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ABSTRACT

Transgenic animals incorporating human antibody genes are extremely attractive for drug development
because they obviate subsequent antibody humanization procedures required for therapeutic translation.
Transgenic platforms have previously been established using mice, but also more recently rats, chickens,
and cows and are now in abundant use for drug development. However, rabbit-based antibody genera-
tion, with a strong track record for specificity and affinity, is able to include gene conversion mediated
sequence diversification, thereby enhancing binder maturation and improving the variance/selection of
output antibodies in a different way than in rodents. Since it additionally frequently permits good binder
generation against antigens that are only weakly immunogenic in other organisms, it is a highly inter-
esting species for therapeutic antibody generation. We report here on the generation, utilization, and
analysis of the first transgenic rabbit strain for human antibody production. Through the knockout of
endogenous IgM genes and the introduction of human immunoglobulin sequences, this rabbit strain has
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been engineered to generate a highly diverse human IgG antibody repertoire. We further incorporated humanness; drug discovery

human CD79a/b and Bcl2 (B-cell ymphoma 2) genes, which enhance B-cell receptor expression and B-cell
survival. Following immunization against the angiogenic factor BMP9 (Bone Morphogenetic Proteins 9),
we were able to isolate a set of exquisitely affine and specific neutralizing antibodies from these rabbits.
Sequence analysis of these binders revealed that both somatic hypermutation and gene conversion are
fully operational in this strain, without compromising the very high degree of humanness. This powerful
new transgenic strategy will allow further expansion of the use of endogenous immune mechanisms in
drug development.

Introduction numerous quality control checkpoints, such as positive and
negative selection mechanisms, ensure the nonrandom selec-
tion and enrichment of B cells that produce antibodies with
therapeutically desirable properties.” Ideal antibody candidates
are often required to bind with high affinity to a specific epi-
tope, cross-react to a non-human orthologue, lack binding to
human paralogues, and fulfill stringent drug development cri-
teria; developable therapeutic antibodies are rare events in the
immune repertoire.

Rabbit monoclonal antibodies are used extensively for
diagnostic applications due to the high affinity and specificity
that can be achieved,” specially toward antigens that are
weakly immunogenic in mice. They are also highly preferred
for therapeutic drug development since antibodies that are
cross-reactive with the respective murine orthologs are more
frequently produced in rabbits than in mice due to

Monoclonal antibodies are an important and expanding ther-
apeutic modality that has profoundly affected drug develop-
ment in therapeutic areas such as oncology and immunology.
Approved (and marketed) antibody drugs consist mainly of
IgG class humanized or human antibodies. Investigational
antibody therapeutics in clinical trials are typically human
antibodies,’ with a humanness of 90-100%,” and are derived
from in vitro antibody libraries using display technologies or
in vivo from immunized transgenic mice.

Engineered animals using human antibody sequences for
generation of their endogenous humoral immune response
have allowed pharmaceutical research to harness the tremen-
dous power of the adaptive immune system. In vivo sequence
diversification, antigen-driven somatic hypermutation, and
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immunological tolerance.* One reason for these outstanding
features may lie in the B-cell ontogeny, which is different in
rabbits compared to humans, mouse, and rat. The neonatal
B-cell repertoire in rabbits is generated by lymphopoiesis in
fetal liver and bone marrow and is limited by preferential
Heavy-Chain Variable Regions (VHI) gene segment usage.
Between 4 and 8 weeks after birth, a complex primary anti-
body repertoire is developed by somatically diversifying the
neonatal repertoire through somatic hypermutation and
a somatic gene conversion (GC)-like mechanism in gut-
associated lymphoid tissue (GALT).>”” The primary antibody
repertoire is subsequently modified during antigen-
dependent immune responses in which VDJ genes further
diversify both by somatic hypermutation and GC (the sec-
ondary repertoire) ensuring a tight fit to the antigen of
interest.

Recently, the comprehensive rabbit antibody repertoire was
analyzed with next-generation sequencing technology. The
somatic mutations in rabbit VH and VK (Variable region
Kappa Chain) regions are higher than in their human and
mouse counterparts. Rabbit VH regions accumulate over 60%
more mutations than the respective human or mice VH
regions. Also, the rabbit VK regions show this feature espe-
cially in framework regions (FR)-1 and FR-3. A higher degree
of somatic mutations of the repertoire of rabbit VK regions
compared with humans and mice could also compensate for
the limited diversity of the germline genes used to generate the
rabbit functional repertoire.®

Genomically, rabbits are very well characterized. The rabbit
immunoglobulin heavy chain (IgH) locus contains over 200
IgH variable germline genes. Of them, over 50% are found to be
“non-functional.” In addition, more than 50 Ig (immunoglo-
bulin) Kappa V and 17 Ig Lambda V functional genes were
identified with genomic sequencing (ImMunoGeneTics infor-
mation system® (IMGT) database; http://www.imgt.org). The
diversity of rabbit VH repertoire is more limited compared to
other species, but the V light (VK) repertoire is more diverse
than that in mice and humans.”'°

We describe here for the first time the generation of trans-
genic rabbits producing human antibodies with VD] gene
rearrangements that are capable of further somatic hypermuta-
tion and GC being necessary for efficient antibody maturation.
Several known key genes for the regulation of a very diverse
and matured B-cell and antibody repertoire were included in

outnumbering of the transgenic B-cell count or hampering
the maturation of the transgenic B-cell repertoire. The combi-
nation of the knockout of the crucial rabbit IgM and the
introduction of additional transgenes like human Bcl2, as
well as CD79a and CD79b, were applied to enable the full
B-cell cycle maturation in the transgenic rabbit.

The performance of the transgenic rabbits was evaluated using
a target for angiogenesis in oncology, bone morphogenetic protein
9 (BMP9), as the antigen for immunization.'"*? Immunization
and lead identification were tailor-made to obtain lead candidates
with desired specifications. These were cross-reactive to cynomol-
gus and murine BMP9, with high-affinity binding to human
BMP9 in the subnanomolar range and no binding to the related
BMP10, as well as subnanomolar blocking of the BMP9-Alkl
interaction. A very diverse set of human antibodies with the
desired properties could be successfully retrieved from the rabbits
transgenic for human immunoglobulins.

Results

Generation of transgenic rabbits expressing human IgG
antibodies

For the generation of transgenic rabbits, superovulated females
were mated with males carrying the Basilea mutation, a strain
naturally deficient in the rabbit kappa light chain.'” Linearized
DNA coding for the fully human heavy chain (FHHCI1.1-bcl2),
for the fully human light chain construct (FHLCI1.1), or an
equimolar mixture of human CD79a/b bacterial artificial chro-
mosome (BAC) DNA were microinjected into oocytes. The
final configurations of the FHHCI.1-bcl2 and FHLC1.1 con-
structs are illustrated in Figure 1.

For the heavy chain, eight functional human gene segments
of the VH3 family, separated by rabbit introns and spacers and
preceded by rabbit promoters and leader peptides, were
inserted upstream of a rabbit D locus flanked by a fully
human Junction segment Heavy Chain (JH) locus. The rabbit
constant regions of IgG and IgM were replaced by the human
counterparts, respectively: the human IgGl and human IgM
constant regions, followed downstream by rabbit Ce, Ca4
constant and hs1,2 and 4 enhancer regions. A F2A (self-cleav-
ing peptide) — human Bcl2 gene (codon optimized) cassette,
was fused to the rabbit membrane exon M2 of the human Cp
locus. A 235 Kb Asi SI-Asc I fragment was isolated for micro-

a species-specific way to overcome challenges like injection. The D locus was not humanized mainly for two
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Figure 1. Final configuration of human heavy (FHHC1.1-bcl2) and light (FHLC1.1) chain constructs used for the generation of transgenic rabbits expressing human IgG

antibodies. Marked in red are human segments included in the constructs.


http://www.imgt.org

reasons: 1) Practically, it was impossible to integrate the large
size of the entire human DH locus into the transgenes, and 2)
Strategically, we wanted to take advantage of the high diversity
of the rabbit D elements.

