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H chain�only Igs are naturally produced in camelids and sharks. Because these Abs lack the L chain, the Ag-binding domain is
half the size of a traditional Ab, allowing this type of Ig to bind to targets in novel ways. Consequently, the H chain�only single-
domain Ab (sdAb) structure has the potential to increase the repertoire and functional range of an active humoral immune
system. The majority of vertebrates use the standard heterodimeric (both H and L chains) structure and do not produce sdAb
format Igs. To investigate if other animals are able to support sdAb development and function, transgenic chickens (Gallus gallus)
were designed to produce H chain�only Abs by omitting the L chain V region and maintaining only the LC region to serve as a
chaperone for Ab secretion from the cell. These birds produced 30�50% normal B cell populations within PBMCs and readily
expressed chicken sequence sdAbs. Interestingly, the H chains contained a spontaneous CH1 deletion. Although no isotype
switching to IgY or IgA occurred, the IgM repertoire was diverse, and immunization with a variety of protein immunogens
rapidly produced high and specific serum titers. mAbs of high affinity were efficiently recovered by single B cell screening. In
in vitro functional assays, the sdAbs produced by birds immunized against SARS-CoV-2 were also able to strongly neutralize and
prevent viral replication. These data suggest that the truncated L chain design successfully supported sdAb development and
expression in chickens. The Journal of Immunology, 2024, 212: 1744�1753.

The only species known to produce single-domain, H chain�
only Abs belong to families of camelids and sharks (1, 2).
In the case of camelid single-domain Abs (sdAbs), specific

V regions (VHH) are used that contain framework changes that
compensate for the lack of an L chain V region (VL) partner, nota-
bly in framework region 2 (FR2) to remove hydrophobic residues
that would be solvent-exposed without the presence of a VL (3�5).
In addition, the C region locus contains C region genes (IgG2 or
IgG3) with a splice donor site mutation that causes skipping of the
CH1-encoding exon to allow direct splicing of the VHH region to
CH2 and the remainder of the C region (6). It is unclear whether
there is an IgM stage for sdAbs in camelids (7, 8). Like other verte-
brates, birds produce only heterodimeric “H plus L” Abs, which are
similar to Abs found in other species but are mainly distinguished
by the use of a single framework for both VL and VH (9�11), gene
conversion to produce a diverse sequence repertoire (11), and non-
canonical cysteines found in the VH regions (12, 13).
Previously, we reported that a small amount of H chain�only Ab

is produced in homozygous IgL knockout (KO) chickens (14). We
now report that normal levels of IgM are expressed when a trun-
cated L chain (tLC) consisting of the L chain C region only (CL),
with no VL, is introduced into the birds. sdAbs of chicken VH
sequence are expressed, and high-affinity mAbs can be obtained.

Sequence analysis shows that the frameworks (in particular, FR2)
do not undergo “camelizing” mutations to alter residues that are nor-
mally involved in pairing with the VL. Interestingly, the conserved
tryptophan in FR4 sometimes mutated to arginine, as observed in
camelid species. Class switching to the IgY isotype, the major
serum Ig normally found in chickens, is only found at low levels in
the chickens expressing sdAbs.
These results indicate that the chicken sdAb platform is

available to develop sdAbs for either research or therapeutic
uses, with humanization of the frameworks a possible option
(15, 16) if desired.

Materials and Methods
Transgenic design and development

A tLC transgene consisting of the normal chicken L chain C region driven
by the L chain promoter was built. The full 2.4-kb promoter region between
the most proximal VL pseudogene and the functional VL was cloned
upstream of the tLC, with the L chain leader sequence fused directly to the
C region. Versions with the leader intron (tLCi) or without (tLC) were made
(Fig. 1). A region comprising 283 bp of the 39 untranslated region (UTR)
was included in the transgene. The tLC insertion construct contained an attB
site and was inserted into the L chain locus via phiC31 integrase recombina-
tion using an attP site previously integrated at the endogenous L chain locus
(14), which had replaced the entire coding sequence of the L chain. (The
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5845-bp deleted region spans from 1290 bp upstream of the start codon to
190 bp downstream of the stop codon; therefore, the tLC(i) insertion replaces
the deleted 59 and 39 UTRs and inserts an extra copy of 1.2 kb of the
upstream pseudogene-proximal region and 88 bp of the 39 UTR.)

Chicken primordial germ cells of line 229-92, carrying the attP-neo
replacement of the L chain, were cultured as described previously (17�20) in
KO-DMEM (Thermo Fisher, Waltham MA, 10829018) containing 40% Buf-
falo rat liver (BRL)-conditioned medium, 7.5% FCS (Hyclone, South Logan,
UT, SH30088.03), 2.5% chicken serum (Thermo Fisher, 16110082), 2 mM
GlutaMAX (Thermo Fisher, 35050-061), 1 mM pyruvate (Thermo Fisher,
11360-070), 1× nonessential amino acids (Thermo Fisher, 11140-050),
0.1 mM 2-ME (Thermo Fisher, 21985-023), 6 ng/ml recombinant murine
stem cell factor (R&D Systems, Minneapolis, MN, 455-MC), and 4 ng/ml
recombinant human FGF basic (R&D Systems, 234-FSE) on a feeder layer
of irradiated BRL cells. A total of 5× 106 cells were pelleted and resus-
pended in Nucleofector V buffer (Lonza, Walkersville, MD, VCA-1003)
with 15 mg of circular tLC(i) insertion vector and the phiC31 integrase vector
pCMV-int (21) in a total volume of 100 ml and transfected in a 2-cm cuvette
with a BMX ECM830 square wave pulse electroporator (BTX, Holliston,
MA) at 350 V, 100 ms, 8 pulses. Cells were resuspended in complete growth
medium and distributed evenly over a 48-well plate with G418-resistant
BRL feeder cells (4). G418 (Teknova, Hollister, CA, G5005) was added at
300 mg/ml 3 d after transfection, and the medium was changed every 2�3 d.
G418-resistant clones were obtained at a frequency of ∼10 clones per
5× 106 cells transfected and expanded until there were enough cells for
injection. Single clones were injected into embryos to produce germline chi-
meras, and, in some cases, four clones were pooled and then injected. Chicks
obtained from breeding chimeras were screened for the correct transgene
insertion at the 59 and 39 insertion sites and by transgene-specific primers by
PCR of comb biopsies.

Bird care and handling

All animal experiments were done in accordance with protocols approved by
the OmniAb (previously Ligand Pharmaceuticals) Institutional Animal Care
and Use Committee. The animal facility is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International.

