofold serial dilutions were made and 100 ml added
to the respective ELISA plate in triplicate. For the six F1-
coated ELISA plates, a plot between the log10 of the antibody
concentration against the respective absorbance value for each
dilution had a correlation coefficient of r2¼ 0.9944 and the
percent recovery was between 139% and 100% (Table 2).
For the six V-coated ELISA plates, a plot between the log10

of the antibody concentration against the respective absor-
bance value for each dilution had a correlation coefficient of
r2¼ 0.9803 and the percent recovery was between 103% and
73% (Table 2). For the two antisera, the observed percent
recovery measurements, except for three test dilutions, was
within 25% of the expected concentrations.



Table 2

Accuracy. Percent recovery of test sample dilutions

Antiserum Percent recovery for each test dilutiona

1:5 k 1:10 k 1:15 k 1:20 k 1:30 k 1:40 k 1:60 k 1:80 k

Anti-F1 139% 126% 120% 120% 116% 100% 109% 104%

Anti-V 103% 88% 76% 80% 73% 84% 80% 94%

a Values represent the percent recovery for each test dilution from triplicate

wells on six plates.
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3.4. Precision
Assay repeatability and intermediate precision were exam-
ined by determining the %CV for the concentration of the
three positive control samples from three separate assays,
the two specificity assays and the accuracy and linearity assay,
performed by two analysts. Repeatability was determined
from the triplicate estimates on each of three plates (intra-
plate). Intermediate precision was examined by determining
the %CV for each set of three plates for each assay (inter-
plate), day-to-day variation (inter-day) for three separate
Table 3

Precision. Repeatability and intermediate precision measured by the percent

coefficient of variation for the three anti-F1 positive control sera

Sample

(ng IgG per ml)

%CV

Analyst 1 Analyst 2 Inter-

analyst
Intra-

plate

Inter-

plate

Inter-

day

Intra-

assay

Inter-

assay

Inter-

day

Pos1 17.3 21.5

(53.32) 10.1 12.4

14.6 7.9 12.3 5.5

9.9 15.1

13.2 18.9

15.3 6.9 12.4 10.0

9.5 16.5

20.8 21.0

12.8 7.4 6.9 13.2 4.5 14.1 11.8

Pos2 17.4 8.9

(19.95) 10.8 11.1

9.3 9.4 11.4 2.6

14.0 15.0

12.2 17.4

12.2 6.3 5.7 6.0

6.3 5.1

18.6 6.1

19.8 4.2 6.4 11.0 6.5 8.5 7.4

Pos3 11.6 10.0

(6.4) 7.1 12.6

12.1 9.0 6.7 3.1

7.5 20.5

7.7 15.0

14.3 3.6 6.7 2.0

13.4 18.1

10.1 12.8

9.3 5.1 6.2 7.5 0.4 7.2 6.6

Results are from three separate assays (specificity and accuracy and linearity)

showing well-to-well variation within a plate (intra-plate), variation between

three plates per assay (inter-plate), day-to-day variation for each analyst (in-

ter-day), and analyst-to-analyst variation (inter-analyst). Numbers in bold

identify %CV values >20%.
assays, and between analysts (inter-analyst) on three assays.
Repeatability and intermediate precision for the anti-F1 ELI-
SAs are shown in Table 3. For both analysts, intra-plate preci-
sion for Pos1, Pos2, and Pos3 samples ranged between 5.1%
and 21.5%, inter-plate %CVs ranged from 0.4% to 10.0%,
the %CV for all plates (inter-day) was between 6.2% and
14.1%, and the %CV for the inter-analyst determination
ranged from 6.6% to 11.8%. Repeatability and intermediate
precision for the anti-V ELISAs are shown in Table 4. For
both analysts, intra-plate precision for Pos1, Pos2, and Pos3
samples ranged between 4.6% and 26.5%, inter-plate %CVs
ranged from 0.8% to 8.2%, the %CV for all plates (inter-
day) was between 4.4% and 8.7%, and the %CV for the
inter-analyst determination ranged from 5.1% to 7.7%.
3.5. Stability
To evaluate the short-term stability of F1 or V as capture
antigens on microtiter plates, the ELISA was conducted with
plates that had been coated either 3 days or 10 days in advance
Table 4

Precision. Repeatability and intermediate precision measured by the percent

coefficient of variation for the three anti-V positive control sera

Sample

(ng IgG per ml)