For the light chain, 29 human kappa V genes (28 pseudo-
genes and 1 fully functional gene segment VK-O2 flanked
downstream by a rabbit RSS region from the V kappa 2
chain) separated by chicken Ig Kappa 1 spacers were located
upstream of a fully human Junction segment Kappa Chain (JK)
locus. The rabbit constant region of the kappa chain was
replaced by the human IgK1l counterpart. Rabbit enhancer
regulatory elements were included in the microinjected con-
struct. An 80 Kb Asi SI fragment was isolated for microinjec-
tion. As mentioned in the Materials and Methods section,
rationale and details on design of FHHCI.1-bcl2 and
FHLCI.1 constructs are described in Patent Number US
RE47, 131 E and on Supplementary material (Part 1, Fig.
14-18; numbering of figures and tables in the supplementary
materials starts with Fig. 14 and Table 5, respectively).

Transgenic founders and their first-generation offspring
were analyzed by: 1) PCR for the presence of both variable
and constant human IgG regions, 2) fluorescent in-situ hybri-
dization for single integration sites of the human heavy and
light chain transgenes on chromosomes other than those har-
boring the respective endogenous loci, and 3) quantitative PCR
for single copy integration of human heavy and light chain
transgenes (Supplementary material, Table 5, Part 3). The
selected transgenic founders listed in the table gave rise to
offspring which, after being bred with each other and with
animals carrying rabbit IgM knockout mutations,'* were able
to produce a diversified pre-immune repertoire of human anti-
body sequences (data not shown). The three transgenic rabbits
selected for BMP9 immunization were derived from breeding
combining all necessary genotypes: 1) FHHCI.1-bcl2 (hemi-
zygous or homozygous); 2) FHLC1.1 (homozygous); 3) human
CD79a/b (homozygous); and 4) rabbit IgM knockout (homo-
zygous or compound heterozygous). Details on genotype spe-
cifications are shown in Table 1.

Characterization of the transgenic B-cell compartment by
preimmune FACS analysis

At 15-19 weeks after birth, the peripheral B-cell population of
human IgG transgenic rabbits was characterized by fluores-
cence-activated cell sorting (FACS) analysis (Figure 2, Table 2).
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As described in Flisikowska et al.,'* only ~0.1 to 0.7% of
peripheral blood mononuclear cells (PBMCs) stained positive
for rabbit IgM, demonstrating that rbIgM had indeed been
knocked-out. In control wild-type animals, ~50% of PBMCs
were positive for rbIgM and transgenic rabbits delivered
~8-18% B cells positive for hulgM. Both frequencies of IgM-
positive B cells are typical for rabbit blood, implying that the
B-cell-knockout trait of the rbIgM-negative rabbits could be
rescued in the hulgM-positive transgenic animals.

However, there were two populations of B-cells displaying
cell surface IgG: 1) the major population of the B cells pro-
duced a chimeric antibody consisting of a human VD] region,
a human LC, but a rabbit IgG Fc part as confirmed by the
sequence analysis (data not shown), and 2) a very small popu-
lation of B cells generating a fully human IgG1. The polyclonal
anti-rbIgG Fc antibody used for the FACS analysis and for the
following single B-cell sort detects both the rabbit as well as the
human IgG Fc on the B cell surface. The rabbit IgG Fc was
detected with a higher intensity than the human IgG1 Fc. The
presence of the fully human IgG1 on the cell surface of a few
transgenic B cells was proved by a detection antibody that
specifically binds to human IgG1 Fc, but not to rabbit IgG Fc.

Other well-defined B cell-specific markers are human
CD79a and human CD79b, constituting the transgenic B cell
receptor together with hulgM. The introduction of the human
CD79a/b genes was essential for cell surface expression of
hulgM. Transgenic animals without these genes express
hulgM exclusively intracellularly (Supplementary material
Fig. 19, Part 7) irrespective of the presence of the human
light chain (enzyme-linked immunosorbent assay (ELISA)
data not shown). Transgenic B cells expressing huLC kappa
constitute 15-18% of all PBMCs. The frequencies of the human
B-cell receptor markers human CD79a/b as well as huLC kappa
matched the frequencies of the hulgM-positive B cells (9-18%
of all PBMCs). Overall, all human transgenes were expressed in
a rabbit wild-type like frequency on the transgenic B-cell
surface.

Preimmune ELISA Analysis

The capability of the transgenic B cells to build a functional
humoral immune response was confirmed by measuring serum
levels of different immune globulins at various ages. As shown
in Table 3, the three transgenic rabbits used for immunization
had robust human Ig serum levels irrespective of whether they

Table 1. Genotype specifications of immunized transgenic animals. Inmunized rabbits (Ali/Bas background) were homozygous (+/+) for hulgK (FHLC1.1) and
huCD79a/b (CD79ab) and hemizygous (+) for hulgG (FHHC1.1-bcl2) transgenes. Founders 1007658 and 1007340 differ on the chromosomal insertions of the
FHHC1.1-bcl2 transgene. For the rblgM KO (KOA: deletion mutation, KOI: insertion mutation), animals were either homo- or compound heterozygous. For details on

KO nomenclature please refer to Flisikowska et al.’

Rabbit ID ID

ID Transgenic  Sex  Mother  Father Tg Line Spec Ali  Bas

500350 F5 Female 500294 500280 23223 (FHLC1.1+/+), 1007658 (FHHC1.1-bcl2+), 1016657 (CD79ab+/+), 22826 (IgM-KOAA1+),22830 +/+ +/+
(IgM-KOAA7=)

500370 F4 Female 500180 500261 23223 (FHLC1.14+/+), 1007658 (FHHC1.1-bcl2+/+), 1016657 (CD79ab+/+), 22830 (IgM-KOAA7-/-)  +/+ +/+

500376 F5 Female 500294 797 23223 (FHLC1.1+/4), 1007340 (FHHC1.1-bcl2+), 1016657 (CD79ab+/+), 22826 (IgM-KOAA1+), 25039 +/+ +/+

(IgM-KOIAT=)
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Figure 2. (a) Characterization of the peripheral B-cell compartment of wild-type and transgenic rabbits using FACS analyses. FACS dot plots per column show
representative profiles of peripheral blood mononuclear cells (PBMCs) of one wild-type rabbit and three transgenic rabbits (500350, 500370, 500376). The FACS dot
plots in each row represent five different FACS double staining of live PBMCs using the cell-surface markers indicated. (b) Frequencies of different B-cell populations. The
B cell frequency is measured as percentage of the count of gated cell-surface marker X-positive B cells of all PBMCs.

Table 2. Frequency of B-cell populations (%) of wild-type and transgenic rabbits.

Wild-type Transgenic
500350 500370 500376
rblgM 519 0.7 0.1 0.4
rblgG (Fc) 0.6 1 1.2 0.3
hulgG (Fc) 0 0.1 0.1 0.1
hulgM (= huCD79b) 0 8.2 17.9 9.3
huCD79a 0 8.6 17.5 8.7
huLC kappa 0 14.8 17.3 17.6
rb/hulgG (Fc)/hulLC kappa 0 0.7 0.7 0.3

were hemizygous or homozygous for the human Ig transgenes
(confirmed by the respective ELISA results from other trans-
genic animals, data not shown).

Clearly, no rabbit IgM could be detected in the sera, whereas
robust human IgM, IgG and human kappa levels were detected
in all animals. In line with the FACS analysis, a significant level
of antibodies displaying a rabbit IgG Fc was also detected by
ELISA, and interestingly the concentration of this chimeric

antibody increased over time, whereas the amount of antibo-
dies containing a human IgG Fc decreased.

Immunization

Transgenic rabbits were subjected to three basic immuniza-
tions with recombinant human BMP9 pro-domain at weekly
intervals and were further boosted at monthly intervals.

As shown in Figure 3, all three transgenic rabbits selected for
immunization developed robust and increasing titers of anti-
gen-specific antibodies during the course of the six immuniza-
tions. While antigen-specific antibodies containing the human
IgG Fc from the transgene were clearly detectable in each
animal, the majority of the antigen-specific antibodies contained
rabbit IgG Fc domains. The chimeric nature of most of the
retrieved antibodies did not represent an obstacle for antibody
generation and isolation, as the constant domain of an antibody
can easily be exchanged by recombinant technology.

Table 3. Prior to immunization with BMP9, serum from the three selected transgenic rabbits was analyzed for the presence of rabbit and human IgG immunoglobulin

chains at different ages.

