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Abstract

Natural killer (NK) cells play critical roles in host defense against tumors, microbial
infections, hematopoietic and solid organ transplantations and autoimmune diseases. The
activation of NK cell functions is regulated by multiple types of activating and inhibitory
receptors designated as paired receptors which recognize the cell surface ligands on potential
target cells. Killer cell immunoglobulin-like receptor (KIR) family consists of polymorphic but
highly homologous paired receptors and regulates human NK cell functions. Especially, two
paired receptors against human leukocyte antigen (HLA)-C allotypes with K80, activating
KIR2DS1 and inhibitory KIR2DL1, have only six different amino acid residues, and hard to
be discriminated by monoclonal antibodies (mAbs). In our laboratory, three novel rat anti-
KIR2DS1 specific mAbs (1C7, 5B12, and 3E11) were successfully generated. These mAbs
showed high specificity to KIR2DS1. All three mAbs recognized the N163 residue of
KIR2DS1 by the mutation assay using surface plasmon resonance (SPR) analysis. Interestingly,
only 1C7 mADb additionally recognized T154 residue.

These specific mAbs against KIR2DS1 are expected to be used for the basic research to
clarify the expression properties of KIR2DS1 in the NK cell-related immune disorders, and to
be developed as a candidate for therapeutic antibody drug as well. In this study, | analyzed the
molecular recognition mechanism of three novel anti-KIR2DS1 mAbs for future clinical
applications in the effective regulation of NK cell functions.
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Introduction

1. Natural killer (NK) cells

NK cells are large lymphocytes with a distinctive granular cytoplasm. NK cells play
critical roles in the innate immune system and are suggested to be associated with various types
of diseases such as tumors, microbial infections, solid organ transplantations and autoimmune
diseases [1]. Different from B cells and T cells, which express antigen-specific receptors and
play important roles in the adaptive immune system, NK cells do not require antigen-specific
recognition for their activation. NK cells are mainly regulated by the signaling pathways
through the NK cell receptors for human leukocyte antigen (HLA) class | molecules on the
target cells (Table 1) [2]. According to the “missing self-hypothesis” [3], the normal healthy
cells expressing HLA class | molecules with self-peptides could be survived from NK cell
killing, whereas non-healthy cells, such as tumor or virus-infected cells, have lost HLA class |
surface molecules and can be cytolytically attacked by NK cells with a large array of perforins

and endogenous granzymes.

NK cell activation in human is controlled by a balance regulated by the paired cell surface
receptors. Paired receptors consist of activating and inhibitory receptors sharing significantly
conserved amino acid sequences within the extracellular domains to potentially recognize the
same ligand, and regulate the cell functions [4]. The main paired receptors on the NK cell
surface are killer immunoglobulin-like receptors (KIRs) and natural cytotoxicity receptors
(NCRs). The NCR family is comprised of three type | transmembrane (TM) receptors, NKp46,
NKp44, and NKp30, which are encoded by the genes, NCR1, NCR2, and NCR3, respectively
[5]. The inhibitory and activating NK cell receptors regulate the NK cell functions by the
balance in the signaling depending on the expression levels of both the ligands on the target
cells and receptors themselves. Most of the immature NK cells express the important inhibitory
receptor, the CD94:NKG2A heterodimer, specific for the non-classical HLA class | molecule,
HLA-E, which presents a peptide derived from a leader sequence of other HLA class |
molecules. On the other hand, KIRs are expressed at the late stages of NK cell differentiation.
CD94:NKG2A co-expressed with KIRs at a further differentiation stage might cooperatively
regulate with KIR on NK cell activation. A member of leukocyte Ig-like receptors (LILR)
family, LILRB1, and leukocyte-associated Ig-like receptors (LAIRS) are also expressed in NK
cells and transmit the inhibitory signals by recognizing self-ligands [6].



Table 1. Examples of NK cell receptors.

