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ABSTRACT

Acetaminophen (APAP) overdose is a leading cause of acute liver injury in the USA. The chitinase 3-like-1
(Chi3l1) protein contributes to APAP-induced liver injury (AILI) by promoting hepatic platelet recruitment. Here,
we report the development of a Chi3l1-targeting antibody as a potential therapy for AILI. By immunizing a rabbit
successively with the human and mouse Chi3I1 proteins, we isolated cross-reactive monoclonal antibodies
(mAbs) from single memory B cells. One of the human and mouse Chi3l1 cross-reactive mAbs was humanized
and characterized in both in vitro and in vivo biophysical and biological assays. X-ray crystallographic analysis
of the lead antibody C59 in complex with the human Chi3I1 protein revealed that the kappa light contributes
to majority of the antibody-antigen interaction; and that C59 binds to the 4«-53 loop and 4«-helix of Chi3I1,
which is a functional epitope and hotspot for the development of Chi3l1 blocking antibodies. We humanized
the C59 antibody by complementarity-determining region grafting and kappa chain framework region reverse
mutations. The humanized C59 antibody exhibited similar efficacy as the parental rabbit antibody C59 in
attenuating AILI in vivo. Our findings validate Chi3l1 as a potential drug target for AILI and provide proof
of concept of developing Chi3l1 blocking antibody as a therapy for the treatment of AILI.

Statement of Significance: We characterized a chitinase 3-like-1 (Chi3l1)-neutralizing rabbit monoclonal
antibody (C59) which attenuates acetaminophen-induced liver injury in mice. X-ray crystallography
revealed that kappa light contributes more to the antibody-antigen interaction; and that C59 binds to
the 4¢-58 loop and 4«-helix of Chi3l1, which is a functional epitope. The humanized antibody retained the
functional profile of the parental antibody.
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INTRODUCTION

Acetaminophen (APAP) is a widely used analgesic for
relieving pain and reducing fever. It is generally safe at

to the emergency room annually due to APAP-induced
liver injury (AILI) [2]. AILI contributes to nearly 50% of
drug-induced liver injuries in the USA [3]. Although N-

the therapeutic dose. However, APAP overdose causes
liver damage, which can lead to acute liver failure [1]. It
is estimated that 80,000 patients in the USA are admitted

acetylcysteine (NAC) can prevent the injury, it has a narrow
window for therapeutic intervention. The efficacy of NAC
dramatically decreases when given more than a few hours
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after the APAP overdose [4]. Thus, the development of
novel therapeutic drugs is urgently needed for the effective
and specific treatment of AILI.

APAP is metabolized by cytochrome P450 into the toxic
metabolite N-acetyl-p-benzoquinone imine (NAPQI) in
the liver [5]. Excess NAPQI in APAP overdose causes
severe mitochondrial dysfunction, hepatocyte necrosis and
further drives the liver injury [6]. The severity of AILI is
not only determined by the amount of NAPQI but also
impacted by the inflammation responses following the
injury [7, 8]. As revealed in mouse AILI models and studies
in human patients, necrotic hepatocytes release the damage-
associated molecular patterns (DAMPs), such as HMGB1
[9], which stimulate the resident hepatic macrophages and
neutrophils to secret proinflammatory cytokines, such as
TNF-« and IL-18. These cytokines and immune responses
further enhance inflammation and increase the recruitment
of monocyte-derived macrophages and neutrophils into
the liver [10]. It has been reported that neutralizing
the proinflammatory activity of HMGB1 by heparan
sulfate octadecasaccharide dramatically attenuates AILI
and has a therapeutic advantage over NAC for delayed
treatment in a mouse model [11]. Thus, inhibiting the
inflammatory events, which involve functional interplays
among immune cells, is a viable treatment strategy for
AILL

We have reported previously an increased hepatic
platelet accumulation in AILI patients’ liver tissue and
demonstrated that the secreted protein chitinase 3-like-1
(Chi3l1) drives the platelet recruitment into the mouse liver
and promotes acute liver injury [12]. Therefore, blocking
the Chi3ll function by an antibody may have a protective
effect against AILI. Chi3ll belongs to the chitinase protein
family, which catalyzes the cleavage of S-1,4-glycosidic
bond in the chitin and chitooligosaccharides, which are
widely distributed in fungi and the exoskeletons of insects
[13]. Although rodents and mammals do not produce
chitin, they express active chitinases (CHIT1 and AMCase)
[14, 15] as well as chitinase-like proteins (CLPs) lacking
the enzymatic activity [16]. Chi3ll is one of the CLPs
in both humans and mice [17, 18]. Chi3ll adopts the
conserved (a/B)8-barrel structure of metabolic enzyme
proteins, allowing it to bind to chitin oligosaccharides
and other polysaccharides such as heparin sulfate [19,
20]. Chi3ll is associated with a range of pathologies and
is overexpressed under the condition of type 2 activation
of immune responses [21], but its function remains poorly
understood.

In this study, we describe the isolation and character-
ization of a blocking monoclonal antibody (mAb) C59,
which is cross-reactive to the mouse Chi311 (mChi311) and
human Chi3ll (hChi3ll) proteins. Antibody C59, which
was isolated from a single memory B cell of a rabbit immu-
nized successively with hChi311 and mChi311 proteins, sig-
nificantly attenuates AILI in mice. Structural analysis of
the Chi3ll + C59-Fab complex by X-ray crystallography
revealed that C59 binds to the 4a-58 loop and 4«-helix of
Chi3l1. To develop the antibody as a potential therapy for
AILI, we humanized the rabbit antibody, and the human-
ized C59 (hC59) retains the biophysical and biological
properties of the parental antibody in vitro and in vivo.

