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We describe a Kappa-on-Heavy (KoH) mouse that produces a class
of highly diverse, fully human, antibody-like agents. This mouse
was made by replacing the germline variable sequences of both
the Ig heavy-chain (IgH) and Ig kappa (IgK) loci with the human IgK
germline variable sequences, producing antibody-like molecules
with an antigen binding site made up of 2 kappa variable domains.
These molecules, named KoH bodies, structurally mimic naturally
existing Bence-Jones light-chain dimers in their variable domains
and remain wild-type in their antibody constant domains. Unlike
artificially diversified, nonimmunoglobulin alternative scaffolds (e.g.,
DARPins), KoH bodies consist of a configuration of normal Ig scaf-
folds that undergo natural diversification in B cells. Monoclonal KoH
bodies have properties similar to those of conventional antibodies
but exhibit an enhanced ability to bind small molecules such as the
endogenous cardiotonic steroid marinobufagenin (MBG) and nico-
tine. A comparison of crystal structures of MBG bound to a KoH
Fab versus a conventional Fab showed that the KoH body has a much
deeper binding pocket, allowing MBG to be held 4 A further down
into the combining site between the 2 variable domains.
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ntibodies are well-established therapeutics, with more than
47 monoclonal antibodies (mAbs) approved for human use
and hundreds more in clinical development (1). Antibodies are
highly specific, naturally evolved molecules comprising identical
antigen-binding fragments (Fabs) linked via a flexible linker (the
hinge) to the fragment crystallizable (Fc) region (2). The entire
structure comprises pairs of polypeptide chains, each containing
a longer heavy and shorter light chain. Within the Fab domain,
both the heavy and light chains contain 3 regions of highly var-
iable amino acid sequence designated the complementarity-
determining regions (CDRs). These regions confer the highest
diversity and define the specificity of antibody binding.
Interestingly, in some human disease states, such as multiple
myeloma and other plasma cell dyscrasias, immunoglobulins
containing paired light chains instead of the normal heavy and light-
chain pairing are detected. These proteins, called Bence-Jones pro-
teins (i.e., light-chain dimers), were reported more than a century ago
(3) and occur due to the overproduction of free light chain. Low
levels of free light chains (in the range of 10 pg/mL) are also found in
the blood of healthy individuals. Previously, using Velocigene
technology (4), we generated mice in which 6 megabases of se-
quence encoding mouse germline variable domain genes (VH,
DH, JH, VK, and JK) had been precisely replaced with 1.5 megabases
of the equivalent human genomic regions (5). These mice,
termed VelocImmune (VI) (Regeneron Pharmaceuticals) mice,
function to produce antibodies harboring fully human variable
regions with efficiencies identical to wild-type mice (6). To date,
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VI mice have generated more than a dozen human antibodies for
clinical development (7-13), including the anti-PCSK9 inhibitor
alirocumab (13) and the anti-ILAR« inhibitor dupilumab (8). The
precise engineering and full efficiency of VI mice has allowed us to
further engineer the Ig loci in a variety of ways to produce antibody-
like molecules containing human components that undergo in vivo
B cell selection. In this study, the Ig heavy-chain (IgH) locus of the
VI mice was further engineered by replacing the humanized IgH
variable regions with the human IgK variable region while leaving
the mouse IgH constant genes intact. The lambda chain was
not modified and thus remains completely mouse. These mice,
termed Kappa-on-Heavy (KoH) mice, make antibody-like molecules
(termed KoH bodies) with human variable domains resembling

Significance

Conventional antibodies often fail to bind small molecule tar-
gets with sufficiently high affinity and specificity. To address
this need, we have developed a Kappa-on-Heavy (KoH) mouse
which produces antibody-like molecules with fully human
light-chain variable dimers termed KoH bodies. For MBG and
nicotine, KoH mice produce more clonotypes of antigen-
specific antibodies than mice expressing a conventional IgG
format. Selected MBG-specific KoH bodies have biophysical
properties similar to conventional antibodies but bind MBG
with higher affinity. Crystallographic analysis of MBG bound to
a KoH Fab reveals that the light-chain variable dimer has a
deeper binding pocket than a conventional Fab. Thus, KoH
bodies have a unique binding interface, enabling them to bind
small molecules with higher efficiency than conventional
antibodies.
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Bence-Jones proteins: 2 kappa variable (VK) domains paired to each
other instead of a pair of the heavy-light variable domains seen in
conventional antibodies (Fig. 1B). However, unlike Bence-Jones
proteins, KoH bodies contain 2 different VKs paired with each
other, one connected to a mouse kappa light-chain constant domain
and the other connected to a mouse heavy-chain constant domain.
The human VK domains from KoH mice can be readily reformatted
with human constant domains to make fully human KoH bodies.