Serum conc., pg/ml

Rabbit age,
ID Tg Line Spec hulgG hulgM rblgG rbigM hukappa weeks
500350 23223 (FHLC1.1+/4), 1007658 (FHHC1.1-bcl2+), 1016657 (CD79ab+/+), 22826 (IgM-KOAA1+),22830 11 bdl 10 bdl 33 8
(IgM-KOAA7+) 73 70 810  bdl 380 16
bdl 84 840  bdl 220 28
500370 23223 (FHLC1.1+/+), 1007658 (FHHC1.1-bcl2+/+), 1016657 (CD79ab+/+), 22830 (IgM-KOAA7-/-) 810 23 1400  bdl 3300 8
270 150 1400 bdl 2200 12
17 180 3800 hdl 330 15
6 170 680  bdl 3700 24
500376 23223 (FHLC1.1+/4), 1007340 (FHHC1.1-bcl+), 1016657 (CD79ab+/+), 22826 (IgM-KOAA1+), 25039 2900 51 560  bdl 3100 8
(IgM-KOIA1+) 1800 1400 1200  bdl 5700 12
47 210 4300  bdl 870 15
62 1100 3200 bdl 11800 24




35000

30000

25000

20000

ter (1/N)

15000

T

10000

5000

#500350
12012/062

i :
T l
T
ok T i
OLLLLL | . Lll
3rd | 4th | 5th | 6th | 3rd | 4th | 5th | 6th | 3rd | 4th | 5th

12012/063

m Coating BMP9-0009-0004, Detection anti-rabbit Fc

m Coating BMP9-0009-0004, Detection anti-human Fc
Coating BMP9-0009-0004, Detection anti-human kappa

MABS (&) e1846900-5

o

6th
#500370 #500376

12012/064

Figure 3. ELISA titer for antigen specificity. Serum from the three immunized transgenic rabbits was analyzed for the presence of rabbit and human IgG immunoglobulin

chains during the course of immunization.

Generation of monoclonal rabbit antibodies binding to
BMP9

We used pro-BMP9 in adjuvant to raise an immune response
and generate a B cell repertoire in wild-type and transgenic
rabbits, with the objective to isolate a collection of specific
antibodies inhibiting BMP9 binding to its receptor and subse-
quent signaling. The choice of the antigen was motivated by the
possibility to inhibit all forms of BMP9, being aware that after
processing pro-BMP9 is present as a complex which dissociates
upon receptor binding.'?

After three immunizations, individual B-cell clones (anti-
body-secreting cells) were isolated by the B-cell cloning process
using peripheral B cells of rabbits immunized against BMP9, as
described in Seeber et al.'® The antibody detecting human IgG
(hulgG) was specific for the human Fc, whereas the antibody
binding to the rabbit IgG Fc was cross-reactive to hulgG. This
enabled the detection of the two transgenic B-cell populations
displaying human VK and VH IgGs, namely the one with
hulgG Fc and the one with rbIgG Fc, facilitating the B-cell
sorting step of the B-cell cloning approach.

In particular, the Rabbit/Human IgG and huLC kappa-
double positive B cells were used for single B-cell sorting to
be processed in the B-Cell Cloning approach as described in
Seeber et al.'®> Common frequencies of this sorted B-cell popu-
lations comprised 0.3 to 0.7% of all PBMCs.

In total, 10079 individual IgG-positive B cells from the two
blood samples of each of the three BMP9-immunized wild-type
rabbits and 9841 individual IgG/huCk-double-positive B cells
from the two blood samples of each of the three BMP9-
immunized transgenic rabbits were deposited in 96-well plates
to induce B-cell proliferation and IgG secretion during B-cell
culture. The identification of anti-BMP9 specific antibodies was
achieved by high throughput screening using three different
ELISA-based binding assays discriminating anti-human, mouse,
and cynomolgus BMP9 cross-specific antibodies (Figure 4). All six
immunized rabbits delivered BMP9-specific B-cell clones produ-
cing sufficient IgG over a broad range of concentrations (0.012 ug/

ml to >60 pg/ml). The average frequency of IgG-producing B-cell
clones from the BMP9-immunized transgenic rabbits (40-53%)
was comparable to the IgG frequency of the wild-type rabbits
(30-50%). Of the 7709 IgG-positive supernatants, 4372 (57%)
derived from the transgenic rabbits and 3337 (43%) from the
wild type. Also, the percentage of IgG-positive supernatants bind-
ing to the human BMP9 protein was quite similar between the
transgenic (9-20%) and the wild-type rabbis (10-23%). In sum-
mary, the results of the primary screening show that the yield of
BMP9-binding antibodies from the wild-type and the transgenic
rabbit strain is very similar. Differences of the immune response
of individual animals were evident, but were observed both in wild
type and in the transgenic strain.

We proceeded to analyze the cross-reactivity to cynomolgus
or murine BMP9 with the B-cell supernatants of the transgenic
rabbits. On average, 7-17% of the IgG-positive supernatants
showed binding to the cynomolgus BMP9 antigen and 6-12%
showed binding to the murine BMP9 antigen depending on the
individual transgenic animal. Based on the counts for human
BMP9 protein binders, 78% and 53% of these antibodies were
positive for binding to cynomolgus and murine BMP9 antigen,
respectively. Over 44% of the human BMP9-positive antibodies
were even triple reactive to human/cynomolgus/murine BMP9,
representing the most interesting population of antibodies with
regard to their use for further animal studies.

Secondary screening: IC50 and inhibition properties

A selection of 107 primary hits from the transgenic strains was
amplified by B-cell PCR, and transfected in mammalian
HEK293 cells for expression and purification in small scale.
The recombinant monoclonal antibodies were further charac-
terized for binding and their sequence analyzed, confirming
the human nature of their VH and VK sequences. The selected
hits were tested for their potential to interfere with the BMP9-
mediated SMAD-1 phosphorylation, as the SMADs are key
transmitters of the BMP9 signal.
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Figure 4. Yield of IgG-secreting and antigen-specific B-cell clones after primary screening. (a) Frequency of IgG-producing B-cell clones per total wells and (b) frequency
of human BMP9-binding and IgG-secreting B-cell clones per total wells from wild-type and transgenic rabbits. Frequency of cynomolgus (c) or murine (d) BMP9-binding
and IgG-producing B-cell clones per total wells from transgenic rabbits. For each parameter around 3500 wells were analyzed. The error bars represent the standard
deviation. The lower cut off value of IgG-positive wells was > 0.013 pg/ml IgG and varied between OD 0.110 and OD 0.550 for BMP9-positive wells depending on the

ELISA assay.

Using a specific pSMAD-1 (Ser463/465) assay, 56 fully
human antibodies were identified displaying inhibitory activity
on ALKI-positive immortalized endothelial EA.hy926 cells in
response to BMP9 stimulation (Figure 5(a), correlation plot of
pSMADI inhibition versus BMP9 binding). Moreover, almost
80% of those binders were confirmed to be triple reactive to
human/cynomolgus/murine BMP9, the remaining 20% dis-
playing cross-reactivity only to cynomolgus (data not shown).

One representative clone (in Figure 5(a) represented by the
ring) with high potency was further tested in a dose-response
curve as illustrated in Figure 5(b), confirming IC50 in the nM
range.
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Binding studies using surface plasmon resonance

The selected hits were analyzed for binding to pro-BMP9 by
Biacore to ascertain whether high potency in the pSMAD1
assay correlates with high binding affinity. In order to mini-
mize the risk of having avidity measured instead of affinity, 58
antigen-binding fragments (Fabs) were generated from the
selected anti-BMP9 antibodies, comprising 55 pSMAD1 inhi-
bitory and 3 non-inhibitory hits (BMP9.312, 335 and 353, see
Figure 6) deriving either from the second or third immuniza-
tion blood samples (Bleed 2 and 3). They were captured by
anti-human Fab antibody directly immobilized on CM3 sensor
chips.
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Figure 5. (a) Correlation plot single dose BMP9-binding ELISA versus SMAD1 inhibition assay. Only antibodies with binding results > 0.5 (optical density) and inhibition
>50% were selected for further evaluation. (b) Phospho-SMAD1-based IC50 analysis of a representative anti-BMP9 antibody shows inhibitory potency in the nM range.



