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ABSTRACT
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Heavy chain-only antibodies have found many applications where conventional heavy-light heterodi-
meric antibodies are not favorable. Heavy chain-only antibodies with their single antigen-binding domain
offer the advantage of a smaller size and higher stability relative to conventional antibodies, and thus, the
potential for novel targeting modalities. Domain antibodies have commonly been sourced from camelids
with ex-vivo humanization or transgenic rodents expressing heavy chains without light chains, but these
host species are all mammalian, limiting their capacity to elicit robust immune responses to conserved
mammalian targets. We have developed transgenic chickens expressing heavy chain-only antibodies
with a human variable region to combine the superior target recognition advantages of a divergent, non-
mammalian host with the ability to discover single-domain binders. These birds produce robust immune
responses, consisting of antigen-specific antibodies targeting diverse epitopes with a range of affinities.
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Biophysical attributes are favorable, with good developability profiles and

immunogenicity.

Introduction

Conventional antibodies consist of both heavy and light chains,
creating a heterodimeric complex that utilizes both the heavy and
light variable regions for antigen binding. Heavy chain-only anti-
bodies (HcAbs), consisting of a single antigen-binding domain,
were originally discovered in camelids in 1993,' and a more
distantly related single-domain immunoglobulin known as
Ignar was discovered in sharks in 1995.2 The viability of an
autonomous heavy chain-only binding domain (VHH) has
evolved by the camelid adopting a modified structure that
improves stability and solubility, specifically by changes in the
framework regions (FRs) and in particular the so-called hallmark
‘tetrad mutations’ in FR2 that compensate for the lack of light
chain association.> Camelid HcAbs have also developed without
a CH1 domain in the IgG, and IgG; isotypes.® This CHI dele-
tion of the camelid HcAb structure is accomplished by a splice-
donor site mutation immediately downstream of the CHI1 exon,
causing expression of the constant domains to skip the CHI,
splicing the VHH exon directly to the CH2 exon.’ Interest in
HcAbs has grown since their discovery, particularly in using this
antibody format for human therapeutics.” Since this format does
not use a light chain for binding, the antigen-binding variable
domain on the HcAb is half the size of a conventional antibody
wherein a heavy chain natively pairs with a light chain. This opens
potential for binding antigens in different ways, including target-
ing epitopes that may be inaccessible to conventional antibodies.

low predicted

In addition, the isolated single variable domains (sdAbs) from
HcAbs can have improved efficacy in terms of tissue and tumor
penetration or quick (and tunable) clearance for imaging, diag-
nostic, and theranostic applications.

Initial work with heavy chain-only antibodies entailed
immunization and collection of wild-type camelid tissues,
with downstream ex-vivo humanization of antibody
candidates.*® Later, naive libraries of camelid antibodies
were introduced for in vitro selection of antibodies, followed
by pre-humanized heavy chain-only libraries.>” Additionally,
transgenic rodents have been engineered to express human
heavy chain-only antibodies.'”""> The transgenes used in all
these rodent platforms incorporate the fully human VH
genes on human genomic constructs, so they lack the
encoded stabilizing mutations found in camelid VHH that
have evolved to mutate the exposed hydrophobic VH/VL
interfacial contacts to hydrophilic ones, which enables the
VHH unit to exist as a soluble, autonomous binding unit,
the sdAb. This could lead to sdAb candidates with poor
developability characteristics, such as low stability or pro-
pensity for aggregation. Each method of antibody develop-
ment and selection has its own advantages and
disadvantages. Immunization of wild-type camelids allows
for in vivo affinity maturation and screening for stable
heavy chain-only antibodies against the antigen target but
also requires humanization of candidates. This process could
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diminish original binding affinity and stability, which may
inadvertently introduce immunogenicity risks unless these
attributes are co-optimized, which is challenging to accom-
plish by engineering.'* In vitro selection methods avoid large
animal handling but do not provide intrinsic screening for
stability of constructs or affinity maturation of the antibo-
dies. Transgenic rodents provide in vivo affinity maturation,
but as mammals, they are still highly homologous to
humans, lessening the immunogenic potential of conserved
antigen targets.

The advantages of small size and improved tissue penetra-
tion by sdAbs provide the potential for better therapeutic uses
in solid tumor targeting as well as applications in imaging.'>'°
Additionally, the modular nature of the single domain and the
resulting ease of recombinant formatting also lend itself to the
construction of bispecifics, multispecifics, and other non-
conventional formats in which multiple sdAbs can be joined
together with flexible linkers.'”'® Currently, there are over 20
sdAb-based therapeutic antibodies either approved for human
use or in clinical trials, and many more are in preclinical
development.' These are being pursued for various indica-
tions mirroring the use of conventional antibodies mainly in
oncology and autoimmune disease. The first regulatory
approval was granted in 2018 to caplacizumab for the treat-
ment of thrombocytopenia; subsequently, two more sdAb-
based antibody therapeutics, envafolimab and ozoralizumab,
received approval in Asia (https://www.antibodysociety.org/
antibody-therapeutics-product-data/). The source of the cur-
rent class of sdAb sequences is mainly camelid immunization.

Avian species naturally produce heterodimeric conven-
tional antibodies, consisting of heavy and light chains, as in
mammals.”® The evolutionary distance between birds and
humans means that for human therapeutic targets, in particu-
lar, mammalian-conserved targets, chickens offer a potentially
superior immune recognition over mammalian immune hosts,
such as rodents.*""** Highly conserved proteins or conserved
epitopes on human proteins that may not be immunogenic in
mice can elicit robust responses in chickens, resulting in suc-
cessful antibody discovery campaigns. In addition, cross-
reactivity to the mammalian homologs of the target (mouse,
cynomolgus monkey, or other) is readily obtainable in chick-
ens, obviating the need for parallel surrogate antibody
discovery.

Chickens have been shown to be capable of producing
HcAbs. Previous work to fully knock out the light chain
caused the chicken to develop limited numbers of B cells
and, thus, to produce limited amounts of chicken-sequence
HcAb.>> To improve the humoral immune development,
a truncated light chain was included into the design, con-
sisting only of the light chain constant domain, serving as
a binding chaperone for wild-type chicken heavy-chain
expression.”* This adjustment to the transgene design sig-
nificantly improved B-cell development, as well as antibody
expression and stability, allowing this chicken to serve as
a proof of concept for the viability of HcAb expression in an
avian species. Interestingly, wild-type chicken VH was
shown to be capable of functioning in a heavy chain-only
format in vivo and as recombinant HcAb fused to human Fe.
As those birds expressed chicken-sequence HcAbs, the

antibodies would require humanization if they were to be
used for therapeutic applications.

Here, we present a novel transgenic platform, OmnidAb°,
expressing human variable region sequences in a HcAb format
in an avian host for use in human therapeutic antibody dis-
covery. The platform retains the advantages of the chicken host
for recognition of human therapeutic targets, including the
potential for targeting conserved proteins, as well as the poten-
tial for expanded epitope coverage. The OmnidAb® antibodies
should require limited to no downstream engineering since
they have been optimized in the animal, both by transgene
design and by B-cell selection during the immune response.

Results
Production of OmnidAb transgenic chickens

To express a heavy chain variable region without a light chain
in a transgenic animal, two challenges associated with removal
of the light chain need to be addressed: exposure of the VH/VL
interface on the VH region and lack of a pairing partner for the
CH1 domain of the heavy chain constant region that is nor-
mally paired with the CL. We designed a heavy chain variable
region based on human VH3-23 and JH4 germline sequences,
with 10 stabilizing mutations that enable its expression as an
autonomous VH (Figure S1). These stabilizing mutations are
found in camelid VHH and serve to stabilize the overall struc-
ture of the single unpaired domain by reshaping the former
contact regions with VL and CH1 and increasing hydrophili-
city of positions that become solvent-exposed when VL and
CH1 are removed.” This variable region was inserted into the
chicken heavy-chain locus in which the endogenous V, D, and
J gene segments had been deleted (Figure 1). The construct
contains the regulatory elements of the chicken IgH locus for
proper temporal and tissue-specific expression. In wild-type
chickens, single VH and JH genes and a small number of highly
related D genes are utilized in VD] recombination.*® Because
VD] recombination provides minimal diversity to the antibody
repertoire in chickens, we opted to use a pre-rearranged VH
region for OmnidAb antibodies, bypassing the recombination
step. This germline variable region and the transgene that
carries it is referred to as “VHH3”. Repertoire diversity in
chicken immunoglobulins is normally generated by gene con-
version from upstream pseudogenes, and we have replicated
this process by the inclusion of an array of designed human-
based pseudogenes that are available in developing B cells for
gene conversion of the single, expressed VHH3 gene (Figure
S1). The stabilizing mutations are present in the FRs of the
pseudogenes, serving to maintain their presence in the somatic
repertoire. Any random mutations in the FRs would be
reverted to the original sequence by gene conversion. In con-
trast, the complementarity-determining regions (CDRs) con-
tain diverse sequences for the production of a diverse
repertoire of antibody sequences. As for the CH1 domain in
the constant region, which normally requires pairing with the
light chain to displace BiP and enable proceeding through the
secretory pathway, we have engineered a second transgene in
the light chain: a truncated light chain (tLCi) consisting of only
the constant region without a variable region.>* This transgene
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Figure 1. Schematic of VHH3 transgene design. The endogenous chicken heavy chain locus (top line) was genetically modified in a series of steps in chicken primordial
germ cells (PGCs). First, the germline V-D-J genes were deleted by gene targeting in two steps.>*>> In the targeting steps, loxP sites and selectable markers were
inserted into the locus (middle line), including an attP site for insertion of an attB-bearing plasmid by phiC31 integrase, with a promoter-less neo gene (in reverse
orientation relative to the locus). Upon insertion of the VHH3 transgene, a 3-actin promoter on the incoming plasmid (not shown) activated the neo gene, allowing for
G418-selection of transfectants. PGCs carrying the VHH3 insertion and selectable markers were injected into embryos to produce germline chimeras. Chimeric males
producing germline progeny were bred to Cre-expressing females to loop out the selectable markers, resulting in the structure on the bottom line, with the VHH3
functional gene, 14 pseudogenes and intervening sequences properly positioned to express and splice to the downstream chicken constant regions. The chicken VH
pseudogenes remain upstream. Schematics are not to scale. Abbreviations: cVH, chicken VH gene; D, chicken diversity gene segments; cJH, chicken JH gene; pseudo
cVH, chicken VH pseudogenes; B-act-gfp, chicken B-actin promoter driving the EGFP gene; cag-puro, CAG promoter (chicken B-actin promoter with CMV enhancer)
driving the puromycin resistance gene; neo, promoterless neomycin resistance gene.

was inserted into the light-chain locus, in which the endogen-
ous V, J, and C regions had been deleted.