KoH mice have normal numbers of total B cells in their spleens
despite alterations of pre- and pro-B cell populations in the bone
marrow, suggesting partial impairment in either KoH rearrange-
ment, pairing with surrogate light chain, or pairing with normal
light chains. In support of the latter, KoH mice show little to no
expression of mouse lambda light chains (SI Appendix, Fig. S2B).
Nevertheless, KoH mice can generate antigen-binding KoH
bodies to a variety of antigens. Monoclonal KoH bodies have in
vitro (affinity, stability, solubility, etc.) and in vivo pharmacoki-
netic (PK) properties similar to those of conventional antibodies
but exhibit an enhanced ability to bind small molecule targets
such as the endogenous cardiotonic steroid Na/K-ATPase in-
hibitor marinobufagenin (MBG) (14) and nicotine. The structure
of a KoH body:MBG complex reveals that high-affinity binding
is achieved by an unusual mechanism wherein the steroid is
bound deeply end-on into a pocket at the interface between the 2
VK domains (see Fig. 7B).

Unlike alternative, nonantibody scaffolds that must be artifi-
cially diversified in vitro by mutagenesis (15), KoH bodies consist
of a configuration of normal, fully human antibody scaffolds that
undergo natural diversification in B cells in vivo. Thus, KoH body-

derived therapeutics are predicted to have a much lower risk of
immunogenicity than drugs based on nonantibody scaffolds (16,
17). In summary, KoH bodies represent a class of highly diverse,
fully human therapeutic agents with distinct binding properties.

Results

Genetic Engineering of the Mouse IgH Locus to Create KoH Mice. The
KoH locus was generated in ES cells as summarized in Fig. 14
and described in detail in SI Appendix, Fig. S1 and Tables S1-S3.
The variable region of the mouse IgH locus was deleted by
inserting a loxp site ~9 kb downstream of the first V gene (IgHV1-
86); inserting a second loxp site ~200 bp downstream of the last J
gene, IgHJ4; and then using transient Cre recombinase expression
to delete ~2.5 Mb containing all mouse VH, DH, and JH genes
except for VH1-86 (SI Appendix, Fig. S1, steps 1 to 3 and SI Ap-
pendix, Table S1). To insert the human IgK V and J genes, the
4 overlapping human BACvecs that were previously used to hu-
manize the mouse IgK locus (5) were modified by replacing the 5’
and 3’ mouse IgK homology arms with mouse IgH homology arms.
Sequential targeting of these 4 BACvecs into the deleted mouse
IgH locus resulted in the replacement of ~2.5 Mb of mouse IgH
sequence with ~0.48 Mb of human IgK sequence including the
entire proximal VK cluster (VK2-40 to VK4-1) and all 5 JK genes
(SI Appendix, Fig. S1, steps 4 to 7 and SI Appendix, Table S1).
The mouse IgH locus contains 2 Adam6 genes (Adamé6a and
Adamo6b) in the V-D intergenic region that, as previously reported,
improved male fertility to a normal level when present (18). To
restore these genes in the KoH locus, ~65 kb of the mouse IgH
V-D intergenic region including Adam6a and Adam6b was
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inserted back into the human IgK V-J intergenic region of the
KoH locus (SI Appendix, Fig. S1, step 8 and SI Appendix, Table
S1). Finally, the 2 selection cassettes (Frt-flanked hygromycin at
the 5 mouse-human junction and Frt-flanked neomycin in be-
tween the mouse Adam6 genes) were removed by transient Flp
recombinase expression (SI Appendix, Fig. S1, step 9). The
modified ES cells from step 9 were used to make KoH mice,
which were bred to VI mice to make mice homozygous for both
the KoH locus and humanized IgK locus.

Fig. 1B shows a schematic of the Ig-related protein products of
KoH mice compared to those of VI mice, normal humans, and
Bence-Jones proteins. KoH bodies have an antigen-binding site
made up of 2 VK domains, similar to Bence-Jones proteins;
however, the KoH body antigen-binding site is a heterodimer of
2 different VK domains, whereas a Bence-Jones protein is a
homodimer. Furthermore, the 2 protein chains in a KoH body
have IgK and IgH constant domains (CK and CH1-hinge-CH2-
CH3, respectively) like a conventional IgG, while Bence-Jones
dimers contain 2 CK domains.