The BIAevaluation software allowed the analysis of max-
imum analyte binding capacity (called Rmax), which in this
assay setup theoretically corresponds to saturation of all cap-
tured anti-BMP9 Fab molecules by one analyte molecule
(human BMP9 pro-domain). The experimentally obtained
Rmax value can be set in relation to the expected Rmax value
(saturation response) and expressed as ratio Rmax in percen-
tage, where 100% is rarely achieved in reality. Slightly lower or
higher values can be explained by partially mis-folded compo-
nents (decreasing maximally achievable R-value) or potential
unspecific binding (increasing the maximally achieved
R-value), respectively.

The ratio Rmax values for the anti-BMP9 interaction were
determined to be between 0 and 258% (Figure 6). Of the
selected Fabs, 52% showed binding of human BMP9 pro-
domain in good agreement with the pSMADI inhibition
assay as indicated by ratio Rmax values between 60 and 145%
in Figure 6, and by the high affinities ranking from nM to sub-
pM KD range (data not shown).

Interestingly, Fab 282 showed a comparatively high Ratio
Rmax. As shown by Kienast et al.,’? the pro-domains are
released by an intramolecular shuffling during the binding of
the BMP9 pro-domain to anti-BMP9 antibodies, implying that
the target of the binding corresponds to mature BMPY.
Calculating the Ratio Rmax of the Fab 282 with the molecular
mass of the BMP9 pro-domain, a value of 99% or 136% could
be obtained for the human BMP9 pro-domain complex or the
separate pro-domain, respectively, suggesting that the pro-
domain might be the protein antigen specifically recognized
by Fab 282. We then confirmed that Fab 282 does not bind the
mature BMPY, strengthening the hypothesis that binder 282 is
exclusively a pro-domain specific binder.

For detailed analysis, 14 surface plasmon resonance (SPR)
binding positive Fabs and two negative controls, were selected
to evaluate their kinetic binding properties and epitope groups.
For estimation of the detailed kinetic binding properties, the
selected Fabs were captured by anti-human Fab capture anti-
body directly immobilized on CM3 sensor chips. After evalua-
tion of the obtained binding curves with the Langmuir 1:1
model (RI = 0), the fitting curves showed deviations from the
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apparent binding curves to various extents, suggesting that
more than one binding event could occur (Figure 7(a)).
Binding curves were then analyzed using the Interaction
Map® software of Ridgeview Diagnostics AB, which confirmed
the existence of more than one binding event (Figure 7(b)).
The binding parameters generated by the BiaEvaluation soft-
ware taking into account the additional binding event (see
Table 4), confirmed the previously determined broad range
from nM to sub-pM KD, highlighting the potential of the
transgenic rabbits to generate very high-affinity antibodies.
For 11 of the 14 clones, a double-digit picomolar affinity or
even higher could be confirmed by using the Interaction Map
software.

For epitope binning analysis, the preincubated complex of
Fab and BMP9 pro-domain was injected to the Fab that was
captured by the directly immobilized anti-hFab antibody on
the CM3 sensor chip. To avoid undesired binding of the pre-
complexed Fab molecules, free binding sites of the capture
antibody were blocked. Then, the relative normalized binding
of the Fab:BMP9 pro-domain complex was compared to the
relative normalized binding of BMP9 pro-domain alone and
calculated as binding ratio. Thirteen Fabs with sufficient bind-
ing response were analyzed for their epitope binning properties
using a hierarchical clustering method as described in
Materials and Methods. These belonged to three different
epitope groups (bins), as shown in Figure 8.

The binders displayed a broad range of binding kinetics
within a given bin, including very high-affinity antibodies.
Figure 9 illustrates the diversity of the obtained binders at
affinity and epitope levels. The sequence diversity (concate-
nated complementarity-determining regions (CDRs) from
VH and VK sequences) of the binders is highlighted later in
Figure 13 (Sequence Diversity session) and in Supplementary
material, Fig. 20 (Part 10).

Sequence analysis of antigen-specific antibodies

Sequence analysis of the 107 primary hits revealed that 82% of
the selected hits delivered antibodies with fully human VH and
VK domains. The remaining 18% were chimeric antibodies

bleed2 SPR binder
bleed3 SPR binder
bleed2 SPR non binder

O O m e

bleed3 SPR non binder

150

Figure 6. Correlation of the pSMAD?1 inhibition with binding of BMP9 pro-domain using SPR measurements. Full and empty dot/quads indicate SPR binders and non-
binders respectively, derived either from the second (dot) or the third (quad) immunization blood samples (Bleed 2 and 3). Bmp9.312, 335 and 353 are 3 non-inhibitory

hits selected as reference.
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Figure 7. Detailed kinetic analysis of obtained binding curves using surface plasmon resonance, where the anti-human BMP9 Fab molecules were captured to chip
surface via anti-human Fab capture antibody and the binding of the human BMP9 pro-domain was analyzed. The obtained binding curves were evaluated using (a) the
B4000 BiaEvaluation software, where the black lines corresponds to the measured binding responses and the red lines to the fitting curves using Langmuir 1:1 fit model
with Rl = 0 and (b) the InteractionMap® of Ridgeview Diagnostics Ab.

Table 4. Kinetic interaction parameters of human BMP9 pro-domain and anti-BMP9 Fab molecules. Association (ka) and dissociation (kd) rate constants, and the
resulting dissociation equilibrium constants KD as determined by B4000 BlAevaluation Software using a 1:1 Langmuir fit. KD values represent avidity in addition to
affinity binding due to possible bivalent binding of dimeric BMP9 to the two captured Fab molecules. Ratio Rmax is calculated for mature human BMP9 after release of
pro-domain. Some of the obtained kinetic parameters are evaluated by the software but marked because they are outside of the limit of instrument (red labels).

Fab Ratio Rmax (%) Rmax (RU) ks (1/Ms) kg (1/5) Kp (pM)
Bmp9.276 79 9 3.1E+07 3.73-03 119
Bmp9.277 124 18 3.6E+06 5.1E-07 0.1
Bmp9.279 122 11 2A4E+07 1.5E-06 0.1
Bmp9.280 123 12 3.0E+07 1.0E-03 34
Bmp9.282 366 22 5.3E+05 1.5E-03 2904
Bmp9.284 140 13 3.6E+06 3.8E-05 1
Bmp9.286 130 4 5.1E+06 3.3E-04 65
Bmp9.288 95 14 1.2E+06 1.5E-07 0.1
Bmp9.289 125 16 8.5E+06 1.6E-06 0.2
Bmp9.290 120 15 3.3E+07 4.5E-04 14
Bmp9.305 114 15 9.7E+06 9.7E-06 1
Bmp9.306 78 14 1.9E+07 2.4E-06 0.1
Bmp9.312 131 12 2.9E+06 6.2E-04 214
Bmp9.314 41 8 1.4E+06 1.5E-06 1

P [upper Fab:BMP9*pro-domain] precomplexed P
(captured) BMPO- BMP9. BMPS. BMPS. BMPS. BMIP9. BMPO. BMPO. BMP9. BMP9. BMP9. BMPS. :
276 306 282 312 305 277 279 280 286 289 290 314 BMP9.276
BMP9276 0 1 1 1 |21 20 19 16 29 20 25 17 —
BMP9.306 2 1 7 |27 1 |33 28 25 |41 33 35 19
BMP9.282 O 1 o0 1 9 9 9 1 13 9 11 13 BMP9.280
BMP9312 O 14 0 o0 15 8 10 2 11 8 14 15 BMP9.290
BMP9.288 O 11 0 o0 3 0 0 ©0 0 0 1 18 i BMP9.289
BMP9.305 15 O 4 19 0 4 16 4 5 3 5 2 £
BMP9.277 12 |27 5 19 6 o0 o0 0 1 0 1 23 A BMPo:256
BMP9.279 24 18 138 42 | o 0 0 1 1 1 28 BMP9.277
BMP9.280 22 7 /3% 26 1 1 o 1 0o 2 |29 BMP9.284
BMP9.284 10 28 5 17 5 0 0 ©0 O 0 0 22 BMP2.305
BMPO.286 12 33 9 23 9 0 ©0 O 0 0 0 23
BMPO.289 15 36 11 25 11 0 ©0 ©0 0 0 1 26 BMPo.312
BMP9.200 16 |80 19 | 37 o o 2 o o 1 .29 BMPg.282
BMP9.288

Figure 8. Epitope binning analysis using SPR. The upper Fab was precomplexed with a 20fold molar access of BMP9 pro-domain and then the binding to the captured
Fab was analyzed. The values correspond to the ratio binding (%) calculated from the normalized binding of the Fab:BMP9 complex divided by the normalized binding
response of the BMP9 pro-domain alone.
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Figure 9. K,/Kos plot — epitope bins of selected hits. Highlighted were the antibodies according to their respective epitope bins analyzed by SPR.
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Figure 10. (a) Involvement of integrated V3 germlines in VDJ rearrangement. (b) Involvement of the 8 transgenic human germline VH sequences within the GC events.
(c) Whole number of GC events in the BMP9 specific human heavy chain variable regions.



e1846900-10 (&) F.ROS ET AL.

with an rbVH-huVK combination binding BMP9 and occur-
ring despite the knockout of the rabbit IgM gene in the trans-
genic strains. Interestingly, 83% of these rbVH-huVK
sequences contained a human JH (15/18) and only 3 of 18
sequences contained a rabbit JH. Only fully human, non-
redundant antibodies (in total 81) were further analyzed for
germline usage, GC, humanness, maturation and Heavy Chain
(HC) CDR3 diversity.