Transgenic bird evaluations

Flow cytometry. At 11 wk of age, 14 transgenic birds were evaluated for
B cell development, with 11 wild-type (WT) chickens serving as controls.
These samples were also used for Western blot, ELISA, and RT-PCR evalu-
ations. Whole-blood samples (2 ml per bird) were collected in EDTA antico-
agulant, and PBMCs were isolated using Histopaque-1077 (Sigma-Aldrich,
St. Louis, MO) following the manufacturer’s protocol. Collected PBMCs
were washed once in PBS supplemented with 0.1% BSA, then aliquoted
into 96-well U-bottomed plates for downstream immunostaining. PBMCs
were incubated with primary Ab for 1 h on ice. Anti-chicken primary Abs
were used as follows: monoclonal mouse anti-Bu1 at 5 mg/ml for the
chicken B-cell marker Bu1 (SouthernBiotech, Birmingham, AL, 8395-01),
monoclonal mouse anti-IgM at 5 mg/ml against IgM CH1 (SouthernBiotech,
8310-01), monoclonal mouse anti-IgL at 5 mg/ml (SouthernBiotech, 8340-01),
monoclonal anti-TCR1 (TCRdg) at 1:800 dilution (SouthernBiotech, 8230-01),
combined monoclonal anti-TCR2 (TCRab/Vb1) and anti-TCR3 (TCRab/
Vb2) at 1:200 dilution (SouthernBiotech, 8240-01 and 8250-01), and poly-
clonal goat anti-IgM at 4 mg/ml (Bethyl Laboratories, Montgomery, TX,
A30-102A). After primary incubation, PBMCs were washed three times in
PBS1 0.1% BSA, then incubated in secondary Ab for 1 h on ice, covered
from light. Secondary Abs used were as follows: donkey anti-mouse Alexa
Fluor 647 at 5 mg/ml (Thermo Fisher, A31571) or donkey anti-goat Alexa
Fluor 647 at 4 mg/ml (Abcam, Cambridge, MA, AB150131). After secondary
incubation, PBMCs were washed three times and loaded into Attune NxT flow
cytometers for analysis of 10,000 cells per sample; resulting data were proc-
essed using FlowJo version 10 software. Data were analyzed in Excel by
Student t test as compared with the WT/negative control and figures were cre-
ated using Prism software.

Western blot analysis. Plasma samples were diluted to a final concentration
of 1:100 in PBS. Samples were prepared to contain a final concentration of
1× sample loading buffer and 1.5 mM Tris carboxyethyl phosphene reducing
agent and heated to 98◦C for 10 min. Samples were loaded onto 4�12% gra-
dient Bis-Tris NuPage SDS-PAGE gels (Thermo Fisher, NP0321) in MES
SDS running buffer and run for 35 min at a constant 200 V. Gels were trans-
ferred to 0.2-mm nitrocellulose membranes using the iBlot2 7-min dry trans-
fer system (Thermo Fisher). Membranes were immediately blocked in 3%
skim milk in PBS for 1 h with oscillation, then incubated in directly conju-
gated primary Ab for 1 h with oscillation. Primary Abs used were as fol-
lows: polyclonal rabbit anti-IgY-HRP (Sigma-Aldrich, A90406) at 1:20,000
dilution in PBS1 0.05% Tween 20 (PBST) or polyclonal goat anti-IgM-

HRP (Bethyl Laboratories, A30-102P) at 1 mg/ml in PBST. After incubation,
membranes were washed five times for 5 min each with PBST and devel-
oped with West Pico PLUS chemiluminescent substrate (Thermo Fisher,
34580) for 15 min. Membranes were imaged for chemiluminescence using a
Bio-Rad ChemiDoc XRS1 gel imager.

ELISA. High-binding ELISA plates (Greiner Bio-One, 655061) were coated
with 50 ml/well of 2 mg/ml target protein diluted in PBS (for either 1 h at
room temperature or overnight at 4◦C). Plates were then blocked with 150 ml
of 3% skim milk in PBS for 1 h at room temperature. Plasma samples were
diluted in blocking buffer and applied to the plate at 50 ml/well and incubated
at room temperature for 1 h. Plates were then washed four times with
300 ml/well PBST (0.05% Tween 20), and secondary Ab was applied at
1:5000 dilution in blocking buffer at 50 ml/well for 1 h incubation at room
temperature. Secondary Abs were goat anti-chicken IgM-HRP (Bethyl,
A30-120P) and rabbit anti-chicken IgY-HRP (Sigma-Aldrich, A90406).
After secondary Abs, plates were washed five times. TMB substrate
(Thermo Fisher, 002023) was applied at 50 ml/well for 10 min of color
development, and the reaction was stopped with 50 ml/well 1 N HCl.
Absorbance was read at 450 nm on a BioTek Synergy H1 plate reader.

RT-PCR. PBMC samples were pelleted and stored at �80◦C until ready for
processing. With use of the Qiagen RNeasy Plus kit (Qiagen, Germantown,
MD, 74034), 107 cells were processed for mRNA extraction following the
manufacturer’s procedure. Extracted mRNA was quantified using a Nano
UV-Vis spectrometer for downstream normalization calculations. Extracted
mRNA was used in Qiagen One-Step RT-PCRs (Qiagen, 210212) to detect
IgM, IgY, and L chain (IgL) using the following primers: IgM, chVH-F9:
59-CACCAGTCGGCTCCGCAACCATG-39 and cIgM-CH2-R: 59-GGGGTG
CATGGTGACGAAAAG-39; IgY, chVH-F9: 59-CACCAGTCGGCTCCG-
CAACCATG-39 and cIgY-CH2-R10: 59-CTTCCCTTCCCTCCAATCGGTG-
39; IgL, cVL-5'UTR-F: 59-GACACACAGCTGCTGGGATTC-39 and chIgL-
C-R: 59-CCTGCAGGTGTAGGTCTCGT-39. PCR parameters consisted of a
45-s reverse transcription step at 50◦C followed by 35 cycles of amplification
with 1-s extension time and 60◦C annealing temperature. PCR products were
run on 1% agarose ethidium bromide TAE gels, and bands were detected in a
Bio-Rad ChemiDoc XRS1 gel imager.