B Cell Populations in KoH Mice. Flow cytometry analysis of the
spleen showed similar numbers of total CD19* B cells (Fig. 24),
CD19* IgM™ IgD"€" mature B cells, and CD19" IgM"ieh gDt
immature B cells in KoH and VI mice (S Appendix, Fig. S24).
CD19* B cells in the spleen of KoH mice lack Igh expression,
whereas VI mice show normal numbers of Igh-positive B cells (S
Appendix, Fig. S24). A 1.4-fold decrease of CD19" B cells and a
2-fold decrease of pre-B cells (IgM~ CD43™ B220™") were ob-
served in the bone marrow of KoH mice compared to that of VI
mice (Fig. 2B). The IgM* B220™¢" mature and IgM* B220™
immature populations of B cells were decreased 2.4-fold and 5-
fold, respectively, in the bone marrow of KoH mice (SI Appendix,
Fig. S2B). As in spleen, Igh expression was essentially absent on
IgM* B220™ immature and IgM* B220™" mature B cells in the
bone marrow of KoH mice (SI Appendix, Fig. S2B). These results
indicate that although there is a delay in B cell development in the
bone marrow, B cell numbers eventually normalize in the spleen.

KoH Heavy Chains Show Greater Diversity but Altered Repertoire
Utilization Compared to Kappa in VI Mice. The variable region
repertoires of heavy and light chains in KoH mice were assessed by
analysis of productive transcripts (where variable region coding
sequences are in frame with constant region coding sequences)
from splenic B cells (CD19*) of naive KoH mice. A 5’ rapid am-
plification of cDNA ends (5'RACE)-based method (SI Appendix, SI
Materials and Methods) using constant region-specific primers was
employed to amplify antibody-coding transcripts. As expected,
bioinformatic analysis of the sequencing data showed that the entire
primary antibody repertoire in splenic B cells of KoH mice utilized
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Fig. 2. Normal B cell development in the spleen of KoH mice, compared to
VI mice, despite altered B cell development in the bone marrow. (A)
Quantitation of total cells and CD19" B cells per spleen of KoH vs. VI,
assessed by flow cytometry. (B) Quantitation of CD19" B cells, IgM~ CD43Migh
B220™™ Pro B cells, and IgM~ CD43™ B220™™ Pre B cells as a ratio of total
bone marrow cells of KoH vs. VI mice, assessed by flow cytometry. Cross bar
shows median with interquartile range. n = 10 KoH and n = 8 VI mice.
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human gene segments. All 21 functional VK and all 5 JK gene
segments were present in both heavy- and light-chain transcripts at
various frequencies (Fig. 34). Interestingly, the relative frequency
of the most proximal VK, VK4-1, was significantly higher among
heavy-chain transcripts in KoH mice when compared with the
frequency of light-chain transcripts in KoH mice or in VI mice.
During B cell development in mice, expression of terminal
deoxynucleotidyl transferase (TdT), which is responsible for random
nongermline nucleotide incorporation (N addition) at recombina-
tion junctions, is down-regulated in the presence of heavy-chain
peptides, resulting in a much lower frequency of N additions during
light-chain recombination (19). Consistent with this result, ~60% of
KoH heavy-chain sequences possess at least 1 nongermline nucle-
otide at their VK/JK junctions, while this feature could only be
found in ~10% of KoH light-chain and VI light-chain sequences
(Fig. 3B). Moreover, we observed a greater than 2-fold increase in
diversity of KoH heavy chains compared to that of conventional
Kappa-on-Kappa (KoK) light chains when B cell repertoire diversity
was assessed using the number of unique CDR3 per 10,000 ran-
domly chosen sequencing reads (Fig. 3C). However, this increased
N addition in KoH heavy-chain sequences did not significantly
increase the average length of CDR3, indicating a higher exo-
nuclease activity during KoH heavy-chain recombination and/or
selective pressure toward certain CDR3 lengths (Fig. 3D).

KoH Mice Produce High-Affinity and High-Specificity Antibodies to Small
Molecules. Marinobufagenin (MBG), an endogenous bufadienolide
Na/K-ATPase inhibitor, has been reported to be elevated during
preeclampsia and NaCl-sensitive hypertension. In addition, anti-
body blockade of MBG has been reported to reduce blood pressure
in pregnant hypertensive rats, a preclinical model of preeclampsia
(20). We sought to isolate high-affinity antibodies and KoH bodies
to MBG using VI and KoH mice.

Humoral immune responses in VI and KoH mice were in-
vestigated by immunization with a MBG-BSA conjugate. High
antibody titers were elicited to the immunogen in both strains.
Initially, the KoH mice produced a lower titer response, which was
rectified by incorporating a 4- to 5-wk resting phase followed by
additional boosts. This resulted in a final immune response that
was comparable to VI mice (Fig. 44). Total serum IgM and IgG
were measured in the VI and KoH mice before and after immu-
nization with MBG (Fig. 4 B and C). In both preimmune and
postimmune sera, IgM levels were more variable in KoH mice
compared to VI mice. However, the average levels were approx-
imately the same in both strains of mice (Fig. 4B). In preimmune
sera, IgG levels were somewhat lower in KoH mice relative to VI
mice, although here too the levels were more variable in KoH
mice (Fig. 4C). After immunization, IgG levels increased more
slowly in KoH mice but eventually attained levels similar to those
seen in VI mice. Thus, the delayed immune response in KoH mice
could possibly be due to a delay in class switching to IgG.

