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Abstract: Human respiratory syncytial virus (hRSV) is one of the major contagious viruses and
causes complicated respiratory issues, especially in young children. The sensitive and fast detection
of hRSV is critical for taking the most effective actions. In the present study, rabbit antibodies
against the hRSV nucleoprotein (NP) were developed using phage display technology. A female
rabbit was immunized with an hRSV strain A2 recombinant NP. A Fab library was built and sorted
during two successive panning rounds for strain B and the A2 NP (recombinant preparations),
respectively. The choice of candidates was performed using ELISA on the two NP strains. The
obtained library was 3 × 106 cfu/mL, with an insertion rate of >95%. The two panning rounds
permitted an enrichment factor of 100. ELISA screening allowed us to obtain 28 NP-specific Fab
candidates. Among them, 10 retained candidates were reformatted into rabbit full IgG; thereafter,
pairing tests on the recombinant strains and native lysate samples were performed. After the pairing
tests on the recombinant strains, 53 pairs were identified. Eleven pairs were identified as being able
to detect RSVs from native lysates. This work presents new high-potential monoclonal antibodies
mAbs (mAbs), which would benefit from lateral flow testing data with patient materials.

Keywords: rabbit; phage display; human respiratory syncytial virus; monoclonal antibodies;
nucleoprotein; ELISA

1. Introduction

Human respiratory syncytial virus (hRSV) is recognized as one of the major contagious
viruses that infect the respiratory tract [1,2]. RSV can be serious, especially for infants—it is
the most common cause of respiratory hospitalization causing bronchiolitis and pneumonia
in children younger than one year [3]. In addition, this virus can be dangerous for adults
older than 65 years, especially those with chronic heart or lung disease or those with weak
immune systems [2]. RSV can cause significant complications in young children; thus,
its diagnosis is very important for taking the most effective actions [4]. Various types
of laboratory diagnoses are classically used to test for RSV infection. Among them, two
are focused on virus detection in nasopharyngeal swabs: (1) molecular testing by PCR
assays focusing on RSV genetic material and (2) antigen testing assays that seek viral
fragments. If PCR diagnoses have the advantage of being very sensitive methods, their
weakness comes from their lead time for obtaining results (a few hours). The need for
specific equipment/infrastructure also leads to PCR being inaccessible, particularly in
economically deprived countries [4]. Rapid diagnosis tests based on antigen detection
with mAbs have been highlighted during the recent SARS-CoV-2 pandemic. Their main
advantages come from their short time for result delivery (15 min) and their affordability.
The downside is that their sensitivity and specificity are often lower than those of PCR
testing [4], and these elements need to be improved.
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The fusion (F) proteins and nucleoproteins (NPs) of viruses are two major targets
used for antigen detection. Concerning hRSV, F proteins are more studied than NPs as
they interact with larger numbers of neutralizing existing mAbs due to their therapeutic
potential [5,6]. One advantage of using NPs as targets for diagnostic mAbs is their high
level of conservation. NPs have been largely used in sensitive diagnostic tests related to
influenza [7] and SARS-CoV-2 [8]. Although NPs are the most abundant components of
viruses leading to the highest immune responses during infection, surprisingly, studies
on mAbs against the hRSV-NP are rare. Few publications focusing on mAb development
against hRSV-NP are available, though various mouse mAbs have been used in different
approaches including ELISA [9], and recently, they have been used in rapid fluorescent
immunochromatographic strip tests [10]. These new mAbs are useful tools available for
the diagnosis and detection of RSV infections in clinical and research samples [9].

Rabbits, due to their distinct evolutionary path from rodents [11], are a good and
interesting alternative species for mAb development, especially for weakly immunogenic
antigens in mice [12]. Rabbit mAbs have generally higher avidity, binding affinity, and
specificity against various types of antigens compared to mice mAbs [13,14]. Classical
rabbit mAb generation is complicated due to the instability of rabbit hybridomas and
decreases in secretion over time [11]. Phage display, which is a powerful recombinant
technology that allows for the exposition of small antibody fragments (generally Fabs or
scFvs) against a target of interest on a phage’s surface, appears to be more adapted to rabbit
mAb development using a Fab chimeric format [15]. Recently, the potential of rabbits as
good models for mAb development against viruses has been highlighted by the discovery
of rabbit antibodies against the SARS-CoV-2 spike protein [16]. Although rabbit mAbs
have proven their potential for in vitro diagnostics purposes, until now, there have been
no rabbit mAbs against hRSV-NP available on the market. In this context, the goal of our
study was to develop specific anti-hRSV-NP mAbs using rabbit phage display technology.
The new rabbit mAbs generated could be used as raw materials for setting up sensitive
diagnosis tests targeting the hRSV-NP.

2. Materials and Methods
2.1. Immunization

The rabbit immunization was outsourced (Covalab company, Dijon, France). One
female New Zealand White weighing 2.5 kg (Oryctolagus cuniculus cuniculus) was immu-
nized using a 42-day protocol with recombinant the hRSV nucleoprotein, strain A2 (ref-
erence 40821-V08E, Sinobiological Europe GmbH, Eschborn, Germany). Briefly, 3 weekly
subcutaneous injections of 200 µg of antigen mixed with incomplete Freund adjuvant were
performed on days 0, 7, and 14. On day 34, a final boost by intravenous injection was
performed with 200 µg of antigen. Serum samples were taken on days 0, 28, and 42 to
determine the global immune response. The specificity of the serum along the immu-
nization protocol was tested by ELISA on 50 ng of recombinant antigens per well (the
A2 and B strains) coated overnight at 4 ◦C. The serum dilutions were performed from
1/100 to 1/409,600 on 7 points in PBS. Anti-rabbit IgG HRP (reference: BI2407, Abliance,
Compiègne, France) was used for the detection. The negative control was performed using
PBS. The OD450nm was measured with a BioTek ELx808 absorbance plate reader (Agilent,
Santa Clara, CA, USA). On day 42, the spleen was collected and used for the subsequent
molecular biology steps (RNA isolation, cDNA synthesis, and library building).