MATERIALS AND METHODS
Chi3l1 protein expression

The hChi3ll (UniProt, #P36222) and mChi3ll (UniProt,
#Q61362) were expressed in Expi293F (Thermo Fisher Sci-
entific)y cells with Avitag (GLNDIFEAQKIEW
HE) and His tag at the C-terminal of the sequences.
The proteins were purified using the Ni-NTA Agarose
(Invitrogen) according to the manufacturer’s instructions.
The biotinylation of Chi3ll was performed using BirA
ligase (Avidity, #BirA500). The hChi31l without tags for
X-ray crystallography was expressed in Expi293F (Thermo
Fisher Scientific) cells and was in-house purified by affinity
chromatography using the HiPrep Heparin FF (Cytiva)
and by size exclusion chromatography using the HiLoad
16/600 Superdex 200 pg column (Cytiva) according to the
manufacturer’s instructions.

Rabbit immunization and single rabbit memory B cell
culture

Two female New Zealand White rabbits (10-16 weeks of
age, Charles River Labs) were injected subcutaneously
with 400 png of hChi3ll and Complete Freund’s Adjuvant
(Sigma). The rabbits were boosted with 200 ng of hChi3ll
and incomplete Freund’s Adjuvant (Sigma) subcuta-
neously. To generate anti-mChi311 antibodies, the rabbit-
#2 was boosted with mChi3ll (200 pg) and incomplete
Freund’s Adjuvant (Sigma) subcutaneously.

The peripheral blood mononuclear cells (PBMCs) were
isolated from the immunized rabbit by the ACCUS-
PIN™ gystem (Sigma). The antigen-specific memory B
cells were enriched by biotinylated Chi3ll and Strep-
tavidin MicroBeads (Miltenyi Biotec) according to the
manufactory’s instructions. The single memory B cells
were seeded into 96-well cell culture plates, at a density
of about one cell/per well, with pre-coated EL4-BS5 feeder
cells (Kerafast). The feeder cells were irradiated with 50 Gy
in a gamma radiation chamber before use. The single
memory B cells were cultured in 100 L. of RPMI-1640
(10% FBS) with IL-2 (10 U/mL, R&D Systems), 1L-21
(10 U/mL, R&D Systems) at 37 °C, 5% CO, and 93%
humidity for 14 days. The supernatant was collected to
detect the antibody concentration and the antigen-binding
of the antibodies.

Supernatant antibody concentration measurement

Mouse anti-rabbit IgG antibody (Jackson ImmunoRe-
search) was coated on the ELISA plate at 4 °C overnight.
The plate was washed once with TBST and blocked with
1% (v/v) BSA in TBST for 1 h at room temperature.
The plate was incubated with the supernatants for 1 h
at room temperature to capture the antibodies from the
supernatants. After washing the plates three times with
TBST, alkaline phosphatase-conjugated donkey anti-
rabbit IgG (Jackson ImmunoResearch) was added at the
dilution of 1:5,000 in TBST for 1 h. After washing three
times with TBST again, the plates were incubated with
100 pL/well of 4-methylumbelliferyl phosphate (Sigma),
for 15-60 minutes at room temperature. The fluorescence



signal was measured with excitation at 360 nm and emission
at 440 nm. The standard binding curve of the control
rabbit antibody was included to calculate the supernatant
antibody concentration using GraphPad Prism 8.

Positive supernatant antibody screening

The ELISA binding assay was performed with a previously
reported protocol with modifications [22]. Briefly, purified
hChi311 or mChi3l1 proteins were coated at 2 ug/mL in PBS
on 96-well microtiter plates (Corning) at 4 °C overnight.
The plates were washed once with PBST and then blocked
with 1% (v/v) BSA in PBST for 1 hour. The supernatants
were diluted at 1:20 dilution in PBST and then incubated
with the antigen-coated plates for 1.5 hours. After incuba-
tion and washing, the HRP-conjugated goat Anti-Rabbit
IgG F(ab’)2 (Jackson ImmunoResearch) was added at the
dilution of 1:5,000 in PBST for 1 hour. After washing
three times with PBST, the plates were then incubated with
100 pL/well of the tetramethylbenzidine substrate (Thermo
Fisher Scientific) for 3—5 minutes at room temperature. The
reaction was stopped by 50 uL/well of 1 M H>SO4, and the
absorbance was measured at 450 nm on a microplate reader
(Molecular Devices).

Antibody cloning and humanization

Antibody cloning from positive single memory B cells was
performed with a previously reported protocol with modifi-
cations [23]. Briefly, total RNA from the cells in the positive
wells was isolated using RNeasy Micro Kit (Qiagen) and
was converted to cDNA using iScript™ cDNA Synthesis
Kit (Bio-Rad). The IgG genes were recovered based on
the reported methods [24]. Recombinant antibodies were
expressed by transient transfection in Expi293F cells and
purified by protein A affinity chromatography.

Humanization of the Chi311 antibody was performed by
complementarity determining regions (CDR)-grafting as
described previously with modifications [25, 26]. Briefly,
CDRs of the rabbit antibody were defined by Kabat num-
bering system. The most closely related human germline
sequence were identified by blasting with the parental
rabbit mAb in the IMGT database. Then, the rabbit
CDRs were grafted into the most closed human antibody
germline. The residues in the frame region which are known
to be structurally critical were retained based on previous
publications [25, 26]. The humanized DNA fragments
were synthesized (GenScript) and then cloned into human
IgG1/IgK vectors. The site-specific mutagenesis in the
kappa chain was generated by overlap extension PCR using
primer with single amino acid mutations.

Antibody—antigen affinity measurement and epitope binning

The antibody affinity was measured by Bio-Layer Interfer-
ometry using the Octet RED96 (FortéBio). The antibodies
were diluted to 200 nM in PBST and were loaded onto the
protein A biosensors for 5 minutes. The coated biosensors
were incubated with a series of recombinant Chi311 concen-
trations (0-200 nM) for 3 minutes and were then washed in
PBS for another 2 minutes for dissociation. The ForteBio’s
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data analysis software was used to fit the binding curve
to a 1:1 binding model to extract an association rate and
dissociation rate. The affinity (Kp) was calculated using the
ratio koft/kon.

