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ABSTRACT

Bispecific antibodies are an important and growing segment in antibody therapeutics, particularly in the
immuno-oncology space. Manufacturing of a bispecific antibody with two different heavy chains is greatly
simplified if the light chains can be the same for both arms of the antibody. Here, we introduce a strain of
common light chain chickens, called OmniClic®, that produces antibody repertoires largely devoid of light
chain diversity. The antibody repertoire in these chickens is composed of diverse human heavy chain
variable regions capable of high-affinity antigen-specific binding and broad epitope diversity when paired
with the germline human kappa light chain. OmniClic birds can be used in immunization campaigns for
discovery of human heavy chains to different targets. Subsequent pairing of the heavy chain with
a germline human kappa light chain serves to facilitate bispecific antibody production by increasing
the efficiency of correct pairing.

Abbreviations: AID: activation-induced cytidine deaminase; bsAb: bispecific antibody; CDR: complemen-
tarity-determining region; CL: light chain constant region; CmLC: common light chain; D: diversity region;
ELISA: enzyme-linked immunosorbent assay; FACS: fluorescence-activated cell sorting; Fc: fragment
crystallizable; FcRn: neonatal Fc receptor; FR: framework region; GEM: gel-encapsulated microenviron-
ment; Ig: immunoglobulin; IMGT: the international ImMunoGeneTics information system®; J: joining
region; KO: knockout; mAb: monoclonal antibody; NGS: next-generation sequencing; PBS: phosphate-
buffered saline; PCR: polymerase chain reaction; PGC: primordial germ cell; PGRN: progranulin; TCR: T cell
receptor; V: variable region; VK: kappa light chain variable region; VL: light chain variable region; VH: heavy
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Introduction

Bispecific antibodies (bsAbs) comprise a diverse collection of
novel molecules in various formats and configurations
designed to bind two distinct epitopes or targets at the same
time. The pipeline of bsAbs in pharmaceutical development is
quite large and diverse, with goals such as retargeting T effector
cells to tumor cells, chaperoning proteins across the blood-
brain barrier, anti-inflammatory effects, and increasing avidity
by binding multiple epitopes on the same cell.' In the case of
retargeting of T cells to tumor cells, one arm of the bsAb is
often specific for the CD3 delta or epsilon chains of the T cell
receptor complex, and the other arm specific for a receptor on
the tumor cells. To date, three bsAbs have been granted mar-
keting approvals,® although currently only two are on the
market (blinatumomab (Blincyto®), for acute B-cell lympho-
blastic leukemia, and emicizumab (Hemlibra®), for treating
hemophilia A). With over 85 potential bsAbs in clinical devel-
opment, this number is likely to rise.!

Using the modular domain structure of immunoglobulins,
bispecific molecules have been formatted in myriad creative
ways.”* These formats can be roughly divided into those that

include the Fc domain and those that do not. Of those that
include the Fc, some maintain an IgG-like structure that is
similar to native IgG, whereas others take more creative struc-
tures not seen in nature such as multiple binding domains in
tandem. Conforming to a more native IgG-like format offers
advantages in patients, such as binding to FcRn and longer
serum half-life, and potentially desired effector functions
mediated by the intact Fc. More unusual formats may suffer
from aggregation, longer development lead times, and require
further engineering,””” whereas IgG-like formats are well-
studied and have a long history in patients. However, bsAbs
with an IgG-like format pose their own engineering challenges
for ~manufacturing.>> Normal antibodies consist of
a homodimer of a heavy-light chain pair, forming the two
arms that both have the same antigen-binding site. In contrast,
a bispecific antibody in IgG-like format must be a heterodimer
with two distinct arms targeting the two distinct epitopes. If
two different heavy chains and two different light chains were
to be expressed in the same cell, then the various chains could
assemble in 10 different combinations, only one of which
would be the desired bispecific configuration.® This
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challenging expression problem can be separated into the
heavy chain pairing problem, in which the goal is an obligate
heavy chain heterodimer with no homodimerization, and the
light chain pairing problem, in which the correct light chain
must pair with the correct heavy chain. By using two heavy
chains that can pair with a common light chain, one of these
two problems is solved, leaving only the heavy chain pairing
problem. Various strategies at promoting heterodimerization
or purifying heterodimers of the Fc domains of heavy chains
have been developed.””'' The common light chain strategy is
most useful in IgG and IgG-like formats and eliminates
a substantial hurdle in bispecific antibody production.

Discovery of heavy chains that can pair with a common light
chain has been pursued either in display systems'*™'® or in
transgenic rodents.'®'® Conserved human targets may not be
amenable to antibody discovery in rodent platforms due to the
high degree of sequence homology, which can result in low
immunogenicity. For targeting such antigens, chickens repre-
sent an evolutionarily divergent host in which most human
proteins will induce a robust immune response, enabling anti-
body discovery when campaigns in rodents have failed."”"*
The chicken also readily produces antibodies that are cross-
reactive to the mouse ortholog of the human target, obviating
the need to identify surrogate antibodies for pre-clinical stu-
dies. As with campaigns for monospecific antibodies, bispecific
antibody campaigns can benefit from the ability to identify
mouse cross-reactive antibodies.>* In addition, as described
below, the mechanisms of antibody generation in the chicken
are uniquely suited to the engineering of a common light chain
transgenic animal.