Analysis of Gene Conversion, Germline Usage and
Mutation Rate

We next commenced to analyze in more detail the diversity at
the sequence level of the antigen-specific repertoire including
the underlying maturation mechanisms like gene rearrange-
ments, GC and somatic hypermutation. The DNA sequences of
the V-elements of all human antigen-specific antibodies were
compared to the best matching region of the integrated
V germlines for germline usage analysis (V-elements involved
in VDJ-VJ rearrangements for the heavy and light chain,
respectively). Thereby, the mutation rate was also evaluated
and the heavy-chain variable domains were manually scruti-
nized for involvement in likely significant GC events. Though
we found many very significant GC events, we have to note that
some events were judgment calls based on expert knowledge as
the eight VH3 germlines are so closely related that in some
sequences we lacked sufficiently distinct markers that differ-
entiate the germline-like sequence fingerprints. An example of
a GC event and the evaluation criteria are shown in
Supplementary material, Part 10, Fig. 21. It illustrates a clone
with two very significant GC events causing three different
human germlines to be involved. The path through the
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sequence is marked by inverse black. The presumable basic
germline VH3-23 is almost lost due to two alternative human
germlines (VH3-15 and VH3-49) crossed in at the N-terminal
(3-15) and main part (3-49) of the V-region.

As shown in Figure 10(a), all of the 8 human VH3 germlines
are involved in the VDJ rearrangements, the most frequently
used is the VH3-23, the most proximal V germline to the
J segments in the integrated construct. VH3-23 is also the
most common VH3 element in human antibody repertoire.'®
By GC analysis, we demonstrated the involvement of all inte-
grated VH3 germlines in the calculated GC events (up to three
events recorded for a given VH) (Figure 10(b)) with a tendency
of greater usage of those in the middle of the transgenic VH
locus. About 75% of the clones show at least one GC event,
whereas one clone has 3 such events (Figure 10(c)).

Interestingly, at the beginning of the screening cascade,
those clones without any significant gene-conversion event
represent a quarter of all antigen-specific antibodies
(Supplementary material, Part 10, Fig. 22). Their frequency
along the screening chain converts to 46% among clones not
further selected after primary screening, and to 0% among
clones selected after functional assay.

We further looked at the impact of GC on mutation rate on
both the CDR and FR (Framework Region) regions as illu-
strated in Figure 11(a,b). The DNA mutation rate in percentage
compared to the reference best matching human germline was
calculated for all CDRs and FRs of the BMP9 human binders
(Figure 11(a)). The mutation rate was significantly higher in
the CDR than the FR regions. In CDR2, the mutation rate is
clearly increased for sequences having undergone 3 GC events,
demonstrating the contribution of this mechanism to sequence
diversity in addition to somatic hypermutation. In reverse, GC
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Figure 11. (a) Percentage of DNA mutation rate in CDRs and FRs of antibodies binding to BMP9; (b) Percentage of protein mutation rate in CDRs and FRs of about 1700

antigens specific antibodies from 10 different immunization campaign.



does not increase the mutation rate in the FR regions. To
confirm the result, a quite comparable distribution was
observed when a similar analysis was performed (on protein
level) on 1700 human antigen-specific binders from 10 differ-
ent immunization campaign (ca. 30 transgenic rabbits) (Figure
11(b)).

Germline Usage and mutation rate analysis for the light
chain are delivered in Supplementary material, Part 10, Fig.
23-24.

Analysis of humanness

We are aware that the definition and the method of evalua-
tion of the “degree of humanness” of a therapeutic antibody
are still a matter of debate,'” but nevertheless we investi-
gated the degree of humanness of the fully human antigen-
specific antibodies by measuring the percentage of homol-
ogy of V and V + ] elements to the best matching human
germline for both heavy and light chain at the protein level
(Figure 12(a,b)).

For the heavy and light chain, over 95% of all antibody
sequences show a homology to a single human germline
V-element larger than 85% (the cutoff of homology defined
by the American Medical Association required for an antibody
to be considered as “human”). This was also observed for the
56 fully human antibodies displaying inhibitory activity (data
not shown). A set of commercial antibodies (Supplementary
material, Part 10, Fig. 25) was similarly analyzed with two in-
house-developed approaches and with the method described
by Abhinandan and Martin,'® and they exhibited a degree of

MABS (&) e1846900-11

humanness comparable to the in-house generated BMP9 anti-
bodies. Having shown that GC mainly occurs in the CDRs, we
demonstrate here that this does not lead to a reduction in the
humanness of the selected antibodies.

D elements are specifically involved in the junctional
diversity process arising when the fusion of V, D, and
J segments is not exact. Such “imprecise joining” of gene
segments can result from the deletion of nucleotides in the
joint region, and/or the addition of P and/or N nucleotides
during V(D)] recombination, and leads to the high variabil-
ity of HC-CDR3 sequences. As the D elements in transgenic
rabbits are not humanized, we wanted to investigate if the
rabbit origin of D elements in HC-CDR3s from transgenic
rabbits human antibodies could still be recognized. We ana-
lyzed a dataset of over 900 HC-CDR3 amino acids sequences
from transgenic rabbit monoclonal antibodies, isolated from
several animals and several in-house (Roche) projects and, as
reference, over 5000 human HC-CDR3s selected by annota-
tion from the IMGT database. Each single HC-CDR3
sequence was run against the human and the rabbit
D-element collections by the homology search application
FASTA and the top score collected as a measure for the fit
of the best match. Details on the method and scores dis-
tribution are provided in Supplementary material (Fig. 26,
Part 10). The distribution of HC-CDR3s scores vs
D-elements shows that the majority of HC-CDR3 sequences
(over 90%) cannot be assigned to their respective human or
rabbit origin. Only a small fraction (<15%) of rabbit trans-
genic HC-CDR3s score better against rabbit D-elements, and
a similar portion of human HC-CDR3s score better against
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Figure 12. “Humanness” of fully human BMP9-specific binders compared to the best matching human VH (a) and VK (b) germlines. The 85% cut off corresponds to the
percentage of homology defined by the American Medical Association (AMA) required for an antibody to be considered as “human”.
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human D-elements. These results reveal not only the high
efficiency of the VDJ rearrangement machinery of rabbits,
but also that the presence of a rabbit DH in the transgenic
construct is not detrimental for a high degree of humanness
of the HC-CDR3 repertoire.

Sequence diversity of the human binders

A phylogenetic analysis of concatenated CDRs from VH
and VK sequences of the human binders is illustrated in
Figure 13. The phylogenetic tree clearly shows several main
clusters, but also unique binders, which is a regular pattern
of antigen-specific B cells retrieved from blood reflecting
the clonal development as a consequence of the immune
response. Highlighted in the tree are the selected functional
binders. An explicit relationship of concatenated CDRs
given in number of mismatches between 2 sets of CDRs is
depicted in Fig. 20, Supplementary material Part 10. The
analysis of the length of the corresponding HC-CDR3
sequences reveals a quite broad distribution of 3-18

B

0.2

amino acids in length with few main clusters, confirming
the clusters distribution displayed by the sequence tree.