The epitope binning was performed in an Octet RED96
system to demonstrate if two antibodies bind to the
overlapped epitope. Briefly, the first antibody (200 nM)
was incubated with the protein A biosensors for 5 minutes.
Then, the remaining Fc-binding sites on the biosensors
were blocked with an irrelevant rabbit antibody (400 nM)
for 5 minutes. Following a 1-minute wash in PBST, the
biosensors were then incubated with the recombinant
Chi3l11 (200 nM) for 5 minutes to saturate the binding site
of the first antibody. Finally, the biosensors were incubated
with the secondary antibodies (200 nM) for 5 minutes. The
signal was recorded for binding of the secondary antibodies
to Chi3ll. If no signal increases, the two antibodies were
classified in the same epitope bin (competitor, overlapped
epitope). By contrast, if an increased binding signal was
observed with the second antibody, the two antibodies
were classified in different epitope bins (non-competitor).
Raw data were processed using ForteBio’s data analysis
software 11.0.

X-ray crystallographic studies

The C59 Fab was prepared using Immobilized Papain
(Thermo Fisher Scientific) according to the manufactory’s
instruction. An excess of hChi3ll protein was mixed with
purified C59 Fab and was incubated at 4° for roughly 1 hour
to allow binding to occur. The mixture was then loaded
onto a Superdex 200 Increase 10/300 GL column in 2 mM
Tris pH 8.0, 200 mM NaCl and 0.02% NaNj to purify
the Chi3ll 4+ Fab complex from excess unbound Chi3l1.
Peak fractions corresponding to the complex were collected
and concentrated to 7.00 mg/mL for crystallization.
Chi3ll + C59 Fab complex crystals were grown by vapor
diffusion in sitting drops in a mother liquor composed of
2 M sodium formate and 0.1 M sodium acetate pH 4.6.
X-ray diffraction data were collected at the Advanced
Light Source beamline 5.0.1 and were indexed, integrated
and scaled with iMOSFLM and AIMLESS [27, 28]. The
complex structure was solved by molecular replacement
using Phaser MR and ensembles derived from PDB entries
4P8V, 6PEH and 4BHC. Model building and refine-
ment were performed using Coot, Phenix and ISOLDE
[29-31].

Efficacy evaluation of the anti-Chi3ll mAbs in vivo

For APAP treatments, C57BL/6J male mice (8-12 weeks
of age, 3-6 mice/group) were fasted overnight (5:00 pm—
9:00 am) before intraperitoneally (i.p.) injected with APAP
(Sigma, A7085) at a dose of 210 mg/kg. To examine
the therapeutic potential of Chi3ll mAbs, the mice were
injected (i.p.) with either a control antibody or anti-Chi3I1
antibody (5 pug/mouse in 100 wL of PBS) 3 hours after
APAP administration. Liver paraffin sections and sera were
harvested at time points indicated in the figure legends.
Serum alanine transaminase (ALT) levels were measured
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using a diagnostic assay kit (Teco Diagnostics). Student’s
t-test was performed.

Statistics

Statistical analyses were carried out using GraphPad Prism
(GraphPad Software). Comparisons between two groups
were carried out using unpaired Student’s t-test. The p-
values were labeled and <0.05 was considered to be signif-
icantly different statistically.

RESULTS
Development of rabbit mAbs targeting Chi3l1

We first developed a method for isolating rabbit mAbs by
single memory B cell culturing and cloning (Fig. 1A and B).
Briefly, after the rabbits were immunized with the hChi311
protein (Rabbit-#1 and Rabbit-#2), the serum titer was
detected before the B cell isolation and culture. Both
rabbits’ sera bind to hChi3ll at 107¢ dilution, but relatively
lower binding titer to mChi3ll (10~ dilution) (Fig. 1C).
We then isolated the hChi3ll-specific memory B cells by
antigen baiting, which involves the use of biotinylated
hChi3ll (through an Avitag) and streptavidin magnetic
beads. The enriched memory B cells were then grown in
single-cell culture with the supplement of EL4-BS feeder
cell and the cytokine cocktail of rabbit IL-2 and IL-21.
After 2 weeks of culturing, 15.7% of the single B cells
(31/197) expressed and secreted antibodies at an average
concentration of 48.3 ng/mL (Fig. 1D). Of the 31 single
B cells that expressed antibodies, 24 bound to hChi3ll as
determined by ELISA using B cell supernatants; however,
none of them bound to mouse Chi3ll (Fig. 1E). The genes
encoding the heavy and light chain variable regions were
cloned from the 24 single memory B cells into a rabbit IgG
expression vector. We were able to express 23 of the 24
antibodies in Expi293F cells and purify them by Protein A
columns, which represents a 96% antibody gene recovery
rate from the positive single memory B cells. To study the
efficacy in mice, we need the hChi3ll antibodies to be
cross-reactive to mChi3ll. As observed in the ELISA titer
(Fig. 1C), immunization with the hChi3ll protein elicited
cross-reactive antibodies to both hChi3ll and mChi3ll
proteins. We then isolated mChi3ll-specific individual
memory B cells from the rabbit immunized with hChi3l1.
After B cell culturing, we tested the binding of the B cell
supernatants to both hChi3ll and mChi3ll. Of the 240
single B cell supernatants, only four exhibited minimal
binding to mChi3ll by ELISA (Fig. 1 F). Using the purified
antibodies, we confirmed one cross-reactive antibody C43,
which had high binding affinity to hChi3ll (Kp = 2 nM)
(Fig. 1G) but somewhat lower binding affinity to mChi311
(Kp = 18 nM) (Fig. 1H).