In chickens, development of the antibody repertoire is
initiated when V(D)J recombination leads to expression of
the functional B cell receptor on the surface of early B cells.*
However, unlike in mammals, very little diversity is produced
at the recombination step. Chickens contain only a single func-
tional V gene and a single ] gene at the heavy and light chain
loci,***” and the heavy chain contains a cluster of D segments
that are highly related to each other.”® No terminal deoxynu-
cleotidyl transferase activity is present in chicken B cells, so no
N addition can occur.”® Recombination thus produces essen-
tially the same clonotype in every B cell, with the same
V framework and nearly the same complementarity-
determining regions (CDRs). As soon as recombination has
produced a functional receptor, variable region sequences
begin to mutate by the process of gene conversion, which
leads to a highly diverse repertoire. Gene conversion incorpo-
rates sequences from an array of upstream pseudogenes in
a homologous recombination-based process, leading to
changes in the functional V. Multiple rounds of overlapping
gene conversion occur from different pseudogenes, and indels
can also be incorporated. In wild-type chickens, the light chain
contains 25 pseudogenes and the heavy chain about 80 pseu-
dogenes (the international InMunoGeneTics information sys-
tem, IMGT"’). Pseudogene sequences contain diversity mainly
in the CDRs, while the sequence of the VL/VH frameworks is
largely maintained. However, in addition to gene conversion,
random somatic hypermutation can also occur and adds to the
sequence diversity in the repertoire.”’

We have engineered chickens to express human V region
antibodies (OmniChickens®).?>** The constructs in these birds
are designed with human pseudogenes containing diverse
CDRs, to produce large repertoires of human sequences in
the B cell population of these birds.’>>>** Here, we pursued
the opposite goal, at least for the light chain: a chicken with
a non-mutating, common light chain that can pair with any
heavy chain in the bird, for discovery of antibodies that can be
developed into bispecifics. To design a light chain transgene in
the chicken that does not produce a diverse sequence reper-
toire, we took advantage of gene conversion, but instead of
inserting diverse pseudogenes, we inserted an array of identical
pseudogenes to the functional human VK3-15/JK1 gene. The
process of gene conversion and single framework architecture
in the chicken is perfectly suited to this type of active suppres-
sion of antibody diversity, as compared to the typical mamma-
lian locus with its multiple V genes that undergo
recombination. In this common light chain chicken (called
OmniClic®), not only will gene conversion not provide
sequence diversity, it is designed to actively “cleanse” any
mutations that may arise by random somatic hypermutation
by reverting them to the wild-type sequence. Since we are
taking advantage of the normal gene conversion process used
by the chicken B cell, it is not necessary to make any other
genetic or physiological changes to developing B cells, and
diversity generation in the heavy chains should be unimpeded
or possibly even encouraged given the lack of diversity in the
light chain.

Here we show that the OmniClic chicken produces mini-
mally mutated light chains. Despite the lack of light chain
diversity, OmniClic raises robust immune responses upon
immunization and produces high-affinity antibodies with
diverse human heavy chains. Comparison to normal
OmniChickens expressing diverse human heavy/light pairs
shows that epitope binning and affinity are essentially normal
when diversity is restricted to the heavy chain. The OmniClic
platform can be used for antibody discovery of heavy chain
sequences to be used with the germline VK3-15 light chain for
bispecific applications.

Results
Generation of OmniClic birds

We set out to design a transgene construct that would express
a human variable region light chain in chicken B cells that would
remain unmutated, yet pair with diversified heavy chains to
produce antibodies with high affinity and broad epitope cover-
age. This common light chain bird we call OmniClic, to distin-
guish it from our “standard” OmniChicken birds, which
produce diverse repertoires in both light and heavy chains
through gene conversion by upstream human-based pseudo-
genes. In OmniChickens, gene conversion events in the mature
repertoire can be attributed to specific pseudogenes, showing
that the pseudogenes are participating in gene conversion, even
though most CDR sequences in mature antibodies are highly
mutated and cannot be ascribed to identifiable gene
conversion.”” To design OmniClic, we reasoned that an array



of upstream pseudogenes identical to the germline functional
V region could use the mechanisms of gene conversion to the
opposite effect, i.e., to revert any mutations that might occur
randomly by non-templated somatic hypermutation back to the
germline sequence. This strategy effectively uses gene conver-
sion to maintain the germline sequence, rather than producing
a diverse repertoire of mutations. By using a pre-rearranged light
chain and full-length reverting pseudogenes, we include all three
CDRs in the reversion strategy. The enzymatic machinery for
generating sequence diversity in immunoglobulins is conserved
in chickens®>*® and depends on an initiating lesion by the
activation-induced cytidine deaminase (AID) enzyme, leading
to somatic hypermutation, gene conversion, or class switch
recombination.”’ ” These AID-based mechanisms remain
intact in OmniClic, which is crucial because they are necessary
to produce a diverse heavy chain repertoire and are also neces-
sary for the reverting gene conversion strategy in the light chain.

The common light chain construct (CmLCl, Figure 1) in
OmniClic is inserted in the chicken light chain locus, as are all
the human light chain transgenes in OmniChicken, thereby utiliz-
ing the endogenous transcriptional regulatory elements and non-
translated regions for optimal lineage-specific expression. This
location also ensures that gene conversion in the B cell lineage
will be focused on the light chain transgene.***' The variable
region is a pre-rearranged VK3-15/JK1 region made by joining
the germline gene segments together, with no chewing back of the
ends. This rearranged sequence is expressed in humans, as it is
found in the National Center for Biotechnology Information’s
Expressed Sequence Tags database. The V region splices to the
chicken CL constant region, producing a chimeric light chain. In
the OmniClic locus, the chicken VL pseudogenes remain
upstream of the human pseudogenes (Figure 1).