2.2. Library Construction

The total RNA isolation was performed starting with the spleen cells (6 × 108) with
a Rneasy Maxi kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions.
The RNA extract was converted into cDNA with SuperScript III Reverse Transcriptase
(Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions.
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A chimeric Fab library (the variable part from the rabbit and the constant Fab part from
the mouse Kappa/IgG1 domain) was built in our proprietary phagemid [17]. The histidine
tag was followed by a Myctag in the C-terminal part of the construction (Scheme 1).
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Scheme 1. Representation of the Fab construction in our phagemid. The two Fab parts, the VL and
VH, were chimeric constructions, with the variable domains light (VL) and heavy (VH) from the
rabbit and the constant Fab part from the mouse (kappa and IgG1, respectively). One signal peptide
(SP) sequence was present before each Fab chain. The VH domain was followed by a six-histidine tag
(His) and a Myctag (Myc) at the C-terminal part. The entire construction was cloned between the
ApaLI and NotI enzymatic restriction sites.

The rabbit variable IgG VH and VL sequences were amplified following 2 rounds of
successive PCRs using a set of primers adapted from Nguyen et al. [18]. The PCR protocol
was a modification of the method used by Baurand et al. [17]. The first PCR rounds were
performed to amplify the VH or VL sequences starting from the cDNA. The amplifications
were performed with Phusion DNA Polymerase (Thermo Fisher Scientific, Waltham, MA,
USA) using the following PCR program: 94 ◦C, 2 min; 30 cycles: 94 ◦C for 30 s, 60 ◦C for
30 s, 72 ◦C for 60 s; and 72 ◦C, 7 min (the final amplification). The second round of PCRs
was performed on the purified first-round PCR products using the following PCR program:
94 ◦C, 2 min; 25 cycles: 94 ◦C for 30 s, 62 ◦C for 30 s, 72 ◦C for 60 s; and 72 ◦C, 7 min (the
final amplification). This second PCR round served to add 20 bp of recombination parts
to the extremities of the VH/VL fragments amplified from the first PCR round. For the
VH PCRs, 5 different forward and reverse primer pairs were used. For the VL PCRs,
9 different forward and reverse primer pairs were used (8 for kappa and 1 for lambda). The
complete chimeric Fab was built by recombination cloning (NEBuilder®, New England
Biolabs, Ipswich, MA, USA). The purified final Fab products (~1500 bp) were cloned in
our phagemid vector between the ApaLI and NotI enzyme restriction sites. The library was
finally constructed by electroporation of the cloned phagemids into electrocompetent TG1
cells (Lucigen, Middeleton, WI, USA).

2.3. Library Validation

Validation was performed using the entire protocol described by Baurand et al. [17].
Five µL spots of the 10–106 diluted library were applied to LB agar plates and incubated
overnight at 37 ◦C. The next day, the library size was determined by counting the colonies
in the spots. The PCR product insertions (in percentages) in the phagemid were evaluated
by the colony PCRs on 48 randomly chosen clones. The expected sizes for the positive
inserts were near 1800 bp. To confirm the proper insertions and reading frames in the
phagemid, a sequencing control was made using 8 independent positive clones.

2.4. Phage Infection and Preparation

The final library was cultured and super-infected using the helper phage M13K07
(Invitrogen, Waltham, MA, USA). After overnight culture in LB agar media supplemented
with 2% glucose (at 37 ◦C, 200 rpm), the Fab phage library was precipitated by polyethylene
glycol (PEG6000 20%/2.5 M NaCl). The purified phages were resuspended in 1 mL of
sterile PBS [18].

2.5. Phage Display
2.5.1. Panning Selection

Two successive panning rounds were performed on the phage library. The protocol
used was adapted from that described by Russo et al. [19]. The first selection round was
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performed on 2 independent Maxisorp microtiter plate (NUNC 439454) wells (w) that were
coated overnight in PBS at 4 ◦C with 0.1 and 1 µg/w of recombinant NP, strain B (reference
40822-V07E, Sinobiological Europe GmbH, Eschborn, Germany). A control well without
protein (condition “0”) was performed in parallel. Ten µL of the Fab phage library was
incubated for 60 min at RT with slow shaking. Then, the wells were washed 5 times with
PBS-Tween 0.5% buffer. Finally, the phages retained on the NP-coated wells were eluted
with trypsin.

The second round of panning was performed with the same scheme used in the first
round, except that recombinant NPs from strain A were used. Two µL of the Fab phage
library from the first round were incubated for 60 min at RT with slow shaking. Then, the
wells were washed 20 times with 0.5% PBS-Tween buffer. Finally, the phages retained were
eluted with trypsin. After each round of biopanning, a new TG1 infection was performed,
and the phages were incubated overnight. Spots of 5 µL were performed on the LB agar
plates to determine the enrichment of the library between the input (before panning) and
the output (after panning). The output/input ratio was calculated [18].

2.5.2. Screening

Ninety-four randomly selected Fab clones from the second round of panning were set
up overnight after IPTG addition to induce periplasmic expression in 1 mL of LB in deep
plate-wells. Additionally, one positive control was established with rabbit serum diluted
500 times, and one negative control with a periplasmic extract from empty bacteria was set
up. Periplasmic extracts containing Fab clones were screened by ELISA for the detection of
the two strains’ NPs coated on the microtiter wells. For detection, a rabbit anti-Myc-HRP
antibody (reference A190-105P, Bethyl Laboratories, Montgomery, TX, USA) was used. In
parallel, a negative control was set up with an irrelevant antigen (SARS-CoV-2, recombinant
receptor binding domain, reference 715-H17-0BU, Diaclone SAS, Besançon, France). The
OD450nm was measured using a BioTek ELx808 absorbance plate reader (Agilent, Santa
Clara, CA, USA).