The hChi3ll and mChi3ll protein sequences are con-
served with 73.3% identity (Fig. 2A). To generate cross-
reactive antibodies, we modified the immunization strategy
by adding three additional boosts with mChi3I1 of Rabbit-
#2 (Fig. 2B). After mChi3ll boosting, the serum titer to
mChi3ll increased to the same level as to hChi3l1 (Fig. 2C).
We then used mChi3l1 to bait the antigen-specific memory

B cells. Of the 7 mChi3ll-positive single memory B cell
cultures, 3 were cross-reactive (Fig. 2D). These antibodies
were converted to rabbit IgG and their binding affinities
to mChi3ll and hChi3ll were determined. All 7 antibodies
exhibited high affinity binding to mChi3ll, with Kp values
ranging from 1.4 to 5.6 nM (Fig. 2E-L). The 3 cross-
reactive antibodies (C53, C56, and C59) also exhibited
strong binding to hChi3ll, with Kp values ranging from
1.7 to 3.6 nM (Fig. 2E, G, H, and L).

Antibody C59 attenuates AILI in vivo

AILI involves both the direct hepatocyte damage and the
inflammatory responses. Since in vitro tests cannot fully
replicate the conditions that occur during liver injury, the
Chi3ll antibodies were evaluated for their efficacy in a
mouse liver injury model in vivo. To reduce the number of
antibodies to be tested in vivo, we grouped the 7 mChi3ll
antibodies into 4 epitope bins: Bin 1 (C53, C55, and
C56), Bin 2 (C59), Bin 3 (C61 and C68), and Bin 4 (C64)
(Fig. 3A and B). We selected one antibody from each
epitope bin for in vivo testing (Bin 1, C55; Bin 2, C59;
Bin 3, C61; and Bin 4, C64). The mice (3-6 mice/group)
were treated by i.p. injection of 5 ug of the individual
Chi311 antibodies 3 hours post-APAP challenge (Fig. 3C).
Antibodies C59 and C55 significantly attenuated AILI,
evident by the 10-200 folds reduction of serum ALT levels
at 6 and 24 hours after APAP injection (Fig. 3D and E).
Even though the efficacy is comparable between C55 and
C59 in reducing ALT levels at 6 hours (Fig. 3D), C59
performed much better than C55 at 24 hours, with nearly
20-fold lower ALT levels (Fig. 3E). More importantly, while
C55is specific to mChi3l11 only, C59 is cross-reactive to both
mChi3ll and hChi3l1. Thus, we focused on C59 for further
characterization.

The structure of C59 bound to hChi3l1

To delineate the molecular basis of Chi3ll binding by C59,
we determined the structure of the Chi3ll + C59-Fab com-
plex by X-ray crystallography at a resolution of 3.3 A (PDB:
8DF1, Table 1). The asymmetric unit of this structure con-
tained a total of six copies of Chi3ll, each bound by a
single C59 Fab (Fig. 4). Chi3ll presents an («/B)8-barrel
structure and has an N-linked glycan at Asn60 (Fig. 4A).
The CDRs of both the heavy chain and light chain of C59
are involved in direct Chi3ll interaction (Fig. 4A). Analysis
of the binding interface revealed that HCDR1, HCDR3,
LCDRI1, and LCDR3 make direct contact with the 4a-
58 loop and the 4a-helix of Chi3ll (Fig. 4A). Specifically,
Tyr34 in the HCDRI interacts with Gln166 and Prol67
in the Chi3ll 4a-58 loop. Asnl00 of HCDR3 contacts
Argl28 in the 4a-helix of Chi3ll (Fig. 4B). The C59 light
chain CDRs also contribute extensively to the formation
of the binding interface (Fig. 4C). The LCDR3 binds to
the 4a-58 loop and the LCDR1 binds to the 4«-helix. The
backbones of residues Tyr92 and Tyr94 in the LCDR3 form
a series of hydrogen bonds with Chi311 residues in the 4a-
58 loop (GInl66, Lys169) (Fig. 4C). Tyr92 of C59 inserts
into the valley between the loop and 4«-helix, interacting
with Lys169 and Argl28 from the loop and the helix,
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Figure 1. Generation and characterization of hChi3l1-blocking mAbs. (A) The flowchart of rabbit mAb generation. Two rabbits were immunized with
Chi3ll protein, and after 86 days, PBMCs were isolated. The antigen-specific memory B cells were then enriched by Streptavidin-Magnetic beads and
biotinylated Chi3l11. Single memory B cells were cultured in 96-well plates with a density of one cell/per well. After 14 days, antibodies secreted by survived
memory B cells were measured for antigen binding. The antibody genes were amplified from positive B cells. The antibodies were expressed and purified
for functional assays. (B) The immunization strategy to generate anti-hChi311 antibody. Two rabbits (#1 and #2) were immunized with hChi3ll on the
indicated days. Two weeks after the final dose of injection on day 72, single memory B cells were isolated by hChi3ll baiting, and cultured for 14 days. (C)
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and mChi3ll (H) as determined by BLI-Octet.
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C53 1.72E-09 8.31E+05 1.43E-03 2.21E-09 7.52E+05 1.66E-03
C55 n/a n/a n/a 3.23E-09 3.51E+05 | 1.13E-03
C56 3.57E-09 5.36E+05 1.91E-03 4.48E-09 4.32E+05 1.94E-03
C59 3.21E-09 6.57E+05 2.11E-03 1.84E-09 7.32E+05 1.35E-03
Cé1 n/a n/a n/a 1.39E-09 8.82E+05 1.23E-03
Ce4 n/a n/a n/a 5.62E-09 4.27E+05 | 2.40E-03
Ce8 n/a n/a n/a 4.14E-09 5.75E+05 | 2.38E-03