In OmniClic chickens, the CmLCl light chain can be paired
with either of the two human heavy chain transgenes that we
use in OmniChicken lines, SynVH-C (pre-rearranged VH3-23/
JH4) and SynVH-SD (rearranging VH3-23/Ds/JH6). In
OmniChicken lines, these heavy chains are paired with the
human V-kappa transgene (SynVK-CK; pre-rearranged VK3-
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Figure 1. CmLC1 transgene structure. Top line, the CmLC1 transgene was inserted
into the chicken light chain locus using phiC31 integrase, as previously described
for the V-kappa and V-lambda OmnChicken light chains.®*? The transgene
contains a human pre-rearranged variable region (VK3-15/JK1) transcriptionally
driven by the chicken IgL promoter and enhancer elements (gL enh). Upstream of
the promoter lie six pseudogenes with the same sequence as the functional V
region, in opposite orientation as shown by the direction of the arrowhead
shapes. The human V region splices to the chicken CL to produce a chimeric
light chain. Upstream of the human pseudogenes lies the chicken light chain
pseudogenes. For comparison, the V-kappa transgene in normal OmniChickens
(SynK-CK) is shown, with its array of diverse human pseudogenes. The SynVK-CK
transgene also contains a JK4 segment, rather than JK1 in CmLC1, and the first
amino acid of the constant region (which is partly encoded by the V region exon)
is Rin SynVK-CK and G in CmLC1. The rest of the constant region is the chicken CL
in both. Human sequences are shown in red, chicken sequences in blue. After
plasmid insertion into the light chain locus, selectable markers are removed with
Cre recombination, leaving behind a single loxP site and an attR site.
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15/JK4),*° or a human V-lambda transgene (SynVL-E-CL;
VL1-44/JL3).* The heavy chains are designed in a similar
fashion to the light chains, each with a single functional
human variable region, an array of upstream human pseudo-
genes for gene conversion, and splicing to the chicken constant
regions for efficient engagement of Fc receptors and B cell
receptor complexes in the bird. Chickens contain one light
chain and one heavy chain. The human heavy and light trans-
genes are inserted at the endogenous heavy or light chain loci,
and the other allele at each locus in the birds is a knockout
(KO), so the only functional allele is the human
transgene.zé’ﬂ’“’43

B cell development in OmniClic birds

OmniClic birds were evaluated for B cell development (Fig.
S1). Peripheral blood lymphocytes were stained with antibo-
dies to the chicken B cell marker Bu-1, surface IgM, IgL, T cell
markers, and human VK3-15/VH3-23. Normal proportions of
B cells were observed in OmniClic, and expression of human
VK3-15/VH3-23 was detected. Since the constant regions of
both the light and heavy chains are chicken, we can detect
surface or plasma Ig using anti-chicken reagents and directly
compare our transgenic birds to wild-type birds. Titers of total
IgY levels in plasma were assessed and compared to wild-type
chickens and the kappa and lambda OmniChicken strains (Fig.
S2). The OmniClic chickens contained plasma IgY levels com-
parable to those in the V-lambda OmniChickens, which is
about twofold below the wild-type level (Fig. S2). In contrast,
V-kappa OmniChickens with the SynVK-CK construct express
levels that are at least 10-fold lower than wild-type (Fig. S2).*
The fact that the CmLC1 construct expresses a higher level of
serum Ig than the SynVK-CK construct, even though both
contain human V-kappa, may stem from sequence differences
in the contact residues of the V and C domains in these
chimeric proteins. Based on structural modeling, the V and
C domains make contacts at their interface, and the residue in
the framework region (FR)4-CL junction is predicted to have
contacts with the CL domain (Fig. S3). This residue is in
a connecting loop between the domains, and its codon is split
between the V exon and the C exon. This loop residue is Gly in
CmLC1 and wild-type chicken light chain, but in SynVK-CK
and wild-type human kappa it is Arg. The large, charged side
chain of Arg in this position could hamper the ability of the
human V region to fold efficiently with the chicken C region in
SynVK-CK. There are a few other differences in FR1 and in the
germline CDRs between CmLC1 and SynVK-CK, but they are
not predicted to have an effect on the V-C interaction. The
OmniChicken V-lambda construct is fully human (not chi-
meric), and therefore should have no inter-domain folding
issues. Thus, the junction region between FR4 and the CL
appears to be important for the efficient expression of
a chimeric light chain with human VK and chicken CL.

Immunization of OmniClic birds and evaluation of heavy
and light chain repertoires produced

Birds were immunized with human progranulin protein
(PGRN), a modular protein that we have used for comparison



€1862451-4 K. H. CHING ET AL.

of immune responses across various genotypes of
OmniChickens and wild-type chickens.'”**** PGRN is com-
posed of 7.5 domains that can be used for identifying epitope
binning patterns in a cohort of antibodies. Six OmniClic birds
were immunized with human PGRN, three with the SynVH-C
heavy chain and three with the SynVH-SD heavy chain, on
a two-week interval of intramuscular boosts, with serum titers
determined on the in-between weeks.”® High titers were
obtained after the first boost (Fig. S4) and were comparable
to those observed in OmniChickens.”® After reaching
a sufficient titer, spleen lymphocytes were harvested and cryo-
preserved for either bulk sequence analysis or monoclonal
antibody (mAb) recovery.