These transgenes were inserted into primordial germ cells,
chimeras were produced, and the chimeras bred to establish
fully transgenic lines. Birds with both the VHH3 and tLCi
transgenes were produced, in addition to VHH3 birds with
a homozygous IgL knock out (KO). At the heavy-chain locus,
the genotype was heterozygous VHH3/IgH KO and at the
light-chain locus: either heterozygous tLCi/IgL KO or homo-
zygous IgL KO/IgL KO. To simplify references to these trans-
genic genotypes, these genotypes will be referred to here as
VHH3-tLCi (for tLCi/IgL KO light chain alleles with a VHH3/
IgH KO heavy chain) or VHH3-IgL KO (for homozygous IgL
KO/IgL KO light chain alleles with a VHH3/IgH KO heavy
chain).

B-cell development and antibody expression in OmnidAb
chickens

Analysis of B-cell development in these heavy chain-only
chickens showed similar titers of circulating IgM, but very
limited isotype switching to IgY (Figure 2a), based on enzyme-
linked immunosorbent assay (ELISA), correlating with the
limited isotype switching observed in the previously developed
heavy chain-only chicken-expressing wild-type chicken
HcAbs.** Flow cytometric analysis (Figure 2b) of the VHH3-
tLCi transgenic chicken peripheral blood mononuclear cells
(PBMC:s) exhibited proper development of B cells, based on
Bu-1 staining, with the B-cell population averaging about
30-60% of normal (3% of total PBMC compared to 5-10% in
wild-type chickens). Polyclonal staining for surface IgM also
confirmed the expression of antibodies on these B cells, but
monoclonal IgM staining specific to the CH1 domain did not
detect a positive population in the VHH3-tLCi or VHH3-IgL
KO transgenic genotypes. Monoclonal IgL staining was also

negative for both transgenic genotypes, consistent with the
lack of a CH1 domain for CL binding, but remained positive
for the wild-type control. Additionally, polyclonal rabbit
serum raised against the transgenic VHH3 domain was pro-
duced to serve as an additional VHH3 transgene-specific
detection method during analysis of B-cell development. In
flow cytometry, this anti-VHH3 antibody only detected cells in
the transgenic birds and did not stain any cells in the wild-type
chickens. Sample control staining to the T-cell receptors
(TCRs) was comparable between the wild-type control and
the transgenic birds. Reverse transcription (RT)-PCR of the
PBMC samples for the detection of IgL or IgM messenger RNA
(mRNA) was also performed (Figure 2c). For IgL transcrip-
tion, the VHH3-IgL KO genotype contained no light chain, as
expected, while the VHH3-tLCi genotype contained the trun-
cated light chain, smaller than the full-sized light chain exhib-
ited in the wild-type chicken. For IgM transcription, both
transgenic genotypes contained heavy chains that were ~300
base pair (bp) smaller than the wild-type heavy chain, consis-
tent with CH1 deletion in the heavy chain. Western blots of the
plasma samples for the detection of IgM antibodies (Figure 2d)
are consistent with the flow cytometry and RT-PCR data
(Figure 2b-c), in that the heavy chain protein exhibited smaller
bands compared to the wild-type, confirming the OmnidAb
transgenic chickens, both the VHH3-IgL KO and VHH3-tLCi
versions of the genotypes, do not express the CH1 domain.

Antibody discovery in OmnidAb transgenic chickens

OmnidAb transgenic chickens were immunized with either the
human progranulin (PGRN) protein or the extracellular
domain of the human natural killer (NK) cell receptor,
NKp46. PGRN is a multi-domain protein that has served as
an antigen target for multiple transgenic chicken
evaluations,””>* with well-established reference controls for
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Figure 2. Transgenic bird evaluations for B-cell development and subsequent antibody discovery. Total circulating IgM or IgY titer (a) of different versions of the
transgenes (VHH3/IgL-/- or VHH/tLCi) was compared to wild-type (WT) chicken based on plasma ELISA. Transgenic chickens exhibited only IgM antibodies, with no IgY
isotype switching/expression. Flow cytometric analysis (b) of PBMCs with immunostaining for chicken B-cells (Bu1), CH1-domain-specific IgM (IgM), polyclonal IgM (IgM
poly), light chain (IgL), the VHH3 transgene (VHH), and T-cell receptor staining controls (TCR1 and TCR2/3). Transgenic chickens presented with a reduced population of
B-cells, IgM antibody expressed without CH1 domain, no light chain, but positively expressing the VHH3 transgene. Gel electrophoresis image (c) of PBMC RT-PCR
product showed a reduced size IgM after amplification, as compared to the wild-type chicken. Light chain mRNA was not observed in the VHH3/IgL -/- genotype, while
a reduced-sized light chain was observed in the VHH3/tLCi genotype. Western blot (d) of plasma samples for verification of IgM or VHH3 transgene protein expression
exhibited a reduced-sized IgM (no CH1) and positive expression for the VHH3 transgene protein, as compared to the protein weight of the wild-type which expressed
full-size IgM and no VHH3. A subset of OmnidAb chickens were immunized with either NKp46 extracellular domain protein or progranulin (PGRN) protein to verify
immuno-responsiveness to immunization and development of candidate monoclonal antibodies. Antigen-specific immune responses (e) were evaluated from plasma
samples by ELISA. The pre-immune (PI) titer and final draw (FD) titers are presented against their respective antigen target used in immunizations or a His-tag control
target. No background binding to the target antigen was observed in the Pl samples. FD samples exhibited strong binding to their respective target antigen and no
binding to the His-tag control antigens. A select group of NKp46-binding clones were screened for binding to native protein (transfected CHO-K1 cells) via flow
cytometry (f), showing mean fluorescence intensity (MFI) binding to the NKp46-expressing CHO cells and minimal binding to the non-transfected parental CHO cells.
A commercially purchased mouse anti-NKp46 antibody was used as a biological positive control. A select group of NKp46-binding clones was also screened for
functional ability (g) to induce IFNy release from primary nk-cells in cell culture, with two clones exhibiting a significant ability to induce IFNy as compared to the
media-control threshold. lonomycin served as an ionophore positive control. The isotype control antibody was a non-binding IgG; antibody, matching the
experimental samples’ antibody isotype. Reference antibodies NKp46-1, —2 and — 3 were published NKp46 antibodies.



each of the granulin domains in epitope binning.”! NKp46 was
also chosen as a target because of the potential for the devel-
opment of bispecific, NK-cell engager antibodies as therapeu-
tics. Strong antigen-specific plasma titers were observed in
these birds, with no background binding to the nonspecific
protein detected (Figure 2e). Upon reaching sufficient titer,
splenocytes were collected and screened for the secretion of
antigen-specific antibodies using GEM and xPloration tech-
nologies. GEM and xPloration are both single B-cell screening
technologies, the former utilizing agarose gel microenviron-
ments for screening on a microscope with manual removal of
selected cells and the latter utilizing a microcapillary chip with
laser extraction of selected wells. Following single B-cell
screening for antigen-specific binding, variable regions were
amplified and cloned into an expression vector carrying
a human Fc. A recombinant sdAb-Fc antibody was the format
tested in all downstream assays. A total of 38 anti-PGRN
clones and 128 anti-NKp46 clones were identified and con-
firmed in ELISA. Binding was specific as no binding to an
unrelated protein or His-tag was observed.

A randomly selected subset of 12 antibodies was screened
for their ability to bind native NKp46 protein expressed on the
surface of Chinese hamster ovary (CHO) cells by flow cyto-
metry (Figure 2f) and all exhibited binding to the NKp46-
expressing cells with little to no background binding to the
parental CHO cells. Thus, binding to the immobilized protein
on ELISA (data not shown) correlated well with binding to the
native protein for the NKp46 target. Most of this subset was
also tested for the ability to activate primary human NK cells to
release interferon gamma (IFNy) in cell culture. Of the 11
clones tested, two clones were able to significantly induce the
release of IFNYy, as compared to the media-only negative con-
trol, and were comparable to the positive reference control

PGRN-Binding Clones
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antibody included in the assay (Figure 2g). As expected in
antibody discovery, not all of the antigen-binding antibodies,
in this case NKp46, have the ability to activate the target
receptor, but functional activity can be easily included in the
pipeline during antibody discovery should this be a desired
characteristic for the antibody.