To assess antigen-specific antibody responses, spleens were
harvested from immunized VI and KoH mice, and antibody
cDNAs were cloned from antigen-sorted B cells and expressed in
CHO cells. For MBG, individual supernatants representing
155 cloned VI antibodies and 339 cloned KoH bodies were
screened for binding to MBG-BSA coated polystyrene beads
(xMAP technology; Luminex Corporation). Antibodies were
classified as antigen-positive if they bound MBG-coated beads
with mean fluorescent intensity (MFI) greater than 1,000 units,
representing a more than 500-fold increase over background
binding (Table 1). Among the 155 antibodies cloned from VI
mice, only 2 antibodies (1.3%), one from each mouse, bound the
MBG-coated beads with MFI greater than 1,000 units. In con-
trast, among the 339 antibodies isolated from the 4 KoH mice, 74
(22%) demonstrated significant binding to MBG-coated beads
(Table 1). Furthermore, these 339 antibodies show minimal binding
to beads coated with irrelevant proteins suggesting no polyreactivity
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properties (SI Appendix, Fig. S3). Antigen-specific responses were
also assessed in nicotine-immunized mice to determine if KoH
bodies bound other small molecules at a higher efficiency. Similar
to MBG, only 48 out of 528 (9.1%) cloned VI antibodies bound
nicotine. However, for KoH mice, 453 out of 528 (85.8%) cloned
KoH bodies were antigen-positive (Table 1). For immunizations
with soluble proteins, both KoH and VI mice had comparable titers
(SI Appendix, Fig. S4) indicating that KoH mice can produce KoH
bodies in response to both small molecule and protein immuno-
gens. In summary, the increased number of antigen-positive anti-

A 107 Vi T KoH
= q0f . Mo
[ A
= L b A, At‘
> 10° 0 - .
° & (1] -
2 s
= 10 . ® "
& .
1007 = g‘ -
L] L L
10 T T = v T
& & L E S
& & O & FS O
Lo v &F B T ES
& @
400 Vi KoH
E
2
= 300
5 g .
F 200 —
t el v .
8 '] K
= n v
o 100 .y .
; ..." . * o Tey¥ *
= 0 4
‘sa\éab .@e‘mb o GQ'@G Q\Qg‘b
& & & & )
- v L8 v &
¢

bodies isolated from MBG- and nicotine-immunized KoH mice
suggests that KoH bodies bind small molecules much more effi-
ciently than conventional IgGs.

To determine the affinities of KoH bodies for their small mol-
ecule targets, the equilibrium dissociation constant (Kp) between
anti-MBG KoH bodies and MBG was measured using SPR-
Biacore technology. A conventional anti-MBG mAb isolated
from BALB/c mice, 3E9, and an anti-MBG mADb from VI mice,
H4H14453P2, were used as comparators (20). Kinetic binding
data were generated using an amine-coupled Protein A surface
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Fig. 4. KoH mice elicit robust immune response with high anti-MBG titers in sera postimmunization. VI and KoH mice were immunized with MBG-BSA
conjugate as immunogen via footpad route. Anti-MBG titers (A) were assayed using a standard ELISA with biotin-MBG coated plates. Total (B) IgM and (C) IgG
were quantitated by ELISA using anti-mouse IgM and anti-mouse IgG antibody-coated plates and mouse IgM and mouse IgG as standards.
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Table 1. Summary of primary screening from immunized mice
Immunogen Mice Titer Cloned Abs  Ag+ Ag+ %
MBG \Y| 1,143,561 118 1 0.8
354,245 37 1 2.7
KoH 2,302,301 17 14 82.0
8,221,668 5 1 20.0
4,596,017 920 28 31.1
2,335,563 227 31 13.6
Nicotine Vi >2,187,000 357 42 11.8
>2,187,000
1,027,723
3,233,974 88 2 2.3
1,822,823 83 4 4.8
KoH 453,919 176 162 92.0
>1,968,300 176 175 99.4
1,211,401 88 57 64.8
1,145,546 88 59 67.0

Titer, determined using biotin-immunogen or BSA conjugate; Cloned Ab,
the number of antibody sequences PCR amplified and cloned; Ag+, the
number of cloned antibodies whose binding to polystyrene beads coated
with BSA-immunogen was >1,000 MFI units.