Immunization program

Different cohorts of animals were immunized i.m. with protein immunogens.
Three animals were immunized and screened in the progranulin (PGRN)
program (bird numbers 48324, 48367, 48370) starting at 14 wk of age and
with a prime followed by a total of five boosts. A quantity of 100 mg
rhPGRN (Sino Biological, 10826-H08H) was used for each injection. A total
of seven birds were immunized with SARS-CoV-2 proteins (cohort 1, birds
60376, 60396, 60413, starting at 6 wk of age and receiving prime plus four
boosts; cohort 2, birds 63885 and 63938, starting at 10 wk of age and receiv-
ing prime plus five boosts; cohort 3, birds 66497 and 66499, starting at 8 wk
of age and receiving prime plus four boosts), and all were screened except
for 66499. The immunogens were as follows: Cohort 1 received recombinant
SARS-CoV-2 His-tagged S1 spike protein monomer (n 5 3 birds, Wuhan
D614G, Acro Biosystems, S1N-C5256); cohort 2 received recombinant His-
tagged spike trimers from Alpha, Beta, and Delta strains, alternating boosts
(n 5 2 birds, Acro Biosystems SPN-C52H6 [Alpha], SPN-C52Hk [Beta],
SPN-C52He [Delta]); and cohort 3 received recombinant His-tagged Delta
spike trimer (n 5 2 birds, Acro Biosystems SPN-C52He) emulsified with
250 ml Freund’s complete adjuvant (Thermo Fisher, 77140) for primary
immunizations. Two weeks later, animals began a biweekly i.m. boosting
schedule of 100 mg protein with 250 ml Freund’s incomplete adjuvant
(Thermo Fisher, 77145). Ag-specific titer was assessed by ELISA on the off
week (plates directly coated with above Ags or with streptavidin followed
by biotinylated Delta trimer, Acro Biosystems SPN-C82Ec, or biotinylated
RBD, Acro Biosystems SPD-C82E4). Four days before euthanization, ani-
mals received a final boost of 100 mg protein i.v. with no adjuvant.

Next-generation sequencing

Splenocytes from human PGRN-immunized birds (two WT and three tLC)
were prepared by Histopaque-1077 polysucrose gradient, RNA was extracted,
and chicken VH was amplified. Seminested primers were used in the 59
UTR (chVH-F9: 59-CACCAGTCGGCTCCGCAACCATG-39) and IgY
C region (cIgY-CH2-P265: 59-GTACGGGATCTACCCGGCAGA-39 followed
by another round of PCR with the same forward primer and cIgY-CH1-R26:
59-GTCGGAACAACAGGCGGATA-39). Amplicons were sequenced on a
MiSeq at 2 × 300 (Illumina). Sequencing was performed by Abterra, Inc. (San
Diego, CA).

Preprocessing of data was performed using the Immcantation (22, 23)
suite of tools to assemble paired reads, filter good-quality sequences, mask
the primers on 59 and 39 ends, collapse sequences to identify unique DNA
sequences, and identify reliable sequences with two or more copies. Reliable
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sequences were then annotated using IgBlast and were clustered into lineages
defined as 2-aa differences or less in the CDR3 region (24).

Ab candidates and characterization

mAb recovery. A single-cell screening method, the gel-encapsulated micro-
environment (GEM) assay (U.S. patents 8030095 and 84151738), was
employed to identify Ag-specific B cells (25). A quantity of 5 mm of alde-
hyde latex beads (Thermo Fisher, A37306) was coated with streptavidin fol-
lowed by biotinylated Ag, overnight, blocked with 3% milk-PBS, and tested
by labeling with plasma from immunized animals. GEMs were prepared
(agarose droplets containing a single secreting B cell and Ag-coated beads)
and incubated for 3 h at 37◦C in RPMI/10% FCS containing 2 mg/ml Alexa
Fluor 594 anti-chIgY (Thermo Fisher, A11042) as previously described (25)
or with anti-IgM-FITC (Bethyl Laboratories, A30-102F). For the SARS-
CoV-2 Ab discovery, cohort 1 birds (immunized with Wuhan D614G S1)
were screened using Wuhan RBD; cohort 2 birds (immunized with Alpha,
Beta, and Delta trimers) were screened using Alpha trimer; and cohort 3
birds (immunized with Delta trimer) were screened using B.1.1.529/Omicron
trimer (Acro Biosystems SPN-C52Hz).

sdAb-hFc cloning. Single Ag-specific B cells were lysed, and mRNA was
isolated. Chicken VH regions were amplified in a two-step seminested strat-
egy previously described (25). In step 1, the primers used were in the 59
UTR (chVH-F9; 59-CACCAGTCGGCTCCGCAACCATG-39) and in the
IgM CH2 exon (cIgM-CH2-R; 59-GGGGTGCATGGTGACGAAAAG-39). In
step 2, primers contained overhangs for cloning in addition to the VH-specific
binding sites: forward in the VH leader (59-TCGAACCCTTGCTAGCCGC-
CATGAGCCCACTCGTCTCCTCC-39) and reverse in the JH region (59-
AGAAGATTTGGGATCCAGGCTGGAGGAGACGATGACTTCGGTCC-39).
The VH regions were inserted into a mammalian expression vector containing
human Fc (IgG1 CH2-CH3) using InFusion (Takeda Bio, 638911).

Expression of chicken sdAb-hFc. Recombinant Abs were expressed in the
Expi293 expression system (Thermo Fisher, A14525) as previously described
(25).

Size exclusion chromatography. The rhPRGN (R&D Systems) and SARS-
CoV-2 S1 (Acro Biosystems, S1N-C52H3) proteins used for kinetics and
binning were buffer exchanged separately in size exclusion chromatography
(SEC) buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA and
0.05% Tween 20) and further purified by Superdex 200 Increase 10/300 GL at
4◦C. The peak elution fractions were collected and analyzed by SDS-PAGE.

Differential scanning fluorimetry and dynamic light scattering analysis.
Samples were analyzed on an Unchained Labs Uncle instrument by monitor-
ing full-spectrum fluorescence, static light scattering, and dynamic light scat-
tering to determine Tm, Tagg, and monodispersity, respectively. Samples
were heated from 25◦C to 95◦C with a ramping rate of 1◦C/min, incubation
time of 180 s, and plate hold of 60 s and analyzed by monitoring change in
the 350/330-nm absorbance ratio. Dynamic Light Scattering data were
collected after an incubation time of 180 s with a total of 10 acquisitions for
10 s per sample.