Gene locus | Domain types Ligands

Activating
CD16 1923 Ig-like 19G [7]
NKp44 6p21 Ig-like Influenza haemagglutinin [8]
NKp30 6p21 Ig-like Unknown
NKp46 19913 Ig-like Influenza haemagglutinin [8]
KIR2DS1-2, 4 19913 Ig-like HLA class | allotypes [9]
NKG2D 12p12 C-type lectin like | MICA, MICB, ULBPs [10, 11]
CD94/NKG2C 12p12 C-type lectin like | HLA-E [12, 13]
Inhibitory
KIR2DL1-3,3DL1-2 | 19913 Ig-like HLA class | allotypes [9]
CD94/NKG2A 12p12 C-type lectin like | HLA-E [13, 14]
LILRB1 19913 Ig-like HLA class | [15]
LAIRL, LAIR2 19913 Ig-like Unknown

2. KIRs

KIR (CD158) family is one of the paired receptors expressed in NK cells and subsets of T
cells. The KIR nomenclature was determined by their domain structure and the function (Figure
1). For example, KIR2DS1 possesses two extracellular domains (2D) and short cytoplasmic
tail (S), and KIR3DL1 possesses three extracellular domains (3D) and long cytoplasmic tail
(L). The length of the cytoplasmic tail determines the function of KIRs. KIR family has two
pseudogenes namely KIR2DP1 and KIR3DP1 (Figure 2) [16]. Each Ig-like extracellular
domain of KIRs was defined as DO, D1, and D2 based on their sequence similarities (Figure
1). All KIR3D molecules have the D0-D1-D2 configuration (from N to C terminus). KIR2D
molecules have either D1- D2 (type I) or DO-D2 (type I1) configuration [16].

KIRs with long cytoplasmic tails KIR-L (KIR2DLs and KIR3DLs) transmit the inhibitory
signals through one or more immunoreceptor tyrosine-based inhibition motifs (ITIMs;
I/SIT/LXYxXL/V) [16]. Once inhibitory KIRs interact with HLA class | molecules on the target
cells, the tyrosine residue of ITIMs becomes phosphorylated by Src kinase family molecules
and then recruit other enzymes such as the phosphotyrosine phosphatases SHP-1 and SHP-2,

or the inositol-phosphatase called SHIP. These signals result in the inhibition of cell activation



and proliferation. In contrast, the KIRs with short cytoplasmic tail, KIR-S (KIR2DSs and
KIR3DSs) possess a charged residue (lysine) in their TM region which associates with the
signaling adaptor protein, DNAX activating protein of 12 kDa (DAP12) containing
immunoreceptor tyrosine-based activating motifs (ITAMs). Interestingly, KIR2DL4 has
unique features, an ITIM in the long cytoplasmic tail and a charged residue (arginine) in the
TM region allowing its association with the y chain of FceR (Figure 1). With such an unusual
hybrid structure, KIR2DL4 was reported to have a weak inhibitory potential and to induce
strong cytokine release without cell killing by the HLA-G binding [17].

Inhibitory KIRs Activating KIRs
DO DO
D1 DO D1 DO D1 D1
D2 D2 D2
. < d Extracellular
K K Cell membrane
Intracellular
FcRy DAP12 DAP12
KIR2DL KIR2DLS KIR3DL KIR2DL4 KIR2DS KIR3DS
(1,2,3) (1,2) (1,2,3) (1,2)

Figure 1: Domain configuration of the KIRs.

