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Abstract: The measurement of rabies-neutralizing antibody is important for monitoring the response
to rabies vaccination. For all the purposes of measurement, such as routine monitoring of vaccine
response in humans and animals, serosurveys, and biologics qualification, accurate and precise
results are necessary. The risks associated with sample handling variation, which may impact the test
results, can be overlooked within a laboratory. To determine the robustness of rabies-neutralizing
antibodies in human and animal serum, samples were treated to mimic various possible deviations
in the sample handling protocols. Potential deviations were designed to investigate common client
inquiries and possible sample conditions experienced during shipping, storage, and laboratory
processes. The treatments included the duration that sera were kept at a temperature greater than
that of a refrigerator (room temperature, zero hours to two weeks), the number and duration of
heat inactivation treatments (i.e., heat inactivation directly from freezer storage, etc.), the number
of freeze–thaw cycles (zero, four, or six cycles), and the storage duration of sample dilutions in
chamber slides before the addition of virus (zero hours to overnight). The results provided evidence
for the robustness of rabies antibodies and the antibodies’ neutralizing function in uncontaminated,
clear human and animal serum. In addition, prolonged heat exposure was identified as exerting the
greatest impact on the measurement of rabies antibodies.
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1. Introduction

Rabies antibody assays provide information consequential to clinical and pharmaceuti-
cal decisions. No one method is ideal for all testing purposes; yet, serum neutralization (SN)
assays, such as the rapid fluorescent focus inhibition test (RFFIT), are globally recognized
as the gold standard for rabies antibody measurement due to the fact that they measure
functional antibody as a correlate of protection [1,2]. SN assays, as are most laboratory
methods, are subject to assay variables that will affect the measurement of precision and the
accuracy of rabies virus-neutralizing antibodies (RVNAs) [3]. Quality control of the assay
(biological reagents, equipment, training, etc.) will control variability, but the quality of the
serum sample is an uncontrolled component. Proper handling of samples can preserve the
quality of antibodies and prevent the growth of infectious agents, which could produce less
accurate results [4]. Assay validation usually includes the verification of expected storage
conditions. Published validation of the RFFIT has demonstrated limits of refrigerated (2 to
8 ◦C) and frozen storage (−20 and −80 ◦C), as well as of freeze–thaw cycles (two and five
cycles) [5,6].

In addition to providing rabies titer results to inform whether a booster vaccine is
needed (result of less than 0.5 IU/mL) for those at increased risk of rabies exposure, rabies
serology is used for pet export, epidemiology serosurveys, and clinical studies on vaccines
and rabies immunoglobulin. The sample quality and quantity are key factors in obtaining
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accurate results. Samples shipped longer distances or from areas with limited storage
capabilities, as well as shipping delays are all real-life possibilities. In addition, as the
number of samples tested within a laboratory increases, so does the potential for sample
handling deviations and inquiries into how these variations may affect a sample’s result.
Extended room temperature storage and errors in heat inactivation handling are possible.
Establishing the limits of handling errors allows for informed decision-making when
out-of-specification events occur, especially for rare or low-volume samples.

To determine the robustness of rabies virus-neutralizing antibodies (RVNAs) in human
and animal serum using the RFFIT, samples were treated to mimic potential deviations
in sample handling protocols. Potential deviations were designed to investigate common
client inquiries and possible sample conditions experienced during shipping, processing,
and setup. These potential deviations include the duration of serum storage (up to two
weeks) at a temperature greater than that of refrigeration (room temperature, 18 to 25 ◦C),
the number and duration of heat inactivation (HI) treatments, the number of freeze–thaw
cycles (above three cycles was previously validated), and the storage duration of sample
dilutions in chamber slides before the addition of virus.

Samples with results below and between the RFFIT-validated linear range of 0.1 to
15.0 IU/mL were tested and analyzed. In light of the (prior to 2022) recommended cut-off of
the Advisory Committee on Immunization Practices (ACIP), defined as the complete neu-
tralization of rabies virus at a serum dilution of 1:5 (~0.1 IU/mL) and the current ACIP and
World Health Organization (WHO) guideline of 0.5 IU/mL as an adequate response [1,7,8],
this study examined how the above conditions affected samples, specifically with results
around these two target levels.