Surface plasmon resonance (SPR) epitope binning and kinetics assays
were performed on the Carterra LSA platform. A “premixed” epitope bin-
ning assay was used to determine epitope diversity of the sdAbs as well as
to compare with previously characterized anti-PGRN OmniChicken mAbs
(26, 27). Briefly, an HC-200M sensor chip (Carterra) surface was activated
for 5 min with EDC/sulfo-NHS at pH 5.5. The sdAb-hFc used for the
amine-coupling reactions were affinity-purified from crude Expi293F super-
natant, desalted, and diluted into 10 mM sodium acetate, pH 4.5,1 0.01%
Tween 20 (Carterra) alongside the OmniChicken mAbs. The Ab ligand array
was then printed on the activated surface by the 96-printhead, allowing
7-min contact time, followed by 5 min of quenching with 1 M ethanolamine,
pH 8.5. The coupled HC-200M chip was then primed with a running buffer
of 10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.05% Tween
20 (HBSTE) supplemented with 0.5 mg/ml BSA. Binning was performed by
iteratively injecting 100 nM rhPGRN (R&D Systems), which was preincu-
bated for 1 h in the presence of >200 nM individual analyte Abs to deplete
all Apo-PGRN molecules in solution. After every binning cycle, the arrayed
Ab surface was regenerated with 10 mM glycine, pH 2.0, supplemented with
0.05% Tween 20 (2 × 30-s pulses). Binning and mapping data were ana-
lyzed in the Carterra Epitope software to generate heat maps and network/
community plots as in Reference 28.

Binding affinities were determined in a “capture kinetic” assay format
using an HC30M chip (Carterra) surface amine-crosslinked with a rabbit
anti-human IgG Fc-specific polyclonal (Rockland) as the capture reagent.
Using the 96-printhead, chicken sdAb-hFc (diluted up to 100-fold in
HBSTE) in arrays of 96 along with the purified OmniChicken mAbs were
captured onto the anti-human IgG Fc chip surface to enable a direct compari-
son. The Ab array surface was then primed with a running buffer of HBSTE

1 0.5 mg/ml BSA before the kinetics assay. Recombinant Ags (PGRN or
SARS-CoV-2 S1 monomer proteins) were prepared as a 3-fold dilution
series spanning 76.2 pM�500 nM, and samples were injected for 5 min each
in ascending concentration, allowing a 10-min dissociation phase following
each associate phase, in a nonregenerative manner, as described (29). The
Carterra kinetic software was used to process and analyze the data of each
Ab globally by fitting the sensorgrams with a Langmuir 1:1 binding model.
The affinity, or equilibrium KD, for Ag interacting with each captured mAb
was determined by the ratio of the kinetic rate constants, KD 5 kd/ka.

Abs from cohort 1 (from immunization with Wuhan D614G S1 monomer)
were tested in a pseudovirus neutralization assay against SARS-CoV-2 spike
variants B.1.1.7 (Alpha), B.1.351 (Beta), and B.1.617.2 (Delta) at Gen-
Script ProBio. Human ACE2-overexpressing cells were infected with a
pseudotyped lentivirus carrying SARS-CoV-2 spike proteins. To measure
infection levels, luciferase activity delivered by the lentivirus was detected.
An ACE2-Fc protein was used as a positive control to bind virus and block
infection. An 8-point dose response dilution series (range, 0.003�50 mg/ml)
of the Abs was added to the cultures. The EC50 was calculated on the basis
of mean values from triplicate assays for each dilution and converted to
nanomolar values.

Results
Construct design: tLC

When we analyzed chickens with a homozygous deletion of the L
chain locus, we observed that a small amount of H chain was still
found in the serum, and a small population of B cells was found in
the periphery (∼30-fold lower than normal) (14). This Ig was
mainly of the IgM isotype, and very little IgY was produced.
Because H chain that is not paired with L chain is bound to the ER
protein BiP and thus sequestered inside the cell, it was perhaps
unsurprising to find that the IgM found in serum contained a dele-
tion of the CH1 domain, which occurred spontaneously by an
unknown mechanism and allowed secretion of the H chain in the
absence of L chain. (Chickens lack a surrogate L chain that could
have enabled secretion in theory.) The CH1 domain of IgM is where
BiP binds and blocks secretion. Ag-specific titer could be obtained
upon immunization, although no mAbs were pursued.
To improve the efficiency of H chain�only expression in the

birds, we decided to provide the H chain with a chaperone that
would obviate the need for the spontaneous CH1 deletion and would
allow H chain to be secreted without a full L chain. The L chain C
region (CL) normally pairs with the CH1 domain, displacing BiP
and enabling transit through the secretory pathway. Thus, we rea-
soned that expression of the CL alone as a tLC could serve to pair
with the CH1 domain and enable full-length H chain expression of
all isotypes, with the single Ag-binding modality determined by the
VH domain.
We inserted a construct into the endogenous chicken L chain

locus for expression of tLC driven by the L chain transcriptional
regulatory elements so that it would be expressed in a tissue-specific
manner at the appropriate level. We used the L chain KO allele that
we previously made (14) and inserted two alternative tLC con-
structs: one without the leader intron (tLC) (Fig. 1) and one contain-
ing the leader intron (tLCi). The other intervening sequences (V to J
and J to C) are absent from both constructs. Confirmation of the
tLC(i) insertion into the L chain locus was performed by PCR on
genomic DNA from the transfected primordial germ cells and
hatched chicks and by reverse transcription PCR at the transcript
level from PBMCs in the birds once they were hatched (Fig. 2).

B cell development in tLC(i) birds

Heterozygous birds were produced with the genotype tLC(i)/IgL
KO, with WT H chain. Birds carrying the tLC(i) construct produced
a much more robust B cell population than the full IgL KO previ-
ously reported (14), with the proportion of Bu-1�positive (a B cell
marker in chickens) cells ∼30�50% of normal (Fig. 2). Thus, the
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presence of the tLC transgene has an effect on B cell development,
improving the B cell population compared with the full IgL KO.
Staining with a polyclonal anti-IgM Ab confirmed that this popula-
tion expressed surface IgM. However, staining with an anti-IgM
mAb did not detect any cells in the tLC(i) birds, nor did staining
with an anti-IgL mAb. This anti-IgM mAb is known to have its epi-
tope in the CH1 domain of the IgM C region, which suggested that
the CH1 domain might be missing from the surface IgM of the
B cells. Further analysis by Western blotting and sequencing of
RT-PCR products was consistent with CH1 deletion. The size of the
IgM H chain by Western blot analysis was ∼15 kDa smaller than
the WT, which would be expected if CH1 were missing. Similarly,
the size of the RT-PCR product using a reverse primer in CH2 was
reduced by ∼300 bp, and sequencing of RT-PCR products showed
an inframe splice of the chicken VH directly to the IgM CH2 domain.
The amount of IgM found in serum of tLC(i) birds was equivalent to
WT chickens, as measured by ELISA (Fig. 2). However, very little
IgY H chain was detected in serum, and the IgY transcript was only
weakly detected by RT-PCR of PBMCs. IgA was also absent (Fig. 2).
The main serum Ig in the tLC(i) birds is thus IgM. T cell numbers
were unchanged compared with WT (Fig. 2).