3. KIR genes and haplotypes

KIR gene family had been mapped on chromosome 19q13.4 called leukocyte receptor
complex (LRC) containing lots of genes encoding Ig-like receptors expressed in leukocytes.
Thirteen KIR genes and two KIR pseudogenes, each spanning ~10-16 kb, are tightly arranged
in a head-to-tail orientation (Figure 2) [18]. The LRC region has undergone multiple tandem
duplications, deletions and insertions so far, which has led to many different haplotypes and
highly homologous gene family members. Not all KIR genes exist in all individuals due to the
presence/absence of gene polymorphism. Therefore, there are highly variable haplotypes which

are the combination of KIR gene locus. KIR locus can be divided into two regions, termed
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centromeric (Cen) and telomeric (Tel), by the presence of a recombination hot spot (Figure 2)
[19]. Four KIR genes are named as the framework genes (i.e., KIR3DL3, KIR3DP1, KIR2DL4,
and KIR3DL2), located at the beginning and the ending of these two regions, are generally

present in all individuals.

Although there are many haplotypes with different number of KIR genes, they have been
grouped into two major haplotypes, A and B haplotype (Figure 2). A Haplotype mostly
consists of the inhibitory KIRs and only one activating KIR2DS4 that, in some A haplotypes,
does not code for a surface receptor [20]. The A haplotypes have a fixed gene content and are
composed by Cen-A and Tel-A regions. The other KIR haplotypes are collectively named as B
haplotypes, and comprise haplotypes carrying Cen-A/Tel-B, Cen-B/Tel-A, and Cen-B/Tel-B

combinations (Figure 2) [6].

Centromere <+— — Telomere

LILR LAIR LILR KIR complex FCAR

— 1 1 |
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Figure 2: Gene organization of KIR locus.

The nucleotide and amino acid sequences of KIR2Ds are highly homologous and
especially in the extracellular domain, there are few differences as shown in Figure 3. This is
consistent with the evolution of KIR genes by multiple gene duplication. Not only the
presence/absence polymorphisms as mentioned above, KIR genes have polymorphic residues
within the individual genes. Now there are many KIR gene alleles including the
nonsynonymous substitutions and the polymorphisms within the non-coding regions have been

reported at the immuno polymorphism database (IPD)-KIR (https://www.ebi.ac.uk/ipd/kir/).
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Figure 3: Alignment of amino acid sequences of KIR2Ds. KIR2DS1 is used as
the reference sequence, and dots indicate identity to the reference. D1, D2 mean
domain 1, domain 2.

4. Ligands of KIRs

The KIR family predominantly recognizes HLA class | molecules. HLA-C group 1 (HLA-
C1) allotypes have an asparagine residue at position 80 (C1: N80) and HLA-C2 allotype have
a lysine at position 80 (C2: K80). Some HLA-A alleles and HLA-B allotypes also have either
isoleucine (Bw4: 180) or threonine (Bw4: T80). In Table 2, the cellular ligands of KIRs are
summarized. KIR2DL1 specifically binds to all HLA-C2 but not to HLA-C1 or any HLA-A or
HLA-B allotypes. Although the extracellular domains of some activating KIRs display a high
sequence homology with those of its paired inhibitory KIRs (KIR2DS1-KIR2DL1, KIR2DS2-
KIR2DL2, L3 and KIR3DS1-KIR3DL1, respectively), the affinities of the activating
KIR/HLA class | interactions are weak, and it has been difficult to calculate their binding
affinity. For example, KIR2DS1 recognizes HLA-C2 allotypes: HLA-Cw4 (Kg = 30 uM),
although with an affinity lower than that of KIR2DL1 (Kq = 7.2 uM) [17]. KIR2DL2 and
KIR2DL3 bound HLA-C1 allotypes with sub-uM affinity [21]. Additionally,
KIR2DL2/KIR2DL3 showed some binding activity to HLA-C2 but its affinity weaker than the
corresponding binding of KIR2DL1 [22]. KIR2DL2 and KIR2DL3 seemed to show a larger
peptide dependency on the HLA-C binding than KIR2DL1 [23, 24], and this ability seems to
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be particularly relevant for the recognition of the low affinity HLA-C2 allotypes. KIR2DS2
could recognize both HLA-C1 allotypes and HLA-A*11:01 [25, 26]. KIR2DL4 possessing an
unusual hybrid structure has been reported to bind HLA-G, a non-classical HLA class |
molecule [2]. Functional studies revealed that KIR2DL4 is characterized by a weak inhibitory
potential and that its engagement with soluble ligand results in strong cytokine release in the
absence of killing [2]. Remarkably, the KIR interaction with HLA class | molecules is highly
peptide dependent. That might also suggest the peptides play the key role in the signaling
transduction. KIR2DS3, KIR2DS4, and KIR2DS5 have no inhibitory counterparts and
KIR2DS3 is expected not to be expressed at the cell surface [27], thus its function and ligand
have not been reported. On the contrary, the majority of KIR2DS4 and KIR2DS5 alleles are
expected as surface activating receptors [28, 29] and KIR2DS4 binds few HLA-C allotypes
carrying either C1 or C2 epitopes as well as HLA-A*11 [30].