%CV

Analyst 1 Analyst 2 Inter-

analyst
Intra-

plate

Inter-

plate

Inter-

day

Intra-

assay

Inter-

assay

Inter-

day

Pos1 8.6 12.8

(42.52) 18.8 19.3

13.7 3.6 6.0 8.2

13.3 8.6

18.5 16.4

7.6 2.4 9.2 4.3

6.1 15.5

24.8 26.5

23.2 2.8 6.0 15.4 4.1 8.7 7.7

Pos2 9.2 7.6

(20.01) 12.2 4.6

8.3 2.6 11.2 3.6

5.1 9.5

12.2 16.5

11.0 3.7 12.8 0.8

10.3 14.5

11.9 21.4

9.6 1.6 4.4 19.5 4.3 4.4 5.1

Pos3 9.5 7.4

(5.0) 9.4 7.8

9.5 2.5 9.1 2.7

8.4 6.9

8.1 9.6

9.7 7.0 19.4 7.1

15.9 14.3

8.7 5.0

9.6 2.2 4.4 14.2 2.5 7.3 5.8

Results are from three separate assays (specificity and accuracy and linearity)

showing well-to-well variation within a plate (intra-plate), variation between

three plates per assay (inter-plate), day-to-day variation for each analyst (in-

ter-day), and analyst-to-analyst variation (inter-analyst). Numbers in bold

identify %CV values >20%.



Table 5

Stability. Concentration of the anti-F1 Pos1, Pos2, and Pos3 control sera in the

quantitative mouse anti-F1 IgG ELISA using plates coated with F1 3 days and

10 days beforehand

Sample 1 day old plates 3 day old plates 10 day old plates

IgGa (ng/ml) %CV IgG (ng/ml) %CV IgG (ng/ml) %CV

Pos1 (53.3 ng/ml) 53.1� 3.11 14.3 53.9� 1.47 6.7

Pos2 (20.0 ng/ml) 17.7� 0.70 9.7 20.0� 0.91 11.1

Pos3 (6.4 ng/ml) 6.9� 0.33 11.7 7.5� 0.18 5.3

Pos1 (53.3 ng/ml) 52.3� 4.96 23.2 56.6� 2.39 10.3

Pos2 (20.0 ng/ml) 20.4� 1.56 18.7 19.7� 0.84 10.5

Pos3 (6.4 ng/ml) 8.4� 0.77 22.3 7.8� 0.30 9.6

Three plates were run in duplicate assays.
a Arithmetic mean and SEM.

110

600

)

a
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and held at 4e6 �C and compared with plates that had been
coated 18e20 h ahead of time under standard assay condi-
tions. Samples, which consisted of Pos1, Pos2, and Pos3 con-
trols, were run in triplicate on each of three plates in duplicate
assays conducted on different days. Comparison between the
average concentrations of Pos1, Pos2, or Pos3 from each plate
from two assays of F1 coated ELISA plates (Table 5) or the V
antigen-coated ELISA plates (Table 6) by one-way analysis of
variance (ANOVA) showed no significant differences between
results.
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Two methods were evaluated to determine the working
range of the assays. In the first method, the four-parameter lo-
gistic plots from Fig. 1, which represented 33 separate assays
for each standard antiserum, were converted to logitelog plots
[28] (Fig. 2). We reasoned that the maximum concentration
that could be determined was limited to the absorbance read-
ing that could be accurately obtained and its value interpolated
from the standard curve. The maximum value was defined as
the concentration corresponding to the absorbance value of
the upper asymptote for each standard reference curve which
was about A405 of 3.20 for both anti-F1 and anti-V reference
standard S1. The lower limit of measurement was reasoned
to be the reference standard that would not cause the plot to
veer from a straight line and would be greater than the normal
Table 6