Immunization of tLC(i) birds with PGRN and SARS-CoV-2 spike

tLC birds were immunized with hPGRN, a multidomain protein that
we have used previously to compare immune responses in different
OmniChicken strains, and the spike protein from SARS-CoV-2
(either S1 or full trimer, original strain with D614G mutation or
Alpha, Beta, or Delta variants). Robust titers were obtained and the
response was Ag-specific because no serum titer to nonrelated pro-
teins was detected (Fig. 3).
We performed next-generation sequencing of sdAb VH regions

and WT VH regions from splenocytes of immunized birds to analyze

the sdAb repertoire in the tLC birds (Fig. 4 and Table I). The single
germline V gene in chickens simplifies the comparison of birds
because the germline V sequence is the same in every case, obviat-
ing the possibility of skewed V gene usage. In the framework
regions, the frequency of mutation at each position was essentially
the same in VH from tLC and WT samples (Fig. 4A). The one
exception was a position in framework 2, V42 (IMGT numbering),
that was sometimes mutated to Met (∼30% of the sdAb sequences).
Interestingly, W52, which in camelid VHH is changed to a G resi-
due to increase solubility (5), is often mutated to Y or F in chickens,
but both tLC and WT birds showed this change. The most notable
mutation occurred in the canonical W118 (IMGT numbering) at the
beginning of FR4. About 20% of the sdAb VH sequences contained
Arg in this position, and a small proportion had other amino acids
(Fig. 4B). Accordingly, the average hydrophobicity was similar in

FIGURE 2. B cell development and Ig expression in tLC(i) transgenic
chickens. WT, tLC/IgL KO (tLC), and tLCi/IgL KO (tLCi) birds with WT
H chains were analyzed. (A) PBMCs were analyzed by flow cytometry
using B cell and T cell markers. mAbs specific to the Bu-1 protein
(a chicken B cell marker), the CH1 domain of IgM, and a polyclonal serum
to the IgM chain were used, as well as a mAb to the L chain. Data from 11
WT, 6 tLC, and 8 tLCi birds at 11 wk of age are shown. (B) Serum IgM
and IgY levels were evaluated by ELISA. IgM levels appeared normal in
tLC(i) birds, whereas IgY levels were ∼100-fold lower than normal. Data
from four WT, three tLC, and eight tLCi birds at 11 wk of age are shown.
(C) Western blot of serum Ig shows reduced size of IgM H chain. Data
from three tLC birds at 11 wk of age are shown. (D) Reverse transcription
PCR. RNA was obtained from PBMCs of three tLC birds at 16 wk of age,
reverse transcribed, and amplified with primers specific for IgM, IgY, and
IgL. The forward primer is in the 59 UTR in each case, and, for the H
chains, the reverse primers were in the CH2 domains. Products were cloned
and sequenced to confirm that the IgM transcript consists of the VH region
directly spliced inframe to the CH2 exon. A small amount of full-length
IgY transcript is observed. *p 5 0.05; **p < 0.01; ***p < 0.001; ****p <

0.0001. NTC, no template control.

FIGURE 1. Production of tLC(i) transgenic chickens. Previously, the
functional chicken L chain locus (top line) was deleted by homologous
recombination, replacing it with a selectable marker cassette containing a
B-act-GFP gene (G), a CAG-puro gene (P), a promoterless neo gene (N),
and an attP site (second line). IgL KO primordial germ cell line 229-92 was
cotransfected with either the tLC or tLCi circular DNA construct and
the pCMV-int phiC31 integrase expression plasmid pCMV-int (21) (not
shown). The tLC(i) constructs were inserted into the attP site via an attB
site on the incoming plasmids. Upon germline transmission of the tLC(i),
selectable markers were removed by Cre recombination by breeding to Cre-
expressing hens (51), leaving behind the tLC(i) insertion and single loxP
and attR sites (bottom line). Because of the extent of the original deletion
and the replacement by the tLC(i) insertion, 1.2 kb of the pseudogene-
proximal region and 88 bp of the 39 UTR are duplicated in the final locus
(indicated by striped boxes).
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WT (−24.4 ± 11.2) and sdAb repertoires (slightly more hydrophilic
at −26.3 ± 14.3; Kyte-Doolittle scale). Mean CDR-H3 lengths were
slightly longer for sdAb repertoires (mean 19.2 ± 4.7 for sdAb VH;
18.3 ± 3.4 for WT VH), although frequencies of noncanonical
cysteine residues in CDR-H3 were similar (68% of the sequen-
ces from sdAb had one or more Cys in CDR3 compared with
65% for WT). To assess levels of diversity in each bird, the per-
centages of sequences in each of the top 50 clonotype lineages
were plotted (Fig. 4C). Two of the birds (one WT and one
sdAb) showed a skewed pattern where a few lineages contained
a significant proportion of the sequences, whereas the other
three birds showed a more even distribution of similar-sized lin-
eages across the repertoire.

Ab discovery

Splenocytes from the three birds immunized with PGRN and
the seven birds immunized with various forms of SARS-CoV-2
spike protein were screened for Ag-specific monoclonal chicken
sdAbs. Screening was performed using GEM technology (25),
and one bird was screened on our xPloration (30) platform. The
chicken VH regions were amplified from single B cells identi-
fied in these platforms, cloned inframe with human Fc (IgG1),
and expressed in 293 cells. Primers to amplify VH spliced to
IgM constant regions were successful, whereas primers for IgY
only rarely produced product (and none were cloned), consistent
with the IgM expression observed in serum. Supernatant contain-
ing secreted sdAb-hFc was analyzed by ELISA for binding to
Ag, and DNA sequences of the clones were determined. A total
of 142 unique Abs binding to PGRN and 251 unique Abs binding
to SARS-CoV-2 spike were obtained.
Sequence analysis of the sdAb regions revealed that few classical

stabilizing mutations were observed (Supplemental Fig. 1), with one
notable exception: The canonical W118 residue in FR4 was mutated

to Arg in ∼20% of the Abs as seen in the bulk next-generation
sequencing analysis. The levels of sequence diversity in the frame-
works and CDRs appeared similar in the anti-PGRN sequences
from the tLC(i) birds as compared with WT VH from WT birds
previously studied (31). In camelid VHH, FR2 has less hydrophobic
amino acid content than conventional VH (4) as a result of changes
to four hallmark residues. The frequency of hydrophobic amino
acids in FR2 was very similar in the chicken sdAbs compared with
that of VH from WT birds (anti-PGRN Abs; 70% hydrophobic
amino acids in sdAbs versus 71.7% in WT). The frequency of
clonotypes (defined as 2-aa differences or less in CDR3) in the
anti-PGRN sdAbs (29 clonotypes in 111 unique sequences) was
lower than for WT clones (15 clonotypes in 31 sequences),
whereas the frequency of singlets (clonotypes only represented
by one clone) was about the same (20%) (Supplemental Fig. 1).
The dominant clonotype in each case contained six sequences.