2.6. Recombinant Engineering
2.6.1. Identification of Candidates

Based on the OD measurements obtained from the ELISA Fab screening, the best
48 candidates were analyzed by sequencing to determine their nucleotide and amino acid
sequences and to eliminate the redundant clones. Based on the CDR3 VH and VL domain
analyses, the clones were classified into various families.

2.6.2. Reformatting and Recombinant Production of the Full IgG

The selected Fab candidates were reformatted in full rabbit IgG form. The full
rabbit IgG heavy constant part used for reformatting was amplified by the PCR from
the cDNA generated for the library building with specific primers (5′ to 3′) for Rab-
start-VH: GGGCAACCTAAGGCTCCA (forward) and Rab-end-VH: CTATTTACCCGGA-
GAGCGGGA (reverse). The 969 bp amplified product was sequenced (Microsynth France
SAS, Lyon, France). The translated 323 amino acid sequence was compared to databases
(Protein BLAST: search protein databases using a protein query (nih.gov), accessed on
12 December 2022), and it was 100% identical to the rabbit Ig heavy chain (accession num-
ber AKM12456.1). The kappa constant part was amplified by the PCR from the cDNA with
specific primers (5′ to 3′) for Rab-VK4: GGTGATCCAGTTGCACCT (forward) and Rab-end-
K4: GAGGTCGAGGTCGGGGGATCCTTATCACTAACAGTCACCCCTATTG (reverse).
The 309 bp amplified product was sequenced (Microsynth France SAS, Lyon, France). This
kappa sequence coding a 103 amino acid chain was identified as idiotype rabbit kappa b4
(100% identical to sequence ID P01840.1).

To produce the full rabbit IgG for testing purposes, the complete DNA chains (the
variable plus constant domains) of the chosen candidates were subcloned in licensed
monocistronic mammalian expression vector (one for the light and one for the heavy
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chain, as shown in Scheme 2). The transient production of the IgGs in the CHO cells
was outsourced to RD-Biotech company, Besançon, France. In brief, 50 mL of suspension
CHO cells was transfected with the plasmids, and the supernatants were collected 14 days
post-transfection.
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Scheme 2. Representation of the full rabbit IgG design. The sequences were cloned in licensed
monocistronic vectors optimized for mammalian expression. (A) Heavy chain: the complete CH was
built with the variable rabbit heavy domain (VH) from the selected candidate and the constant part
of the IgG (accession number AKM12456.1). (B) Light chain: the complete CL was built with the
variable rabbit domain (VL) from the selected candidate and the constant part of the kappa idiotype
4 (accession number P01840.1). The two constructions presented a signal peptide (SP) upstream from
the respective variable domains. The sequences of interest were cloned between the EcoRI and BamHI
restriction sites.

The transfection supernatants were purified on a 1 mL HiTrap MAbselect PrismA
protein A column (reference 17549851, Cytiva, Marlborough, MA, USA). The purified
antibody concentration in mg/mL was determined using a Nanodrop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA) with an extinction coefficient of 1.4. The quality of the
purified rabbit IgG was visually assessed after electrophoresis on SDS-PAGE gel 4–15%.

2.7. Pairing Tests
2.7.1. Recombinant Strains

After an individual specificity validation on the coated NP-hRSV recombinant strains,
all of the purified recombinant full IgGs were tested in pairs using sandwich ELISA. The
2 recombinant NPs from strains A2 and B were used as the antigens in the pair assays. Each
of the candidates was tested as capture (coated in a microplate) and detection (biotinylated)
antibodies using the following protocol: the antibodies were coated at 1 µg/w in PBS
overnight at 4 ◦C. The day after, the wells were blocked over 2 h with 1% BSA-PBS
and 10% sucrose. A dilution series of recombinant antigens ranging from 5 to 0.2 ng/w
with a dilution factor of one-half was made. The antigens were incubated for 2 h at
RT, followed by 4 washes (0.05%PBS-Tween, 300 µL/w). Then, secondary biotinylated
antibodies (1 µg/mL) were added to the wells and incubated for 1 h at RT, followed by
4 washes (0.05%PBS-Tween, 300 µL/w). Finally, 100 µg/mL of streptavidin-HRP diluted at
100 µL/w was added to wells for 30 min of incubation at RT, and then 4 washes (0.05%PBS-
Tween, 300 µL/w) were performed. Tetramethylbenzidine at 100 µL/w (TMB) was added
to wells over 15 min, and the reaction was stopped using 1 N H2SO4 at 100 µL/w. The
OD450nm was measured with a BioTek ELx808 absorbance plate reader (Agilent, Santa Clara,
CA, USA). To explore if the pairs did not recognize the NPs from other viruses, positive
pairs were tested additionally with recombinant SARS-CoV-2 NPs (reference 715-H17-0BU,
Diaclone SAS, Besançon, France).

2.7.2. Native Lysates

The positive pairs identified by the assays using recombinant antigens were tested on
native supernatant lysates (SNs) (Medix Biochemica, Espoo, Finland) produced by infecting
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Hep-2 cells in vitro (catalog number: FC517, Respiratory Syncytial Virus (RSV) Antigen,
Native (medixbiochemica.com, accessed on 5 January 2023)). The same pairing protocol
as described in Section 2.6.1 was used, with the exception that the native antigen lysate
preparation was added in dilutions ranging from 1:20 to 1:960. The dilutions were prepared
in PBS. Additionally, a blank sample containing only PBS was added to all antibody pairs.
The OD450nm was measured with a BioTek ELx808 absorbance plate reader (Agilent, Santa
Clara, CA, USA).

3. Results
3.1. Immunization

The rabbit sera were tested on days 0, 28 (mid-time), and 42 (end) using ELISA on the
two coated recombinant NP strains (50 ng/w).

As shown in Figure 1, specific immune responses were detected on days 28 and 42
and compared to the day 0 sample. The immune responses were globally the same against
the two strains tested on days 28 and 42. A strong signal (OD of >1) was detected until
102,400 dilutions of the serum.
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Figure 1. Serum hRSV-NP specificity test. The rabbit serum was tested (diluted from 100 to
409,600 times) using ELISA on 50 ng of coated recombinant hRSV NPs (strains A2 (A) and B (B)). The
OD450nm values are given for sampling days 0, 28, and 42.