Figure 2. Generation and characterization of cross-reactive mAbs. (A) The protein sequence alignment of human and mouse Chi3ll was generated and
analyzed using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) and ESPript 3.x (http://espript.ibep.fr/ESPript/ESPript/). The UniProt accession
numbers are P36222 (hChi3ll), Q61362 (mChi3ll), respectively. Identical residues are shown as white text on a red background, and similar residues are
shown as red text. The secondary structure of Chi3ll is displayed above the residue numbers. The B-strands and «-helix are labeled in the figure. (B)
Rabbit-#2 was immunized with hChi3l1, followed by three mChi311 boosts on the indicated days. Two weeks after the final dose of injection on day 241,
the memory B cells were isolated through mChi3l1 baiting and cultured. (C) The serum titer of immunized rabbit (#2) to hChi31ll and mChi3ll at day-255
after mChi3ll boosting. The X-axis shows the dilution of the serum in the ELISA. (D) The binding of B cell supernatants (Rabbit-#2) to hChi3ll and
mChi3ll was measured by ELISA. (E-K) The affinity of the antibodies that bind to hChi3Il and mChi311. Three of the antibodies, C53, C56, and C59,
are cross-reactive antibodies to both hChi3ll and mChi3ll. (L) The affinity of anti-mChi311 and cross-reactive antibodies to hChi311 and mChi3ll (n/a:
not applicable). The equilibrium dissociation constant (K p) was determined by the curve fitting analyses using the ForteBio’s data analysis software.
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Figure 3. Rabbit antibody C59 attenuates acute liver injury. (A) A cartoon representation of the sandwich epitope binning assay by Bio-Layer
Interferometry. The first antibody was captured on the biosensor tip and binds to the Chi3l11. If the second antibody in the solution competes for the
Chi3ll binding with the first mAb, they bind to the overlapped epitope (same bin). (B) The anti-mouse Chi3ll antibodies are divided into four bins (as
indicated by different colors) based on the antibody binning assay. Antibodies grouped in the bin are labeled as “+”. (C) The design of the in vivo antibody
characterization. C57BL/6J mice (3-6 mice/group) were injected (i.p.) with APAP. After 3 hours, mice were treated (i.p.) with either a control IgG (Ctrl
IgG) or the Chi3ll antibodies (C55, C59, C61, and C64). (D and E) Serum alanine Transferase (ALT) concentrations were detected at 6 and 24 hours,
respectively, after APAP challenge. *xx indicates p < 0.001, ** indicates p < 0.05. A two-tailed, unpaired Student’s ¢-test was performed.

respectively (Fig. 4C). The LCDRI lays parallel to the 4a-
helix, with GIn27 and Lys31 of C59 interacting with Lys121
and Thr129 in the Chi311 4-helix (Fig. 4C). Itis interesting
to note that the side chain of Phe67 in the FR3 extends
and contributes to the formation of the binding interface
(Fig. 4C). The light chain of C59 contributes significantly
to the interactions with Chi3ll as compared to the heavy
chain. The Argl28, GInl166, and Prol67 residues in the
Chi3ll epitope are conserved in both human and mouse
Chi3ll. Other variant residues which form critical con-
tacts (Lys121, Thr129, and Lys169) are relatively conserved
(Argl21, Ser129, and Argl169) in the mouse homolog, pro-
viding a molecular basis for the cross-reactivity that C59
exhibits.

Humanized C59 antibody retains efficacy in attenuating
AILI in vivo

To develop a potential antibody therapy for AILI,
we humanized the rabbit antibody C59 by a modified
CDR grafting strategy as reported previously [23, 25].
Briefly, the human germlines with the closest amino acid
sequence identities to the C59 heavy- and light-chain

variable regions were identified by IMGT/DomainGa-
pAlign (Fig. 5A and B). The sequences that have the least
number of polymorphisms were heavy-chain germline
IGHV3-53 and light-chain germline IGKV1-39 (Fig. 5SA
and B). The CDRs of C59 determined by Kabat numbering
were grafted into the human germline frameworks. Some
critical residues adjacent to the CDRs (HCDR1, HCDR2,
LCDRI1, and LCDR?2) were back-mutated to the original
rabbit residues to preserve the binding affinity based on
previous studies (Fig. SA and B) [25, 26].

The affinities of humanized C59 (first version: hC59-1)
to hChi3ll and mChi3ll were diminished by 5-fold (from
8 to 40 nM) and 100-fold (from 7 to 600 nM), respectively
(Fig. 5C-F, and I). Based on the Chi3ll + C59 complex
structure, in which the C59 light chain contributes more
to the antibody binding than the heavy chain, we focused
on optimizing the C59 kappa chain to restore the binding
of hC59 to both hChi3ll and mChi3ll. As determined
through our structural studies, there is an interaction
between the light chain FR3 (Phe67) and hChi3ll. A single
back mutation of S67F in the FR3 rescued the binding
affinity of the humanized C59 (second version: hC59) to
both hChi3ll (Kp = 9 nM) and mChi3ll (Kp = 7 nM)
(Fig. 5G-I). However, the binding affinity cannot be
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Chi3l1

Figure 4. Crystal structure of the C59 + Chi3ll complex. (A) The structure of hChi3ll + C59 Fab complex (PDB: 8DF1). The hChi3l1 is colored yellow,
the antibody C59 heavy (H) chain is shown in pink, and its light (L) chain in green. The C59 binding epitope is composed of the «4-85 loop and w4-helix of
Chi3ll. Chi3ll has an N-linked glycan at the position Asn60 as indicated. (B) The interface between C59 VH and Chi3ll. Side chain-specific interactions
are indicated by the dotted lines. (C) The interface between C59 VL and Chi3l1. Side chain-specific interactions are indicated by the dotted lines. Residues
involved in the interaction are shown as sticks and labeled. The C59 residues are numbered according to Kabat numbering system.

rescued by the mutations of other amino acids in the FR3
(Fig. ST and J).

