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Abstract: Assessment of rabies virus (RABV) neutralizing antibodies in subjects vaccinated or
injected with anti-RABV immunoglobulins is central in determination of rabies protection. The rapid
fluorescent focus inhibition test (RFFIT) is used for assessment of anti-RABV activity in serum. The
current anti-RABV polyclonal preparations on the market pose difficulties in production and vary
in quality. RABV neutralizing monoclonal antibodies (MAbs) are being evaluated as replacements.
Different anti-RABV MAbs may neutralize different RABV isolates, thus two or more MAbs directed
against different epitopes on the RABV glycoprotein are needed. It is therefore important to ensure
neutralizing activity against all RABV isolates in sera of subjects injected with an anti-RABV MAb
product consisting of two or more MAbs. The RFFIT, utilizing CVS-11 as challenge virus, cannot
discriminate between the activities of different anti-RABV MAbs. We developed and validated
two RFFIT methods enabling specific assessment of two different anti-RABV MAbs (CR57 and
CR4098) in using two mutant CVS-11 strains resistant to either CR57 or CR4098 neutralization. The
validation results demonstrate that both RFFIT assays using MAb resistant RABV are precise, accurate,
linear, specific, and stable within the linear range of 0.025 IU/mL to 1.0 IU/mL. This method design
can, therefore, be used to determine MAb specific anti-RABV activity in human serum samples.

Keywords: rabies; monoclonals; escape virus variants; RFFIT; serology; assay validation; rabies PEP

1. Introduction

The development of human monoclonal antibodies (MAbs) for the protection against
infectious diseases is a rapidly growing field [1,2]. Indeed, development of antibodies
for the neutralization of pathogens, such as HIV, flu, Marburg and Ebola virus have been
reported [3–8]. Moreover the neutralizing MAb palivizumab against respiratory syncytial
virus (RSV) [9] has already been marketed. Therapeutic use of antibodies to protect from
infection is far from new. Since the first use of antisera for protection against diphtheria
by Emil von Behring [10], many followed [11]. For example, prophylactic hepatitis A
neutralizing polyclonal antibodies can protect after injection [12]. Other polyclonal anti-
body products, such as Respigam and Cytogam, have been shown effective against RSV
and cytomegalovirus infection, respectively [13,14]. A well-known treatment is the post
exposure prophylaxis (PEP) upon RABV exposure by multiple vaccinations on subsequent
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days and injection of anti-RABV immunoglobulins into the wound. The use of pathogen
neutralizing polyclonal antibodies has thus been employed for many years.

The use of polyclonal antibodies purified from vaccinated human or equine donors
combined with rabies vaccination has been successfully used for the prevention of rabies
for many years. Although 100% effective, human or equine rabies immunoglobulins (HRIG
or ERIG) have relatively low neutralizing activity, vary in quality, and the availability does
not meet the global need for the prevention of rabies, especially in developing countries.
New effective products with consistent quality are thus required. The estimated number of
deaths annually attributed to canine rabies globally is 59,000 [15]. The use of recombinant
RABV neutralizing MAbs provides an opportunity to address the global unmet need for
rabies PEP [16].

CL184 is an anti-rabies MAb combination consisting of the two MAbs CR57 and
CR4098 capable of neutralizing RABV [17]. Both antibodies are produced using the PER.C6®

cell line as a production platform and bind to non-overlapping epitopes present on the
RABV glycoprotein [18]. CL184 was shown to be as efficacious in animal models as HRIG
and was safe and well tolerated in humans during clinical evaluation [19]. Because of its
polyclonal nature, HRIG and ERIG will be effective against a wide variety of RABV isolates.
In contrast, CL184 consists of two antibodies each with neutralizing activity against a wide
range of RABV isolates, but are complementary to each other. Lacking one of the two
antibodies could potentially lead to escape of the infecting RABV once it enters the body.
Hence, during clinical evaluation the presence of both CR57 and CR4098 in clinical serum
samples of subjects administered with a dose of CL184 needs to be verified, especially
during the first 7–10 days when the vaccine-induced immune response has not yet been
mounted in full. A reliable assay to detect specific neutralizing activity of either CR57
or CR4098 is therefore necessary to discriminate between both antibodies with respect to
RABV neutralizing antibody (RVNA) activity.