3.2. Library Construction

The quality of the chimeric Fab fragments obtained after the PCR and recombination
steps was assessed by 1% agarose (w/v) gel electrophoresis in a TAE 1X buffer (30 min
at 135 V). As shown in Figure 2, clear chimeric Fab VH and VL fragments near 800 bp
were obtained. After an agarose extraction step using the kit protocol for Nucleospin
PCR and Clean-up (Macherey-Nagel, Oensingen, Germany), these two chimeric fragments
were used in recombination reactions to obtain a full Fab final insert (VH plus VL). After
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electrophoresis, a clear and proper 1600 bp fragment (without visible contaminant bands of
<1600 bp) was visualized on 1% agarose gel (w/v; TAE 1X) (Figure 2).
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Figure 2. Visualization of the Fab PCR products on agarose gel (1%, w/v). Final insert Fab: the
purified full Fab fragment insert for the VL plus VH ready for cloning in the phagemid vector.
Chimeric VL: the purified chimeric Fab with the VL from the rabbit plus mouse constant kappa part.
Chimeric VH: the purified chimeric Fab with the VH from the rabbit plus mouse constant Fab IgG1
part. M, size marker (10 kbp to 100 bp).

The quality of the generated Fab library was evaluated against the following three
criteria, as established by Nguyen et al. [18], though with some adaptations:

- The library size was to be >106 colony-forming units per mL (cfu/mL).
- The insertion rate (IR) was determined after the colony PCRs on the randomly chosen

clones from the bacterial spread of the electroporated library. A clone was qualified as
positive when it showed a 1800 bp PCR product. A library with good quality should
show >80% IR.

- The quality of the PCR inserts cloned in our phagemid was assessed by sequencing
eight randomly chosen positive PCR products to determine the percentage of plasmids
with an ORF for the chimeric Fab and for the evaluation of the sequence variability. A
library with good diversity should show <10% identical sequences.

As shown in Table 1, all three pre-set quality criteria were fulfilled. The obtained library
size was 3.6 × 106 cfu/mL, with a very high level of insertion (>95% of positive inserts or
46/48 clones). All eight Fab sequences analyzed showed correct ORF-encoding complete
chimeric Fabs, and so the number of sequences presenting a Fab ORF was estimated as
>95%. In the present study, no redundance was found for the analyzed clones. The diversity
of the sampling was maximal.

Table 1. Fab library validation and panning performance. Abbreviations: cfu, colony-forming unit;
pfu, phage-forming unit.

Library

Size (cfu/mL)/transformant number 3.6 × 106/1.5 × 107

Insertion rate (colony PCR) >95% (46/48 positives)

Library 100% coding sequences (8/8)
100% diversity (8/8)

Panning Recombinant strain Input (pfu) Output (pfu) Ratio
(out/in)

First round B 8 × 1010 4 × 104 5 × 10−7

Second round A2 2 × 1010 2 × 105 10−5
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3.3. Panning Selection

Ratios of retention of 5 × 10−7 were observed after the first panning round (on the
B strain) and 10−5 after the second panning round on the A2 strain (Table 1). The titer
number obtained after the first rounds was 4 × 104 pfu and 2 × 105 pfu after 2 rounds.
These 2 panning rounds lead to an enrichment factor of 100 (from a ratio of 10−7 to 10−5).
This factor was equal to our standard of 100, which demonstrated that no further panning
rounds were necessary.

3.4. Fab Screening by ELISA

After the biopanning rounds of selection, the next step was to identify the individual
Fab clones recognizing both the A2 and B strains’ recombinant NPs. ELISA on coated
antigens was performed on 94 individual Fab periplasmic extracts.

Figure 3 shows the mean OD450nm values obtained for the 94 individual Fabs tested
for the detection of the recombinant NPs, strains A2 and B, plus an irrelevant protein (IP).
Firstly, a low background was obtained for the IP, with a maximum OD450nm value of 0.188
for the H1 sample and a mean OD value of 0.102 for the 94 samples. As shown in the table,
more than half of the screened Fab candidates provided positive signals for the two strains’
NPs, with OD450nm values of >0.7 (corresponding to more than three times the maximum
background (0.188) obtained for the IP). In detail, 60 Fabs provided OD450nm values of >0.7
for the A2 strain, whereas 57 clones provided OD450nm values of >0.7 for the B strain. In
total, 56 individual Fab clones recognized both strains.
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Figure 3. Fab screening results. Ctrl+ and Ctrl- refer, respectively, to the positive (rabbit serum
diluted 1/500) and negative (without Fab) controls. A2, ELISA with the coated A2 strain recombinant
NP; B, ELISA with the coated B strain recombinant NP; IP, ELISA with the coated irrelevant protein
(recombinant SARS-CoV-2 RDB). The data shown are the mean values of the ODs measured at 450 nm.
Gray scale size is proportional to the OD450nm values obtained.

3.5. Identification of the Fab Clones

Based on the ELISA results, 48 Fabs recognizing both strains’ NPs were sequenced to
identify their nucleotide and amino acid sequences and to eliminate the redundant clones.
The retained clones are listed in Table 2.
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Table 2. Names of the sequenced clones.

A1 B1 C4 D1 E1 F1 G1 H1
A2 B2 C5 D9 E6 F2 G2 H2
A4 B3 C8 D11 E8 F5 G3 H6
A7 B4 C9 E10 F6 G6 H7
A8 B9 C11 E11 F8 G9 H10
A9 B10 F10 G10

A10 B11 F12 G11
A12 B12 Total

8 8 5 3 5 7 7 5 48

After the analysis, 28 and 24 unique variable heavy and light sequences, respectively,
were identified (Table 3).

Table 3. Sequences and family identification.