and subsequent anti-MBG monoclonal capture at high density.
Kp values for the interaction between 8 anti-MBG KoH bodies
and MBG ranged from 4.4 nM to 1.9 pM. In contrast, the ref-
erence 3E9 anti-MBG mAb bound to MBG with a Kp of
56.8 nM, and the anti-MBG mAb from VI mice bound to MBG
with a Kp of 6.3 uM (Fig. 5 and SI Appendix, Table S6). To
complement SPR-Biacore data, we measured the interactions of
the anti-MBG KoH bodies with MBG using isothermal titration
calorimetry (ITC). ITC directly measures changes in heat that
occur during complex formation. Importantly, all buffer and
stock solutions were identical to those used in the biosensor
assays (SI Appendix, SI Materials and Methods). The interactions
of MBG with anti-MBG mAbs (KoH vs. 3E9) were exothermic,
releasing heat during complex formation. At 25 °C, the ITC assay
yielded equilibrium dissociation constants (Kps) ranging from
6.29 to 787 nM for the KoH bodies, a Kp of 249 nM for the
3E9 reference anti-MBG mADb, and a Ky of 870 nM for the VI
anti-MBG mAb (Fig. 5 and SI Appendix, Table S6). To deter-
mine their specificity for MBG, cross-reactivity of 3 KoH bodies
to other bufadienolides and cardenolides was measured by ITC
(SI Appendix, Table S7). All 3 KoH bodies showed no binding to
cardenolides and weak binding to bufalin. Their cross-reactivity

to other bufadienolides varied. KoH body H4H14357P was the
most selective, with Kps of 36 and 90 nM for MBG and cinobu-
fotalin, respectively, compared to 5.3 pM for resibufagenin and
2.0 pM for cinobufagin. The 3E9 mAb only cross-reacted with
cinobufotalin (Kp = 169 nM). There is no evidence that KoH
bodies are immunogenic as no immune responses were elicited to
the 2 KoH bodies injected in VI mice (SI Appendix, Fig. S5).

The Biophysical Properties of KoH Bodies Are Similar to Conventional
Antibodies. To determine if KoH bodies had similar biophysical
properties to VI mAbs, a variety of benchmarking assays were
performed.

To look at posttranslational modifications (e.g., glycosylation
and deamidation) that lead to charge heterogeneity, we used
imaged capillary isoelectric focusing (iCIEF) to determine the pI
of all charge variant species present in 3 KoH bodies (KoH body
A:H4H14357P, KoH body B:H4H14371P, and KoH body
C:H4H14401P) and 1 reference VI mAb (mAb D:REGN1193).
On average, 5 to 8 charge species were resolved for each mAb.
The range of pl values for all of the observed species was 7.2 to
7.9 for KoH body A, 7.1 to 7.7 for KoH body B, 7.2 to 7.7 for
KoH body C, and 6.4 to 7.2 for the VI reference antibody. The
charge species with the highest peak area was defined as “main
peak,” and the pl of this peak was reported as the pl of the
molecule. The pl values of KoH body A, B, and C and mAb D
were 7.7, 7.6, 7.6, and 6.9, respectively (SI Appendix, Fig. S6A).

To evaluate the thermal stability of the KoH bodies we used
differential scanning calorimetry (DSC). Three transitions are
most commonly observed during DSC analysis of antibodies
corresponding to the unfolding of CH2, Fab, and CH3 domains,
respectively. Depending on the molecular structure, not all of the
transitions may be resolved under the experimental conditions
used (21). Data fitting models may be used to differentiate and
resolve the transitions. Only one peak was observed in the ther-
mograms of KoH body or mAb samples in this study. Fitting to a
non-2-state model provided the best fit for the observed ther-
mograms. Two thermal transitions for each KoH body or mAb
were determined from the model (SI Appendix, Fig. S6B). Gener-
ally, higher T,,, values are indicative of better stability due to an
increased resistance to unfolding under thermal stress (22). In
addition to the inherent stability of the antibody, formulation ex-
cipients and other solution conditions may have a stabilizing effect
by increasing the temperature of thermal transition (23, 24). The
KoH bodies in this study exhibited T, values of >60 °C, compa-
rable to the control mAb D, indicating a lower risk of instability at
higher temperatures (SI Appendix, Fig. S6B).
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Fig. 5.