Biophysical characteristics

Chicken sdAb-hFc were initially characterized for biophysical
properties such as monomericity and thermal stability (Fig. 5).
The Abs were run on an analytical SEC, showing a pure Ab at
the predicted molecular mass range of ∼85 kDa. Differential
scanning fluorimetry was performed using Unchained Uncle to
obtain the Tm and Tagg of the chicken sdAb-hFc, and the results
showed that the Abs were very stable and required high tempera-
tures to melt and aggregate.
The kinetics of Ag binding were determined by SPR on the Car-

terra LSA instrument. Ab was captured on the chip, followed by
binding of Ag in solution, either hPGRN or SARS-CoV-2 spike S1
monomer. The PGRN and spike S1 proteins were first confirmed to
be monomeric for the purposes of monovalent Ag�Ab interactions
by SEC (Supplemental Fig. 2). A range of affinities to PGRN were
observed in the sdAb-hFc, including several subnanomolar clones

FIGURE 3. tLC birds produce specific titer upon immunization. (A) First draw sera from three tLC/IgL KO birds immunized with hPGRN were titrated
against PGRN, as well as human BDNF, thrombin, and BSA to test for cross-reactivity to unrelated proteins. Titers in the two WT birds immunized with
PGRN are shown at the upper right, although they were measured with an anti-IgY secondary Ab. (B) Preimmune (PI) and final draw (FD) sera from three
cohorts of SARS-CoV-2 spike immunized birds were titrated against S1 monomer (Wuhan D614G; left column), RBD WT strain (middle column), or Delta
trimer (right column). Top row is cohort 1 (immunized with S1 Wuhan D614G), middle row is cohort 2 (immunized with alternating boosts of Alpha, Beta,
and Delta trimers), bottom row is cohort 3 (immunized with Delta trimer). On the x-axis is serum dilution, and on the y-axis is OD450. All birds were
tLC/IgL KO.
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(Fig. 6 and Supplemental Table I). For the anti�SARS-CoV-2 spike
Abs, cohort 1 was immunized with the S1 monomer from the origi-
nal Wuhan D614G strain and screened for mAb binders on the
original receptor binding domain. Affinities to the Wuhan
D614G S1 monomer were measured by SPR. Although all 18
of the clones in the cohort bound to S1 by ELISA, only 4
showed clear binding by SPR (Fig. 6B). Representative sensor-
grams for a range of binding kinetics to PGRN or S1 are shown
in Fig. 6B, illustrating accurate curve fits to the model, and kinet-
ics statistics are listed in Supplemental Table I with a comparison
with two benchmark IgG clones that showed effective viral neu-
tralization early in the pandemic (32). To represent more faithfully
how the sdAb-hFc would bind the native assembled spike trimer,

we assessed “avidity-boosted binding” to spike trimers as analytes
for cohorts 1, 2, and 3 Abs. Cohorts 2 and 3 birds were immunized
with spike trimers and screened on Alpha and Omicron spike
trimers, respectively. Highly avid binding to the Wuhan D614G
and Delta strains was obtained, whereas binding to the Omicron
variant was generally lower (Supplemental Fig. 3). Thus, despite
weak or no binding to S1 monomer by SPR, the chicken sdAbs
identified to the spike showed binding to the full trimer.
For the cohort of PGRN clones, the domain binding profiles were

determined using a set of mouse-human chimeras in which specific
domains of PGRN were swapped for the domain from the mouse
PGRN (31). A given clone will bind to a chimera if its epitope is in
a domain that is human, whereas if the domain containing its

FIGURE 4. tLC birds express sdAb VH repertoires similar to normal chicken VH repertoires. (A) H chain V regions were amplified from three tLC/IgL
KO chickens and two WT chickens and sequenced using Illumina MiSeq 2 × 300 paired end reads. All amplicons were derived from splenocytes of PGRN-
immunized birds. The frequency of mutation relative to the germline VH gene at each position, up to CDR3, was plotted for data pooled from all birds of
each genotype. The sequence of the germline VH gene is shown on the x-axis. CDRs 1 and 2 (IMGT definitions) are indicated by boxes. The positions of
V42 and W52 as well as the other two hallmark residues mutated in camelid VHH are indicated with asterisks. (B) The frequency of mutation at W118 in
framework 4. WT chickens had 99.5% of the sequences with W at that position, but sdAb (tLC) birds showed ∼20% R and ∼5% other residues. (C) The per-
centages of the sequences present in each of the 50 most dominant lineages for each bird are shown. Birds 17016 and 48367 show marked skewing, with a
few lineages containing a relatively large number of sequences. Bird 48367 had fewer total clonotypes than the other birds (approximately one-fourth the
number), so the skewing is likely reflecting that fact.

Table I. Summary of next-generation sequencing preprocessing steps

Sample id No. Raw Reads AssemblePair FilterSeq MaskPrimer Collapse No. Reliable Seq No. Filtered Seq

WT 17013 1,717,999 1,466,190 1,466,129 1,461,680 946,832 45,271 41,592
WT 17016 1,704,597 1,493,714 1,493,652 1,486,506 976,539 44,035 40,537
sdAb 48324 1,908,125 1,615,679 1,615,596 1,597,580 981,121 43,289 39,743
sdAb 48367 1,673,983 1,412,722 1,412,648 1,392,903 817,010 44,831 41,984
sdAb 48370 2,180,883 1,798,697 1,490,872 1,464,298 761,395 47,077 42,758

This table presents a summary of data at each stage of the next-generation sequencing preprocessing workflow for each sample. It begins with the total number of raw
reads, followed by the count of sequences successfully assembled using the ImmunoSeq (Immcantation) pipeline in the “AssemblePair” column. The “FilterSeq” column
indicates the number of high-quality sequences that passed the quality threshold (q > 20). The “MaskPrimer” column reports the count of clones for which the correct for-
ward and reverse primers could be identified. “Collapse” details the number of sequences remaining after identical sequences have been merged. “Reliable Seq” lists the
count of sequences with a duplicate count greater than 2, highlighting their reliability. Finally, “Filtered Seq” shows the sequences that underwent internal post-processing,
ensuring the data’s quality and relevance. The internal filtering includes the following criteria: they must exhibit a productive, inframe VDJ; display a complete VDJ as
determined by IgBlast; not contain any stop codons or ambiguous sites; they are required to be VH sequences (from the IGH locus); and all domains FR1, FR2, FR3, FR4,
and CDR1, CDR2, and CDR3 must be present.
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epitope is mouse, the clone will not bind. (This method only works
for human-specific Abs.) Using this method, we found sdAb binders
to domains P, G, F, A, and C/D among a small cohort of 20 Abs
(Fig. 7). In addition, cross-blocking activity was measured on the
Carterra instrument to place the Abs into epitope bins. A total of
nine epitope bins across the five domains were targeted, indicating
that some domains were bound at more than one site. For example,
domain P was bound by Abs in bins 3 and 8 (Fig. 7). Clones in the
same sequence lineage (as defined by two changes or fewer in
CDR3) always fell into the same bin.