Sequence analysis of the anti-PGRN and anti-NKp46
OmnidAb clones showed that FRs 1, 3, and 4 were largely
unchanged, with the stabilizing mutations still present in
most of the clones (Figure 3a). This was expected since the
VHH3 pseudogenes contained FR sequences identical to those
in the functional gene, so gene conversion in the FRs would
serve to maintain the original sequence rather than mutate it.
The one exception was FR2, in which substantial levels of
mutation were observed, even though the pseudogenes con-
tained identical sequences. These mutations must have
occurred through random somatic hypermutation (SHM)
and were not reverted or erased by gene conversion (GC).
These changes were mainly in the hallmark FR2 stabilizing
residues that are defined as framework by the international
ImMunoGeneTics information system (IMGT),* but the
other residues also affected are considered CDR1 or 2 in the
Kabat definition, suggesting that they could be antigen-contact
residues. One of the stabilizing changes is in Vernier residue
W52 (IMGT) and shows diverse mutations, suggesting it may
affect the CDR structure in those clones. In a few clones, W118
(the first residue of FR4) was mutated to arginine, as is
observed in some camelid VHHs.>' These FR2 and FR4
changes are likely undergoing positive selection, considering
the other FRs did not show similar levels of mutation. The
overall hydrophobicity of FR2 as measured by GRAVY
remained in the hydrophilic range, with some clones having
a higher score (tending toward hydrophobic) than the

NKp46-Binding Clones
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Figure 3. Sequence analysis of antigen-specific HcAbs. Mutational frequencies in the anti-pgrn and anti-NKp46 VH regions were calculated and compared to the
frequencies of potential donor residues in the pseudogene pool. VH sequences to PGRN (38 clones) or NKp46 (128 clones) were aligned to the germline VHH3 sequence
(a) and mutational frequencies at each position are shown in a WebLogo plot. The top plot in both panels shows the results for the antibody clones, and the lower plot
shows the same analysis for the pseudogene sequences in the VHH3 construct for comparison. The location of the stabilizing framework changes in the VHH3
functional gene (relative to the human VH3-23 gene) are indicated by asterisks under the top logo plot. The usage frequency of gene conversion (b) in the anti-pgrn
and anti-NKp46 HcAb clones by each pseudogene in the VHH3 construct is shown. Identification of gene conversion and its pseudogene source was first performed. For
each pseudogene, the percentage of HcAb clones in which the pseudogene CDRs were utilized to mutate the clones was then calculated. Clones and CDRs in which
gene conversion was not identified or where gene conversion was identified but the pseudogene was ambiguous were not included. Gene conversion by the three
CDRs is shown in a different color as indicated. Examples of gene conversion by each individual pseudogene CDR were found.
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germline and others lower (more hydrophilic) (Figure S2).
Thus, the mutations in FR2 were not the result of
a consistent selection for increased hydrophilicity, although
selection for other biophysical attributes such as stability could
be occurring. The CDRs also showed high levels of variation in
the set of clones. The CDR3 lengths for the set of PGRN and
NKp46 clones were centered around a length of 17, which is
the length in the germline VHH3 gene (Figure S3). However,
for both targets, some shorter or longer CDR3s were observed,
indicating that gene conversion and/or SHM can lead to inser-
tions or deletions in the repertoire in birds. For the PGRN
clones, a prominent lineage with a CDR3 length of only nine
residues was apparent.

Gene conversion by the designed pseudogenes was ana-
lyzed for the set of PGRN and NKp46 clones using an
algorithm that detects stretches of sequences that can be
traced to a pseudogene. Gene conversion was detected in

Table 1. Gene conversion frequencies.

most of the sequences (Table 1), whereas some clones con-
tained mutations such as point mutations or stretches
shorter than four base pairs that could not be assigned to
gene conversion with the algorithm. Most of the gene con-
version events could be assigned to a specific pseudogene,
while some of them were ambiguous and had sequence
matches in more than one pseudogene. All pseudogenes
were found to participate in gene conversion and contribute
sequence diversity to the clones (Figure 3b). Mapping of the
gene conversion events showed that up to 6 events within
a CDR could be involved in mutating the sequence
(Figure 4). CDRs showed a range in terms of the number
of gene conversion events and lengths of sequence donated
by pseudogenes in each case.

OmnidAb antibody sequences were evaluated in silico for
potential immunogenicity and were compared with bench-
mark controls as well as clinical-stage VHH molecules.

# CDR

Target CDR # Total CDR # CDR w/GC not found w/GC # CDR w/GC defined # CDR w/GC undefined
NKp46 CDR1 128 13 115 98 17

CDR2 128 1 127 104 23

CDR3 128 16 112 90 22
PGRN CDR1 38 6 32 24 8

CDR2 38 5 33 29 4

CDR3 38 4 34 23 1"

HcAb VH sequences specific for NKp46 (128 clones) or PGRN (38 clones) were analyzed for evidence of gene conversion (GC) by the upstream-designed pseudogenes in
the VHH3 construct. For most of the CDRs, gene conversion could be assigned, with only a few sequences showing mutations that could not be traced to
a pseudogene (GC not found). None of the CDRs showed the germline VHH3 sequence. For the GC events, most were traced to a specific pseudogene (GC defined),
whereas in some cases, it was ambiguous as more than one pseudogene could have donated the sequence (GC undefined).

CDR1 CDR2 CDR3
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w4 M15-G09 —— [ 2m [ 2 [20 ] 25 | 7 | 27 |
S| o wrios —— = [ =+
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Figure 4. Gene conversion in CDRs. Gene conversion tracts in the CDRs of antigen-specific HcAb clones were mapped to their pseudogene source. For each clone
shown, the CDRs are represented by lines, with a box to indicate position and approximate length of each gene conversion tract. The numbers in the boxes indicate the
identifier number of the pseudogene that donated sequence (figure S1). Tracts with two or more numbers indicate that the pseudogene could not be unambiguously
assigned and any of the listed pseudogenes could have donated the sequence. Only the CDRs are shown since the VHH3 construct pseudogenes contain no diversity in
the FRs and thus gene conversion is only observable in the CDRs. CDRs with no boxes did not have recognizable gene conversion, but all CDRs did show mutation from
the germline VHH3 sequence. Somatic hypermutation and point mutations are not shown in the diagrams. Anti-pgrn clones are shown in the upper panel and anti-
NKp46 clones are shown in the lower panel. Representative clones from different lineages are shown.
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Figure 5. Immunogenicity plot. In silico evaluation of immunogenicity was performed on a random subset of OmnidAb molecules with antibody sequences analyzed as
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potential. Tregitope-adjusted EpiMatrix scores <-15 are considered to have low predicted immunogenicity and scores <-30 are considered minimal immunogenicity.
A JanusMatrix human homology score for putative T-cell epitopes > 5 suggests reduced immunogenic potential.

Tregitope-Adjusted EpiMatrix Scores were calculated and
plotted relative to the JanusMatrix Human Homology Score
(Figure 5). The plot can be divided into quadrants based upon
high/low T-cell epitope density (EpiMatrix score) and high/
low human homology (JanusMatrix score). The sequences
with the lowest immunogenic potential have low T-cell epitope
density and the putative epitopes that are present have high
homology with the human proteome. Conversely, high T-cell
epitope density and low homology with human proteins pre-
dict a high risk of immunogenic response. All OmnidAb
sequences had a high JanusMatrix human homology score.
Tregitope-adjusted EpiMatrix scores were variable but primar-
ily fell into the low to minimal risk categories. Consequently,
the majority of the sequences analyzed fell within the lowest
risk quadrant and no OmnidAb sequences were observed in
the highest risk quadrant. A small number of the sequences
had higher (>-15) EpiMatrix scores, but this may be partially
offset by high human homology. The immunogenic potential
of OmnidAb sequences was comparable to other clinical-stage
VHH molecules.

OmnidAb antibodies show broad epitope coverage

To assess the epitope coverage of antibodies produced from
the immunization of OmnidAb engineered animals, we per-
formed detailed epitope binning studies on panels of
OmnidAb clones. The results in Figure 6a,b summarize the

epitope coverage produced by 38-unique-sequence anti-PGRN
clones as judged by epitope mapping and binning experiments.
Figure S4 shows the design of the PGRN chimeras used for
epitope mapping, a heat map of the chimera mapping data,
and a summary of the epitope binning (antibody competition)
results visualized as a network plot. Epitope binning studies
served to corroborate and expand upon the results determined
by our chimeric-swap epitope mapping strategy, which was
restricted (by design) to only human-specific, and not mouse
cross reactive, clones. Despite the small sample size of only 38
OmnidAb antibodies, their epitope coverage not only over-
lapped with, but extended beyond, that of our standards, which
represented a curated set of clones from previous PGRN cam-
paigns in wild-type,21 OmniChicken,?”?® and OmniClic?®
chickens. Figure 6a shows a pie chart of the results obtained
from a merged analysis of the epitope mapping and binning
experiments on PGRN. A total of 11 blocking profiles or ‘bins’
were identified, covering all 7 granulin subdomains (A, B, C,
D, E, F, and G) including the small N-terminal paragranulin
(p). Some newly identified epitopes not represented by our
standards included a CD epitope that bridged two non-
overlapping epitopes represented by our standards (CD +
CD’), an E bin epitope that did not block our E bin standard
(E’), an E bin epitope that bridged E+E’, a new G bin (G’), and
a B epitope that blocked our B standards, but showed no
binding to any of the chimeras, thereby deviating from the
mapping result characteristic of B bin clones (chimera-2
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Figure 6. Epitope coverage of HcAbs raised against model targets PGRN and NKp46. Pie chart (a) showing the distribution of 38 unique-sequence anti-pgrn clones to
epitope bins named by their specific granulin subdomain (A, B, C, D, E, F, G, and p) and sub-bin nuance within those granulins (A’, B¥, CD’, CD+CD’, E', E+E’ and G') using
a merged analysis of epitope mapping and binning data. Eleven epitope bins were identified. Sequence tree (b) merged with bin assignments for the anti-pgrn VH
sequences. Pie chart (c) showing the distribution of 102 unique-sequence anti-NKp46 clones to different blocking profiles or ‘bins’ as determined by epitope binning
assays. Five non-overlapping bins (1, 2, 3, 4, and 5) were identified, with nuanced blocking behaviors fracturing them into sub-bins (1b/c/d, 2a/b/c, 3a/b, and 4a/b/c)
giving a total of 12 observed profiles. The blocking profiles of the benchmark clones were defined by bins 1a (NKp46-1), 1e (NKp46-4), 2c (NKp46-2), and 3b
(NKp46-3). Sequence tree merged with bin assignments for the NKp46 VH sequences (d). The scales in the trees represent relative distance (based on amino acid

differences in the sequence).