Kp values of anti-MBG monoclonal KoH bodies (red circles) versus the control 1 3E9 non-KoH (black triangle) versus the control 2 VI (black diamond)

mAb determined using SPR and ITC. The horizontal line represents the median distribution of Ky values between the 2 methodologies.
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Centrifugal-based concentration was used to determine the
solubility of the 3 KoH bodies as a screening tool to study feasi-
bility of providing a high-concentration drug product for s.c. or
intramuscular administration. No precipitation was observed in
the experiment. The highest concentration achieved for molecules
in this study was 333, 305, 287, and 185 mg/mL for KoH bodies A,
B, and C and mAb D, respectively (SI Appendix, Fig. S6C). To
further evaluate the potential feasibility of providing a high-
concentration drug product, the concentrated samples were di-
luted to 175 mg/mL for viscosity measurement. This concentration
was chosen since it was achievable with all of the molecules in this
study. A viscosity of 20 centipoise (cP) or lower is desirable for s.c.
drug products for ease of administration. Highest viscosity of
17.4 cP was observed for the VI reference mAb D. The viscosity
for KoH bodies A, B, and C were 9.6, 8.8, and 14.1 cP, respectively
(SI Appendix, Fig. S6D). We further investigated the impact of a
viscosity-reducing agent. Samples from ultracentrifugation were
compounded with a viscosity-reducing agent. As expected, the
viscosity-reducing agent significantly reduced the viscosity of mAb
D from 17.4 to 11.2 cP and had modest impact on the 3 KoH
bodies (SI Appendix, Fig. S6D).

The air-liquid and solid-liquid interface can destabilize pro-
teins (25). These interfacial interactions may occur during ship-
ping and handling of drug product. A preliminary assessment of
agitation-induced instability was performed by shaking KoH
body A and the reference VI mAb D for up to 48 h. Samples
were assessed by visual appearance at the end of agitation as well
as by size-exclusion ultrahigh-performance chromatography (SE-
UPLC). Results indicated that both molecules were unstable
upon agitation. KoH body A was cloudy with visible precipitation.
SE-UPLC analysis showed a significant increase in high-molecular
weight species (19.5%) after 48 h of agitation (SI Appendix, Fig. SOE).
The percentage peak area of high-molecular weight species was de-
termined by adding peak areas of all of the peaks eluting before the
monomeric species and calculating as percent of total peak area.
Nonionic surfactants have been widely used to protect proteins from
agitation-induced instability (26, 27). Both KoH body A and refer-
ence VI mAb D were compounded with a nonionic surfactant (0.2%
wt/vol), and the experiment was repeated. In the presence of nonionic
surfactant, no meaningful changes in visual appearance or percent
high-molecular weight species, as determined by SE-UPLC, were
observed for both proteins (SI Appendix, Fig. SOE).

KoH Bodies Exhibit Antibody-Like Pharmacokinetics. To examine the
in vivo PK properties of 3 anti-MBG KoH bodies, we dosed
5 C57BL/6 mice each with KoH body A (H4H14357P), KoH body
B (H4H14371P), KoH body C (H4H14401P), or a VI-derived
reference mAb. Each protein was dosed s.c. at 1 mg/kg, and the
time course of serum concentration was determined (Fig. 6).
Results showed that the 3 KoH bodies have clearance profiles
that are similar to VI-derived antibodies out to 50 d. The PK
parameters were calculated from the serum concentration—time
data (Table 2) and show that the bioavailability and half-life of the
anti-MBG KoH bodies are similar to those seen with the VI-derived
reference mAb. The maximum concentration (C,,) and the time to
reach the C,,,, are also comparable for all of the test antibodies. The
results confirm that in vivo, the KoH bodies exhibit PK properties
that are comparable to those of a conventional antibody.

Structure of MBG Bound to a KoH Fab. We determined the 3.6-A
crystal structure of MBG bound to the Fab fragment of KoH
body H4H14401P (Fig. 74 and SI Appendix, Fig. S8). The ar-
rangement of the variable domains of this KoH Fab is very similar
to that seen in Bence-Jones proteins (28, 29). For example, the Ca
root-mean-square deviation (RMSD) of this Fab’s variable domains
(Vk and Vgep) is 1.1 A compared to the 2 variable domains of the
Bence-Jones protein Len (PDB code SLVE). In contrast, the con-
stant portions of this Fab (Cx and Cyy;) superimpose onto a con-
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Fig. 6. Pharmacokinetic profiles of anti-MBG KoH bodies A to C and a VI-

derived reference mAb in C57BL/6 mice. Mice were given a single 1 mg/kg
dose s.c. Each data point represents the mean + SEM (n = 5 each). Drug levels
in sera were monitored at 6 h and 1, 2, 3, 4, 8, 11, 15, 21, 30, and 49 d
postinjection using a sandwich ELISA.