To assess overall levels of diversity in the antibody reper-
toire, next-generation sequencing (NGS) of CmLC and VH
amplicons was performed on the six spleen samples from
PGRN-immunized OmniClic birds and compared to similar
data from normal OmniChickens also immunized with PGRN
(heavy chains reported in Leighton et al.**). The regular
OmniChickens served as a control for the level of diversity to
be expected in light chains, as they were immunized with the
same immunogen and the sequencing was performed the same
way. In addition, the heavy chain transgenes are the same in all
of the birds, which allowed us to compare the heavy chain
repertoires produced when paired with either the common
light chain or a mutating light chain. Primers for amplification
of the V regions were chosen in the 5" UTR and either the JK
(for light chain) or IgY constant region (for heavy chain), to
specifically analyze class-switched heavy chain sequences.
Because there is only one functional framework (germline
gene) for light chain and one for heavy chain, only a single
primer pair is necessary to capture all of the expressed light (or
heavy) variable region sequences, which obviates the risk of
amplification bias from mixtures of V-family primers that are
required to amplify the different V family members in mam-
malian species. In addition, the diversity analysis is simplified
because we are comparing mutation frequencies in a single FR
across various genotypes and individual animals. Paired-end
reads were assembled and preprocessed for length and
V region open reading frame. Singleton sequences were elimi-
nated, and sequences were translated into the predicted protein
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sequence. As shown in Figure 2a, 95% of the total sequence
reads (n = 4.8x10° reads) of CmLC from the immunized birds
contained 0-2 changes at the amino acid level, including 87%
with no changes at all. In contrast, the normal OmniChicken
light chain bulk repertoire contained only 0.8% sequences with
0-2 amino acid changes and 0.3% with no changes (n = 7.2
x10° reads from 6 birds). The mean number of light chain
changes in OmniClic was 0.4 compared to 7.4 for
OmniChickens. The frequencies of changes at the DNA level
were similar: 94% vs. 0.6% for 0-2 changes in OmniChicken
versus OmniClic. In contrast to the reduced levels of mutation
in the light chains, heavy chains showed increased mutation
levels in OmniClic compared to OmniChicken (Figure 2a). The
mean number of changes in heavy chain was 13.3 in OmniClic,
as compared to 11.5 in OmniChicken. The graphs in Figure 2a
were calculated based on the number of changes in FR1
through FR3 and did not include CDR3, since there is no
germline CDR3 sequence in the case of the rearranging heavy
chain SynVH-SD that could be used to calculate the changes.

To assess clonotype diversity based on CDR3 sequences, the
numbers of unique CDR3s per genotype were counted and
normalized by dividing by the total number of sequence
reads (Figure 2b). The frequency of unique CDR-H3s was
strikingly higher in OmniClic heavy chains, indicating that
more clonotypes were generated when the heavy chains were
paired with CmLC1. This observation is consistent with the
idea that the VH underwent enhanced selection for diverse
sequences, not only in CDRs 1-2 as indicated in Figure 2a,
but also in CDR3. To compare the results in Figure 2a using
this type of analysis, the frequency of unique sequences was
also calculated for the non-CDR3 portions of the V region
(FR1 through FR3; Figure 2b right panel). OmniClic light
chain had a much lower ratio of unique sequences than any
of the other chains (Figure 2b), likely reflecting the fact that so
many of the sequence reads were germline and would thus be
counted as a single unique sequence. This analysis also con-
firmed that the VH sequences from the OmiClic birds had the
highest ratio of unique sequences overall. These results showed
that there was no restriction in the B cell repertoire caused by
the limitation of light chain diversity, but rather suggest that
the lack of diversity in the light chains, and CDR3 in particular,
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Figure 2. Analysis of bulk NGS sequencing data from OmniClic compared to OmniChicken. (a) Frequency of mutations. Bulk repertoire sequences were obtained by
amplicon sequencing of RT-PCR products obtained from splenocytes of immunized birds. The number of amino acid changes compared to the germline sequence
present in the birds in the light chain (in blue) and heavy chain (in red) of OmniClic and normal V-kappa OmniChickens is shown. Data from birds carrying both heavy
chain transgenes are combined (SynVH-C and SynVH-SD). For each bin on the histogram (0 changes, 1 change, etc.), the number of sequence reads (duplicates) with the
indicated number of changes were added up and divided by the total number of reads (total number N is shown for each plot). This gives a normalized frequency of the
abundance of each bin. The mean and SD for each V region is indicated in the figure. The V region from FR1-FR3 was used. All sequences were filtered for human
sequence (some heavy chain repertoires, but not light chain, included a small amount of chicken sequence®*). All genotype combinations had three birds each except
for SynVK-CK/SynVH-C which had six birds. (b). Frequency of unique CDR-H3 (left, in red) and unique FR1-FR3 sequences (right, in blue) are shown for the light (CmLC1
or VK) and heavy (VH; combined SynVH-C and SynVH-SD) chains of OmniClic and OmniChicken. The number of unique CDR-H3s found in each bird (determined at the
amino acid level) was divided by the number of sequence reads, to give the ratios shown. The number of unique FR1-FR3 sequences (determined at the DNA sequence
level) was divided by the total number of sequence reads to give the ratios shown.



leads to a compensatory increase in frequency of mutations in
the heavy chain CDR3.

Even though the overall frequency of light chain mutations
was much reduced in OmniClic, amino acid changes seemed to
be clustered in the CDRs, suggesting that they were undergoing
positive selection in the immune response (Fig. S5 shows plots
of mutation by position in light chains). Interestingly, the
amino acid diversity observed in the CDR-L3 NGS data
appeared higher in OmniClic than in OmniChicken, as
shown by the additional colors seen in the bars at CDR3
positions, even though the absolute frequency of these muta-
tions was much lower in OmniClic. This result would indicate
that some rare, mutated sequences were produced in
OmniClic, and they were rarer than in OmniChicken.