2. Materials and Methods

A panel of 15 human and 15 animal (feline, canine, and equine) serum samples was
created (n = 30, unless otherwise stated). Sample aliquots (220 µL) were prepared to create
panels for all testing scenarios (see below). An untreated control panel was tested in parallel
with the test panels. Testing was performed by the rapid fluorescent focus inhibition test
(RFFIT) method, with each sample tested in duplicate. All samples were heat inactivated
(55–57 ◦C for 30 min) 1–3 days prior to testing, except for the heat inactivation panel (see
Section 2.3 below).

2.1. Samples

Panels were prepared by creating pools of clinical human serum or clinical animal
serum submitted for rabies titer testing. Samples were prepared to represent RVNA IU/mL
across the linear range of the assay and results below the level of quantitation, as defined
by the assay validation. Serum samples were pooled by species and by measured IU/mL
range (see Supplemental File Table S1). As needed, some samples were further diluted in
assay media. Four samples in the panels were less than 0.1 IU/mL, including two human
and two animal samples. The results (by treatment) of all samples in the test panels can be
found in Supplemental Files Tables S2–S5.

2.2. Room Temperature Stability

Panels were stored at room temperature (RT) for 0 (control), 4, 12, 24, 48, or 72 h or for
1 or 2 weeks. Panels were stored at 2 to 8 ◦C until RT incubation (acceptable range, 18 to
25 ◦C), if applicable, and after heat inactivation, prior to testing.

2.3. Heat Inactivation (HI) Variables

Panels were treated based on potential lab-based variables in heat inactivation. The
variables tested included standard HI conditions (30 min, control), situations to mimic
serum samples being left in the water bath overnight (16 h, overnight HI), HI directly
from −80 ◦C storage (45 min, HI from −80 ◦C), and two rounds of HI (30 min each) with
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different storage temperatures between rounds (2 × HI with 4 ◦C storage or 2 × HI with
−80 ◦C storage).

2.4. Eight-Well Chamber Slide Incubation (2 to 8 ◦C)

Panels, standards, and references were appropriately diluted and transferred to 8-well
chamber slides (n = 36). Chamber slides were incubated at 2–8 ◦C for 0 (control), 1, 2, 4, or
6 h or overnight prior to the next steps of the RFFIT procedure.

2.5. Freeze–Thaw Stability

Panels were subjected to 4 or 6 freeze–thaw cycles prior to testing. One cycle consisted
of 48 h at −80 ◦C, followed by 2 h at room temperature (time for complete thaw).

2.6. RFFIT Serological Testing

The RFFIT, using CVS-11 as the challenge virus strain, was used to test all serum sam-
ples for the baseline rabies virus-neutralizing antibody (RVNA) titer value, as previously
described [9]. The RFFIT assay has been routinely validated in the Kansas State University
Rabies Laboratory [5]. Briefly, 100 µL of each serum sample was serially diluted five-fold in
96-well microplates, and 100 µL of each serum dilution was transferred to 8-well Lab-Tek
chamber slides (Nunc™ Lab-Tek™ Chamber Slide System, catalog# 177445), and 100 µL of
the challenge virus (ATCC), at a concentration of 50 TCID50, was added. The resulting serial
dilution represented serum dilutions of 1:5, 1:25, 1:125, and 1:625. After a 90-min incubation
period to allow for virus neutralization by any RVNAs present in the samples, 200 µL of
DEAE-treated BHK cells (5 × 105/mL) was added, followed by further incubation for 20 to
24 h. Residual virus detection under fluorescence microscopy was achieved by staining
acetone-fixed slides with FITC-conjugated anti-N rabies antibody (Millipore, Temecula,
CA, USA). Counts of virus-detected fields were transformed to IU/mL results using the
Reed and Muench formula for endpoint titer, and the results were compared to an RVNA
in-house reference serum titer tested alongside the samples. A panel of internal standards,
including a negative control, were tested alongside the samples for assay monitoring. The
in-house reference serum was qualified against an international rabies immunoglobulin
standard sample. High-titer sera were pre-diluted in assay media to obtain readable results
within the linear range of the assay (0.1 IU/mL to 15.0 IU/mL) as defined during valida-
tion; the lower limit of quantitation was validated as 0.1 IU/mL, and the upper limit of
quantitation was validated as 15.0 IU/mL in the human (as well as animal) serum matrix.