ventional Fab’s constant portion very well (Ca RMSD of 0.71 Ato
the IgG4 Fab in PDB code SF90). The KoH Fab has a deep pocket
at the center of the CDR surface, like most Bence-Jones proteins,
and 1 molecule of MBG is bound in this pocket (Fig. 7B). The
MBG is contacted by a set of tyrosines and tryptophans from
CDRs L1, L3, KoH2, and KoH3 (SI Appendix, Fig. S8). Although
this Fab has a long CDRI in its Vgeg (Fig. 74), this CDR,
encoded by the IGKV4-1 gene, does not contact the MBG. The
other 5 CDRs adopt conformations close to those of conventional
antibody light chains with similar sequences. H4H14401P is spe-
cific for MBG and does not bind the related cardiac glycosides
ouabain or digoxin (SI Appendix, Table S7). Our structure shows
that O4 of MBG, the site of attachment for saccharide chains in
ouabain and digoxin, is buried at the bottom of the binding pocket
(Fig. 7B). There is no room in the pocket for additional sugar
moieties, thus explaining the selectivity of this KoH body.

We also determined the 1.9-A structure of MBG when bound to
the Fab fragment derived from the 3E9 anti-MBG antibody iso-
lated from BALB/c mice (20). MBG binds to this Fab in a similar
location at the center of the CDR surface, making contacts with a
series of hydrophobic residues from CDRs L1, L3, H1, H2, and
H3 (refs. 28 and 29; Fig. 7C and SI Appendix, Fig. S8). The MBG
molecule lies on the surface of this conventional Fab and is cov-
ered by CDR H3, in particular Tyr-100 (Fig. 7C). Comparison of
the MBG from the 3E9 structure with the H4H114401P structure
revealed that the MBG molecule extends 4A deeper into the
binding pocket of the KoH Fab when compared to the position of
MBG in the conventional Fab (Fig. 7 B and C).

Discussion

Megabase genome engineering, empowered by Velocigene
(Regeneron Pharmaceuticals) technology and used to create the
VI mice, has allowed us to further engineer the Ig loci in order to
produce antibody-like molecules. In KoH mice, we engineered
the IgH loci of the VI mice by replacing the humanized IgH
variable regions of these mice with the human germline VK-JK
region. These mice, called KoH mice, make antibody-like mol-
ecules with 2 different VK domains paired to each other
(forming light-light dimers) instead of a heavy variable paired

PNAS | January 7,2020 | vol. 117 | no.1 | 297

APPLIED BIOLOGICAL

SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901734117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901734117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901734117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901734117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901734117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901734117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901734117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901734117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1901734117/-/DCSupplemental

Table 2. Pharmacokinetic parameters of anti-MBG KoH bodies
in serum following a single s.c. dose in C57BL/6 mice

Test article
Parameter KoH body A KoH body B KoH body C Control mAb
Crax (Hg/mL) 12 + 0.74 12+13 14 +1.7 12 + 0.57
Ta2 (d) 13 + 0.53 13 + 0.87 12+ 1.7 11 +18
AUC s (dpg/mL) 174 +£ 19 137 + 38 205 + 26 160 + 20
tmax (d) 1.0 1.0 1.0 1.0

AUC, total area under the serum drug concentration-time curve; Crax,
maximum serum drug concentration during a dosing interval; Ty5,, the time
required to divide the serum concentration by 2 after reaching equilibrium;
Tmax time after drug administration when maximum serum concentration is
reached.

with a light variable. The molecules isolated from these mice are
termed KoH bodies.

Our results clearly demonstrate that a large repertoire of hu-
man kappa chain variable regions can pair with each other to
form KoH bodies (Fig. 3). Although decreased numbers of B
cells are seen in the bone marrow (SI Appendix, Fig. S2B), they
become normalized in the spleen (SI Appendix, Fig. S24), and
the KoH body repertoire is highly diverse. The decreased num-
bers of pre-B, immature, and mature B cells in bone marrow
implies either less efficient recombination (30-32) or a stronger
negative selection pressure (33-35). The former could be due to
lack of proper regulation after replacement of the entire mouse
IgH variable region with the human IgK variable region, whereas
the latter could explain the biased VK usage in the KoH allele.
Interestingly, there are very few A" B cells in KoH mice (SI
Appendix, Fig. S2B). It is possible that k/A variable domain het-
erodimers are not stable or are autoreactive. Since in wild-type mice
the A locus recombination usually takes place after both x alleles
have completely failed to generate productive light chains (36), it is
possible that there are regulatory elements in the k locus to prevent
A locus recombination. Therefore, an alternative explanation for
very few A" B cells in KoH mice is that in KoH mice, these negative
regulatory elements are duplicated in the heavy-chain locus.