binders). The most populated bins were p and F with 16 and 7
members each, with other bins each being populated by one to
three clones. Figure 6b shows how the epitope bin assignments
correlated with the antibody sequence for anti-PGRN antibo-
dies. As expected, clones with highly similar sequences tar-
geted the same bin, but we also observed cases of dissimilar
clonal lineages converging on the same bin, as shown for p and
F binders, which were each represented by three distinct clonal
lineages.

The pie chart in Figure 6¢c summarizes the epitope cover-
age produced for a panel of 102 unique-sequence anti-
NKp46 antibodies. Bin assignments were deduced from
a merged analysis of three heat maps generated from
a series of epitope binning experiments that used an inter-
secting but non-identical set of clones (Figure S5). A total of
12 blocking profiles were identified, representing five non-
overlapping bins (1, 2, 3, 4, and 5) with nuanced blocking

behaviors fracturing bin 1 through bin 4 into sub-bins; 1b/c/
d, 2a/b/c, 3a/b, and 4a/b/c. In comparison, the four literature
benchmarks used (NKp46-1, NKp46-2, NKp46-3, and
NKp46-4) were assigned to bins 1la, 2¢, 3b, and le, respec-
tively. Therefore, the OmnidAb antibodies not only closely
recapitulated the blocking profiles of all the benchmarks
used but showed expanded epitope coverage that produced
new and distinct epitopes, bin 4 (comprising 4a/b/c sub-
bins) and bin 5.

Figure 6d shows how the epitope bins deduced for anti-
NKp46 clones clustered by their antibody sequences. As
observed for our PGRN example, clones with highly simi-
lar sequences targeted the same bin, while, for some bins,
multiple disparate clonal lineages converged on the same
bin. Fine epitope differences, as defined by sub-bins, were
also highly correlated with antibody sequences, showing
the exquisite discriminatory power of our binning method.
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Figure 7. Kinetic and affinity determinations for anti-pgrn and anti-NKp46 OmnidAb clones. Scatter plot showing affinity distribution (a) with highest, median, and
lowest affinities indicated. Global fits showing diverse kinetic profiles (b) for high, medium, and weak affinities (Kp values reported on plots) of select PGRN and NKp46

clones. Measured data are shown in blue-green with global fits overlaid in red.

We also determined the affinities of the antibodies pro-
duced against both model targets and found that they
exhibited a range of kinetic profiles, with some of the
highest affinity clones attaining single-digit nM Kp values
(Figure 7). Full kinetics and bin assignments for PGRN
and NKp46 antibodies are provided in Tables S1 and S2.

Developability assessment

OmnidAb antibodies specific to PGRN and NKp46 were
evaluated in sdAb-Fc format for various development
metrics, such as thermal stability, analytical size-exclusion
chromatography (aSEC), and self-interaction using affinity-
capture self-interaction nanoparticle spectroscopy (AC-
SINS). All of the antibodies specific for PGRN and NKp46
exhibited high T, and T,g, as determined by thermal sta-
bility analysis (Figure 8a,b). The aSEC analysis confirmed
that all the antibody hits showed a homogeneous mono-
meric peak corresponding to a size of approximately 70
kDa based on elution time (Figure S6), the expected size
for this format, indicating no aggregation of the antibody
preparations.

AC-SINS is an assay developed to monitor the propensity
for antibody self-association. Self-association at high con-
centrations can result in developability challenges such as
poor solubility, aggregation, and high viscosity. We defined
AAmax < 5nm as a fairly stringent limit for the selection of
only well-behaved monoclonal antibodies (mAbs) for
downstream development.’> The AC-SINS studies revealed
that most identified OmnidAb antibodies displayed minimal
plasmon shifts (AAmax <5nm), supporting their potential
for developability. As references, we included eight human
and humanized antibodies in late-stage clinical trials and
one FDA-approved humanized VHH-Fc (caplacizumab)
(Figure 8c). All of these clinical antibodies have Almax
values of less than 5nm, confirming their good develop-
ability. We also ran a set of antibodies confirmed in the

previous literature to have poor AC-SINS scores**>> and all
showed Almax values greater than 5nm, suggesting strong
self-association in phosphate-buffered saline (PBS) at
pH7.4.

Discussion

Here, we report the development of a heavy chain-only
chicken expressing human variable regions, OmnidAb.
Expression of HcAbs in the intact immune system requires
engineering of the variable region, which lacks a VL partner,
and dealing with the CH1 domain, which lacks a CL partner.
Our engineered single domain variable region framework in
the VHH3 transgene was able to express well as an autono-
mous VH region, and for the CH1 domain, we provided a light
chain consisting of only the constant region, the tLCi trans-
gene. However, upon expression of the VHH3 transgene in
OmnidAb, we discovered that the tLCi chaperone light chain
was no longer absolutely required for B-cell development or
antibody expression in these birds. The tLCi transgene did
have some effect however, as somewhat higher antibody
expression was observed in the tLCi birds (Figure 2a), but
the homozygous IgL knock-out birds were still able to produce
adequate levels of functioning B cells and antibodies. The
mechanism remains unknown, but this suggests that tLCi
aided in B-cell development or expression of the heavy chain;
yet, this was not required when the variable region was engi-
neered for single-domain expression. Previous work with
heavy chain-only wild-type chickens showed that the expres-
sion of tLCi was essential for proper B-cell development and
heavy chain expression.** It was somewhat surprising that the
wild-type, non-engineered chicken VH region, which nor-
mally pairs with the VL, could readily express as a HcAb
both in vivo and as a recombinant antibody. In contrast,
when a non-engineered fully human VH transgene was com-
bined with the tLCi transgene in birds, no expression or B-cell
development was observed. Thus, the engineered framework
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Figure 8. Developability assessment of antibody clones. Differential scanning fluorimetry analysis was performed on the selected anti-pgrn (a) and anti-NKp46 (b)
OmnidAb antibodies in sdAb-Fc format that showed high melting temperature (T.,) and aggregation temperature (T,qq). AC-SINS was performed to assess self-
association for the selected anti-pgrn and anti-NKp46 clones (c), with the positive reference (ficlatuzumab, veltuzumab, and trastuzumab) and negative reference
(bococizumab and duligotuzumab) IgG antibodies with known low and high AC-SINS values, respectively.3*** The FDA-approved VHH-Fc antibody caplacizumab was

also included as a reference for the sdAb-Fc format.

in the OmnidAb birds was essential for expression, support of
B-cell development, and subsequent antibody discovery of
human HcAbs in transgenic chickens. The introduction of
VHH3 did not resolve the birds’ inability to class switch to
IgY, but it was observed that the antigen-specific IgM anti-
bodies produced were affinity matured with diverse epitope
coverage (Figure 6).

The optimized single VH scaffold in the OmnidAb birds
was designed to be maintained by the process of gene conver-
sion, in which the pseudogenes upstream of the single func-
tional gene in the transgene contain the same stabilizing
changes. For the most part, the stabilizing changes engineered
into the VH scaffold were maintained, and the biophysical
characterization of the antibodies suggests that these changes
provide important stability and solubility to the antibodies.
The one notable exception was in the hallmark “tetrad” in
FR2, where random mutation occurred despite the propensity
of gene conversion to erase it. We speculate that the high level

of mutation to a variety of different amino acids (AA), not just
of one type, suggests that those residues are involved in antigen
contact. Another possible scenario is that the elongated CDR3
in HcAbs may fold down and contact FR2, with variation in
these contacts. These FR2 mutations would thus be selected for
improving biophysical characteristics of the variable region
such as stability or lack of aggregation rather than participating
in antigen-binding. Structural studies will be necessary to
investigate these ideas further. High levels of diversity were
introduced by gene conversion in the CDRs, as designed.
CDR3 lengths were centered around the germline length of
17 residues, even though most of the pseudogenes have longer
CDR3s, consistent with most gene conversion events involving
partial sequence replacement rather than complete CDR repla-
cement. Although OmnidAb antibodies showed a high level of
sequence variation, from both gene conversion and somatic
hypermutation, they had low predicted immunogenicity. The
natural in vivo B-cell selection process for these diverse



sequences may underscore the viability of these changes as
they favor good biophysical properties, such as high-level
expression, stability, and solubility.

A subset of the NKp46-specific antibodies activated
IFNy release. For multispecifics, if the aim is to use the
receptor as a tether for targeting of an NK or T cell to
a tumor, receptor activation might be disadvantageous.
Therefore, a cohort of antibodies displaying functional
diversity could be an advantage during an antibody dis-
covery campaign to give options compatible with custom
molecular formats and geometries designed to achieve the
intended mechanism of action. In self-interaction studies,
the anti-NKp46 antibodies seemed to have slightly elevated
self-association as compared to the anti-PGRN clones,
although they were still within an acceptable range for
developability. The different target specificity could have
resulted in these differences based on the paratopes that
evolved for the NKp46 clones. No correlation with GRAVY
was observed.