The rapid fluorescent focus inhibition test (RFFIT) is routinely used to determine
RVNA activity upon vaccination [20]. The test is based on inhibition of infection of baby
hamster kidney (BHK) or mouse neuroblastoma (MNA) cells with the challenge virus
standard 11 (CVS-11) RABV by serum containing RABV neutralizing antibodies. The RFFIT
was validated for use during the CL184 clinical trials [21]. However, because CVS-11 is
neutralized by CR57, as well as CR4098, the activities of each individual MAb could not
be discriminated. The RFFIT assay was therefore adapted by replacing CVS-11 for two
CR57 and CR4098 MAb-resistant CVS-11 isolates. CVS-11-E57 (henceforth called E57) and
–E98-4 (henceforth called E98) are escape mutant CVS-11 strains, which can be neutralized
by either CR57 or CR4098 [18,22]. CR57 can neutralize E98, but not E57, whereas CR4098
can neutralize E57, but not E98.

Both E57 and E98 RFFIT assays were successfully developed and validated according
to International Council for Harmonisation (ICH), United States Food and Drug Adminis-
tration [23] and European Medicines Agency (EMA) guidelines [23–25]. Data show that the
assays are specific, with high sensitivity and an acceptable intermediate precision, ranging
from 20 to 25% coefficient of variation (CV). The adaptation of the RFFIT assay using two
escape mutant CVS-11 strains enables the specific detection of CR57 and CR4098 in human
serum samples during clinical studies. The design of these assays could be adapted for
specific detection of other RABV neutralizing monoclonal antibodies.

2. Results
2.1. Validation Experiments

Results of experiments performed to assess specificity, repeatability, intermediate
precision, lower limit of quantitation (LLOQ), lower limit of detection (LOD), stability,
linearity, and accuracy and concordance between the two assays are described in the below.
The experiment outline is shown in Table 1. Assays were performed by two operators on
different days.
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Table 1. Outline of the validation experiments with experiment subject (see row data collection for variance components (day, operator, cell passage number (CP#))
in the left column; and experiment number across the top. For CP#: early = 10 passages and late = 30 passages. Eight experiments were conducted over eight days
for each of the assays.

Subject
Experiment Number

1 2 3 4 5 6 7 8

Day 1 5 2 6 2 6 3 7 3 7 4 8 4 8 1 5

Virus E57 E98 E98 E57 E57 E98 E98 E57 E57 E98 E98 E57 E57 E98 E98 E57

Operator 1 2 1 2 1 2 1 2

CP# early late late early early late late early

Data collection
for:

Repeatability
Intermediate

precision
Accuracy/
Linearity

LOD/LLOQ
Bench top
stability

Repeatability
Intermediate

precision
Accuracy/
Linearity

LOD/LLOQ
Stability at
−20 ◦C

Repeatability
Intermediate

precision
Accuracy/
Linearity

LOD/LLOQ

Repeatability
Intermediate

precision
Accuracy/
Linearity

LOD/LLOQ
Specificity

Repeatability
Intermediate

precision
Accuracy/
Linearity

LOD/LLOQ
Freeze/Thaw

stability

Repeatability
Intermediate

precision
Accuracy/
Linearity

LOD/LLOQ

Repeatability
Intermediate

precision
Accuracy/
Linearity

LOD/LLOQ

Repeatability
Intermediate

precision
Accuracy/
Linearity

LOD/LLOQ
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2.1.1. Specificity

Resistance to neutralization by corresponding escape mutant challenge virus was
observed, as expected. No neutralization of E57 by CR57 occurred, while CR4098 was able
to neutralize the virus. Similarly, CR57 was able to neutralize E98, whereas CR4098 could
not (Figure 1).
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Figure 1. CVS-11 CR57 and CR4098 escape mutant viruses are MAb specific. Challenge virus was
incubated with different concentrations of CR57 and CR4098. Subsequently neutralizing activity
was tested. Open circles: incubation with CR4098; closed circles: incubation with CR57. (a) Results
of assay performed with E57 escape mutant virus. (b) Results of assay performed with E57 escape
mutant virus.