Identification of antigen-specific antibodies from OmniClic
birds

To further characterize the antibodies that can be obtained
from immunized OmniClic animals, mAbs were identified by
single B cell screening, using gel-encapsulated microenviron-
ment (GEM) technology.44 Antibodies were cloned in a single-
chain variable fragment (scFv)-human Fc format. Two types of
cloning strategies were pursued for antibodies from the
OmniClic splenocytes. In one set of experiments, the native
light chain sequence from the B cell was amplified and cloned
with its paired VH, to capture and observe the frequency of
mutations occurring in a cohort of antigen-specific antibodies
produced in vivo. These experiments were done with one
CmLC1/SynVH-C bird and one CmLC1/SynVH-SD bird. In
other experiments, we amplified only the heavy chains from
individual antigen-specific B cells and directly cloned them
with the fully germline light chain. This direct cloning strategy
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Mean24+/25 [ CmLC
Mean125+/4.4 Wl VH
N=41

) 01234567 8 91011121314151617 1819202122
Number of changes compared to germline

OmniClic
cmLC

0.

’ | || | I “
i ||| | Ko il o, [oll ¢
—

MABS (&) e1862451-5

with germline light chain would be the preferred route during
an OmniClic antibody discovery campaign, as it would by
definition produce only candidates with the desired attribute
of working with the germline light chain. Cloning VH with the
germline light chain is a more streamlined process requiring
fewer amplification steps and is more efficient in the long run if
one is only interested in heavy chains that can pair with the
germline light chain. Any clones that require the mutations
that might be present in their native light chains would drop
out during the screening process, but our results show that we
expect the number of such clones to be low.

In the first experiments, native light chains with their paired
heavy chains were cloned. A cohort of 41 unique antibodies
was obtained from 2 birds, and these were confirmed to bind
PGRN by enzyme-linked immunosorbent assay (ELISA).
Sequence analysis of the light chains showed that nearly one-
fifth (4 of 16 for bird 45211 and 3 of 25 for bird 45331) of the
light chains in these clones were fully germline in sequence
(Figure 3a), and about 37% of the total had only 1 mutation. In
the whole cohort, the median number of amino acid changes
per V region was 1, and the average number of amino acid
changes per clone was 2.4 (Figure 3a). These numbers are
higher than in the bulk non-selected NGS data, indicating
that selection for antigen binding enriched to a certain degree
for mutated sequences, although much less than in regular
OmniChickens (Figure 3a). The changes appear more likely
to occur in the CDRs (Figure 3b), further indicating that they
are functionally selected. The heavy chains in these antibodies
showed levels of mutation similar to normal OmniChicken-
derived antibodies to the PGRN target, unlike the increased
mutation levels we observed in the NGS data.

In the second set of experiments, heavy chains were ampli-
fied from single cells in GEMs and cloned directly with the
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Figure 3. Frequency of mutations in anti-PGRN mAbs cloned with native light chains. (a). Frequencies of amino acid changes in mAbs cloned with native light chain from
OmniClic were calculated and compared to mAbs from V-kappa OmniChickens.?® Clones from SynVH-C and SynVH-SD birds were combined. The mean, SD and N for VK
and VH regions are indicated in the figure. (b). The levels of amino acid diversity at each position across the V regions are shown. Changes from the germline-encoded
residue at each position are indicated by the colored bars, with the frequency shown by the height of the bar and different colors indicated for the various amino acids.
The CDRs are indicated by the boxes. Although levels of mutation are low, the CDRs tend to be the focus of most of the sequence variation in OmniClic light chains. Only
the SynVH-SD-derived mAbs are shown here, for simplicity (the results with SynVH-C were similar). OmniClic, N = 25 antibodies; OmniChicken, N = 57 antibodies.
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germline light chain. A total of 51 antibodies with unique VHs
were obtained from 3 birds (the same 2 birds from above plus
one additional bird), cloned into a vector containing the germ-
line light chain and confirmed to bind PGRN by ELISA. In the
two birds that were used for both native and germline light
chain cloning, 14 antibodies were found with the same VH in
both groups. When these VHs were paired with their native
light chain, most of them (12, or 86%) contained a least one
mutation in the light chain, usually in one of the CDRs.
However, these mutations were not necessary for antigen bind-
ing since the same VH with germline light chain was still able
to bind the same PGRN domain, and there was no significant
change in affinity. The other two VHs in this group were paired
with germline light chain in the native cloning, and were never
found paired with mutant light chains.

Binding affinities and epitope binning of OmniClic-derived
antibodies

All the antibodies were analyzed on the Carterra LSA instrument
for kinetics and epitope binning, as done previously on cohorts
of OmniChicken-derived mAbs.**** Figure 4a shows a sequence
dendrogram for the clones lined up with a column indicating the
PGRN subdomain targeted by each clone, and a column indicat-
ing whether the clone binds to the mouse ortholog of PGRN.
Clone names highlighted in green contain germline light chain.
For the seven full-length PGRN domains, multiple clones target-
ing each domain were identified. Bins are populated by germline
light chain-containing clones in each case, showing that the lack
of light chain diversity has not affected antigen recognition, and
suggesting that paratope determinants provided by the VH alone
are sufficient. Mouse cross-reactivity is also found in the group
of germline light chain clones. Closely related clones are always
found to target the same domain, but a given domain may be

has germline light chain:

targeted by groups of unrelated clones across the dendrogram,
indicating that diverse VH clonotypes have arisen that target the
same domain. The nodal plot of the binning results in Figure 4b
shows that at least one PGRN domain (CD in this example) can
be targeted at more than one distinct epitope in OmniClic birds.