As with the other transgenic chicken platforms
OmniChicken*”** and OmniClic,”® the OmnidAb chickens
recognized a broad range of epitopes, consistent with the
superior recognition of human targets by the chicken as
a host immunization species, due to its divergent phyloge-
netic distance.”> OmnidAb chickens also produced clones
with a range of affinities, including high affinities showing
Kp values in the single digit nM range. When designing
a bispecific, kinetic diversity is an advantage since moder-
ate affinity may be sufficient for therapeutic effect, since
avidity effects with 2+2 bispecifics could produce
unwanted or excessive activation if the binding affinity
were too high. For PGRN, we observed a relatively high
number of clones that targeted the small paragranulin (p)
domain, many of which had a short CDR3 of only nine
residues. PGRN is composed of seven ~55 AA highly dis-
ulfide-bridged granulin domains (GRN) separated by linker
regions (P1-P7) of 10-26 AA. At the N-terminus is the 25
AA p domain with a linker of 15 AA to the first granulin
domain, GRN-G. Based on our chimera experiments, the
p binders could possibly bind the linker as well. There is
no structural information for PGRN, so it is unknown
whether the linkers would be accessible to antibody bind-
ing. For NKp46, we observed a broad epitope coverage that
overlapped with and extended beyond that of four litera-
ture benchmark clones, each targeting non-overlapping
epitopes. We identified five distinct, non-overlapping epi-
tope bins, of which three (bins 1, 2, and 3) overlapped with
the benchmarks (which were assigned to bins 1a, le, 2c,
and 3b) and two (bins 4 and 5) were not represented by
the benchmarks. It is intriguing to speculate that the HcAb
format in OmnidAb chickens enabled targeting of epitopes
inaccessible to the other chicken strains expressing con-
ventional heavy and light-paired antibodies, but it will
require comparison of larger sets of antibodies from
those strains to address this question.

Taken together, our two case studies on unrelated
model antigens demonstrate that OmnidAb chickens can
produce clones with broad epitope coverage, a range of
affinities, including high affinities in the low nM range,
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and favorable developability metrics. When building multi-
specifics, it is attractive in early-stage drug discovery to
identify a diverse set of high-quality clones as building
blocks for constructing into custom molecular formats for
specific application needs.

Materials and methods
Transgene design and development

The design and development of the truncated light chain
(tLCi) was previously published.”* The OmnidAb transgene
(called VHH3) was designed with a pre-rearranged V region
consisting of a human VH3-23 and JH4, with an artificial
CDR3 of 17 residues in length, consisting mainly of Gly and
Ser residues (Figure 1). This germline-encoded CDR3 is
expected to undergo somatic mutation in the chicken B cell
to produce novel repertoires. The variable region frameworks
(FRs) contain 10 stabilizing ‘back’ mutations inspired by came-
lid VHH sequences and commonly engineered into clinical
and approved VHH-based therapeutics. The VHH3 transgene
contains this single functional V region and non-coding
sequences (V gene promoter, leader intron, and 5 and 3’
untranslated regions) from the chicken heavy chain locus.
Upstream of the single-expressed VHH3 germline gene, an
array of designed pseudogenes (P-VHH) with diverse CDR
sequences was cloned, for use in gene conversion to mutate the
expressed functional V gene in B cells. CDRs 1 and 2 in the
pseudogenes were derived from germline human VH3 family
members, whereas CDR3s were sourced from expressed
human repertoires and selected for a range of lengths and
sequence diversity. These pseudogenes contain FRs that are
identical to the functional VHH3 gene to preserve the
embedded stabilizing mutations. In the case of FR4, sequences
encoding the last 5 residues were omitted from the pseudo-
genes to remove potential primer-binding sites from the gen-
ome. For insertion into the genome of chicken primordial
germ cells and production of transgenic birds, a B-actin pro-
moter and attB site were included on the vector for integration
by phiC31 integrase into an attP site previously targeted to the
chicken heavy-chain locus.>**> A loxP site was also included
for removal of all selectable markers and plasmid backbone
elements by Cre recombination.*

Chicken primordial germ cells (PGCs) were derived and
cultured as described,**™*® in KO-DMEM (ThermoFisher
0,829,018) containing 40% buffalo rat liver (BRL)-
conditioned medium, 7.5% fetal calf serum (FCS) (Hyclone,
SH30088.03), 2.5% chicken serum (ThermoFisher 16,110,082),
2 mm Glutamax (ThermoFisher 35,050-061), 1 mm pyruvate
(ThermoFisher 11,360-070), 1X non-essential amino acids
(ThermoFisher 11,140-050), 0.1 mm p-mercapto-ethanol
(ThermoFisher 21,985-023), 6 ng/ml recombinant murine
stem cell factor (R&D Systems, 455-MC), and 4 ng/ml recom-
binant human FGF basic (R&D Systems, 234-FSE) on irra-
diated BRL feeder cells.’® Cells were passaged every 2-3 days.
The PGC line VDJ10-9 was rederived from the germinal
crescent of a transgenic bird carrying the IgH knockout and
loxP sites flanking the VDJ region,”* and these cells were used
for transfection. 5 x 10° cells were resuspended in Nucleofector
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V buffer (Lonza, Walkersville, MD, VCA-1003) with 15 pg of
linearized VHH3 insertion vector and 15 ug of a CMV-phiC31
integrase vector’” in a total volume of 100 pl and transfected in
a 2mm cuvette using a BMX ECM830 square wave pulse
electroporator (BTX, Holliston, MA) at 350 V, 100 psec, and
8 pulses. Cells were resuspended in complete growth medium
and transferred to a 48-well plate with G418-resistant irra-
diated BRL feeder cells.”® G418 (Teknova, Hollister, CA,
G5005) was added at 350 pug/ml 3 days after transfection and
the medium changed every 2-3 days. G418-resistant clones
were expanded and confirmed to carry the correct VHH3
insertion into the heavy-chain locus using PCR for the 5
insertion  (B-act-F2, 5-CTCTGCTAACCATGTTCAT
GCCTTC-3' and neo-Rl, 5-AGTGACAACGTCG
AGCACAGCT-3") and 3' insertion (huJH4-F2, 5'-
TTTGACTACTGGGGCCAAGG-3" and chJC-R45, 5'-
GCCCAAAATGGCCCCAAAAC-3') and for the VHH3 gene
using primers VHH3-F (5-GTGAACGTCGGTCCAGGATT
-3') and VHH3-R (5-CTCGACCGTCAGCTGGTATC-3') in
a quantitative PCR (qPCR) assay. Three independent PGC
clones and a pool of 3 other clones were injected into day 3.5
embryos to produce germline chimeras as described.*
Breeding male chimeras to Cre-expressing hens*’ removed
selectable markers and GFP and produced fully transgenic,
VHH3-containing birds. Twenty of 25 chimeras transmitted
through the germline with 6 chimeras transmitting >50%.

Animal care and handling

All animal experiments were approved by OmniAb, Inc.’s
(previously Ligand Pharmaceuticals’) Institutional Animal
Care and Use Committee. The animal program is accredited
by the Association for Assessment and Accreditation of
Laboratory Animal Care International.

Transgenic chicken evaluations

Genotyping

Genotype confirmation was completed on either lysis of comb
tissue (collected at hatch) or blood sample (collected at any older
timepoint). Tissue lysis was completed in 0.5 mL ATL buffer
containing 0.5% Proteinase K with incubation at 56°C overnight
with shaking. Ethanol precipitation of DNA was performed on
lysed samples and used for downstream genotyping qPCR. For
blood samples, lysis was completed with 0.25 uL whole blood in
1 mL of TEN buffer containing 0.005% pronase E with incuba-
tion at 37°C overnight with shaking. Lysis reactions were inacti-
vated by incubation at 65°C for 10 minutes and sample used
directly for genotyping qPCR. Birds were confirmed twice by
genotyping qPCR before proceeding to bird evaluations.

Sample collection and pre-processing

Birds were evaluated for B-cell development at 11 weeks of
age, with n =1 chicken serving the wild-type reference con-
trol, n = 3 from the IgL KO/VHH3 genotype, and n =6 from
the tLCi/VHH3 transgenic genotype. These samples were
used for analysis on flow cytometry, western blot, RT-PCR,
and ELISA evaluations. For each bird, 2 mL of whole blood
in ethylenediaminetetraacetic acid anti-coagulant was

collected for the isolation of plasma or PBMC. An aliquot
of 200 uL of whole blood was centrifuged at 600x g for 10
minutes at 4°C to pellet down red blood cells and collect the
plasma sample. Remaining whole blood was layered over 5
mL of Histopaque-1077 (Sigma-Aldrich 10,771) for PBMC
isolation following the manufacturer’s protocol. The buffy
coat containing the PBMCs was collected from the interface
and washed once in PBS supplemented with 0.1% bovine
serum albumin (BSA) (PBS +0.1% BSA), then aliquoted into
96-well U-bottom plates for immediate downstream flow
cytometry or pelleted and stored at —-80°C for RT-PCR
processing.