Sequence Number Unique Clones Family (CDR3)

VH 48 28 13

VL 48 24 11

Based on the CDR3 VH and VL analyses, the candidates were classified into various
families [18]. As shown in Table 3 and Scheme 3, 13 and 11 families were identified for the
CDR3 VH and VL, respectively.
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Scheme 3. VL and VH-CDR3 alignment by families. For VL and VH CDR3 domains, 11 and
13 families were identified, respectively. Each new CDR3 sequence identified constitutes one family.
FR3: end of Framework 3; FR4: start of Framework 4.

For the subsequent full IgG reformatting step, one sequence from each family was
chosen, resulting in ten different sequences. Figure 4 shows the names of the selected
candidates and the mean OD values measured as the reactivity with both recombinant
strains (A2 and B).
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Figure 4. Retained Fab candidates. The data shown are the mean OD450nm values. A2, ELISA with the
A2 strain; B, ELISA with the B strain. Gray scale size is proportional to the OD450nm values obtained.

3.6. Reformatting and Production of the Full Recombinant Rabbit IgG

After reformatting the Fabs into full rabbit IgG clones, pilot batches were produced
over 14 days in 50 mL of the transfected CHO cells. After production, the 10 full IgGs were
purified on protein A. As shown in Table 4, between 1.9 and 8.2 mg of recombinant rabbit
mAbs were obtained from the transient transfections in CHO cells. The best production
yield was obtained for the F12 candidate, with 164 µg/mL.

Table 4. The purified rabbit recombinant antibodies.

Concentration (mg/mL) Quantity (mg) Production Yield (µg/mL)

A9 0.9 1.9 38
A10 0.7 3.2 64
A12 1.2 5.8 116
C11 1.5 3.4 68
D11 0.6 2.5 50
E11 1.2 2.5 50
F12 1.1 8.2 164
G1 1.1 5.9 118

G10 1.4 3.5 70
G12 1.5 7.5 150

The quality of the purified rabbit IgG was visually assessed after electrophoresis on
SDS page gel 4–15%. As shown in Figure 5, the purity was high (>85%).

The theoretical molecular weight range for the rabbit VH full chains was 47.8–49 kDa,
and that for the rabbit VL chains was 22.3–22.7 kDa. The full IgG expected sizes should be
near the theoretically determined 140–143 kDa.

As shown in Figure 5, for the three candidates presented here, in reduced conditions,
the fragments identified near 25 kDa were VL chains, and those near 50 kDa were VH
chains. In non-reduced conditions, a significant majority of the IgG full forms were detected
with sizes near 150 kDa.

3.7. Pairing Tests
3.7.1. Recombinant Samples

In total, 100 pairs were tested on recombinant strains: each of the 10 candidates was
tested as a capture mAb and detector mAb with itself and the 9 remaining candidates.
Among the 100 pairs tested, 53 of them were identified as being able to detect recombinant
NPs from strains A2 and B (Figure 6). The positive pairs were tested against SARS-CoV-2
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recombinant NPs to ensure their specificity. No signal was obtained during our ELISA
sandwich protocol.
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biotinylated candidates used as detection mAbs presented in the column. The non-biotinylated mAbs
used as capture mAbs are presented in the line. ++, best pairs with a first OD point of >4; +, pairs
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As shown in Figure 6, the 10 candidates used as capture mAbs were able to make pairs
with the three detection mAbs (G1, G10, and G11-biot). Conversely, G1 and G11, as capture
mAbs, also paired with all 10 detection mAbs (biotinylated). The raw data are available in
the Supplementary Material File S1.
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At a medium level, G10 paired with itself, and A9 capture mAb pairs with the detection
mAbs A12, C11, E11, F12, A9, and A10-biot. D11 capture mAb pairs with C11, and E11 and
F12-biot capture candidates with lower signals.

3.7.2. Native Lysates

Thirty pairs that were chosen based on testing with the recombinant NPs were further
tested with the RSV native lysate preparation (Figure 7). The three biotinylated candidates
G1, G10, and G11 were used as detection antibodies, and they paired with all 10 of the
candidates used as capture antibodies.
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Figure 7. Pairing results on the native RSV lysate. Thirty pairs were tested (in pairs) using the ELISA
sandwich protocol with the FC517 RSV lysate. XXX-biot refers to the biotinylated candidates used as
detection mAbs, as presented in the column. The non-biotinylated mAbs used as capture mAbs are
presented in the line. +++, best pairs with at least two first DO points of >5; ++, pairs with at least
one first DO point of >5; +, pairs with medium ELISA signals with a first DO point of >2; -, pairs with
low ELISA signals with a first DO point of <2.

This second test revealed 17 pairs that were able to detect the native RSV lysate (noted
as “+++” and “++” in Figure 7). Among them, 11 very good potential pairs that could
recognize the native lysate were identified (OD = 5 for two or three of the seven points in the
dilution range, as noted in dark grey in Figure 7). Two candidates from the three detection
ones tested (G1 and G11) appeared to have the best potential to be used as detection mAbs
for the sandwich ELISA. Candidate G1 provided the best results for detection by pairing
with 7 of the 10 captured clones (A9, A10, A12, C11, E11, D11, and F12). Candidate G11 had
very good results with three capture candidates (A9, A10, and A12) and medium results
with four other ones (“++” in Figure 7). In contrast, G10, when used as a detection mAb,
had the worst results. Based on our test, seven candidates showed very satisfactory results
as capture mAbs by pairing with the G1 and G11 detection mAbs: A09, A10, A12, C11, D11,
E11, and F12. The best pair identified in our tested conditions was the couple A09/G1-Biot,
with three first points of dilution ranging within OD = 5 and all points of dilution within
OD >1 (Figure 8). The raw data are available in the Supplementary Material File S2.
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the x-axis. Blc, blank sample without RSV lysate (PBS only). Each point of measurement has been
performed in duplicate.

4. Discussion

Our work describes the successful development of several rabbit mAbs against NP-
hRSV using phage display technology. Rabbits appear to be a very interesting species
model for significant affinity mAb development.