Neutralization assay

A subset of the anti�SARS-CoV-2 Abs (cohort 1) with diverse
sequences (each representing a unique lineage) and known to bind
to the receptor binding domain of S1 by ELISA was selected for
testing in pseudovirus neutralization assays (GenScript ProBio). All
of the selected Abs exhibited pseudoviral neutralization activity to
varying degrees against the three subtypes of SARS-CoV-2 tested:
Alpha, Beta, and Delta (Fig. 8). Consistent with other studies (33),
the Beta variant with the E484K mutation allowed that variant to
escape neutralization from some of the Abs. Three of the chicken
sdAbs showed neutralization similar to or more potent than the
ACE2-Fc control (Fig. 8).

Discussion
Since their discovery in 1993 (34), camelid sdAbs (VHH Abs) have
been a subject of interest for the development of therapeutics for
their potential to bind antigenic epitopes that are inaccessible to nor-
mal Abs containing both L and H chains (35, 36). As of 2023, two
VHH therapeutic Abs and one VHH-based chimeric Ag receptor
T therapeutic have been clinically approved for use in patients (37).
Although WT chickens do not normally express H chain�only

Abs, they can be easily induced to do so when a tLC transgene is
introduced into the birds, leading to normal serum levels of IgM.
Contrary to our prediction, the tLC does not support the full-length

FIGURE 5. Analytical SEC and thermal stability of sdAbs. (A) Analyti-
cal SEC of four sdAb-hFc clones is shown, confirming mainly monomeric
peak. Low amounts of protein were injected, so the minor peaks are more
likely noise/impurities, not aggregates or degradation products. (B) Differ-
ential scanning fluorimetry analysis was run on the four sdAb-hFc that
showed high Tm and Tagg.

FIGURE 6. Kinetics of Ag binding by chicken sdAbs. (A) Affinities (KD,
in nM) to PGRN of a cohort of 19 unique sdAb-hFc clones are graphed.
The line indicates the median KD (4.3 nM). (B) Representative sensorgrams
for sdAb-hFc clones to PGRN (top three) and spike S1 monomer (lower
three) for Abs with a range of affinities are shown.
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H chain by binding to the CH1 domain and chaperoning it through
the secretory pathway; rather, it somehow enables the deletion of
the CH1 domain, leading to expression of CH1-deleted IgM.
Because the full L chain KO results in much lower levels of such
CH1-deleted IgM (14), we reason that the tLC transgene and/or pro-
tein somehow promotes B cell development and CH1 deletion,
although the mechanism remains unclear. It is unknown whether
production of the tLC protein by the transgene is required, because
we have not directly detected the tLC protein in birds, even though
there is a clear effect on B cell development compared with a full
KO. One possibility is that the tLC protein binds weakly to the CH1

domain of the full-length H chain, enabling enough surface IgM
expression for the developing B cell to pass a developmental check-
point, followed by CH1 deletion and increased levels of expression,
independent of the tLC. Alternatively, there may be no tLC binding
to the H chain at all, in which case the tLC expression could be provid-
ing an independent survival signal to the developing B cell, allowing
time for the CH1 deletion to occur, leading to surface IgM expression.
In the case of homozygous IgL KO, no such signal would be present,
potentially the reason for much reduced B cell development.
The mechanism for CH1 deletion is unknown at this point, but in

theory it could be either a genomic deletion of the CH1 coding
sequence or a mutation that causes an alternative splice from the
VH region directly to CH2. A genomic deletion that also disrupted
the Cm switch region could further explain the lack of class switch-
ing. The chicken C region locus is highly repetitive even in the
areas not considered switch regions (Genome Reference Consortium
GRCg6a) (38), so a DNA deletion between these repeat regions that
removes CH1 seems plausible, especially given the fact that the
switch region directly upstream of CH1 is normally the locus of a
deletion breakpoint during class switching. The enzyme AID is
required for gene conversion, somatic hypermutation, and class switch-
ing (39), so it is intriguing to speculate that it might be involved in
CH1 deletion in the tLC birds. The repetitive and low-complexity
nature of the sequences surrounding the CH1 exon poses a challenge
to PCR approaches aimed at determining whether a genomic deletion
is occurring in the B cells, and it thus remains unknown.
L chain KO mice were also found to produce low levels of H

chain�only Abs also from spontaneous CH1 deletion, leading to the
secretion of WT mouse VH as sdAbs (40, 41). In contrast to the
chicken, the isotypes expressed in mouse were IgG and IgA, with
no IgM detected. The sequences of the mouse sdAbs did not exhibit
the stabilizing framework changes that would increase solubility,
although no mAbs were produced that would have provided the
materials for testing this idea through biophysical characterization.
Transgenic mouse and rat strains have been developed as an alterna-
tive to camelid immunization for the discovery of therapeutic sdAb
candidates. All of these engineered rodents (the UniRat [42], Harbor
Biomed [43], and Crescendo mice [44]) contain fully human V
region genes in the germline, and in the case of the UniRat, the JH
gene contains the camelid mutation W118R (IMGT numbering)
in FR4 (42). These transgenic rodents express human sequence V
regions without stabilizing mutations, similar to the chicken sdAb in

FIGURE 7. Epitope binning. (A) The sequence dendrogram for a set of
anti-PGRN Abs is aligned with the granulin domain and epitope bin for
each clone. One Ab showed cross-reactivity to mouse (mouse X, and two
Abs had weak binding that did not allow domain assignment. Bins were
assigned identification numbers, and the bin each clone falls into is indi-
cated. Lineage identification numbers for each clone (as determined by two
changes or less in CDR-H3) are shown at right. Lineages populated by
more than one clone are colored green, illustrating that both clones in each
of those lineages are in the same epitope bin. (B) Nodal plot showing bin-
ning relationships, including control Abs from previous studies (31). Clones
that block each other’s binding to the Ag are connected by lines; solid lines
represent blocking relationships confirmed in both orders of addition,
whereas dotted lines represent unidirectional blocking. Clones in the same
bin are shown in a colored envelope.