Discussion

Animals transgenic for human variable gene segments permit
the exploitation of three fundamental mechanisms of antibody
generation. These are: 1) positive selection, which ensures that
circulating B cells display and secrete viable and antigen-
specific antibodies; 2) negative selection, which eliminates
antibodies specific for self-antigens or untoward binding to
matrix proteins; and 3) affinity maturation caused by gene
rearrangement and somatic hypermutation. The rabbit is an
interesting species for generation of high-quality antibodies,
due to its specific immune repertoire maturation® ">’
mechanisms, including GC.

In this study, we demonstrated that genome integrated
transgenic human VH and VK segments successfully rearrange
with D and JH, and JK genes, respectively. The peripheral
transgenic B cells had a similar frequency as their wild-type
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Figure 13. Analysis of sequence diversity of Ag-specific binders: phylogenetic tree of concatenated CDRs from VH and VK sequences. Highlighted (green dot) are the

selected functional binders.



counterparts, and moreover the human/chimeric IgM and IgG
serum titers were comparable as well. This shows that the
transgenes did not affect the ability of the rabbit B cells to
survive and proliferate, confirming that: 1) the vector design,
and 2) the expression strategy enabled successful cell-surface
expression and signaling capability of the human B cell recep-
tor on transgenic rabbit B cells.

Several regulatory elements in immunoglobulin genes have
been described. In particular, the enhancers downstream of the
heavy-chain constant region and intronic enhancers in light
chain genes**~** are extremely important. Studies in mice have
shown that the membrane and cytoplasmic tail of membrane-
bound immunoglobulins play an important role in expression
levels of human-mouse chimeric antibodies in mice transgenic
for the human Cyl1 gene.”” JH germline mutant mice produ-
cing human immunoglobulins have been described, indeed
expressing only low levels of human antibodies, probably due
to the lack of species-specific regulatory elements in the immu-
noglobulin loci that are necessary for efficient expression of
immunoglobulins.”® Moreover, we expected that especially in
animals that diversify their primary antibody repertoire by
mainly GC and hypermutation (additionally to gene
rearrangement),”’ a set of animal-specific regulatory mechan-
isms are used. For these reasons, rabbit/human chimeric trans-
genic vectors have been generated containing humanized
immunoglobulin loci flanked by endogenous regulatory and
antibody production machinery from the non-human, gene-
converting species, mainly rabbit and chicken (as with rabbits,
chicken also uses a GALT-driven B-cell repertoire).”®

Furthermore, for B-cell survival and B-cell maturation,
a functional B-cell receptor consisting of the cell-surface IgM
and the adjacent CD79a and CD79% is crucial.?**’
Combining 1) the abrogation of the endogenous B-cell reper-
toire by knockout of the rabbit IgM, 2) the introduction of
human CD79a/b, and 3) the co-transcription of human Bcl2,
we pushed the level of B cell survival and maturation®®*" to the
levels of the B-cell repertoire of wild-type rabbits. The final
transgenic rabbit strain is transgenic for human IgG VH3 and
VK1 family genes, human JH/K locus, human CD79a/b as well
as Bcl-2, showing a wild-type like humoral and B-cell immune
response. Unexpectedly, we observed that a majority of clones
still carried a rabbit constant domain, despite the lack of rabbit
IgM in the rabbit IgM knock-out rabbits. This does not pre-
clude the use of the strain for antibody generation, as the Fc
part of an antibody can be easily exchanged recombinantly.
Although to date we have not elucidated the mechanism,
possible explanations include cis-recombination and inter-
allelic class-switch recombination, which might point to
a selection pressure of a particular immunological check
point at the IgG Fc part during the rabbit B-cell cycle.”* >’

The analysis of the VD] sequence in the transgenic rabbits
revealed that approximately 82% of all sequences are correctly
joined together, delivering a human huVH-D-huJH sequence.
In matured IgG antibodies, the original rabbit-derived DH
sequence is highly altered and quite antibody-specific so that
it can hardly be assigned to a specific rabbit (or human) DH
germline sequence. Remarkably, 18% of all analyzed VDJ
sequences still displayed a rabbit VH, mostly joined by
a human JH (83%), pointing to a recombination event in the
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DH-gene segment. This is in line with the literature describing
recombination events downstream of VH genes and upstream
of JH*>** as a rare phenomenon during generation of rabbit
VD] sequences.

Diversification of the variable gene regions by somatic
hypermutation, and more importantly by GC, was found in
the majority of the selected clones. The overall DNA mutation
rate was significantly higher in the CDR than the FR regions for
both light and heavy chain, which is in line with the literature.
As observed from VH sequence analysis, all of the integrated
human VH were used in GC, yielding a considerable increase of
the mutation rate in the CDR regions, while not particularly
affecting the diversity of the framework regions. Similar results
have been observed also in transgenic chicken carrying immu-
noglobulin gene,*'™** and this may be due to the high homol-
ogy of the VH gene segments in their FR, or possibly also on the
main role of the CDR in the in vivo antibody selection process.

The frequency of GC events increased after selection for higher
affinity, potency, and function, and most importantly, it did not
lead to a reduction in the humanness of the isolated antibody
sequences, a pivotal aspect for drug development. Much more
data will be needed to ascertain whether there is a relationship
between frequency of GC events and antibody-positive selection,
for which we could not rule out an antigen-specific component at
this stage. Our observation, however, is entirely compatible with
GC being an important mechanism of the generation of diversity
and of the affinity maturation process***° in the rabbits trans-
genic for human immunoglobulin genes.

Due to the high complexity of the analysis dealing with 29
VK segments as donors for GC, GC data for the light chains are
not yet available. Current efforts for scrutinizing GC events in
an automated way should give us a deeper overview of the
impact of GC in the maturation of the human transgenic light
chains in the future.

The diverse set of antibodies generated led to the identification
of numerous functional antibodies inhibiting BMP9 as shown by
the pPSMAD assay. These antibodies recognized multiple epitopes
and were cross-reactive to the homologous BMP9 protein of
cynomolgus macaque and mouse. The antibodies covered
a wide range of affinities, including very high-affinity clones.
We are fully aware that the highest affinity values obtained are
at the limit of resolution of the Biacore technology. Therefore, we
used Fabs together with very low protein densities on the sensor
chips to minimize the risk of measuring avidity instead of affinity,
and deconvoluted what appeared to be an additional binding
event. This more precise investigation of the binding curves
confirmed the measured affinities, which were also in line with
the potency of the clones determined in the pSMAD assay.

In addition, we note that high affinity is only a proxy for
evaluating the performance of the strain. For a number of
applications and when functional assays are used early in the
screening tree, such as for agonist antibodies, the diversity of
the repertoire and the resulting function of the antibodies is
what primarily matters. Those cases currently comprise
a substantial proportion of antibody discovery projects. This
notwithstanding, we have generated further examples of anti-
bodies for which high affinity was expected as a property
resulting from the selection process, as shown in
Supplementary material, Part 10, Fig. 27.
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In summary, we have demonstrated in this work that the
antibody diversification mechanisms at play in rabbits can be
made to work on human transgenic immunoglobulin gene
segments, leading to the generation of a diverse set of func-
tional and very high affine human antibodies. Furthermore, we
show that the GC mechanism uses all transgenic human VHs
and is associated with a higher mutation rate in the CDR
regions. We detected up to three GC events in the heavy
chain. As an outcome, this diversification mechanism
enhanced the transgenic human antibody sequence diversity
without compromising the human character of the generated
antibodies, thereby delivering very specific and highly affine
BMP9-inhibiting human antibodies.

Materials and methods

Construction of modified human IgG loci using bacterial
artificial chromosomes

The transgenic immunoglobulin heavy and light chain con-
structs were intended to generate transgenic rabbits expressing
humanized antibodies. The transgenic vectors contain huma-
nized immunoglobulin loci, while leaving the endogenous reg-
ulatory and antibody production machinery of the non-human
animals essentially intact. Rationale and details on construc-
tion are described in Patent Number US RE47, 131 E, US
835456B2 and on Supplementary material (Part 1, Fig. 14-18).

Microinjection and embryo transfer

All animal procedures were approved by the Government of
Upper Bavaria (permit numbers 55.2-1-54-2531-26-04,
55.2-1-54-2531-9-09, and 55.2-1-54-2532-76-09) and per-
formed according to the European Union Normative for Care
and Use of Experimental Animals. Details on microinjection
and embryo transfer procedures are included in
Supplementary material, Part 2.