Flow cytometry

Plated PBMCs were incubated with primary antibodies diluted
in PBS+0.1% BSA buffer for 1 hour on ice. Anti-chicken
primary antibodies were used as follows: monoclonal mouse
anti-Bul at 5pg/mL for the chicken B-cell marker Bul
(Southern Biotech, Birmingham, AL, 8395-01), monoclonal
mouse anti-IgM at 5 pg/mL against IgM CH1 (Southern
Biotech, 8310-01), monoclonal mouse anti-IgL at 5 ug/mL
(Southern Biotech, 8340-01), monoclonal anti-TCR1
(TCR&y) at 1:800 dilution (Southern Biotech, 8230-01), com-
bined monoclonal anti-TCR2 (TCRap/VP1) and anti-TCR3
(TCRaB/VP2) at 1:200 dilution (Southern Biotech, 8240-01
and 8250-01), and polyclonal goat anti-IgM at 4 pg/mL
(Bethyl Laboratories, Montgomery, TX, A30-102A).
Additionally, polyclonal serum against the VHH3 variable
region domain included in the transgene design was produced
via hyperimmunization of rabbits for transgene-specific anti-
body detection and used at 1:100 dilution. After primary anti-
body incubation, cells were washed 3 times in 200 pL/well PBS
containing 1% BSA and 0.1% Na-azide (fluorescence-activated
cell sorting (FACS) buffer) and then incubated with secondary
antibodies conjugated with AlexaFluor647 for 1 hour on ice.
The secondary antibodies used were donkey anti-mouse at
5 pg/mL (ThermoFisher, A31571), donkey anti-goat at 4 pg/
mL (Abcam, Waltham, MA, AB150131), or goat anti-rabbit at
4 ug/mL (ThermoFisher, A21244). After secondary incuba-
tion, cells were washed 3 times with PBS +0.1% BSA and
read on an Attune NxT flow cytometer (Thermo Scientific)
for analysis of 10,000 cells per sample. Produced data were
processed in FlowJo software (version 10.8.1). Figures were
produced in Prism software (version 9).

ELISA

High-binding ELISA plates (Greiner Bio-One 655,061)
were coated with 50 pL/well of either 2pg/mL anti-
chicken IgY (Sigma-Aldrich, C2288) or IgM (Sigma-
Aldrich, SAB3700236), diluted in PBS. Plates were coated
for 1 hour at room temperature or overnight at 4°C. Plates
were then blocked with 3% skim milk in PBS blocking
buffer at 150 uL/well for 1 hour at room temperature.
Plasma samples were diluted to 1:1,000 starting dilution
with 5-fold serial dilution in the blocking buffer and then
applied to the plate at 50 uL/well. Samples were incubated
on the plate for 1 hour at room temperature. Plates were
washed 5 times with 300 uL/well PBST wash buffer (PBS
containing 0.05% Tween 20), and then secondary was



applied for 1 hour at room temperature. The goat anti-
chicken IgM-horse radish peroxidase (HRP) (Bethyl, A30-
120P) or rabbit anti-chicken IgY-HRP (Sigma, A90406)
was diluted 1:5,000 in blocking buffer and applied to the
plate at 50 pL/well. After incubation, the plate was washed
5 times in PBST. The 3,3',5,5'-tetramethylbenzidine sub-
strate (ThermoFisher 002,023) was applied at 50 uL/well
and allowed to incubate for 10 minutes. Color development
was stopped with 50 uL/well 1 N HCL and plates read for
absorbance at 450 nm in a BioTek Synergy H1 plate reader.

Western blot

Plasma samples were diluted to 1:100 in PBS, then prepared
to contain a final concentration of 1X sample loading buffer
and 1.5mm tris-carboxyl-ethyl-phosphene reducing, buffer
and heated to 98°C for 10 minutes. Samples were loaded
into 4-12% bis-tris NuPage SDS-PAGE gels (ThermoFisher,
NP0321) in 2-(N-morpholino)ethanesulfonic acid sodium
dodecyl sulfate running buffer at a constant 200 V. Gels
were transferred to 0.2 uM nitrocellulose membranes
using the iBlot2 7-minute dry transfer system
(ThermoFisher). Membranes were immediately blocked in
3% skim milk in PBS blocking buffer for 1 hour at room
temperature with shaking. After blocking, membranes were
incubated with the primary antibody diluted in blocking
buffer for 1 hour. Primary antibodies included polyclonal
goat anti-chicken IgM diluted to 1:5,000 (Sigma,
SAB3700236) or rabbit anti-VHH polyclonal serum at
a dilution of 1:500. After primary incubation, membranes
were washed 5 times at 5minutes with oscillation with
PBST buffer, then mouse anti-goat-HRP (Rockland, 18-
8814-31) or goat anti-rabbit-HRP (Jackson
ImmunoResearch, 111-035-144) secondary antibodies
applied at either 1:10,000 or 1:5,000 dilutions, respectively,
in blocking buffer for 30 minutes with shaking. After sec-
ondary incubation, membranes were washed as previously
stated. The West Pico PLUS chemiluminescent substrate
(ThermoFisher 34,580) was applied for 15 minutes of devel-
opment, and then membranes were imaged on a BioRad
ChemiDoc XRS+ gel imager under the chemiluminescence
filter.

Reverse transcription PCR
Total RNA was extracted from the pelleted PBMC samples
using the RN Aeasy Plus kit (Qiagen 74,034) using 107 cells
per sample for extraction and following the manufacturer’s
protocol. Extracted RNA was resuspended in 30 puL water
and quantified using the Nano UV-Vis spectrometer.
Quantifications obtained were used for normalization of
samples. Then, 2 uL of RNA was used in a reverse tran-
scription/amplification reaction using the Qiagen One-Step
RT-PCR kit (Qiagen 210,212). Primers used in these reac-
tions targeted IgM (chVH-F9: 5'-
CACCAGTCGGCTCCGCAACCATG-3' and cIgM-CH2-R5
5-GGGATGGGAATCGGGGGACC-3") or IgL (cVL-

5UTR-F:  5-GACACACAGCTGCTGGGATTC-3" and
chIgL-C-R: 5-CCTGCAGGTGTAGGTCTCGT-3"). RT-
PCR parameters consisted of a 30-minute reverse-

transcription at 50°C, followed by 40 cycles of 30 seconds
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of denaturation at 94°C,
1 minute of annealing at 60°C, and 45 seconds of extension
at 72°C, with a final extension of 10 minutes. RT-PCR
products were loaded and run on 1% agarose-ethidium
bromide tris acetate ethylenediaminetetraacetic acid gels
and imaged with a BioRad ChemiDoc XRS+ gel imager.

Antibody discovery

Immunizations and sample collection

OmnidAb transgenic chickens were selected for immunization
after confirmation of B-cell development in PBMC by flow
cytometry and plasma immunoglobulin titer by ELISA (as men-
tioned above). Birds were immunized with either soluble NKp46
extracellular domain protein (produced in-house) or soluble
human progranulin protein (Acro Biosystems PGN-H52H3) at
100 pg of protein per dose per bird via intramuscular adminis-
tration. Primary immunization contained a 1:1 v/v Complete
Freund’s Adjuvant (Thermo Fisher 77,140), while boosts con-
tained 1:1v/v Incomplete Freund’s Adjuvant (Thermo Fisher
77,145). Immunization schedule followed an every-other-week
pattern of immunization one week with sample blood draw the
following week. Upon hyperimmunization and achievement of
high titer response (based on ELISA, procedure described
below), a final non-adjuvated boost was administered intrave-
nously. Final plasma sample collection and splenocyte harvest
was completed 4 days after the final intravenous boost. Spleen
outer membranes were removed and parenchyma tissue pro-
cessed using 40 uM cell strainers into PBS + 0.1 BSA buffer.
Single-cell splenocyte samples were then layered over
Histopaque-1077 (Sigma-Aldrich 10,771) polysucrose gradients
to collect buffy coats containing lymphocytes and mononuclear
cells from the total splenocyte samples. Collected cells were
cryopreserved in a medium containing 10% FCS and 10%
dimethyl sulfoxide, and aliquots were stored in liquid nitrogen
until used for screening.