2.7. Data Analysis

The sample IU/mL results were calculated by comparing the sample titer to the titer
of the untreated reference serum sample for each experiment, as appropriate; see Table
S1. Duplicate IU/mL values per sample were averaged and compared across treatments
within each experiment. Percent recovery (%R = experimental result/theoretical result
× 100) and the Coefficient of Variance (CV% = standard deviation/sample mean × 100)
were calculated for each sample relative to its respective experimental control. Acceptance
criteria for the accuracy and precision of the results of the same sample across treatments
was set at a percent recovery (%R) between 50% and 150% and a precision (CV%) less than
or equal to 50%. Furthermore, standard laboratory practice dictates that greater than 90%
of samples must meet these criteria for both CV% and %R for a treatment group to be
accepted. These acceptance criteria were selected based on the expectation for antibody
titer variation [10,11]. The acceptance CV% for the RFFIT per the assay validation is 30%
CV% [5,6].

3. Results
3.1. Room Temperature Stability of RFFIT IU/mL Results

The test panel IU/mL results and comparison of the results to the control panel can
be seen in Figure 1a,b, respectively. Across treatments, the average CV% ranged from
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7.6–10%, and the average percent recovery ranged from 95.5–102% (Table 1). When test
panel results were compared to the control samples, all samples passed the laboratory
acceptance criteria for less than 50% CV%, with 93.3–100% of samples having a CV% less
than 30%. Additionally, between 96.7 and 100% of samples passed the acceptance criteria
for %R. All samples maintained result consistency at the 0.1 and 0.5 IU/mL levels.
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Figure 1. Influence of room temperature storage time on RFFIT IU/mL result: (a) The effect of room
temperature storage by number of hours on the measured rabies-neutralizing antibody (IU/mL)
is displayed. The dotted line represents the acceptable level for rabies vaccination seroconversion.
(b) The comparison of room temperature-stored samples’ results (IU/mL) to the control sample
results (stored at 2 to 8 ◦C until testing). The black line is the control data trendline line; the colored
dotted trendlines correspond to the data sets per treatment by color in the legend.

Table 1. The average result precision (CV%) and accuracy (%R) comparison, the percentage of
samples meeting the acceptance criteria, and the ratio of samples reflecting the two seroconversion
rates (0.1 and 0.5 IU/mL) by the sample handling variable. n = 30 for all variables, except 8-well
chamber slide incubation with n = 36.

Treatment Groups Ave
%CV Ave %R

% Samples
with <50%

CV%

% Samples
with <30%

CV%

% Samples
within

50–150% %R

Result
Consistency at

0.1 IU/mL 1

Result
Consistency at

0.5 IU/mL 1

Room Temperature Stability
4 h 8.7 98.5 100 96.7 100 100 (30/30) 100 (30/30)
12 h 7.6 98.2 100 96.7 96.7 100 (30/30) 100 (30/30)
24 h 9.7 97.3 100 100 100 100 (30/30) 100 (30/30)
48 h 9.7 95.5 100 100 100 100 (30/30) 100 (30/30)
72 h 10.0 101.3 100 93.3 96.7 100 (30/30) 100 (30/30)

1 week 7.8 99.6 100 93.3 96.7 100 (30/30) 100 (30/30)
2 week 9.1 102.0 100 96.7 96.7 100 (30/30) 100 (30/30)

Heat Inactivation Treatment
Overnight HI 15.5 85.8 93.1 82.8 89.7 100 (30/30) 100 (30/30)
HI from −80C 7.9 105.8 100 96.7 96.7 100 (30/30) 100 (30/30)

2 × HI with 4C storage 10.8 112.3 100 96.7 93.3 100 (30/30) 100 (30/30)
2 × HI with −80C storage 11.4 112.0 100 93.3 93.3 100 (30/30) 100 (30/30)