The ratio reduction in RVNA titer signal of the CL184 without pre-incubation and
E98 pre-incubated CL184 was 62.4-fold, whereas the ratio reduction calculated for pre-
incubation with E57 was 35.3-fold, both above the criterion for specificity (≥4-fold reduc-
tion). The negative control result, ratio reduction between CL184 without pre-incubation
and VSV pre-incubated CL184, was 1.1-fold. These data show that both assays are specific
for the detection of E98 and E57 infection.

2.1.2. Linearity and Accuracy

Linearity was assessed by fitting a regression line through the observed RVNA titer
data points covering the range of the RABV neutralizing antibody levels (0.025–2.0 IU/mL).
The assumptions of normality were made by default on the log10 values of the observed
RVNA titer levels. The area where the assay was assumed linear included data, which are
within 30% of the expected result. The regression line through the titers observed in the
assay utilizing E57 and E98 virus are shown (Figure 2a,b, respectively). For the E57 virus,
the 90% CI of the mean at the 0.05–1.0 IU/mL range was within 30% of the expected result.
For the assay utilizing the E98 virus the 90% CI of the mean at the 0.025 to 2.0 IU/mL was
within 30% of the expected result (see Table 2). The linear range of the E57 and E98 assays
thus were 0.05 IU/mL to 1.0 IU/mL and 0.025 IU/mL to 2.0 IU/mL, respectively.

Accuracy was determined by analysis of the residuals. For both assays, individ-
ual log10 observed titers are within total error evaluated as the sum of the precision
acceptance limit (30% CV) and the accuracy acceptance limit (30%), i.e., 0.24 in log10
transformed values.
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Figure 2. Linearity between different CL184 RVNA spike levels and observed RVNA titers in the
assay utilizing (a) the E57 virus and (b) the E98 virus. Log10 transformed CL184 RVNA levels are
plotted as function of the log10 transformed RVNA titers. For E57, a linear range of 0.05 to 1.0 IU/mL
was observed, and a linear range of 0.025 to 2.0 IU/mL was observed for the E98 virus.

Table 2. Linearity range of the RFFIT assays using the E57 and E98 virus. Pred.: predicted rabies
virus neutralizing antibody titer; Obs.: observer rabies virus neutralizing antibody titer; L90%CI:
lower 90% confidence interval; U90%CI: upper 90% confidence interval.

Spike
(IU/mL)

E57 Virus E98 Virus

Pred. Obs. L90%CI U90%CI Pred. Obs. L90%CI U90%CI

0.025 2.8 3.5 3.2 3.8 4.2 4.7 4.2 5.2
0.05 4.9 4.8 4.4 5.2 7.1 7.0 6.3 7.9
0.1 8.6 7.5 7.0 8.1 11.9 11.2 10.3 12.2
0.2 15.0 13.2 12.1 14.4 19.9 19.2 17.3 21.3
0.5 31.3 27.5 25.2 30.1 39.2 35.6 32.2 39.3
0.8 45.7 44.4 41.7 47.3 55.7 52.6 48.9 56.6
1.0 54.6 57.1 51.8 62.9 65.7 67.5 61.0 74.7
2.0 95.4 113.8 103.4 125.2 110.0 124.4 111.1 139.3

2.1.3. Lower Limit of Quantitation (LLOQ) and Lower Limit of Detection (LOD)

The LLOQ is defined as the lowest RVNA spike level, which is still within 35% CV. At
a spiked level of 0.025 IU/mL, the intermediate precision %CV observed for the E57 virus
was 19.7% and for the E98 virus 24.4%. Since both values are below 35% CV, the LLOQ of
both assays is 0.025 IU/mL.