Binding kinetics were determined for the cohorts and plotted
in Figure 5. The isoaffinity plot (Figure 5a) shows binding
affinities colored by PGRN domain. For most of the domains
(A, B, CD and E), clones showed a wide range of affinities, with
some high-affinity clones in each group. Within the cohort,
a significant amount of kinetic diversity was observed (Figure
S6). While the majority of antibodies bound rapidly, off-rates
varied, with some antibodies even remaining stable throughout
the 20-minute dissociation period. In Figure 5b, clones were
separated into those with a mutated light chain from the native
cloning (labeled “native” in the figure) and those with germline
light chain. Although the germline light chain-containing clones
showed a slightly lower median affinity (10.3 nM) compared to
the native light chain clones (7.8 nM), the difference of the
means was not significant (t-test, P = .32) and the range of
affinities was quite similar with numerous clones in the sub-
nanomolar category in both groups. The fact that the native,
mutated clones had such a similar median affinity suggests that
the mutations in the native light chains are playing only a minor
role in determining binding affinity.

In order to directly compare the binding kinetics of the
same VH with either its native light chain or the germline
light chain, some clones, with a range of kinetics and unique
heavy chains that were initially identified with their native light
chain, were chosen for germlining of the light chain. Heavy
chains were re-amplified from the original plasmid and cloned
into a vector containing the CmLCl germline light chain
sequence in order to express in the same scFv-Fc format as
before. The native and germlined antibodies were analyzed on

Color by library
53 OmniClic mAbs
16 mAb standards

Figure 4. Sequence dendrogram, epitope binning and mouse cross-reactivity of all anti-PGRN clones (native and germline light chain). (a). The sequence dendrogram is
based on the combined VK-VH sequence for each clone and is lined up next to columns indicating the progranulin domain that is targeted by the clone and whether the
mAb binds to the mouse ortholog of progranulin (labeled ‘mouse cross’). The clones highlighted in green have the germline light chain sequence. All of the PGRN
domains were targeted by both germline and native light chain-containing clones except for P, which is a half-size domain that typically elicits fewer antibodies than the
other domains.”® (b). Nodal plot of epitope binning relationships. PGRN domains targeted by known standards from previous campaigns in wild-type'® and
OmniChickens®® were binned on the Carterra LSA with all of the OmniClic antibodies. Three different epitopes on the CD-domain were identified as indicated by

the three nodes. OmniClic antibodies are colored blue and standards are red.
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Figure 5. Binding kinetics. (a). Isoaffinity plot of all the anti-PGRN mAbs, with native and germline light chain, colored by epitope bin. Antibodies to most domains
displayed a wide range of affinities. Antibodies to domains F and G did not attain as high affinities as the others, although, the sample size was low. (b). Dot plot of
affinity of the cohort of mAbs to human progranulin. Most clones were run in duplicate and both values were included. mAbs were grouped based on whether the light
chain (OmniClic VK) was native (excluding those clones that happened to have germline sequence), or had the germline light chain sequence. Clones with native light
chain had a median Kp, of 7.8 nM, whereas the clones with germline light chain had a median Kp of 10.3 nM, indicating slightly less tight binding. Native light chain, N

= 27 clones, germline light chain, N = 47 clones.

the Carterra LSA side-by-side. The binding kinetics were
plotted (Figure 6) with the native Kp, on the x-axis versus the
germlined Kp, on the y-axis. Most of the clones had very similar
binding kinetics after germlining, as they fall close to the line
drawn at a slope of 1. One VH was found twice with two
different native light chains, and had affinities of 2.8 and
102 nM with those two light chains. When cloned with the
germline light chain, this VH clone dropped to a Ky, of 187 nM.
All of the clones retained the same binning and mouse cross-
reactivity characteristics.

Discussion

When considering an antibody discovery platform for
a bispecific application, in vitro systems might have some
appeal because there is no need to pair native heavy and light
chain V regions, since the light chain can be a fixed sequence.
However, one loses the advantages of the powerful in vivo
affinity maturation and selection processes provided by the
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Figure 6. Pairing the same VH with its native VK or germline VK. Seven mAbs with
native OmniClic VK that contained somatic mutations were reformatted with the
germline VK. The affinities of both versions to PGRN were determined, and each
dot on the plot is the germline VK affinity vs. the native VK affinity for a given VH
clone. The line represents a slope of 1. Five of the seven antibodies fall close to the
line, indicating the affinity did not change for those VH when paired with germ-
line VK. One clone increased its affinity and one clone reduced its affinity when
paired with germline VK.

intact immune system, which remains fully in effect on the
heavy chain in OmniClic. We have exploited the unique char-
acteristics of the chicken immune system to express a common
light chain paired with a diverse repertoire of human heavy
chains. The human V regions derived from these birds can be
used in a traditional IgG-like format, or they could be re-
formatted into other types of structures using the V region-
building blocks, if desired. The OmniClic birds retain the
antigen-recognition properties of the chicken host, namely
that conserved mammalian targets will be more immunogenic
than in mammalian hosts, and species cross-reactivity will be
expanded to the murine (and other mammalian) orthologs of
human proteins.