8-Well Chamber Slide Incubation
1 h 8.0 108.4 100 94.4 94.4 100 (36/36) 100 (36/36)
2 h 10.4 114.7 100 97.2 91.7 100 (36/36) 100 (36/36)
4 h 7.2 94.5 100 100 100 100 (36/36) 97.2 (35/36)
6 h 13.7 116.7 100 94.4 91.7 100 (36/36) 100 (36/36)

Overnight 7.5 102.9 100 97.2 97.2 100 (36/36) 100 (36/36)
Freeze–Thaw Treatment

4 freeze–thaw cycles 8.9 96.9 100 96.7 100 100 (30/30) 100 (30/30)
6 freeze–thaw cycles 8.8 98.7 100 93.3 96.7 100 (30/30) 100 (30/30)

1 Result consistency is the percentage of test samples whose results remain consistent with the control group at the
0.1 and 0.5 IU/mL levels (i.e., those samples with results less than 0.1 or 0.5 IU/mL in the control group remain
the same after treatment, and those with results greater than the 0.1 or 0.5 group remain the same after treatment).
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3.2. Influence of Sample Serum Heat Inactivation Time on Stability of RFFIT IU/mL Results

The HI treatment panel and control panel IU/mL results and the comparison of each
test sample to its control sample results are displayed in Figure 2a,b, respectively. Across
treatments, the average CV% compared with the control samples ranged from 7.9–15.5%,
and the average %R ranged from 85.8–112.3% (Table 1). All samples had results that met the
laboratory acceptance criteria of less than 50% CV% in all groups except the overnight (16 h)
HI panel sample results. Only 93.1% of samples had a CV% less than 50%; additionally,
only 82.8% of samples had a CV% less than 30%. Between 93.3 and 96.7% of the sample
results passed the acceptance criteria for %R in all treatments, except the overnight HI test
sample results. The overnight HI treatment sample results failed the laboratory acceptance
criteria for percent recovery, with only 89.7% of results passing acceptance. Overall, all
samples maintained result consistency at the 0.1 and 0.5 IU/mL levels.
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Figure 2. The influence of heat inactivation time on RFFIT IU/mL result: (a) The effect of different HI
and storage schemes on the measured rabies-neutralizing antibody (IU/mL) is displayed. The dotted
line represents the acceptable level for rabies vaccination seroconversion. (b) The comparison of the
heat inactivation scheme sample results (IU/mL) to the control sample results. The black line is the
control data trendline line; the colored dotted trendlines correspond to the data sets per treatment by
color in the legend.

3.3. Influence of 2 to 8 ◦C Storage of Sample Dilutions in Chamber Slide Wells on the RFFIT
IU/mL Results

The sample IU/mL results and comparison to the control panel IU/mL results can
be seen in Figure 3a,b, respectively. Across treatments, the average CV% compared with
the control samples ranged from 7.2–13.7%, and the average %R ranged from 94.5–116.7%
(Table 1). When the test panel results were compared to the control panel results, all test
panel results passed the laboratory acceptance criteria of less than 50% CV%; 94.4–100%
of samples had a CV% less than 30%. Additionally, between 91.7 and 100% of the results
passed the acceptance criteria for %R. All test panel samples maintained result consistency
at the 0.1 IU/mL level; however, one sample in the 6-h incubation group did not maintain
result consistency at the 0.5 IU/mL level. The control treatment result average (to two
decimal places) was 0.55 IU/mL, compared to the 0.40 IU/mL result after the 4-h chamber
slide storage treatment.
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Figure 3. The influence of 2 to 8 ◦C storage time of serum sample dilutions in chamber slides on
RFFIT IU/mL result: (a) The effect of different storage times on the measured rabies-neutralizing
antibody (IU/mL) is displayed. The dotted line represents the acceptable level for rabies vaccination
seroconversion. (b) The comparison of the chamber slide storage time sample results (IU/mL) to
the control sample results. The black line is the overall data trendline line; colored dotted trendlines
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3.4. Freeze-Thaw Stability of RFFIT IU/mL Results