The LOD was tested using the data of non-spiked sera and is defined as the mean
value with three times the standard deviation added to it. A total of 48 data points
obtained during the eight experiments were used to set the LOD for both virus strains.
For E57, the LOD was at a titer level of 4.5. The minimum RVNA spike level that will
give a titer greater than the LOD is 0.049 IU/mL. Thus, although the LLOQ of the assay
using this virus strain is 0.025 IU/mL, the sensitivity of this assay is somewhat lower (i.e.,
0.049 IU/mL). The assay using E98 as challenge virus, however, showed a LOD at a titer
level of 3.2. This corresponded with a RVNA spike level of 0.019 IU/mL, being the first
predicted RVNA level above the LOD. The sensitivity of the assay utilizing E98 is therefore
set at 0.025 IU/mL (i.e., the LLOQ).
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2.1.4. Repeatability (Intra-Assay Variation)

For the E57 virus, an overall repeatability of 13.2% was observed, and the individual
CV of the independent RVNA levels ranged from 8.6% to 17.2%. An overall repeatability of
13.5% was observed for the E98 virus. The repeatability CV for this virus at the different
RVNA spike levels ranged from 8.1% to 18.6% (Table 3).

Table 3. Repeatability and intermediate precision observed during assessment of RVNA titers
using the E57 and E98 virus. RVNAT: rabies virus neutralizing antibody titer; R: repeatability;
IP: intermediate precision. Overall precision of the assay, as well as the precision per spike level,
are given.

Spike
(IU/mL)

E57 Virus E98 Virus

Mean
RVNAT %CV R %CV IP Mean

RVNAT %CV R %CV IP

Overall 18.4 13.2 20.5 24.0 13.5 24.6
0.025 3.5 14.4 19.7 4.7 14.0 24.4
0.05 4.8 13.0 19.5 7.0 18.6 27.7
0.1 7.5 17.2 17.9 11.2 12.0 20.9
0.2 13.2 11.4 20.9 19.2 11.8 26.2
0.5 27.5 8.6 22.1 35.6 11.6 24.9
0.8 44.4 8.2 15.6 52.6 8.1 18.1
1.0 57.1 11.5 24.1 67.5 10.6 25.3
2.0 113.8 13.1 23.7 124.4 17.7 28.0

2.1.5. Intermediate Precision (Inter-Assay Variation)

The overall intermediate precision CV for the E57 virus was 20.5%, and the individual
CV observed at the different CL184 RVNA spike levels ranged from 15.6% to 24.1%. In the
case of the E98 virus, the overall intermediate precision CV was 24.6% and ranged from
18.1% to 28.0% at the individual CL184 RVNA spike level (Table 3).

2.1.6. Stability

Although antibodies in serum are in general stable at −65 ◦C [26–28], stability of
samples may be jeopardized during handling at room temperature (RT), at −20 ◦C (in case
no −65 ◦C freezer is available), or during freeze/thaw cycles in the case of re-analysis.
Therefore, bench top stability, stability at −20 ◦C, and freeze/thaw stability were tested.
No significant difference between the RVNA titer results of samples at RT for 4 h and
comparator samples was observed in both assays, with an overall ratio (test/comparator)
of 100.3% and 104.6% for E57 and E98 viruses, respectively. (Table 4).

Next, stability testing of the samples at −20 ◦C demonstrated close agreement of
results between the two sample sets (stored at −20 ◦C and comparator) for both assays,
with an overall ratio of 97.9% for the E57 virus and 109.8% for the E98 assay (Table 4).

Finally, freeze/thaw stability was assessed. Up to three freeze/thaw cycles were
compared with untreated samples in the RFFIT. No significant differences in titers between
the test and comparator samples were observed. This was true for the RFFIT utilizing the
E57 virus, as well as the assay using the E98 virus (see Table 4). This shows that clinical
samples can be held for up to 4 h at RT, stored at −20 ◦C for up to two weeks and undergo
up to three freeze/thaw cycles without loss of activity when anlyzed in both assays.
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Table 4. Stability of CL184 in human serum during different stress conditions. RVNA titers upon
incubation at different conditions were compared with non-stressed samples. Difference in RVNA
titer between stressed and non-stressed condition (ratio TS/CS) should be within 70% and 130%.
E57: E57 virus; E98: E98 virus; F/T: freeze/thaw cycle; RVNAT: rabies virus neutralizing antibody titer;
CS: comparator (non-stressed sample); TS: test (stressed) sample; CI: confidence interval; P: passed.