OmniClic birds were designed to minimize sequence diver-
sity in the light chain, and analysis of NGS data sets and panels of
antigen-specific clones demonstrated that they in fact do show
a high proportion of germline and near-germline sequences in
the bulk antibody repertoires and in the antigen-specific mAbs.
OmniClic birds are thus well-equipped for discovery of human
heavy chains that can be formatted into bispecifics in an IgG-like
format with germline kappa light chain. These data were in
contrast to “regular” OmniChickens in which a high degree of
light chain diversity is produced and germline light chains are
very rare in the antibody repertoire. In terms of the light chain
construct design, the main feature that distinguishes the two
genotypes is the pseudogene array in each: one array contains
no diversity (OmniClic) and the other contains diversity
(OmniChickens). Although we speculate that the identical pseu-
dogenes actively revert any randomly arising somatic mutations
back to germline, it is also possible that the reduced mutational
frequency observed in OmniClic could simply be a result of the
lack of contribution by diverse pseudogene sequences, and not to
any active cleansing of mutations. The low levels of diversity in
OmniClic would in that case be caused by infrequent non-
templated somatic mutation. To prove that the identical pseu-
dogenes in OmniClic have a cleansing effect on the antibody
repertoire by erasing diversity through gene conversion, we
would need to generate a bird that contains no pseudogenes at
all and compare the sequences that are produced. However,
there is evidence that non-templated somatic hypermutation
would actually produce much higher levels of diversity in the
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chicken if there were no reverting pseudogenes. We have made
a heavy chain transgene, SynVH-A7, which contained only Y,
W and S residues in the CDRs of the pseudogene array upstream
of a pre-rearranged VH3-23 gene.”” When we immunized these
birds with PGRN and analyzed either bulk NGS data or
sequences of antigen-specific antibodies, the CDRs were found
to contain diverse sequences incorporating many different
amino acids, not just YWS, suggesting that somatic hypermuta-
tion alone can produce a diverse repertoire in the chicken. The
pseudogenes in SynVH-A7 were found to donate YWS
sequences only rarely to sequences in the repertoire. In the
chicken B cell line DT40, a similar experiment showed that
diversity accumulates in the VH when the pseudogene array
contains only limited amino acid content, indicating efficient
non-templated mutation.”® Data from several other studies in
DT40 corroborate this conclusion: deletion of the pseudogene
array  still  allowed non-templated  mutations to
accumulate.’**™ Based on these data, we believe that gene
conversion with the identical pseudogenes is playing an active
role to minimize sequence diversity of the antibody repertoire in
OmniClic birds.

Despite the lack of light chain diversity, antibodies of high
affinity could be obtained from OmniClic birds. These results
show that the human heavy chain transgenes SynVH-C and
SynVH-SD (used for both OmniClic and OmniChickens) are
capable of producing high-affinity binding paratopes when
paired with germline light chains. Both SynVH-C and SynVH-
SD heavy chains produced antibodies with a range of affinities
and diverse repertoires, and there is no evidence of a difference
in performance between the two in the context of OmniClic, at
least for this target. Although the OmniClic light chains
showed little mutation, their germline or near-germline
CDRs may still make contact with antigen. It would be inter-
esting to analyze structural data from OmniClic and
OmniChicken mAbs to see if any specific epitopes are bound
in new ways in OmniClic-derived antibodies as a result of the
germline light chain CDRs. When the same VH was paired
with either its native light chain or the germline light chain,
most antibodies retained their affinities and binding character-
istics, probably because the native light chains that came from
OmniClic had so few changes to begin with and those muta-
tions did not significantly contribute to affinity. In addition, the
heavy chain repertoires produced by these transgenes are suffi-
ciently diverse for robust antibody responses and affinity
maturation in these birds. In the bulk sequencing data, the
OmniClic heavy chain diversity appeared higher than in
OmniChicken, although this effect was not apparent in the
PGRN mAbs. In an OmniClic antibody discovery campaign,
cloning would be done directly with the germline light chain
with the expectation of little or no loss in terms of number of
binders and their affinities. Cloning VH with the germline light
chain is a more streamlined process requiring fewer amplifica-
tion steps and is more efficient in the long run if one is only
interested in heavy chains that can pair with the germline light
chain. Any clones that require the mutations that might be
present in their native light chains would drop out during the
screening process, but our results show that we can expect the
number of such clones to be low. More broadly, OmniFlic rats
with a fixed light chain'® use essentially the same human VK3-

15 and JK1 genes as OmniClic (they differ by one amino acid
change in CDR-L3), so heavy chains discovered in OmniFlic
and OmniClic could be used in combination to develop
a bispecific antibody.

In summary, OmniClic chickens offer the advantages of an
in vivo host system to deliver high-quality human heavy chains
paired with a common light chain, thereby enabling the devel-
opment of therapeutic bispecific antibodies.

Materials and methods

Constructs: The common light chain construct CmLC1 was
built with a human germline VK3-15/JK1 gene in pre-
rearranged configuration. Six pseudogenes with the same
sequence, in reverse orientation to the functional V, were
inserted upstream, with ~100 base pair spacers from the
chicken pseudogene locus between each human pseudogene
pair. A unique primer binding site for sequencing of the final
construct was included in each spacer region. The chicken light
chain promoter (the 2.4 kilobase pair region between the
chicken VL and the first upstream pseudogene), J-C intron,
and chicken CL were included, so that all of the regulatory
elements and untranslated transcript sequences were chicken.
An attB site was included for insertion into an attP site pre-
viously targeted to the IgL locus in chicken primordial germ
cells.*> PGC line 229-92 was transfected with CmLC1, produ-
cing ~20 single clones per transfection of 5 x 10° cells.