To test the efficacy of the hC59 in attenuating AILI,
we injected (i.p.) WT mice with both hC59 and the rabbit
C59 (5 nug/mouse, 4-6 mice/group) 3 hours after the APAP
challenge. Similar to the parental rabbit C59, the hC59
significantly attenuated AILI, as measured by the reduced
serum ALT levels at 24 hours after the APAP injection
when compared to the control antibody (Fig. 6A and B).
The ALT level decreased by 7-fold after treatment with
hC59 compared to the human antibody control. Moreover,
compared with the rabbit C59, the hC59 is equally effective
in attenuating liver necrosis (Fig. 6C-F). Together, these
data indicate that the hC59 retains the in vitro and in
vivo functions of the parental antibody and is a potential
therapy to treat AILI.

DISCUSSION

APAP is one of the most commonly used drugs, but
APAP overdose causes acute liver injury and systemic
inflammatory responses, which can lead to liver failure [1].

NAC is the only antidote to treat APAP overdose-induced
liver injury. However, the efficacy of NAC declines rapidly
when used more than a few hours after APAP overdose
[4]. Specific immune-modulatory therapies, which have
the potential to inhibit the over-reactive inflammatory
response and promote liver healing, are considered to be
an optional treatment strategy [11, 32].

A recent study showed that heparan sulfate octadecasac-
charide can dramatically attenuate the AILI in mice by
neutralizing the proinflammatory activity of HMGBI, a
key DAMP member that is correlated with the initiation
of inflammation in liver injury [11]. Previous studies have
also demonstrated that antibodies targeting the progress
of inflammatory responses could attenuate AILIs [32, 33].
An antibody to HMGBI, significantly reduced the liver
damage and intrahepatic inflammation during AILI [33].
In another study, inhibition of the platelet CLEC-2 sig-
naling by a podoplanin-targeted antibody, which blocks
the cross-talk between platelets and neutrophils, attenu-
ated AILI in mice [32]. These studies demonstrated the
feasibility of using immunotherapeutics in the treatment of
AILL



Antibody Therapeutics, 2023 9

A
FR1-IMGT CDR1-IMGT FR2-IMGT CDR2-IMGT FR3-IMGT CDR3-IMGT FR4-IMGT
(1-26) (27-38) (39-55) (56-65) (66-104) (105-117) (118-128)
A B BC (o] c' crer c" D E F FG G
> > > > > >
| I [ | I | S [ I | S I N I | I | | . [ P I | I | I I [ N O I |
C59H: --SVEESGG.DLVKP GASLTLTCTAS GFTI...SSDYY MCWVRQAP GKGLEWIGC IYIG.SGTDT YYASWAK.G RFTISK.TSS TTVTLQMTSLTA ADTATYFC ARDKGWSNAWGFYFQL WGPGTLVTVSS
| I 1 |
IGHV3-53: EVQLVESGG.GLVQP GGSLRLSCAAS GFTV....SSNY MSWVRQAP GKGLEWVSV IYSG...GST YYADSVK.G RFTISRHNSK NTLYLOMNSLRA EDTAVYYC AR........ AEYFQH WGQGTLVTVSS
D K A TTT I DY [+ IGC I TD SWA KTSTVT T T A T F GF L P
hC59-1H: EVQLVESGG.GLVQP GGSLRLSCAAS GFTI...SSDYY MCWVRQAP GKGLEWIGC IYIG.SGTDT YYASWAK.G RFTISRHNSK NTLYLQMNSLRA EDTAVYYC ARDKGWSNAWGFYFQL WGQGTLVTVSS
B
FR1-IMGT CDR1-IMGT FR2-IMGT CDR2-IMGT FR3-IMGT CDR3-IMGT FR4-IMGT
(1-26) (27-38) (39-55) (56-65) (66-104) (105-117) (118-128)
A B BC [o] c' cre” c" D E F FG G
> > >
............ { PSP P N O [ I I | F e I e I [ I I I e | R ——
C59K: DPVLTQTPASVEVPV GGTVTINCQOAS QSI GKY LNWYQQKP GQPPKLLIY SS ..FG TQFTLTISGVQC ADAATYYC QQGYSY.VDLENG FGGGTELEI..
| I I |
IGKV1-39: DIQMTQSPSSLSASV GDRVTITCRAS QSI...... SSY LNWYQQOKP GKAPKLLIY AA....... S SLQSGVP.S RFSGSG..SG TDFTLTISSLQP EDFATYYC QQSYSTP....LT FGGGTKVEI
PVL T A VEVP GT N Q GK QP Ss A S K F Q GVCAA G Y NG EL
hC59-1K: DIQMTQSPSSLSASV GDRVTITCQAS QSI...... GKY LNWYQQKP GKAPKLLIY SS....... S SLASGVP.S RFSGSG..SG TDFTLTISSLQP EDFATYYC QQGYSY.VDLENG FGGGTKVEI
c E G ’
" &‘:@ N concentration
C59 = henial1 hC59-1 ==, hohialt hC59 ==, hchisit (nM)
-~ = — 30
1.0 1.0 1.0
0.8 0.8 0.8 — 10
€ 0.6 E 0.6 E 0.6 — 3.33
€04 0.4 0.4 — 11
0.2 0.2 0.2 — 0.37
0.0 0.0 0.0
0 100 200 300 0 100 200 300 0 100 200 300 |
b Time (s) . Time (s) , Time (s) R i
- 67l mAb Ko kon koff Ko kon koff
> o = y . (M) (1/Ms) (1/s) (M) (1/Ms) (1/s)
C59  mmmy, mChISHt hC59-1 % mChi3i hC59 =, mMehislt 59 8.10E-09 | 2.52E+05 | 2.04E-03 | 7.14E-09 | 1.41E+05 | 1.33E-03
~ = hC59-1 4.30E-08 | 8.51E+04 | 3.66E-03 | 6.18E-07 | 2.27E+04 | 1.40E-02
1.0 1.0 1.0 (S67F
hC59 (hC59K-S67F) | 9.21E-09 | 3.44E+05 | 3.17E-03 [ 7.05E-09 | 2.14E+05 | 1.55E-03
0.8 0.8 0.8
£ 0.6 £ 0.6 E06 hC59K-P59S 3.72E-08 | 8.63E+04 | 3.21E-03 [ 2.07E-07 | 2.00E+04 | 4.14E-03
0.4 0.4 0.4 hC59K-563K 4.15E-08 | 8.90E+04 | 3.69E-03 | 2.25E-07 | 1.79E+04 | 4.02E-03
0.2 0.2 0.2 hC59k-D70Q 4.03E-08 | 7.53E+04 | 3.04E-03 | 5.31E-07 | 1.57E+04 | 8.32E-03
0.0 0.0 0. 0 hC59K-SL77GV 3.61E-08 | 6.32E+04 | 2.28E-03 | 8.21E-07 | 2.35E+04 | 1.93E-02
"0 100 200 300 "0 100 200 300 100 200 300 hC59K-P80S 3.83E-08 | 5.68E+04 | 2.17E-03 | 1.09E-07 | 3.31E+04 | 3.60E-03
) ! hC59K-E81A 3.95E-08 | 7.71E+04 | 3.05E-03 | 4.32E-07 | 4.21E+04 | 1.82E-02
Time (s) Time (s) Time (s)
J
10 hC59K-P59S 10 hC59K-S63K 10 hC59K-D70Q hC59K-SL77GV hC59K-P80S hC59K-E81A
0.8 0.8 0.8 0.8 0.8
= E06 € 0.6 € 0.6 EOG € 0.6 € 0.6
™ c c c <
= 0.4 0.4 0.4 0.4 0.4
Q 02 0.2 0.2 0.2 0.2
0.0 0.0 0.0 0.0 0.0
0 100 200 300 0 100 200 300 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300
Time (s) Time (s) Time (s) Time (s) Time (s) Time (s)
1.04 hC59K-P59S 1.0, hC59K-S63K 4 4. hC59K-D70Q 1.0, NCB9K-SLT7TGV 4 4. hC59K-P8OS 1.0, hC59K-E81A
- 0.8 0.8 0.8 0.8 0.8
® EO06 € 0.6 € 0.6 EDG € 0.6 € 0.6
< c c c c <
o 04 0.4 0.4 0.4 0.4
£ 0.2 0.2 0.2 0.2 0.2
0.0 0. 0 0. 0 0.0 0.0
0 100 200 300 100 200 300 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300
Time (s) Time (s) Time (s) Time (s) Time (s) Time (s)