Virus Type Stability
Item

Mean
RVNAT CS

Mean
RVNAT TS Ratio TS/CS Lower 90%

CI Ratio
Upper 90%

CI Ratio
Validation

Status

E57

Bench top 49.38 49.54 100.3% 94.1% 107.0% P
−20 ◦C 59.44 58.17 97.9% 91.6% 104.7% P
F/T 1 59.44 56.24 94.6% 88.6% 101.1% P
F/T 2 59.44 59.89 100.8% 94.3% 107.7% P
F/T 3 34.78 35.10 100.9% 96.4% 105.7% P

E98

Bench top 46.52 48.64 104.6% 98.9% 110.5% P
−20 ◦C 54.01 59.30 109.8% 103.2% 116.8% P
F/T 1 54.01 58.97 109.2% 102.6% 116.2% P

F/T 2 54.01 59.04 109.3% 102.8% 116.3% P
F/T 3 38.03 39.56 104.0% 99.3% 109.2% P

2.1.7. Concordance between the Two Assays

To ensure CL184 efficacy against different RABV strains, it is of importance that both
antibodies are present in serum at similar levels. The concordance in titer level (i.e., whether
the titer level of one antibody can be compared with the other) of both assays was assessed.

The results (see Figure 3) indicate that the two measurements are highly correlated
(>0.97). The slope is estimated to be 0.93 with the 95% confidence interval (being [0.87, 0.99])
is included within the [0.80, 1.25] indifference zone, suggesting that the ratio between the
two measures acceptably close to 1.
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3. Discussion

CL184 is a combination of two fully human MAbs neutralizing RABV. Since the
two antibodies CR57 and CR4098, included in CL184, are complementary in neutralizing
RABV isolates, it is of importance that both are actively present in human serum to ensure
neutralization of all possible RABV isolates upon exposure. The RFFIT is commonly used
to determine anti-RABV activity, but cannot discriminate between activities of different
monoclonal anti-RABV antibodies. In order to discriminate between CR57 and CR4098
specific RVNA levels, the RFFIT was customized for the detection of CR57 and CR4098
specific RVNA titers. Two assays utilizing CR57 and CR4098 escape mutant CVS-11 strains
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were developed and validated enabling the detection of CR57 and CR4098=specific RVNA
titers. Specificity experiments confirmed that the two assays can indeed specifically detect
CR57 and CR4098 RVNA titer levels in human serum samples. Furthermore, concordance
testing indicated that CR57 and CR4098 specific neutralizing activity in serum samples
are comparable, enabling the comparison of CR57 and CR4098 activity, which should be
present in serum in similar levels.

The standard RFFIT is commonly used to assess RVNA activity upon vaccination or
for the determination of rabies vaccine efficacy during clinical studies. The international
standard rabies immune globulin (SRIG), with an assigned potency value of 2.0 IU/mL,
is used as a reference to calculate the RVNA activity of a test sample. A serum RVNA
level ≥0.5 IU/mL is indicative for adequate response to rabies vaccination [29]. During
development of the assays, we observed that the two virus strains did not react equally
against the polyclonal SRIG. As a consequence, no concordance between the two assays
could be obtained upon conversion to IU/mL. Because the two assays are not used to show
protective levels against RABV, but rather show that both CR57 and CR4098 are present in
serum and available in equal activity, we reported neutralizing titers instead.

Because RABV neutralizing immunoglobulins are usually injected along with rabies
vaccine, it must be noted that the CR57 and CR4098 specific RFFIT can only be used
for sera of subjects injected with CL184 only, or serum isolated no later than three days
upon vaccine administration. The antibody response against the vaccine will obscure
the CR57 and CR4098 specific RVNA levels. The RVNA levels typically observed one to
three days after injection and determined using the standard RFFIT in serum of subjects
participating in CL184 clinical trials ranged from 0.2 (LLOQ) to 3 IU/mL (Bakker et al. 2008,
and unpublished data). Since the standard RFFIT cannot discriminate between the two
antibodies present in CL184, these levels reflect both CR57 and CR4098 neutralizing activity.
CL184 consists of equal amounts of CR57 and CR4098. The expected RVNA levels in these
samples are therefore 0.1 to 1.5 IU/mL. Given the observed sensitivity and stable linear
range of the assays of 0.049 IU/mL to 1.0 IU/mL (CR4098 specific assay) and 0.025 IU/mL
to 2.0 IU/mL (CR57 specific assay), both assays are capable to measure in the desired range.