Analysis of transgenic founders and lines

The integration of the different transgenic human regions was
verified by PCR analysis. The numbers of integrated
FHHCI1.1-bcl2 and FHLCI.1 transgene copies were deter-
mined as Comparative Ct experiments on an ABI Prism 7500
Real-Time PCR system in comparison to the endogenous rab-
bit C-gamma and C-kappa loci (2 copies per genome) using
Universal ROX-Mix reagent (Roche) according to the instruc-
tions by the manufacturers. Primers, probes, and PCR condi-
tions for the different PCR assays are indicated in Table 6 in
Supplementary material, Part 4.

Fluorescent in situ hybridization was performed with chro-
mosome preparations derived from peripheral blood cells of
transgenic rabbits (at least two animals from each line), by an
external service provider, Chrombios GmbH (Nussdorf am
Inn), according to their standard procedures. Each preparation
was analyzed with two fluorescently labeled BAC-derived
probes, one for the wild-type locus and one for the transgene.
For each preparation, approximately 10 metaphases were
evaluated.

Breeding and genotype specifications

Rabbits were bred and maintained in an American Association
for Accreditation of Laboratory Animal Care International-
accredited facility under specific pathogen-free conditions.
Starting from founding animals, rabbits were bred to succes-
sively combine all transgenic and knockout loci.

(1) rbIgM KO x rbIgK KO (Basilea mutation'®)

(2) hulgG x hulgK

(3) hulgG/hulgK x rbIgM KO/rbIgK KO

(4) hulgG/hulgK/rbIgM KO/rbIgK KO x huCD79a/b

Immunized rabbits were hemizygous (+) or homozygous (+/+)
for hulgG transgene, homozygous (+/+) for huCD79a/b and
hulgK and homozygous or compound heterozygous for rbIgM
KO (Table 1).

Details on husbandry conditions and breeding, Parents and
Predecessors of immunized rabbits are provided in
Supplementary material, Part 5, Table 7-8.

Cloning and purification of recombinant BMP9 variants
and pro-domain

Cloning, expression, and purification of BMP9 pro-domain
(amino acids 23-319) and mature protein (amino acids
320-429) were performed at Roche Innovation Center
Munich as described previously.'"'* The pro-BMP9 gene is
rather conserved in several species. The identity of the amino
acid sequence of human and cynomolgus pro-BMP9 is 96.1%
and of human and mouse pro-BMP9 is 81.8%.

Serum analytics of transgenic rabbits

Antibodies, reagents, and conditions used for ELISA IgM and
IgG serum analytics are described in Supplementary material,
Part 6, Table 9. For antigen-specific serum titers analysis,
human BMP9 pro-domain was immobilized on a 96-well
NUNC Maxisorp plate at 2.5 pg/ml. Antisera, were serially
diluted in 0.5% Crotein C in Phosphate-buffered Saline
(PBS), 100 pl/well; detection was performed with one of the
following reagents: 1) horseradish peroxidase (HRP)-
conjugated donkey anti-rabbit IgG antibody (Jackson
ImmunoResearch/Dianova 711-036-152; 1/16 000); 2) HRP-
conjugated rabbit anti-human IgG antibody (Pierce/Thermo
Scientific 31423; 1/5000); or 3) biotinylated goat anti-human
kappa antibody (Southern Biotech/Biozol 2063-08, 1/5 000)
and streptavidin-HRP, each diluted in 0.5% Crotein C in PBS,
100 pl/well. Titer was defined as dilution of antisera resulting in
half-maximal signal.

Immunization

3 New Zealand White rabbits and 3 transgenic rabbits were
immunized at day 0 (by intradermal application) with 400 ug
and at days 7, 14, 42, 70, and 98 (by alternating intramuscular
and subcutaneous applications) with 200 pg of a recombinant
human BMP9 pro-domain preparation, emulsified with com-
plete Freund’s adjuvant. Blood (10% of estimated total blood



volume) was taken at days 20, 48, 76, and 104 for serum
preparation and peripheral mononuclear cells isolation.

Isolation, immune fluorescence staining and flow
cytometry of PBMC

PBMCs were isolated from ethylenediaminetetraacetic acid-
containing blood samples following instructions described
previously.'® After depletion of macrophages and monocytes,
cell suspensions from immunized animals were further
enriched on sterile cell culture 6-well plates coated with 2 g/
ml of human BMP9 pro-domain protein following the panning
procedure specified in Seeber et al."

For the pre-immune FACS analysis, the anti-rabbit IgG Fc
antibody Fluorescein Isothiocyanate (FITC)-labeled and the
anti-human CD79a antibody (A488) were from AbD Serotec.
The phycoerythrin (PE)-labeled anti-rabbit IgM was purchased
from BD Pharmingen (624048). The PE-labeled anti-human
CD79% antibody (335833) and the allophycocyanin-labeled
anti-human IgGl antibody (550931) were purchased from
BD Biosciences. The anti-human IgM antibody (FITC) was
from Biolegend (314506). The anti-human light chain antibody
(PE) and the DyLight488-labeled anti-human IgG1 Fab were
ordered from Dianova (109-486-170).

B cells retrieved from immunized animals were single-cell
sorted as previously described 15 using the FITC-labeled anti-
rabbit IgG from AbD Serotec (STAR121F). With this antibody
human IgG1 Fc- as well as rabbit IgG Fc-positive B-cells could
be detected, implying that this polyclonal anti-rbIgG-Fc anti-
body is cross-reactive to the cell surface-expressed human IgG1
Fc. However, staining intensity of hulgG Fc and rbIgG Fc was
different, allowing for differentiation of hulgG and rbIgG-
positive B cells.

B-cell cultivation and IgG quantification

The B-cell cultivation was performed as described in Seeber
et al.'® The supernatants of B-cell cultivation were used for
screening assays. The quality of the B-cell cloning process was
assessed by the frequency of IgG-secreting B-cell clones (% total
wells: all deposited B cells) and by the frequency of B-cell clones
secreting antigen-specific monoclonal antibodies (% IgG-
positive wells). After the removal of the supernatants, the
remaining cells of the B-cell clones were lysed by 100 pl RLT
buffer (Qiagen, Hilden, Germany) and stored in DNA LoBind
96-well deepwell plates (Eppendorf, Hamburg, Germany) at
—20°C for RNA preparation. For the quantification of the IgG,
a rabbit Fc-specific ELISA was performed as described in Seeber
et al."” ELISAs detecting human IgG were not conducted since
we experienced a very low frequency of transgenic B cells dis-
playing IgG with human Fc over the course of the analysis of the
transgenic rabbits (data not shown).

Antigen-binding immunoassays and statistical
calculations

The antigen-binding assay was performed by ELISA at
room temperature (RT)on 384-well Maxisorp plates
(ThermoScientific) coated overnight at 4°C with 100 ng/
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ml recombinant human/cynomolgus or 200 ng/ml recom-
binant murine BMP9 pro-domain complex diluted with
PBS buffer. Detection was with IgG conjugated with HRP
(Amersham, #NA9340) at 1:4000 in PBST (PBS + 0.05%
Tween 20) + 1% bovine serum albumin (BSA) for 1 hr. For
the determination of the cut-off values of positive antigen
binders after primary screening, we used a robust quartile-
based method for outlier detection.*” The method uses the
median as an estimate for the center of a given data set.
The spread of the data set is estimated by the interquartile
range (IQR) divided by 1.34898, which is akin to one
standard deviation if the data is normally distributed. We
define as outliers all data points that are greater than
median plus 3x spread. All calculations were performed
with the software JMP 10 (SAS Institute GmbH,
Boblingen, Germany). After secondary screening, all EC50
were calculated using a four-parameter logistic model from
GraphPad Prism 5.0.

PCR amplification of cognate VH and VK

Total RNA preparation from B cells lysate (resuspended in
RLT buffer - Qiagen - Cat. N° 79216) and cDNA synthesis
were performed as described previously.'” The cDNA of the
immunoglobulin heavy and light chain variable regions (VH
and VK) was amplified with the AccuPrime Supermix
(Invitrogen 12344-040) using the primer pairs rbHC.up and
rbHC.do for the heavy chain (rabbit Fc) and
BcPCR_FHLC leader.fw and BcPCR_huCkappa.rev for the
light chains (human C kappa). The primers and PCR condi-
tions are provided in Supplementary material Table 10, Part 8.
All forward primers were specific for the signal peptide (of
respectively VH and VK), whereas the reverse primers were
specific for the constant regions (of respectively VH and VK).
PCR products were purified using the NucleoSpin Extract IT kit
(Macherey&Nagel; 740609250) according to manufacturer’s
protocol.