Single B-cell screening and cloning

Single B-cell screening was completed on cryopreserved cells
using either the GEM assay method*' (US Patents: 8,030,095
and 8,415,173) or the xPloration method** (US Patents:
10227583; 11085039; 11473081; and 12024705). For the GEM
method, 5uM latex-aldehyde beads (Thermo Fisher, A37306)
were coated with 37.6 pg soluble protein per 100 pL of bead
solution in PBS buffer overnight at 4°C on a rotator. After
overnight coating, beads were washed and blocked with 3%
skim milk in PBS for 1 hour, followed by 5 washes with PBS,
and then finally brought back to original bead volume. Coated
beads were stored at 4°C until use in gel encapsulated micro-
environment (GEM) screening. The GEM method facilitates
single B-cell screening by encapsulating single B cells with anti-
gen-coated beads into agarose gel micro-droplets. B cells secret-
ing antibodies specific to the antigen are detected by
a fluorophore-labeled secondary antibody and manually
screened/extracted under the microscope. GEMs containing
the B cells and antigen-coated beads were prepared, incubated
for 3 hours at 37°C in RPMI media supplemented with 10% FCS
and Glutamax, and pre-mixed with the 2 uL/mL goat anti-
chicken IgM-DyLight 594 secondary antibody (Novus
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Biologicals, NBP2-60690DL594). GEMs were washed 3 times in
CO,-Independent Media containing 10% FCS and Glutamax
media before viewing under the microscope. GEMs containing
single B cells and positive staining on beads were extracted for
cloning. For the xPloration screening method, the antigen target
protein is coated onto M450 Dynabeads (Thermo Scientific
14044) following manufacturer’s coating procedures. Cells
were washed in PBS supplemented with 0.1% BSA and mixed
with coated beads at a ratio of 4800 cells per 1 pL of coated beads
in RPMI base media-containing 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid and glutamine supplemented with 10%
FCS and pre-mixed with goat anti-chicken IgM-DyLight
650 secondary antibody (Novus Biologicals, NBP2-
60690DL650) at 1:1000 dilution. The cell-bead-secondary mix
was spread onto a microcapillary chip containing 1.5 million
capillaries, a 1% agarose overlay was applied, and the entire chip
was incubated for 2 hours at 37°C. After incubation, the chip
was loaded into the xPloration instrument and screened for
binding to the antigen-coated beads for each capillary well.
Contents of individual positive wells were laser-extracted from
the chip for cloning. After extraction of antigen-specific single
B cells (either by GEM or xPloration), cells were lysed using
TurboCapture mRNA kits (Qiagen 72,251) following manufac-
turer’s instructions for single-cell mMRNA preparations. Reverse
transcription PCR was performed on the samples to amplify the
entire heavy variable region using primers in the 5 UTR: 5-
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCACC-
AGTCGGCTCCGCAACCATG and IgM CH2 exon: 5-
GACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGGGT-
GCATGGTGACGAAAAG-3’ regions. This was followed by
a nested PCR using primers with overhangs in the VH-leader:
5-TCGAACCCTTGCTAGCCGCCATGGAGTTTGGGC
TTAGCTGGATC and JH-region: 5-TGAGGAGACGGTGA
CCTGGGT. These amplified VH regions were then inserted
into a mammalian expression vector containing an IgG1 CH2-
CH3 human Fc domain using the In-Fusion method (Takada
Bio 638,911), creating a sdAb-Fc format, also referred to as
HcAb. Clones were transfected into Expi293 cells for protein
expression and used for downstream analysis. Control antibo-
dies to PGRN representing in-house clones from wild-type
chicken®' and transgenic OmniChicken® and OmniClic®
animals® >’ and to NKp46 (NKp46-1, NKp46-2, NKp46-3,
and NKp46-4; US patent application US20240034816 and
PDB ID 6IAP) from OmniClic and OmniFlic® were generated
as scFv-Fc (PGRN) or full IgG (NKp46) constructs with
a human IgGl-Fc and purified by standard protein
A chromatography, as described for the OmnidAb antibodies.

Antigen-specific ELISAs

ELISA for antigen-specific binding followed the same standard
procedures as previously mentioned, but with these stated mod-
ifications. Plates were coated with the target antigen at 2 ug/mL.
Detection of antigen-specific binding antibodies utilized either
the goat anti-chicken IgM-HRP (Bethyl, A30-120P) for screening
during the immunization stage or rabbit anti-human-Fc-HRP
(Rockland, 609-4303) during the monoclonal screening phase.
During screening for immunoresponse to antigen during the
immunization stage, plasma samples were applied at a starting
dilution of 1/100 in blocking buffer (for PGRN immunizations)

or 1/500 (for NKp46 immunizations), followed by 7-rounds of
a 5-fold serial dilution. During the monoclonal screening phase,
the transfected Expi293 supernatant was initially screened for
antigen-binding using a sample dilution of 1/50. After initial
qualitative screening, these clones were sequenced to sort out
clones with unique sequences. Representative clones for each
unique sequence group were then selected for normalized
ELISA analysis and downstream flow cytometry, kinetics, epitope
binning, and functional assays. Normalized ELISA for unique
sequence clone representatives were applied at a starting dilution
of 1ug/mL, followed by 3-rounds of 5-fold serial dilutions to
observe dose-response binding curves. Selected unique sequence
clones which maintained strong binding were selected to move
forward for further evaluation.

Antigen-specific flow cytometry for NKp46 clones

A randomly selected subset of NKp46-binding HcAbs was
screened for the ability to bind to native NKp46 protein on
transfected CHO-K1 cells (KYinno Bio, KC-1789). The CHO-
K1 cells (parental and NKp46-expressing) were cultured in
Ham’s F12K media (Gibco 21,127,022) supplemented with
10% FBS. The NKp46-expressing CHO-K1 cells were grown
with 10 pg/mL puromycin selection. On the day of flow cyto-
metry, cells were removed from the adherent surface with cell
dissociation buffer (Corning, 25-066-CI) for 10 minutes at
37°C, washed with FACS buffer (400x g for 10 minutes at
4°C), and counted using a hemocytometer. For each cell type,
washed cells were resuspended in 250 uL human Fc block (BD
564,220) and incubated at room temperature for 10 minutes,
protected from light. Cells were plated at 1.5 x 10° cells/well at
200 pL/well in FACS buffer and pelleted before applying pri-
mary antibodies. NKp46-binding antibodies were applied to
the well at a starting dilution of 10 pg/mL, with three 5-fold
serial dilutions, at 50 uL/well and incubated for 45 minutes on
ice. A NK-binding mouse anti-CD335 monoclonal positive
control antibody was also included in the assay (Invitrogen,
16-3359-82) at the same working concentrations. After pri-
mary incubation, the cell plate was washed twice with FACS
buffer and the secondary applied at 50 pL/well for 45 minutes
on ice, protected from light. The secondary antibodies used
were goat anti-human IgG-AlexaFluor 647 (Thermo, A21445)
or goat anti-mouse IgG-AlexaFluor 647 (Thermo, A21235) at
1:500 dilutions. After secondary incubation, cell plates were
washed twice and resuspended in 200 uL of FACS buffer before
processing for analysis on the Attune NxT flow cytometer
(Thermo Scientific).

IFNy release assay

CD56/CD16-positive human primary NK cells (Lonza, 2W-
502) were cultured in ImmunoCult NK Cell Expansion
media (Stemcell Technologies, 100-0711) for 10-14 days
according to manufacturer’s recommended protocols at
37°C with 5% CO,. On the day of testing, cells were har-
vested and seeded into sterile 96-well microplates at
a density of 150,000 cells/well in 50 uL of culture media.
A randomly selected subset of NKp46-binding clones (same
clones as above) was tested at 30 nM and controls applied at
100 nM, 30nM, 10nM, 3nM, 1nM, 0.3nM, and 0.1 nM.
Reference antibodies from the patent literature were



included  (NKp46-1,  NKp46-2, and  NKp46-3;
US20240034816). Ionomycin (Sigma-Aldrich, 10634) was
used as an assay positive control and applied at a final
concentration of 1 uM. A human IgG antibody isotype con-
trol (ThermoFisher, 02-7102) was also included and applied
at a final concentration of 30 nM (matching the concentra-
tion used for experimental samples). Samples were run in 4
replicates over 2 separate assay runs, totaling 8 replicates per
sample. Treatments were prepared at 2X the final testing
concentration in media, with 50 pL of each 2X concentration
sample applied to the wells containing the 50 uL of cells (1:1
v/v) for 24 -hour treatment incubation. After incubation,
plates were briefly centrifuged at 500x g for 10 minutes
and 50 pL of supernatant collected to a fresh 96-well micro-
plate for ELISA processing. IFNy concentrations of samples
were determined using a commercially available human
IFNy ELISA kit (Abcam, AB300323), following the manu-
facturer’s protocol, and included standard curve controls.
Sample supernatants were diluted to 1:20 for ELISA.
Results were measured on a BMG Clariostar plate reader,
and absorbance values were converted to concentration
using the IFNy standard curve calculated from the linear
fit regression equation. Statistical significance was calculated
in comparison to the media-only control.

Evaluation and developability of antigen-specific
antibody clones

Sequence analysis

AA sequence diversity of antigen-specific HcAbs was com-
pleted by multiple sequence alignment of the heavy-chain
variable regions and germline sequences using the IMGT
numbering system to identify the CDR regions (CDRI:
27-38, CDR2: 56-65, and CDR3: 105-117). At each position,
the occurrence of all non-germline animo acids was calculated
and plotted using Logomaker,** dmslogo, funcgroup,** and
ANARCL* Pseudogene usage identification of antigen-
specific clones was completed by first locating regions of
gene conversion on the DNA sequence. Queried CDR
sequences with 4 bp or more identity match to the germline
pseudogene sequence were considered a result of gene conver-
sion. Sequence fragments were required to be 100% match to
the germline pseudogene sequence to be considered.
Sequences 3 bp or less were considered too short to definitively
confirm gene conversion and may be a result of somatic
hypermutation. Some germline pseudogenes had matching
stretches of sequences, at which point the specific pseudogene
origin for that gene conversion event could not be determined
and was considered an undefined gene conversion with multi-
ple potential pseudogene sources. Analysis of gene conversion
usage and pseudogene origin was completed with the
SequenceMatcher tool from Biopython.*® The phylogenic
tree was generated by first aligning sequences using Clustal
Omega (ClustalO), calculating pairwise distances based on the
sequence identity of the entire variable heavy chain region and
constructing the tree with the UPGMA algorithm from the
Biopython Phylo TreeConstruction package. The tree was
visualized in a circular style, with the clones on the leaves of
the tree colored to match the bin color used in the binning
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experiments. Sequence lineages were defined as a group of
antibody sequences with up to the 2 AA edit distance in the
concatenated CDR1 and CDR2 regions and up to 2 AA edit
distance in the CDR3 region. The lineage identifications (ID)
were ranked, with the lineage containing the largest number of
unique sequences ranked at the top as Lineage ID 1.