Firstly, the quality of our generated Fab library was a real success, with very high insertion
(>95%) and an excellent size (3.6 × 106 cfu/mL corresponding to 1.5 × 107 transformant).
These criteria were in the same range as those in our previous work with mouse scFv [17]
and those in a rabbit/human chimeric Fab library against the human A33 antigen where
Rader et al. [20] reported a size of 2 × 107 transformants. The overall library quality was
reinforced by the results obtained in the ELISA screening on the NP recombinant strains,
where more than 50% of the tested candidates had positive and specific signals.

Secondly, our library with a chimeric Fab design (rabbit/mouse) was rare as, to
our knowledge, it was the first time this design was chosen and published. Usually, a
human backbone is preferred in cases of therapeutic development, but for the generation
of diagnostic mAbs, we chose to work on a mouse IgG constant part as we knew that it
would work well in our phage display process. Most of the past research teams working on
rabbit phage display generally used a rabbit/human chimeric Fab construction [18,20,21]
or even an scFv format [22]. The main advantage of using a natural Fab is its robust
monomeric nature that permits affinity-driven selections compared to the “unnatural”
scFv and its multimeric tendency [11]. As we were looking for full IgG candidates, we
preferred working on a Fab to maximize the conservation of the binding activities of all of
the immunoglobulin antibodies [18].

Thirdly, the panning selection was a real success. Only two rounds on recombinant NP
strains were required to obtain good enrichment of specific phages in the library. We had
already obtained good results with biopanning on cells in our recent work [17], but with
recombinant antigens, we had never obtained such results in only two rounds (generally,
three or four rounds are necessary).

Additionally, after the screening steps and the subsequent positive candidate sequenc-
ing, 24 candidates were identified, which corresponded to one-quarter of the total number
of screened candidates. This was the first time we obtained this magnitude of results after
an ELISA screen. Generally, between 1 and 8 candidates were identified (corresponding to
less than 12% of screened candidates). This point can be explained by the fact the target
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was part of a virus which is known to induce a significant immune response. In addi-
tion, the quality of the antigens used and the known high binding affinity and specificity
of rabbit mAbs against the antigens (compared to mice [13,14]) could explain the good
achievement of this part. In comparison, Rader et al. [20] performed four panning rounds
to select 40 clones and finally identified three distinct candidates in their work on a chimeric
rabbit/human Fab naïve library against the human A33 antigen.

Fourthly, the present work was, to our knowledge, the first to use rabbits for the
development of mAbs against NP-hRSV. The results of the present work demonstrate the
huge potential of rabbits as interesting species for mAb development against viruses for
diagnostic purposes. This potential had been already highlighted by Makdasi et al. [16]
in their work on SARS-CoV-2. In addition, our recombinant strategy was successful. We
decided to work with rabbit full recombinant mAbs to increase our chances of obtaining the
best affinity binders near a natural rabbit mAbs format. We achieved the identification of
several antigen-specific chimeric (rabbit/mouse) Fabs and were able to retain their activities
when reformatting them into full rabbit IgG formats. The switch of the constant part from
mouse to rabbit in the full IgG format was implemented to avoid folding issues as there
are different cys bridges between mouse and rabbit mAbs. The rabbit recombinant mAb
production was a success, with the same production yield that we have routinely obtained
with mouse mAbs.

Finally, in this work, we described the development of several mAb candidates for
the detection of RSV NPs. The functionality of these antibodies in a final diagnostic assay
setup and with patient materials still needs to be demonstrated. Tien et al. [10] had already
highlighted the potential of using mouse mAbs against NP-hRSV for diagnosing infection
using a rapid fluorescent immunochromatographic strip test (FICT). In our study, the 11
rabbit mAb pairs we discovered that recognized the native RSV lysate constitute new raw
materials with diagnosis applications, even if further validations are required to ensure
their abilities to be used in lateral flow antigen detection tests using human nasopharyngeal
swabs. González et al. [4] had already demonstrated the potential of mouse mAb pairs
against P-hRSV for detecting specifically less than 50 ng of antigen in biological samples.
After more sensitivity studies using rapid antigen detection tests (RADTs), our 10 NP-hRSV-
specific rabbit mAbs may constitute potential candidates for attempting to increase the
known limited sensitivity (~60% to 89%) of this type of test compared with the RT-PCR
method mentioned by Pfeil et al. [23]

5. Conclusions

This work permitted the identification of several NP-hRSV-specific recombinant rabbit
mAbs. After recombinant production of 10 selected candidates, 100 pairing tests were set
up on recombinant RSV strains, leading to the selection of 3 detection and 10 capture mAbs.
These 13 retained mAbs, constituting 30 pairs, were tested on hRSV lysates. This second
test highlighted 11 very good potential pairs able to specifically detect NP-hRSV in native
samples. This work presents new raw materials with diagnosis applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antib12040073/s1, File S1: Raw data-pairing-recombinant-NPs;
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Author Contributions: Conceptualization, E.G., S.E. and P.-E.B.; methodology, P.-E.B.; experiments,
J.B., P.-E.B. and R.B.; validation, J.B. and R.B.; writing—original draft preparation, P.-E.B.; writing—
review and editing, E.G., S.E. and L.R.; supervision, E.G., S.E. and P.-E.B.; project administration,
P.-E.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was validated by the Minis-
tere de l’enseignement supérieur, de la recherche et de l’innovation (MESRI) on 20 January 2020
(APAFIS#22226-2019121210382442 v2).

https://www.mdpi.com/article/10.3390/antib12040073/s1
https://www.mdpi.com/article/10.3390/antib12040073/s1


Antibodies 2023, 12, 73 15 of 16

Informed Consent Statement: Not applicable.

Data Availability Statement: All related data and methods are presented in this paper.

Acknowledgments: The authors would like to thank Sari Tiitinen and Laura-Leena Kiiskinen for
their time spent supporting this project.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organization. Respiratory Syncytial Virus (RSV) Disease. Available online: https://www.who.int/teams/health-

product-policy-and-standards/standards-and-specifications/vaccine-standardization/respiratory-syncytial-virus-disease (ac-
cessed on 27 April 2023).