Recombinant expression of monoclonal bivalent
antibodies

For recombinant expression of monoclonal bivalent antibo-
dies, PCR-products coding for VH or VK were cloned as
cDNA into expression vectors by the overhang cloning
method***’ and transiently co-transfected into HEK293 cells
as described in Seeber et al.'"” Three variants of the basic
expression plasmid were used: one plasmid contained the
rabbit IgG constant region designed to accept the VH regions,
a second plasmid contained a truncated (CH1-Hinge) rabbit
IgG constant region designed to accept the VH regions in the
Fabs, and finally a third plasmid contained a human kappa-1
LC constant region to accept the VK regions. After purification
by Protein A column standard protocols, supernatants were
further analyzed for antibody content and specificity.

High Throughput Screening

During screening, CyBio Well vario pipettors (Analyticjena)
were used for all plate-to-plate liquid transfers. Wash steps and
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liquid additions were carried out using Matrix WellMate™
devices (ThermoFisher). The final optical density read was
performed wusing EnVision Multimode Plate Reader
(PerkinElmer). All devices were part of a CyBio® Screen-
machine automation platform. Data management and visuali-
zation was supported using Tibco Spotfire data visualization
and analytics software (PerkinElmer).

Phospho-SMAD1(Ser463/465) assay

The anti-BMP9 antibody-mediated inhibition effect on the
PSMAD pathway was determined by quantification of the
PSMAD Ser463/465 phosphorylation in human endothelial
cell using a phospho-SMAD1(Ser463/465) Terbium SureFire
Ultra Detection (PerkinElmer). Briefly, 55x10(6) EAHy926
cells were seeded in a well of a 384 w culture plate in 30 pl
RPMI1640 and 0.5% FCS (Fetal Calf Serum. After 21 h culti-
vation in RPMI culture media, buffer was changed to 30 pl
1xHBSS/20 mM HEPES/1xPBS at RT (20 min) and incubated
with increasing concentrations of anti-BMP9 antibodies in
a volume of 5 ul and 5 pl 2.5 ng/ml BMP9 for 2 h at 37°C/5%
CO2. The cells were treated with 25 pl lysis buffer
(PerkinElmer) for 45 min at RT. The 20 pl volume was
transferred to a 384 w assay plate (PerkinElmer) to enable
the detection of pSMAD (Ser463/465). pSMAD was quanti-
fied by consecutively adding 5 pl acceptor beads and 5 pl
donor beads. After 1 hr incubation, the emission read out at
520-620 nm was sampled using an EnVision Multimode
Plate Reader (PerkinElmer). All IC50 values were calculated
using a four-parameter logistic model from GraphPad
Prism 7.0.

Surface plasmon resonance

All experiments were performed on Biacore B4000, T200 or
8 K instruments (GE Healthcare) in running buffer PBS
containing 0.05% Tween at 25°C. Samples were diluted in
running buffer containing 1 mg/ml BSA. When capture kits
were used, the chip surfaces were regenerated as recom-
mended by the vendor. Standard amine coupling procedures
were carried out as recommended by the vendor (GE
Healthcare) in HBS-N buffer (GE Healthcare BR-1003-69).
For kinetic measurements p-purified transgenic rabbit Fab
molecules were captured via human Fab Capture kit (GE
Healthcare 28958325) wusing CM3 sensor chip (GE
BR100536). Capture levels were adjusted to achieve
a maximal analyte response of 30 response units. The analytes
were injected as series with a dilution factor of three or 10
with an association phase of 150 s, followed by a dissociation
phase of 300-900 s at a flow rate of 30 or 50 pl/min. Data
were evaluated with Biacore Evaluation software (B4000 ver-
sion 1.1, T200 version 3.1, 8 K Insight Evaluation version
2.0.15.12933), including double referencing against blank and
against reference flow cell containing no capture molecule.
Kinetic constants were calculated from fitting to a 1:1
Langmuir binding model (RI = 0). The Ratio Rmax is defined
as Rmax experimental/Rmax theoretical, where 100% theore-
tical response maximum is calculated from the capture level
of the first interaction partner (as the Response Units are

directly proportional to molecular weight), assuming one
binding sites for the dimeric BMP9. For detailed analysis of
KD values, Interaction Map® software of Ridgeview
Diagnostics AB was used.

Epitope binning

For epitope binning analyses, Fab molecules were captured via
human Fab Capture kit (GE Healthcare) using CM3 sensor
chip. The BMP9 pro-domain complex was pre-incubated with
a 20-fold concentration excess of transgenic rabbit Fab mole-
cules. The binding of the Fabs was compared to the binding of
BMP9 pro-domain complex alone (relative binding ratio
value). To avoid back binding of the upper Fabs, free capture
molecules were blocked with ChromPure human IgG, (Jackson
ImmunoResearch 009-000-007).

The heat map and the bins were calculated using the hier-
archical clustering method of the software Tibco spotfire. To
determine the most probable number of binding modes, a table
was generated with one row for each antibody. Columns repre-
sent competing antibodies and give the degree of binding
affinity decreases by each competing antibody.

The rows in the table were then clustered with agglomerative
hierarchical clustering. The optimal cluster count was deter-
mined through systematic evaluation of combinations of five
agglomeration methods (average linkage, single linkage, com-
plete linkage, Ward’s method and weighted average linkage), five
distance metrics (Euclidean, Manhattan, correlation, Squared
Euclidean and Half Squared Euclidean) and all possible cluster
counts (from two to the number of rows in the table). The best
combination was determined with Silhouette scoring.*

Bioinformatic tools for sequence analysis

For the bioinformatics sequence analysis, all clones were avail-
able as complete DNA sequences of the heavy and light chain
variable regions. For the analysis of mutations in FR and CDR
regions, we compared the DNA sequences of each of these
regions to the best matching region of the eight human VH3
germlines. For the humanness analysis, we compared the com-
plete protein sequences of the VH-elements + FR4 (J-element)
to the best matching of all available human germlines. For all
analysis, CDRs are defined as the superset of Kabat and
Chothias definitions: according to Kabat H1 is 26-35B, H2 is
50-65, H3 is 95-102.

The DNA of all V-elements as part of the human variable
regions were manually scrutinized for the most likely GC
events by comparing the given sequence to the sequences of
the eight human VH3 elements available in the transgenic
rabbits. Consecutive stretches of none or comparable less
deviations between a distinct germline and the given sequence
of a clone were used to assign the most likely originating
germline at a certain position. Yet there is no clear-cut rule to
distinguish between an additional hypermutation in a germline
and calling a GC of another germline that has no hypermuta-
tion at this position. We accepted only significant and highly
likely GCs as such (shown in Supplement), but rejected ques-
tionable GCs. Thus, a certain degree of uncertainty remains
due to this heuristic methodology.



Abbreviations

ALK1 Activin receptor-Like Kinase 1
BAC Bacterial Artificial Chromosomes
Bcl2 B-cell lymphoma 2

BMP9 Bone Morphogenetic Proteins 9
CDR Complementarity-Determining Region
F2A Self —cleaving peptide

FACS Fluorescence-Activated Cell Sorting
FCS Fetal Calf Serum

FHHC Fully Human Heavy Chain

FHLC Fully Human Light Chain

FITC Fluorescein Isothiocyanate

FR Framework Region

FRT Flippase Recognition Target

GALT Gut-associated lymphoid tissue

GC Gene Conversion

HC Heavy Chain

HRP Horseradish Peroxidase

im. Intramuscular

Ig Immunoglobulin

IgH Immunoglobulin heavy chain locus
JH Junction segment Heavy Chain

JK Junction segment Kappa Chain
PBMC Peripheral Blood Mononuclear Cells
PBS Phosphate-buffered Saline

PE Phycoerythrin

RT Room Temperature

SPR Surface Plasmon Resonance

VH Variable region Heavy chain

VK Variable region Kappa chain
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