In conclusion, the results of this validation demonstrate that these RFFITs are precise,
accurate, linear, specific, and stable within the linear range of 0.025 IU/mL to 2.0 IU/mL.
The assays are suitable for their intended use to detect CR57 and CR4098 RVNA titers in
sera of subjects injected with CL184 during clinical trials.

4. Materials and Methods

RFFIT protocol

The RFFIT procedure [30] was modified to measure the level of RVNA titers in human
serum against the rabies CVS-11 CR57 escape mutant E57 or the rabies CVS-11 CR4098
escape mutant E98. Two-fold serial dilutions of heat inactivated serum spiked with different
levels CL184 were incubated with the E57 or E98 strain in 8-well tissue chamber slides for
90 min at 37 ◦C. Subsequently, BHK-21 cells were added to the serum–virus mixture and
incubated for an additional 20 to 24 h at 37 ◦C with 2 to 5% CO2. Next slides were acetone
fixed and stained with an anti-rabies N-FITC conjugate (Chemicon).

Twenty distinct microscopic fields per well were examined using a fluorescence mi-
croscope at ×100 magnification to score the virus infected cells (foci) by one independent
reader, and one of every 8 slides was read by another independent reader for slide reading
quality control. The number of positive fields with RABV infected cells per well were
recorded. The neutralization endpoint titer was defined as the highest sample dilution at
which 50% of the observed microscopic fields contain one or more infected cells. The RVNA
titers are mathematically interpolated using the Reed and Muench method for calculating
a RVNA titer [31].

Validation samples
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Experiments were performed using normal human serum spiked with CL184. Pooled
normal human serum (Fisher Scientific, Fair Lawn, NJ) was spiked with different concentra-
tions of CL184 to obtain a range of validation samples. Serial dilutions of CL184 in serum
were calculated based on the clinical dosages as specified on the label (i.e., 500 IU/mL).
Spike levels were 0.025, 0.05, 0.1, 0.2, 0.5, 0.8, 1.0 and 2.0 IU/mL. At the start of the study, a
pool of each validation sample was prepared, aliquoted, and frozen at −80 ◦C until use.
To assess the serum background and LOD, a non-spiked serum sample was included. For
specificity testing, the single MAbs CR57 and CR4098 were diluted in normal human serum
on basis of their protein concentration. Hereto CR57 and CR4098 concentrations of 0.1, 0.5,
and 2.0 µg/mL were prepared. All tested sera were stored at −80 ◦C (nominal), similar to
the clinical sample storage temperature, unless stated otherwise.

Challenge viruses

Preparation of the escape mutant viruses have been previously described [16,20].
Stocks of E57 and E98 prepared for the validation experiment were grown over two days,
resulting in similar endpoint titers that met acceptance criteria for use as challenge virus in
the RFFIT. Both stock virus preparations were used in working dilutions to produce a dose
of 30-100 TCID50 in the RFFIT, as required.

Validation experiments

The validation plan was based on the guidelines on bioanalytical method valida-
tion available and ICH Q2(R1) [21–23]. Experiments were performed to assess specificity,
repeatability, intermediate precision, lower limit of quantitation (LLOQ), lower limit of
detection (LOD), stability, linearity and accuracy and concordance between the two assays.
Validation samples were spiked with different RVNA levels of CL184 containing equal
amounts of CR57 and CR4098. The samples were tested three times in eight independent ex-
periments over eight days by two operators using early (10) and late (30) BHK cell passages
for each of the virus strains. During these experiments, a total of eight RVNA levels were
observed. For specificity, regarding experiments involving the MAbs separately, normal
human serum was spiked with 0.1, 0.5, and 2.0 µg/mL CR57 or CR4098. The experiment
outline is shown in Table 1. The following validation parameters were considered:

(1) Specificity. Specificity was tested two ways: First, the two MAbs, CR57 and CR4098,
were incubated separately with the challenge virus E57 or E98. Criteria were that E57
should be neutralized by CR4098, but not by CR57, whereas E98 should be neutralized
by CR57, but not by CR4098. Second, the specificity of the virus in context of CL184
was tested. Hereto inactivated virus was incubated with CL184 to adsorb either CR57
or CR4098. Subsequently the mixture was incubated with live challenge virus and
compared with CL184 not adsorbed to the inactivated virus. As a negative control
inactivated irrelevant rhabdovirus (Vesicular Stomatitis Virus-Indiana, (VSV-IN)) was
used. The ratio of the RVNA titer signal observed using the unabsorbed CL184 and the
adsorbed CL184 was calculated. A reduction of ≥4 fold in signal indicates specificity
of the assay.