Stability. Concentration of the anti-V Pos1, Pos2, and Pos3 control sera in the

quantitative mouse anti-V IgG ELISA using plates coated with V 3 days and

10 days beforehand

Sample 1 day old plates 3 day old plates 10 day old plates

IgG (ng/ml)a %CV IgG (ng/ml) %CV IgG (ng/ml) %CV

Pos1 (49.5 ng/ml) 49.3� 1.09 5.4 47.3� 1.82 9.4

Pos2 (19.8 ng/ml) 19.9� 0.39 4.8 19.7� 0.27 3.3

Pos3 (5.0 ng/ml) 5.3� 0.22 10.5 4.8� 0.06 3.2

Pos1 (49.5 ng/ml) 48.6� 1.71 8.6 51.2� 2.23 10.7

Pos2 (19.8 ng/ml) 20.2� 0.28 3.3 20.1� 0.32 3.9

Pos3 (5.0 ng/ml) 5.0� 0.04 1.7 4.7� 0.16 8.1

Three plates were run in duplicate assays.
a Arithmetic mean and SEM.
mouse serum background absorbance values. This value corre-
sponded to the concentration of reference standard S6 for both
standard curves. For both anti-F1 IgG and anti-V IgG refer-
ence standards, a straight line was plotted by standards S1e
S6. In these assays, mouse anti-F1 IgG reference standards
S1eS6 gave a linear plot (r2¼ 0.9996, slope¼ 1.120) with
a working range of 1279.6e0.64 ng IgG per ml. Mouse anti-
V IgG reference standards S1eS6 gave a linear plot
(r2¼ 0.9896, slope¼ 1.297) with a working range of 594.2e
0.30 ng IgG per ml.

An alternative method examined the percent variation
between the observed concentration and the expected concen-
tration for each reference standard for each of 33 plates from
11 separate assays;

%variation ¼ observed=expectedð Þ � 1ð Þð Þ � 100:

Each data point plotted represented the percent variation of the
average concentration of three wells for each plate. The work-
ing range of the assay was defined as the highest and lowest
concentration for which the percent variation was within
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Fig. 3. a. Percent variation between the observed and the expected concentra-

tion of the mouse anti-F1 reference standards. Each data point represents the

average of triplicate wells from each plate. b. Percent variation between the

observed and the expected concentration of the mouse anti-V reference stan-

dards. Each data point represents the average of triplicate wells from each

plate.
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�25% of the expected concentration. Fig. 3a shows the per-
cent variation plotted against the expected concentration of
the seven anti-F1 reference standards. Using these criteria,
the working range for the mouse anti-F1 IgG reference stan-
dards was between standards S2 and S5 (127.96 ng IgG per
ml and 4.26 ng IgG per ml) with the exception for reference
standard S5 on two plates. The percent variation of S5 on these
two plates was 32.4% (observed concentration of 5.65 ng IgG
per ml) and 45.3% (observed concentration of 6.20 ng IgG per
ml). Fig. 3b shows the percent variation plotted against the ex-
pected concentration of the seven anti-V reference standards.
The working range for the mouse anti-V IgG reference
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Fig. 4. a. Linear regression between F1-V vaccine dose (mg protein) and arith-

metic mean and SEM quantitative anti-F1 IgG ELISA titers of female Swiss

Webster mice at week 2 (C) and week 4 (B). b. Linear regression between

F1-V vaccine dose (mg protein) and arithmetic mean and SEM quantitative

anti-V IgG ELISA titers of female Swiss Webster mice at week 2 (-) and

week 4 (,).
standards was between standards S2 and S5 (99.04 ng IgG
per ml and 3.0 ng IgG per ml). In general, the working range
for the assay was between 100 ng IgG per ml and 1 ng IgG per
ml for both ELISAs.
3.7. Potency assay
Monitoring the lot-to-lot consistency of an immunobiolog-
ical can be performed by a potency assay. Potency assays for
bacterial vaccines, which are described under four federal reg-
ulations, include animal protection studies, serological deter-
minations, characterization of immunogenic epitopes, and
biochemical analysis of the antigen [35]. As part of pre-clini-
cal experiments for a plague vaccine based upon F1-V fusion
protein, we evaluated the serological response of mice in
quantitative anti-F1 IgG and anti-V IgG ELISAs for use in
in vitro serology-based potency assays using two different
F1-V fusion protein lots in four different experiments with
six mice per experimental group. Potency assays for plague
vaccines have relied upon survival assays using mice, guinea
pigs, rats, or langurs [1,24e26,36]. We currently use the Swiss
Webster mouse survival model to evaluate new lots of rF1-V
[20,37]. Week 2 and 4 quantitative anti-F1 and anti-V IgG
ELISA titers of serum samples from Swiss Webster mice in-
jected i.m. with F1-V vaccine preparations from four different
experiments are plotted in Fig. 4a,b, respectively. The linear
relationship between F1-V vaccine dose and week 2 and
week 4 anti-F1 IgG titer was r2¼ 0.9875 and r2¼ 0.8407, re-
spectively. Similarly, the linear relationship between F1-V
vaccine dose and week 2 and week 4 anti-V IgG titer was
r2¼ 0.8230 and r2¼ 0.9231, respectively. It thus appears
that the ELISAs may be useful as in vitro serological assays
to measure antibody levels in female Swiss Webster mice
for use as serology-based potency assays for F1-V plague
vaccine.
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