Figure 5. Humanization of the rabbit C59 antibody. (A-B) The sequence alignment of rabbit C59, humanized C59 (first version, hC59-1), and the closest
human antibody germline. (A) The hC59-1 heavy chain (hC59-1H), and (B) The hC59-1 kappa chain (hC59-1K). The CDR1-3 regions as defined by
Kabat numbering are colored in red. The full amino acid sequences of the variable heavy (VH) and light (VL) chains are given using the standard one-letter
code. (C-D) The binding curves of the rabbit C59 to hChi3ll and mChi3l11. (E-F) The binding curves of the hC59-1 to hChi3ll and mChi3ll. (G-H) The
binding curves of hC59 (second version), which has an extra S67F reverse mutation in the kappa chain FR3 region of hC59-1. The binding affinity of
hC59 was rescued by the single mutation. (I) The equilibrium dissociation constant (K p) and the kinetic rate constants (kon, koff) were determined from
the curve fitting analyses of antibody-Chi311 binding result. (J) The binding curves of humanized C59 with the reversed mutations in the FR3 region of
the kappa chain. The antibody affinity was measured by OCTET RED96 (ForteBio).
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Table 1. X-ray data collection and refinement statistics of Chi3l1-
C59Fab

A *% *%
10000 -

Chi3l1 + C59 Fab

Data collection

Facility ALS 5.0.1
Wavelength (A) 0.97
Space group P212,24
Cell dimensions
a, b, c(A) 102.1, 172.9, 404.5
a, B,y (°) 90.0, 90.0, 90.0

Resolution range (A)

73.27-3.30 (3.42-3.30)

4096

1024+

o2
o

ALT (U/L serum, Log 2)

300 T

O Rabbit IgG-Ctrl

O C59

® Human IgG-Ctrl

X
$  ecm

24h

Unpaired t test with Welch's correction

ltem

Rabbit IgG-Ctrl vs. C59

Human IgG-Ctrl vs. hC59

p value

<0.0001

0.0003

Significantly different?

Yes

Yes

One- or two-tailed?

Two-tailed

Two-tailed

Welch-corrected t, df

t=16.26, df=5.328

t=9.238, df=4.727

Mean + SD

5754 + 302 (Rabbit IgG-Ctrl)

7802 + 1559 (Human IgG-Ctrl)

1429 + 438 (C59)

1075 + 514 (hC59)

Difference between means + SEM

-4324 + 266.0

-6727 +728.2

95% confidence interval

-4996 to -3653

-8632 to -4822

R squared (eta squared)

0.9802

0.9475

Rmerge 0.796 (1.707)
CC1/2 0.265 (0.421)
T/o1 8.97 (1.87)
Completeness (%) 99.9 (99.8)
Redundancy 11.8 (11.7)
Refinement
No. reflections 108,485 (10,685)
Ryork! Reree (Y0) 20.2/24.0
No. non-hydrogen atoms
Protein 36,612
Ligand/ion 278
B-factors (A?)
Protein 70.9
Ligand 102.8
Wilson B-factor (A?) 56.9
R.m.s. deviations
Bond lengths (A) 0.007
Bond angles (°) 0.96
Ramachandran (%)
Favored 96.7
Allowed 3.1
Outliers 0.2
PDB ID 8DF1