Immunogenicity analysis

To examine the potential for immunogenicity, an in silico
evaluation was performed on a subset of antigen-specific
OmnidAb antibodies selected to encompass a diversity of
sequences to four different targets. The antibody sequences
were analyzed as overlapping 9-mer segments and screened
with EpiVax software for the presence of Class II (HLA-DR)-
restricted human leukocyte antigen (HLA) ligands and puta-
tive T-cell epitopes.”””** The software calculates the binding
potential to the most common HLA molecules within HLA
“supertypes”. The total number of putative T-cell epitopes is
used to generate an EpiMatrix score, which is further adjusted
for T-regulatory (Tregitope) binding sites. Binding to
T-regulatory cells may reduce immunogenicity and thus offset
the raw EpiMatrix score. Tregitope-adjusted EpiMatrix scores
of <-15 are considered to have low immunogenicity and
scores <—30 are considered to have minimal immunogenicity.
Putative T-cell epitopes identified in the EpiVax screen were
further characterized with the JanusMatrix software.*®
Activation of T-cells requires peptides to bind HLA binding
clefts on antigen presenting cells and present the MHC:peptide
complex to T-cell receptors (TCR). The simultaneous binding
results in two ‘faces’> TCR-facing AA residues and major
histocompatibility complex (MHC)-facing AA residues. TCR-
facing residues that are highly conserved within the human
proteome are less likely to generate an immune response,
whereas novel sequences may be recognized as foreign and
activate T-cell responses. The JanusMatrix algorithm matches
the predicted T-cell epitopes to human proteins. A high
JanusMatrix Human Homology Score (>5) suggests
a reduced immunogenic potential.”’

Antibody purification

HcAbs were high-throughput-purified from the Expi293
supernatant using a Hamilton Nimbus equipped with PhyTip
Protein A Columns (Biotage, PTH-91-40-07). Columns were
equilibrated in PBS pH7.4 before capturing sdAb-Fc antibo-
dies. The columns were subsequently washed twice in PBS
pH7.4. Samples were eluted off the column in 50 mm sodium
citrate pH 3.0 and 150 mm sodium chloride and immediately
neutralized by the addition of 0.5 M sodium phosphate pH 9.
Neutralized solutions were buffer exchanged into PBS pH 7.4
in high throughput 96-well desalting plates (ThermoFisher,
#89807).

Thermal stability and aggregation

Differential scanning fluorimetry (UNCLE-0330, Unchained
Labs, Pleasanton, CA) was used for the assessment of the
melting temperature (T,,) and aggregation temperature
(Tagg) on selected NKp46 and PGRN antibody clones in sdAb-
Fc format. The samples, which are in PBS pH 7.4, were loaded
onto the microcuvette arrays at a low injection volume (9 pL)
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and in a broad concentration range from 0.05 to 5 mg/ml.
A temperature ramp from 20°C to 95°C was applied with
a 1.0°C/min increment, incubation time of 180 seconds, and
a plate hold of 60 seconds. Change in the 350/330-nm absor-
bance ratio was used to analyze T, and T,g,. Intrinsic protein
fluorescence (excitation: 266 nm, emission: 280-450 nm) was
monitored for measurement of T,,. The aggregation curve was
generated through measurement of temperature-dependent
intensity of static light scattering (excitation: 266 nm). Static
light scattering at 473 nm was monitored for measurement of
Tage All data were analyzed directly with UNcle Analysis
Software (V.6.0), and Ty, and T,g, were determined using
350/330 nm absorbance ratio or SLS473 (counts.nm) vs. tem-
perature (°C) plots, respectively.

AC-SINS

Both polyclonal goat anti-human IgG Fc (Jackson
ImmunoResearch, #109-005-098) (capture) and whole-goat
IgG (Jackson ImmunoResearch, #005-000-003) (non-capture)
antibodies were buffer exchanged into 20 mm potassium acet-
ate (pH 4.3) buffer and normalized to 0.4 mg/mL. The two
antibodies were mixed at a ratio of 4:1 of capture:non-capture.
Antibodies were incubated with gold nanoparticles (Ted Pella
Inc. #15705) at a ratio of 9:1 of gold nanoparticle to antibody
for 2hours at room temperature. Empty sites were then
blocked by the addition of 0.1 uM (final conc.) poly-ethylene
glycol methyl ether thiol (2000 MW, Sigma-Aldrich #729140).
The coated and blocked particles were passed through
a 0.22pum polyvinylidene fluoride membrane (Millipore
Sigma #SLGVV255F) and eluted with 10% starting volume of
PBS. To assess self-association, 10 uL nanoparticles were
mixed with 100 pL purified antibody at 50 ug/mL in PBS,
pH7.4 in a 96-well polypropylene plate. As a control, buffer
was mixed with coated and blocked gold nanoparticles.
Absorbance was measured on a BioTek Synergy H1 plate
reader from 510 to 570 nm in increments of 1 nm. The peak
absorbance wavelength was calculated manually using Excel.
Control buffer peak absorbance wavelength was subtracted
from the sample peak absorbance wavelength, and these data
were plotted.

Analytical SEC

Analytical SEC-HPLC was performed for OmnidAb samples
using a Superdex 200 Increase 5/150 GL column (Cytiva,
GE28-9909-45) on an UltiMate 3000 hPLC (Thermo
Scientific). Concentrations of antibodies ranged from 0.2 to
1 mg/mL with a couple outliers below 0.1 mg/mL and above
1.5 mg/mL. The buffer formulation for both the sample and
running buffer was PBS pH 7.4 with a flow rate of 0.25 mL/min
at room temperature over 15 minutes.

Biosensor analysis

Binding kinetics, epitope mapping, and epitope binning
experiments were performed by high-throughput surface plas-
mon resonance on Carterra’s LSA platform equipped with
HC-30 M sensor chips. The method has been previously
described in detail elsewhere.”” To calculate binding affinity,
a capture kinetic method was used on a chip coupled with goat
anti-human IgG Fc-specific polyclonal (Southern Biotech,

2047-01) capture reagent. Purified recombinant His-tagged
PGRN (R&D systems) and NKp46 (prepared in-house) were
used as monovalent analytes and prepared as a 3-fold dilution
series with top concentrations of 300 nM or 1 uM. Epitope
mapping of anti-PGRN HcAbs to specific granulin subdo-
mains was accomplished using a chimeric swap strategy as
described previously.”! A detailed map describing the chimera
constructs, linker regions, and chimera binding patterns used
for mapping assignments is shown in Figure S4. Epitope bin-
ning experiments were performed using a classical sandwich
method as described previously merged with a curated panel of
antibody standards to guide bin assignments. For PGRN bin-
ning, the standards represented a panel of previously charac-
terized clones of known specificities, whereas for NKp46
binning, the standards represented so-called ‘anchor’ clones
from in-house unpublished OmniFlic and OmniClic reper-
toires generated by standard protein-based immunizations
and literature benchmarks (NKp46-1, NKp46-2, NKp46-3,
and NKp46-4; see “single B-cell screening and cloning section”
above). Anti-His mADb was used as a universal sandwiching
control for all epitope binning experiments. For NKp46 bin-
ning, a ‘many-on-few’ approach was used where a large panel
of HcAb analytes (in solution) was tested for blocking against
a small, curated panel of ligands (on chip) comprising anchor
clones and a limited set of HcAbs that tolerated multiple cycles
of acid-regeneration. Since a comprehensive pairwise analysis
was not performed for NKp46 hcAbs, they were not tested for
mutual competition against one another, so they were assigned
to ‘blocking profiles’ (herein referred to as ‘bins’). In this
definition, HcAbs belonging to the same blocking profile do
not necessarily block one another but show the same blocking
pattern when tested against the ligand set.
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Abbreviations

AA amino acid

AC-SINS affinity-capture self-interaction nanoparticle spectroscopy
aSEC analytical size exclusion chromatography

BiP immunoglobulin binding protein

bp base pair
BRL buffalo rat liver
BSA bovine serum albumin



CDR complementarity determining region
CH heavy chain constant domain
CHO Chinese hamster ovary
cJH chicken JH gene
CL light chain constant domain
cVH chicken VH gene
ELISA enzyme-linked immunosorbent assay
FACS fluorescence-activated cell sorting
Fc fragment crystallizable
ECS fetal calf serum
FD final draw
FDA Food and Drug Administration
FR fragment region
GC gene conversion
GEM gel encapsulated microenvironment
GFP green fluorescent protein
GRAVY grand average of hydropathy
GRN granulin domain
HcAb heavy chain only antibodies
HLA human leukocyte antigen
HPLC high performance liquid chromatography
HRP horse radish peroxidase
ID identification
IFNy interferon gamma
IgG immunoglobulin G
IgH immunoglobulin heavy chain
IgL immunoglobulin light chain
IgM immunoglobulin M
Ignar immunoglobulin new antigen receptor
IgY immunoglobulin Y
IMGT international ImMunoGeneTics information system
Kp equilibrium dissociation constant
KO knock out
mAb monoclonal antibody
MFI mean fluorescence intensity
MHC major histocompatibility complex
mRNA messenger ribonucleic acid
n/d not determined
NK natural killer
PBMC peripheral blood mononuclear cell
PBS phosphate-buffered saline
PGC primordial germ cell
PGRN progranulin
PI pre-immune
P-VHH pseudogene of variable heavy domain of heavy chain
OmnidAb transgene
qPCR quantitative polymerase chain reaction
RT-PCR reverse transcription polymerase chain reaction
scFv single chain variable fragment
sdAb single domain antibodies
SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis
SHM somatic hypermutation
Tagg aggregation temperature
TCR T-cell receptor
tLCi truncated light chain transgene
T melting temperature
VH variable domain of heavy chain
VHH variable heavy domain of heavy chain-only antibody
VHH3 variable heavy domain of heavy chain OmnidAb transgene
VL variable domain of light chain
WT wild-type
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