(2) Linearity and Accuracy. To assess linearity, the ICH guidelines on validation of
analytical procedures (Q2(R1)) were followed. A regression line was fitted through the
observed RVNA titer level data points (i.e., the log10 transformed antibody measured
titers as a function of the log10 transformed potency level of CL184) using maximum
likelihood method. Linearity was analyzed using a linear regression model and
accuracy assessed via analysis of the residuals. The 90% confidence interval at each
level should be included within ±0.114 log-units (corresponding with 30% CV on the
original scale) from the expected result, (i.e., the regression line). The range where the
data follows a linear regression model constitutes the linear range of the assay.

(3) Precision. Repeatability (intra-assay variation) and intermediate precision (the sum of
the inter-assay and intra-assay variation) of the assays were determined by assessment
of eight CL184 validation samples covering the RVNA range of 0.025 to 2 IU/mL.
Guidelines recommend a CV of 20% to 25% for ligand binding assays (LBA), such as
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enzyme-linked immunosorbent assays (ELISA). However, since bioassays, such as
the RFFIT, make use of biological agents such as cells and virus, which are prone to
a higher variation, a higher variability is expected, as acknowledged by the World
Health Organization [32,33]. A larger CV limit criterion of <30% is therefore accepted.
More variation is expected for the LLOQ and ULOQ [21], thus acceptance criteria
for the LLOQ is 35% instead of 30%. We accept this higher variability because data
in this range are considered relevant in the clinical trials in which, at early time
points, relative low levels of passively administered RIG are expected. RVNA titer
data were first log10 transformed to achieve a normal distribution. The repeatability
and intermediate precision of the RVNA titer values was estimated in a nested error
variance components model by analysis of variance (ANOVA) with experiment as
random term. To express precision in percent CV, the formula

CV% = 100·
√

e(σ·ln(10))2 − 1

was used to translate the standard deviation (σ) on a log10 scale to a percent CV, which
can be compared with the acceptance criteria.

(4) Stability. Stability was assessed as described in the EMA and FDA guidelines on
bioanalytical method validation. The stability items tested reflect the routine handling
of clinical samples. During all stability experiments, 3 RVNA spike levels (0.1, 0.5
and 2.0 IU/mL) were tested. During each stability test, a total of 7 aliquots per spike
level were stressed and compared to the same number of non-stressed comparator
samples. Freeze thaw testing was performed as follows: 3 sets of 7 aliquots were
taken from the −80 ◦C freezer and allowed to thaw at room temperature (RT) for 4
h. Next, the samples were placed back and allowed to freeze for at least 24 h. Sub-
sequently, all samples were taken from the freezer and allowed to thaw at RT for 4
h (freeze/thaw cycle 1). One set was tested in the RFFIT assays, and the remaining
2 sets were placed back in the −80 ◦C freezer for at least 24 h. This procedure was
repeated for a total of 3 cycles. The RVNA titer levels for each stability sample were
log10 transformed and compared with the log10 transformed comparator samples by
ANOVA, with spiked value as covariate to correct for differences in concentration.
Appropriate estimate statements in the ANOVA were used to estimate the mean differ-
ences and the corresponding 90% confidence intervals of various stability conditions
to the comparator. As a criterion, no significant differences of more 30% on original
scale between stability samples and comparator samples as determined by ANOVA
were allowed.

(5) Concordance between the two assays was performed using an orthogonal regression
model [34], assuming the error on both measurements was the same, as suggested in
the precision section.

Calculations

All computations have been performed using SAS 9.4 and JMP 10.0.
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