We reported previously that Chi3ll is expressed in the
liver of patients with APAP-induced liver failure, but we
could not detect Chi3ll in biopsies of healthy livers. Sim-
ilarly, in the mouse model of AILI, we observed a rapid
and marked overexpression of Chi3ll after APAP challenge
[12]. In Chi3ll knockout mice, we found that the APAP-
induced liver injury level was markedly reduced [12]. Thus,
disruption of Chi3l11 could be a novel therapy for AILI. In
this study, we selected a rabbit mAb to Chi3ll, evaluated
the efficacy of the antibody in vivo, defined its functional
epitope, and humanized the rabbit antibody for further
drug development. Due to the higher diversity and sen-
sitivity of rabbit antibodies to various antigens [34, 35],
rabbit antibodies have been broadly used as diagnostic
and research tools [36]. More recently, multiple humanized
mADbs originated from rabbit have been approved for clini-
cal use or are being tested in clinical trials [37, 38]. In 2019,
the first humanized rabbit antibody (brolucizumab) that
inhibits VEGF for the treatment of age-related macular
degeneration, was approved by the FDA [39]. Cloning of
mADbs from single B cells of immunized animals or humans
infected with pathogens has been well developed as a source

Rabbit IgG-Ctrl

;\. “

D C59

Human IgG-Ctrl

AL

Figure 6. The hC59 attenuates acute liver injury. (A) C57BL/6J mice (4-6
mice/group) were injected (i.p.) with APAP. After 3 hours, the mice were
treated (i.p.) with a rabbit IgG-control (Ctrl), the original rabbit antibody
C59, a human IgG-Ctrl, or the humanized C59 (hC59). Serum ALT
concentrations were measured at 24 hours after APAP injection. A two-
tailed, unpaired Student’s #-test was performed. *x indicates p < 0.001. (B)
The results table of unpaired t test with Welch’s correction. (C-F) Liver
histology was evaluated at 24 hours after APAP injection. Injured areas
are outlined. (C) Rabbit IgG-Ctrl, (D) Rabbit C59, (E) Human IgG-Ctrl,
(F) hC59, and scale bar, 100 um. (4-6 mice/group).

of therapeutic antibodies [40]. These include single plasma
cell sorting, single memory B cell culture, and a combina-
tion of single B cell sorting with phage library construction
[41].

By modifying and optimizing reported single memory
B cell culture protocols [42, 43], we developed a strategy
of successive immunization with hChi3ll and mChi3ll,
coupled with antigen-specific memory B cell sorting to
isolate cross-reactive mAbs from the single memory B
cells of immunized rabbits. The successive immunizations
with hChi3ll and mChi3ll induced the cross-reactive



antibodies with higher binding affinity to both hChi311 and
mChi3ll. After immunization, we enriched the antigen-
specific memory B cells for culturing. The Avitag in
our monomeric hChi3ll and mChi3ll antigens ensures
only one site-specific biotinylation to the antigen without
masking potential epitopes and increases the success rate
of antigen baiting. In the memory B cell culture system,
we used the mouse EL4-B5 feeder cell, combined with
rabbit IL-2 and IL-21, to support the differentiation
and survival of the memory B cells based on a previous
study [42]. Once the single memory B cells are cultured,
the paired antibody genes encoding the heavy and light
chain variable regions can be isolated and converted to
IgGs for further characterization. This platform signifi-
cantly advances the generation of rabbit mAbs for drug
development.

While the cross-reactive antibody C59 attenuates the liver
injury in vivo, other antibodies with high Chi3ll binding
affinity did not show any efficacy in the same animal model.
This finding suggests that not only the binding affinity but
also the specific epitope of Chi3ll-directed antibodies is
critical to its efficacy in vivo. Based on the structure of
Chi3ll + C59 complex, C59 binds to the 4a-58 loop and
4a-helix of hChi3ll. The C59 binding is largely contributed
by the light chain, which deviates from previous studies in
which both heavy chain and light chain of rabbit antibody
are critical for the antigen-binding [25, 44]. Nevertheless,
the light chain dominance in rabbit antibody paratopes
has been reported in a previous study [45]. On the other
hand, the diversity of rabbit antibody generated by heavy
chain rearrangement is limited, as only one germline VH1
is predominantly used. However, rabbit kappa chain con-
tributes more to the diversity of antibody repertoire than
that of human and mouse antibodies [46]. Rabbits have two
kappa chain isotypes, K1 and K2, which compensate for
the limited diversity at heavy chain locus. It also suggests
that rabbit antibody kappa chain may contribute more to
the paratopes of the antibody.

Humanization of C59 is an essential step to reduce the
risk of immunogenicity after repeated administration in
clinical applications [47]. The CDR grafting generated the
first version of humanized C59 (hC59-1). However, this
initial strategy resulted in a dramatic reduction in binding
affinity. Based on the C59 + Chi3ll structure, the light
chain CDR3 contained the majority portion of hydrogen
bonds interaction with Chi3ll, and FR3 of kappa chain
also interacts with the Chi3l1. We introduced single muta-
tions to the kappa-FR3, and one of the backing mutations
S67F rescued the binding affinity of hC59 to both hChi3ll
and mChi3ll and retained the in vivo properties of the
parental antibody in AILI model. In addition to liver injury,
Chi3ll has been implicated in a variety of other diseases,
including cancer, arthritis, and Alzheimer’s disease [48].
Identification of the 4a-58 loop and 4«-helix as a major
hotspot for blocking antibodies will facilitate the isolation
of Chi3ll blocking antibodies as potential therapies for
liver injuries and other human diseases.
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