The test and control panel sample IU/mL results and test panel result comparison to
the control panel IU/mL results can be seen in Figure 4a,b, respectively. Across treatments,
the average percent CV compared with the control samples was 8.8 and 8.9% for 4 and
6 cycles, and the average percent recovery was 96.9 and 98.7% for 4 and 6 cycles, respectively
(Table 1). When the test panel results were compared to the control samples, all samples
passed the laboratory acceptance criteria for less than 50% CV, with 93.9–96.7% of samples
having a CV% less than 30%. Additionally, all samples passed the acceptance criteria for
percent recovery and maintained result consistency at the 0.1 and 0.5 IU/mL levels.
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antibody (IU/mL) is displayed. The dotted line represents the acceptable level for rabies vaccination
seroconversion. (b) The comparison of the freeze–thaw test panel results (IU/mL) to the control
samples. The black line is the overall data trendline line; colored dotted trendlines correspond to the
data sets per treatment by color in the legend.
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3.5. Intra-Assay Variability

The duplicate results of all samples in all treatments and their associated controls were
calculated to evaluate intra-assay variability; see Table 2. The CV% range of all control
samples was 8.5 to 13.3%.

Table 2. Duplicate result precision (CV%) and percentage of samples meeting CV% acceptance criteria
by sample handling variable.

Treatment Groups Ave %CV % Samples with
<50% CV%

% Samples with
<30% CV%

Room Temperature Stability
Control (0 h) 13.0 96.7% 93.3%

4 h 10.6 96.7% 93.3%
12 h 9.9 96.7% 93.3%
24 h 14.6 90.0% 83.3%
48 h 10.8 93.3% 90.0%
72 h 12.9 86.7% 83.3%

1 week 10.8 96.7% 96.7%
2 week 11.2 93.3% 90.0%

Heat Inactivation Treatment
Control (1 × HI) 13.3 100.0% 96.7%

Overnight HI 25.6 86.7% 63.3%
HI from −80 ◦C 14.3 96.7% 76.7%

2 × HI with 4 ◦C Storage 12.0 100.0% 90.0%
2 × HI with −80 ◦C Storage 10.9 100.0% 90.0%

8-Well Chamber Slide Incubation
Control (no storage incubation) 9.5 100.0% 96.7%

1 h 11.9 100.0% 86.7%
2 h 16.9 96.7% 83.3%
4 h 9.1 100.0% 93.3%
6 h 14.0 100.0% 83.3%

Overnight 11.4 100.0% 83.3%
Freeze–Thaw Treatment

Control (0 freeze–thaw cycles 8.5 100.0% 90.0%
4 freeze–thaw cycles 8.9 100.0% 93.3%
6 freeze–thaw cycles 15.5 90.0% 86.7%

4. Discussion

SN methods rely on healthy cells for sufficient replication of viral proteins, which are
the target of the conjugated antibody used for the detection of the rabies virus (RABV) in the
cells. Thus, any factor or condition that affects cell health, such as infection, substandard
reagents, and adverse temperature/pH, will affect the performance of the assay [12].
Similarly, any condition that influences the binding of RABV to the cell receptor will play a
part in the assay performance. The conditions of the test environment can also impact the
neutralizing capability of the antibodies, to various degrees, depending on the mechanism
of neutralization. Interfering factors can be biologic (as in contamination with bacteria or
viruses) or chemical (as in the use of tubes or labware made from plastic, which is toxic to
the cells or causes excess binding of antibody to the plastic). Specimen quality alone can
interfere with attaining accurate results [4]. Lipids in lipemic samples may interfere with the
measurement of neutralizing antibodies through interference/non-specific reactions [13].
Serum from patients acutely ill with other viral diseases has produced non-specific reactions
in both SN and ELISA rabies serology methods [14].