Two major factors, combinatorial diversity and junctional di-
versity, enable the vast number of different B cell receptors created
by V(D)J recombination. While combinatorial diversity is generated
by large numbers of gene segments for both heavy and light chains,
junctional diversity is generated by imprecise DNA end-joining,
resulting in deletions and nontemplate additions (N and P) at the
recombination junctions. In this context, compared to the human-
ized kappa locus in VI mice and in KoH mice, our engineered KoH
allele greatly increased humanized kappa chain variable region di-
versity since there are higher rates of nontemplate additions and
deletions during VK-JK joining (Fig. 3). This increased VK di-
versity provides a large repertoire of kappa—VK dimers. Moreover,
it may render new CDR3 features to the humanized VK region.

Comparing to the light-chain VK repertoire, the significantly
increased VK4-1 utilization by KoH is intriguing. There are a
couple of plausible explanations: 1) Skewed VK usage could be a
consequence of biased recombination due to differential regu-
latory elements and mechanisms at VH and VK loci. For ex-
ample, wild-type mouse and human heavy chains are generated
by 2 recombination events, with DH-to-JH joining prior to VH-
to-DJH joining (37). In the KoH locus, only VK-to-JK joining is
required. Since VK4-1 is the most JK-proximal VK segment,
overutilization of VK4-1 could be a consequence of early recom-
bination before locus contraction brings distal VK segments closer
to JK segments (35). 2) Not mutually exclusive, overutilization of
VK4-1 could also be caused by negative selection in bone marrow
favoring this particular VK segment on the KoH allele, due to
better pairing and/or other structural or functional benefits. In
addition, it has been reported that receptor editing at endogenous
IgK locus can potentially increase VK4-1 utilization by rendering
inverted VK4-1 a second chance to recombine (38). However, this
is unlikely to be true in KoH mice as this mechanism is heavily
dependent on the inverted VK cluster (VK3D-7 to VK2D-40)
which is absent in the humanized VK alleles (SI Appendix, SI
Materials and Methods).

We have demonstrated that KoH mice can generate strong Ab
responses and efficiently produce high affinity KoH bodies. We
have also shown that we can isolate light-chain variable hetero-
dimers that bind small molecule antigens, MBG and nicotine.
Additionally, we have shown that while the VI mice produced
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Fig. 7. Comparison of crystal structures of MBG bound to the Fab fragment of KoH body H4H14401P or to the conventional Fab 3E9. (A) Our crystal structure
of MBG bound by the KoH body Fab fragment is shown with Fab in cartoon representation (light chain in yellow and kappa-on-heavy chain in pink) and MBG
in sphere representation (carbons are dark gray, and oxygens are red). The bound anti-kappa Fab is omitted for simplicity (S Appendix, Fig. S5). (B) (Upper)
The KoH Fab + MBG complex is shown from the top down, with the Fab in surface representation, colored as in A, and the MBG in stick representation.
(Lower) The surface has been cut away to reveal the deep MBG binding pocket. The cut plane and viewing direction of Lower are depicted in Upper by a
dashed line and 2 arrows, respectively. (C) The 3E9 Fab + MBG crystal structure is depicted in the same manner as B. The 3E9 light chain is colored yellow, and
the 3E9 heavy chain is colored green. Note that the cut plane and viewing direction are different for this complex. B and C, Lower, are in register vertically to
show that the binding pocket for MBG in the 3E9 Fab is shallower than the binding pocket in the KoH body Fab.
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relatively few conventional antibodies that bind to either MBG
or nicotine, the KoH mice produced KoH bodies that bound
these small molecules at a much higher frequency.

Structural studies performed on the Fab-like Bence-Jones
proteins indicate that they can differ significantly from that of a
conventional Fab. Some Bence-Jones proteins have a cleft that
separates the CDRs of one light chain from the CDRs of the
second light chain. This cleft is substantially deeper than the
equivalent region in a conventional antibody Fab (39). It has been
suggested that this space could accommodate a wide variety of
small molecule ligands (39, 40). Our structure of the H4H14401P
KoH Fab bound to MBG supports this premise. The MBG mol-
ecule is held 4 A deeper into the KoH Fab when compared to the
position of MBG bound to a conventional Fab (Fig. 7 B and C),
and this may explain why the KoH body binds MBG with 10-fold
higher affinity than a conventional antibody (S Appendix, Table
S6). Our KoH mice were able to generate a more diverse set of
KoH bodies to nicotine and MBG compared to the conventional
antibodies produced by their VI counterparts (Table 1). This
suggests that the binding interface of KoH bodies may enable them
to bind small molecules better than conventional mAbs, although
this will need to be confirmed by additional structural data.

In conclusion, KoH bodies are a potential class of highly di-
verse, naturally diversified, fully human, antibody-like thera-
peutic agents with enhanced small molecule-binding properties.
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