Breeding: All animal experiments were done in accordance
with protocols approved by Ligand Pharmaceuticals’
Institutional Animal Care and Use Committee. The animal
facility is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care. CmLCI1 chimeras
were produced by injecting embryos with either single clones,
or pooled cells from several clones.*® Germline transmission
from chimeras made with pooled clones (average rate, 30%
from 13 chimeras) was very similar to that from chimeras made
with single clones (average rate, 31% in 24 chimeras made with
4 clones). Transgenic chicks were confirmed for the correct
insertion of the CmLCl construct by PCR upon hatch.
Founder CmLC1 transgenics were obtained by breeding to
Cre/IgL KO/IgH KO birds* to remove selectable markers. To
obtain OmniClic birds with the genotype CmLC1/IgL KO;
SynVH/IgH KO, crosses between CmLC1/+; IgH KO/+ and
IgL KO/+; SynVH/+ birds were performed. Progeny was gen-
otyped by PCR using DNA obtained from comb biopsy. Males
and females were kept for analysis.

Flow cytometry: Blood samples were collected from 5-week-
old birds into ethylenediaminetetraacetic acid-containing col-
lection tubes. For single-cell analysis, peripheral blood mono-
nuclear cells were isolated using histopaque-1077 (Sigma,
10771), labeled on ice for 1 hour with the following antibodies
from Southern Biotech: ms anti-Bul (8395), ms anti-ch IgM
(1020), ms anti-ch IgL(8340), ms anti-ch TCR-yd (8230), ms
anti-TCRap/VP1l (8240), ms anti-TCRaf/VP2 (8250) or
a custom polyclonal antibody raised against VH3-23/VK3-15.
All antibodies were diluted in 1% bovine serum albumin-
phosphate-buffered saline (PBS). Following primary antibody
incubation, the cells were washed and then incubated with
either AF-647 anti-ms IgG (Jackson ImmunoResearch,



715-605-150) or AF-647 anti-rb IgG (Thermo, A-21244). Data
were collected using an Attune Acoustic Focusing Cytometer
(Thermo Fisher) and single lymphocytes (gated on FSH
v. FSA) were analyzed using FloJo. The plots shown are repre-
sentative of several independent experiments with several dif-
ferent cohorts of animals. A two-tailed Student’s T-test was
used for statistical analysis using GraphPad Prism.

Immunization: Animals were initially immunized intramus-
cularly with 200 ug recombinant human PGRN (Sino
Biological, 10826-H08H) emulsified with 250 pL Freund’s
Complete Adjuvant (Thermo Fisher, 77140). Two weeks later,
animals began a bi-weekly intramuscular boosting schedule of
100 pg protein with 250 pL Freund’s Incomplete Adjuvant
(Thermo Fisher, 77145). Antigen-specific titer was assessed
by ELISA (see below) on the off week. Four days before eutha-
nization, animals received a final boost of 200 ug of protein
intravenously with no adjuvant.

ELISA: Blood samples were taken from birds and plasma
isolated by centrifugation. For antigen-specific ELISAs, plates
were coated with 2 pg/mL human PGRN (Sino Biologicals,
10826-HO8H) in PBS at 4°C overnight. For assessment of
total IgY titer, plates were coated with rabbit anti-chicken IgY
(H + L) at 2.0 pg/mL (Sigma, C2288) in PBS at 4°C overnight.
After coating, plates were blocked with 3% nonfat dry milk-
PBS-T for 1 hour, then incubated with plasma at the indicated
dilutions. After one hour, plates were washed in PBS-T and
incubated with rabbit anti-chicken IgY-horseradish peroxidase
(Sigma, A9046) for an additional hour. Plates were washed and
developed with 3,3',5,5'-tetramethylbenzidine (Sigma, 002023)
and absorbance at 450 nm read on a BioTek plate reader.

Single-cell screening: A single-cell screening method, the
GEM assay** (US Patents 8030095 and 84151738) was
employed to identify antigen-specific B cells. 5 um aldehyde-
latex beads (Thermo Fisher, A37306) were coated with strep-
tavidin followed by biotinylated antigen, overnight, blocked
with 3% milk-PBS, and tested by labeling with plasma from
immunized animals. GEMs were prepared containing a single
secreting B cell and antigen-coated beads and incubated for 3
hours at 37°C in RPMI/10% fetal calf serum containing 2 ug/
mL AF-594 anti-ch IgY (Thermo Fisher, A11042) as previously
described.**

scFvFc cloning: Single antigen-specific B cells were lysed and
mRNA isolated. VH and VK regions were amplified in a two-
step semi-nested strategy previously described.** For native
VH/VK pairing, the variable regions were assembled into an
scFv by overlap extension PCR and inserted into a mammalian
expression vector containing human Fc (IgGl CH2-CH3)
using InFusion (Takeda Bio, 638911). For expression with the
germline CmLC, amplified VH were inserted into a vector
containing both the germline CmLC and human Fc (IgGl
CH2-CH3).

Expression of scFvFc antibodies: Recombinant antibodies
were expressed in the Expi293 expression system (Thermo
Fisher, A14525) as previously described.**

Biosensor analysis: Binding kinetics and interaction analysis
studies were performed by high-throughput surface plasmon
resonance (SPR) on Carterra’s LSA platform equipped with
HC-30 M or HCX-30 M (pre-activated) sensor chips. The
method has been previously described in detail elsewhere.*
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As before, subdomain specificity was determined by merging
the antibody cohort with a panel of previously characterized
standards.'” To calculate binding affinity, a chip coupled with
goat anti-human IgG Fc-specific polyclonal (Southern Biotech
2047-01) was used as the capture reagent.
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