Shipping preparations and conditions can be complex and difficult to manage, espe-
cially for a larger number of samples [15]. Some components measured in blood samples
can be very sensitive to shipping and storage conditions, whereas others are not [16]. In
this study, RVNAs in clean human and animal serum samples tested using the RFFIT
assay were shown to be very stable when handled outside of standard handling protocols.
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Clean samples are samples that are not hemolyzed, icteric, lipemic, or contain bacterial
contamination. All test conditions, except the 16-h heat inactivation treatment, produced
sample results within 50% CV% of the control results; furthermore, 90% or greater were
within 30% CV%. Freeze–thaw cycles, which can affect the stability of proteins, have been
previously studied for rabies antibodies up to four cycles [5,6]. This study expands the
extent of RVNA stability to six cycles. The stability of frozen samples is particularly impor-
tant in research and clinical trial studies, where the reliability of both frozen shipment and
sample storage is a requirement; however, both conditions are vulnerable to unexpected
temperature excursion due to various environments during shipment and the length of the
storage time. Antibody stability within serum samples was investigated in a previous study
by Hodgkinson et al., which looked at the effects of the time/temperature to fractionation
(centrifugation of blood sample), the time/temperature of storage prior to testing, and the
collection tube type on infectious disease antibodies [15]. The authors concluded that there
was no difference in the blood collection tube types and that the samples can be stored for
up to six days at room temperature or 4 ◦C with no difference in measured antibody level,
demonstrating the robustness of sample stability in preanalytical handling.

Adequate seroconversion for rabies vaccination per the World Health Organiza-
tion and currently by the Advisory Committee on Immunization Practices (ACIP) is
0.5 IU/mL [8,17]. Prior to the new ACIP recommendations published in 2022, the ac-
ceptable level representing an adequate response to rabies vaccination was described
as complete neutralization of virus at a 1:5 dilution of serum, which is approximately 0.1 to
0.3 IU/mL, as tested in the RFFIT. The level 0.1 IU/mL is the lower limit of quantitation
per the method validation at the time of these experiments; this level can vary per individ-
ual laboratory or assay type. In this study, samples at these two levels were particularly
evaluated, as the levels most consequential for decision-making for clinicians, occupational
health professionals, researchers, and in clinical trial studies. All samples tested with an
initial RVNA level of 0.1 IU/mL maintained this result in all treatments. The same was
true for samples with an initial RVNA level of 0.5 IU/mL in all treatments, except for
one; this sample had an antibody level of 0.4 IU/mL in the 4-h chamber slide incubation
condition. A 0.1 IU/mL difference is within the normal variability for the RFFIT assay;
further, the result was within two standard deviations of the control result (0.5 IU/mL). All
other results of this sample in the chamber slide incubation experiments (longer than 4 h)
were 0.5 IU/mL.

Serum neutralization tests are inherently variable; however, variability can be con-
trolled with good quality-assurance measures. The overall average of duplicate samples
of controls was 11.1%, ranging from 8.5 to 13.3% (see Table 2). Comparing this (expected)
range to the range of CV% in each treatment group in Table 1, we see that only the overnight
HI treatment groups produces a notably higher CV% (25.6%).

Establishing the limits of sample stability for rabies antibody testing provides guidance
for shipping decisions, as well as follow-up actions when sample storage conditions fall
outside the stated requirements or accepted practice guidelines. A limitation of this study is
that the samples used to prepare the panels were clinical samples shipped to the laboratory
for rabies titer testing and, as such, the sample handling prior to and during shipment
are unknown. Additionally, some samples were diluted to reach the target IU/mL for the
experiment design and may not represent non-diluted samples.

5. Conclusions

The evidence from the sample handling experiments in this study demonstrates
that a clean serum sample tested to determine a sufficient antibody level per the ACIP
(~0.1 IU/mL) or WHO (0.5 IU/mL) can withstand deviations from standard handling
protocols and still produce results within the established assay variability. Importantly, the
sample handling deviations investigated did not affect the results at the cut-off level for
the determination of adequate vaccination response to rabies vaccination for those at risk
of rabies exposure. Similarly, for samples at the level of quantitation, 0.1 IU/mL, sample
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robustness was demonstrated. Knowledge of the limits of sample handling deviation is of
utmost importance when samples are difficult to obtain or unable to be reproduced (i.e.,
time point sample or wild animal sample).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biologics4030016/s1, Table S1: Sample preparation; Tables S2–S5:
IU/mL results of samples per treatment.
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