2. Centre for Disease Control and Prevention. Respiratory Syncytial Virus Infection (RSV)|CDC. Available online: https://www.
cdc.gov/rsv/index.html (accessed on 27 April 2023).

3. Nair, H.; Nokes, D.J.; Gessner, B.D.; Dherani, M.; Madhi, S.A.; Singleton, R.J.; O’Brien, K.L.; Roca, A.; Wright, P.F.; Bruce, N.; et al.
Global burden of acute lower respiratory infections due to respiratory syncytial virus in young children: A systematic review and
meta-analysis. Lancet 2010, 375, 1545–1555. [CrossRef] [PubMed]

4. González, L.A.; Vázquez, Y.; Mora, J.E.; Palavecino, C.E.; Bertrand, P.; Ferrés, M.; Contreras, A.M.; Beckhaus, A.A.; Riedel, C.A.;
Bueno, S.M. Evaluation of monoclonal antibodies that detect conserved proteins from Respiratory Syncytial Virus, Metapneu-
movirus and Adenovirus in human samples. J. Virol. Methods 2018, 254, 51–64. [CrossRef] [PubMed]

5. Chen, Z.; Zhang, L.; Tang, A.; Callahan, C.; Pristatsky, P.; Swoyer, R.; Cejas, P.; Nahas, D.; Galli, J.; Cosmi, S.; et al. Discovery
and characterization of phage display-derived human monoclonal antibodies against RSV F glycoprotein. PLoS ONE 2016,
11, e0156798. [CrossRef] [PubMed]

6. Xie, Q.; Wang, Z.; Ni, F.; Chen, X.; Ma, J.; Patel, N.; Lu, H.; Liu, Y.; Tian, J.; Flyer, D. Structure basis of neutralization by a novel site
II/IV antibody against respiratory syncytial virus fusion protein. PLoS ONE 2019, 14, e0210749. [CrossRef] [PubMed]

7. Leirs, K.; Tewari Kumar, P.; Decrop, D.; Pérez-Ruiz, E.; Leblebici, P.; Van Kelst, B.; Compernolle, G.; Meeuws, H.; Van Wesenbeeck,
L.; Lagatie, O.; et al. Bioassay Development for Ultrasensitive Detection of Influenza A Nucleoprotein Using Digital ELISA. Anal.
Chem. 2016, 88, 8450–8458. [CrossRef] [PubMed]

8. Hillig, T.; Kristensen, J.; Brasen, C.; Brandslund, I.; Olsen, D.; Davidsen, C.; Madsen, J.; Jensen, C.; Hansen, Y.; Friis-Hansen, L.
Sensitivity and performance of three novel quantitative assays of SARS-CoV-2 nucleoprotein in blood. Sci. Rep. 2023, 13, 2868.
[CrossRef] [PubMed]

9. Gómez, R.S.; Mora, J.E.; Cortés, C.M.; Riedel, C.A.; Ferrés, M.; Bueno, S.M.; Kalergis, A.M. Respiratory syncytial virus detection
in cells and clinical samples by using three new monoclonal antibodies. J. Med. Virol. 2014, 86, 1256–1266. [CrossRef] [PubMed]

10. Thuy Tien, T.T.; Park, H.; Tuong, H.T.; Yu, S.-T.; Choi, D.-Y.; Yeo, S.-J. Development of a Rapid Fluorescent Immunochromato-
graphic Test to Detect Respiratory Syncytial Virus. Int. J. Mol. Sci. 2018, 19, 3013. [CrossRef]

11. Weber, J.; Peng, H.; Rader, C. From rabbit antibody repertoires to rabbit monoclonal antibodies. Exp. Mol. Med. 2017, 49, e305.
[CrossRef] [PubMed]

12. Seeber, S.; Ros, F.; Thorey, I.; Tiefenthaler, G.; Kaluza, K.; Lifke, V.; Fischer, J.A.A.; Klostermann, S.; Endl, J.; Kopetzki, E.; et al. A
robust high throughput platform to generate functional recombinant monoclonal antibodies using rabbit B cells from peripheral
blood. PLoS ONE 2014, 9, e86184. [CrossRef] [PubMed]

13. Rocha, R.; Nunes, C.; Rocha, G.; Oliveira, F.; Sanches, F.; Gobbi, H. Rabbit monoclonal antibodies show higher sensitivity than
mouse monoclonals for estrogen and progesterone receptor evaluation in breast cancer by immunohistochemistry. Pathol. Res.
Pract. 2008, 204, 655–662. [CrossRef] [PubMed]

14. Rossi, S.; Laurino, L.; Furlanetto, A.; Chinellato, S.; Orvieto, E.; Canal, F.; Facchetti, F.; Dei Tos, A.P. Rabbit monoclonal antibodies:
A comparative study between a novel category of immunoreagents and the corresponding mouse monoclonal antibodies. Am. J.
Clin. Pathol. 2005, 124, 295–302. [CrossRef] [PubMed]

15. Stahl, S.J.; Watts, N.R.; Rader, C.; DiMattia, M.A.; Mage, R.G.; Palmer, I.; Kaufman, J.D.; Grimes, J.M.; Stuart, D.I.; Steven, A.C.;
et al. Generation and Characterization of a Chimeric Rabbit/Human Fab for Co-Crystallization of HIV-1 Rev. J. Mol. Biol. 2010,
397, 697–708. [CrossRef] [PubMed]

16. Makdasi, E.; Levy, Y.; Alcalay, R.; Noy-Porat, T.; Zahavy, E.; Mechaly, A.; Epstein, E.; Peretz, E.; Cohen, H.; Bar-On, L.; et al.
Neutralizing Monoclonal Anti-SARS-CoV-2 Antibodies Isolated from Immunized Rabbits Define Novel Vulnerable Spike-Protein
Epitope. Viruses 2021, 13, 566. [CrossRef] [PubMed]