FIGURE 8. SARS-CoV-2 pseudovirus neutralization. sdAb-hFcs from
cohort 1 immunized with the S1 monomer of the original SARS-CoV-2
strain (Wuhan D614G) were tested against Alpha, Beta, and Delta pseudo-
viruses in a neutralization assay. Each clone represented a unique sequence
lineage. The IC50 values (nanomolar concentration) are shown, in order of
the sequence dendrogram shown at left (NA, no activity). The ACE2-Fc
positive control is also shown.
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this report. Even though no somatically derived stabilizing mutations
were found, the sdAbs derived from these rodents appear not to
show signs of aggregation, at least in the limited studies shown. It
remains to be seen how well these sdAbs perform in the clinic.
Consistent with the transgenic rodent-expressed human sdAbs,

the chicken VH sdAbs presented in this study exhibit favorable bio-
physical characteristics despite the fact that they do not contain the
hallmark solubilizing mutations found in camelid VHH sdAbs. The
chicken sdAbs show high Tm/Tagg, good solubility, and no signs
of aggregation, which may be surprising, considering that when
humanizing a camelid VHH, it is not normally possible to fully
humanize the FR2 mutations without compromising biophysical
properties (45). Binding kinetics to PGRN of conventional Abs identi-
fied in our other transgenic chicken platforms were in a range similar
to those observed in the present study: The median KD of PGRN
clones from the common L chain bird OmniClic was ∼10 nM (46),
and in OmniChickens, a median KD of ∼2.4 or 3.5 nM was observed
(for k- and l-L chain birds, respectively) (26). The median KD of the
chicken sdAbs to PGRN, 4.3 nM, is also in this range, indicating that
the single-domain format can provide similar binding affinities despite
having only one V region and three CDRs.
We have no structural information yet on the chicken sdAbs

to investigate whether the paratopes formed by the chicken H
chain�only Abs are adopting characteristics of camelid VHH Abs.
Camelid VHH paratopes often take on a convex, protruding confor-
mation compared with the more planar paratopes formed by the six
CDRs of conventional VL1VH Abs (35). Moreover, camelid VHH
Ag-binding contacts can include portions of the framework, such as
FR2, FR3, or the N-terminus (36, 47, 48). On the basis of the simi-
lar frequency of mutations in the frameworks of chicken sdAb VH
compared with normal chicken VH, there is no indication of
increased frequency of mutations outside of the CDRs, which might
reflect Ag binding in the frameworks for chicken sdAbs. With the
possible exception of V42 in FR2, which had an increase in muta-
tion rate in chicken sdAbs, the other framework residues that can
contact Ag in camelid VHH Abs are not mutating in chicken sdAb
VH sequences any more than in normal chicken VH. More gener-
ally, structural data on chicken Abs are extremely limited (49).
However, we speculate that in the case of chicken sdAbs, the major-
ity of Ag contacts are mediated by the CDRs, because only the
CDRs are exhibiting a diversity of sequences. If true, this feature
could simplify the humanization of any chicken sdAb because the
sequence space involved in Ag contact, and thus necessary for graft-
ing on a human framework, would be limited to the CDRs.
Camelid VHH often contains noncanonical disulfide bridges, usu-

ally between CDR1 and CDR3, which serve to stabilize the struc-
ture of the single domain (4, 50). Conventional chicken VH also
often contains noncanonical cysteines, but more commonly they are
found in intra-CDR3 disulfide bonds (13), which are thought to sta-
bilize the longer CDR3 loops found in chickens. The chicken sdAb
VH sequences found in the present study also contain these disulfide
bridges, which raises the possibility that the chicken VH structure
naturally lends itself to the single-domain format.
The chicken host expressing sdAbs retained the ability to recog-

nize diverse epitopes and, in a small number of unique clones, was
able to target many distinct sites with high affinity on our model Ag
PGRN as well as produce anti�SARS-CoV-2 neutralizing Abs. The
chicken sdAb platform retains the benefits of chicken host immuni-
zation and provides a route to unique sdAbs.
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Shúilleabháin, B. Autin, E. Cummins, L. Tchistiakova, L. Bloom, et al. 2012.
Fundamental characteristics of the immunoglobulin VH repertoire of chickens
in comparison with those of humans, mice, and camelids. J. Immunol. 188:
322�333.

14. Schusser, B., E. J. Collarini, D. Pedersen, H. Yi, K. Ching, S. Izquierdo, T.
Thoma, S. Lettmann, B. Kaspers, R. J. Etches, et al. 2016. Expression of heavy
chain-only antibodies can support B-cell development in light chain knockout
chickens. Eur. J. Immunol. 46: 2137�2148.

15. Elter, A., J. P. Bogen, S. C. Hinz, D. Fiebig, A. M. Palacios, J. Grzeschik, B.
Hock, and H. Kolmar. 2021. Humanization of chicken-derived scFv using yeast
surface display and NGS data mining. Biotechnol. J. 16: e2000231.
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epitope recognition by heavy-chain camelid antibodies. J. Mol. Biol. 430:
4369�4386.

37. Jin, B-K., S. Odongo, M. Radwanska, and S. Magez. 2023. Nanobodies: a review
of generation, diagnostics and therapeutics. Int. J. Mol. Sci. 24: 5994.

38. Warren, W. C., L. W. Hillier, C. Tomlinson, P. Minx, M. Kremitzki, T. Graves,
C. Markovic, N. Bouk, K. D. Pruitt, F. Thibaud-Nissen, et al. 2017. A new
chicken genome assembly provides insight into avian genome structure. G3
(Bethesda) 7: 109�117.

39. Papavasiliou, F. N., and D. G. Schatz. 2002. Somatic hypermutation of immuno-
globulin genes: merging mechanisms for genetic diversity. Cell 109 Suppl:
S35�S44.

40. Zou, X., M. J. Osborn, D. J. Bolland, J. A. Smith, D. Corcos, M. Hamon, D.
Oxley, A. Hutchings, G. Morgan, F. Santos, et al. 2007. Heavy chain-only

antibodies are spontaneously produced in light chain-deficient mice. J. Exp. Med.
204: 3271�3283.

41. Geraldes, P., M. Rebrovich, K. Herrmann, J. Wong, H.-M. Jäck, M. Wabl, and
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