17. Baurand, P.-E.; Balland, J.; Reynas, C.; Ramseyer, M.; Vivier, D.; Bellaye, P.-S.; Collin, B.; Paul, C.; Denat, F.; Asgarov, K.; et al.
Development of Anti-LRRC15 Small Fragments for Imaging Purposes Using a Phage-Display ScFv Approach. Int. J. Mol. Sci.
2022, 23, 12677. [CrossRef] [PubMed]

18. Nguyen, T.T.; Lee, J.S.; Shim, H. Construction of Rabbit Immune Antibody Libraries. In Phage Display: Methods and Protocols,
Methods in Molecular Biology; Hust, M., Lim, T., Eds.; Humana Press: New York, NY, USA, 2018; pp. 133–146. [CrossRef]

https://www.who.int/teams/health-product-policy-and-standards/standards-and-specifications/vaccine-standardization/respiratory-syncytial-virus-disease
https://www.who.int/teams/health-product-policy-and-standards/standards-and-specifications/vaccine-standardization/respiratory-syncytial-virus-disease
https://www.cdc.gov/rsv/index.html
https://www.cdc.gov/rsv/index.html
https://doi.org/10.1016/S0140-6736(10)60206-1
https://www.ncbi.nlm.nih.gov/pubmed/20399493
https://doi.org/10.1016/j.jviromet.2018.01.011
https://www.ncbi.nlm.nih.gov/pubmed/29410056
https://doi.org/10.1371/journal.pone.0156798
https://www.ncbi.nlm.nih.gov/pubmed/27258388
https://doi.org/10.1371/journal.pone.0210749
https://www.ncbi.nlm.nih.gov/pubmed/30730999
https://doi.org/10.1021/acs.analchem.6b00502
https://www.ncbi.nlm.nih.gov/pubmed/27487722
https://doi.org/10.1038/s41598-023-29973-3
https://www.ncbi.nlm.nih.gov/pubmed/36806155
https://doi.org/10.1002/jmv.23807
https://www.ncbi.nlm.nih.gov/pubmed/24150877
https://doi.org/10.3390/ijms19103013
https://doi.org/10.1038/emm.2017.23
https://www.ncbi.nlm.nih.gov/pubmed/28336958
https://doi.org/10.1371/journal.pone.0086184
https://www.ncbi.nlm.nih.gov/pubmed/24503933
https://doi.org/10.1016/j.prp.2008.03.010
https://www.ncbi.nlm.nih.gov/pubmed/18565685
https://doi.org/10.1309/NR8HN08GDPVEMU08
https://www.ncbi.nlm.nih.gov/pubmed/16040303
https://doi.org/10.1016/j.jmb.2010.01.061
https://www.ncbi.nlm.nih.gov/pubmed/20138059
https://doi.org/10.3390/v13040566
https://www.ncbi.nlm.nih.gov/pubmed/33810465
https://doi.org/10.3390/ijms232012677
https://www.ncbi.nlm.nih.gov/pubmed/36293532
https://doi.org/10.1007/978-1-4939-7447-4_7


Antibodies 2023, 12, 73 16 of 16

19. Russo, G.; Meier, D.; Helmsing, S.; Wenzel, E.; Oberle, F.; Frenzel, A.; Hust, M. Parallelized Antibody Selection in Microtiter Plates.
In Phage Display: Methods and Protocols, Methods in Molecular Biology; Hust, M., Lim, T., Eds.; Humana Press: New York, NY, USA,
2018; Volume 1701, pp. 273–284. [CrossRef]

20. Rader, C.; Ritter, G.; Nathan, S.; Elia, M.; Gout, I.; Jungbluth, A.A.; Cohen, L.S.; Welt, S.; Old, L.J.; Barbas, C.F. The Rabbit Antibody
Repertoire as a Novel Source for the Generation of Therapeutic Human Antibodies. J. Biol. Chem. 2000, 275, 13668–13676.
[CrossRef] [PubMed]

21. Rader, C. Generation and Selection of Rabbit Antibody Libraries by Phage Display. In Therapeutic Antibodies, Protocol, Methods in
Molecular Biology; Dimitrov, A., Ed.; Humana Press: New York, NY, USA, 2009; Volume 525, pp. 101–128. [CrossRef]

22. Ridder, R.; Gram, H. Generation of Rabbit Immune Libraries. In Antibody Engineering Vol.1, Springer Protocols Handbooks;
Kontermann, R., Dübel, S., Eds.; Springer: Berlin/Heidelberg, Germany, 2010; pp. 115–123. [CrossRef]

23. Pfeil, J.; Tabatabai, J.; Sander, A.; Ries, M.; Grulich-Henn, J.; Schnitzler, P. Screening for Respiratory Syncytial Virus and Isolation
Strategies in Children Hospitalized With acute Respiratory Tract Infection. Medicine 2014, 93, e144. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/978-1-4939-7447-4_14
https://doi.org/10.1074/jbc.275.18.13668
https://www.ncbi.nlm.nih.gov/pubmed/10788485
https://doi.org/10.1007/978-1-59745-554-1_5
https://doi.org/10.1007/978-3-642-01144-3_8
https://doi.org/10.1097/MD.0000000000000144
https://www.ncbi.nlm.nih.gov/pubmed/25437026

	Introduction 
	Materials and Methods 
	Immunization 
	Library Construction 
	Library Validation 
	Phage Infection and Preparation 
	Phage Display 
	Panning Selection 
	Screening 

	Recombinant Engineering 
	Identification of Candidates 
	Reformatting and Recombinant Production of the Full IgG 

	Pairing Tests 
	Recombinant Strains 
	Native Lysates 


	Results 
	Immunization 
	Library Construction 
	Panning Selection 
	Fab Screening by ELISA 
	Identification of the Fab Clones 
	Reformatting and Production of the Full Recombinant Rabbit IgG 
	Pairing Tests 
	Recombinant Samples 
	Native Lysates 


	Discussion 
	Conclusions 
	References