KIR3Ds show different preference from KIR2Ds, which mainly recognize HLA-C (Table
2). KIR3DL.1 binds not only to HLA-B but also to some HLA-A that carry the Bw4 specificity.
KIR3DL2 allotypes bind two HLA-A allotypes (HLA-A*03 and HLA-A*11). Functional
analyses revealed that this receptor is characterized by low inhibitory capacity and its ligand
interaction is highly dependent on the HLA-A bound peptide. Recently, the ligands of
KIR3DS1 have been reported as HLA-B*51, an HLA-B Bw4 180 allotype, and the open

conformer of the non-classical HLA-F molecule [31, 32, 33]



Table 2. HLA class I ligands of KIRs.

Receptors Cellular ligands

KIR2DL1 HLA-C2 (K80)

KIR2DS1 HLA-C2(K80)

KIR2DL2/L3 HLA-C1 (N80), HLA-B*(46:01 and 73:01), HLA-C2

KIR2DS2 HLA-C1(N80), HLA-A*11:01

KIR2DS3 Unknown

KIR2DL4 HLA-G

KIR2DS4 HLA-C*(02:02, 04:01, 05:01) (K80), HLA-C*(01:02, 14:02, 16:01), HLA-
A*11, HLA-F

KIR2DL5 Unknown

KIR2DS5 HLA-C2 (K80)

KIR3DL1 HLA-B Bw4 (T80 and 180); HLA-A*(23:01, 24:02 and 32:01)

KIR3DS1 HLA-F, HLA-B*51

KIR3DL2 HLA-A*03, HLA-A*11; HLA-F

KIR3DL3 Unknown

K80, N80, T80, and 180 mean the responsible amino acid for specific recognition.

5. Crystal structures of KIRs

Consistent with the highly homologous sequences, the reported crystal structures of the
ectodomain of KIR2Ds are highly conserved (Figure 4A). The amino acid sequence identity
among ectodomain of KIR2Ds is over 90%. Specially, between KIR2DS1 and KIR2DL1, it is
97%. Superimposing the structure of 2DL1(in complex with HLA-Cw4) [34] onto their
structures for 192 equivalent Ca atoms gave a root mean square deviation (RMSD) ranging
from 0.673 A for 2DS4 [30], 0.696 A 2DL2 (in complex with HLA-Cw3) [22] to 1.460 A for
2DS2 [35] (Figure 4A). As shown in Table 2, most of KIRs recognize HLA class | molecules,
especially HLA-C, that would be the reason why the structure and the sequences are highly
homologous among KIRs. In contrast to the T cell receptors (TCRs), which recognize a wide
area of the bound peptide and its surrounding area (al and o2 helices) of the HLA class I,
KIR2Ds bind to the C-terminal site of the bound peptide. Thus, the peptide-dependent
recognition of KIRs is relatively less specific than that of the TCRs [4].



The complex structures of KIR2Ds with HLA class | molecules also showed the well
conserved ligand recognition mechanism (Figure 4B). The V-shaped orientation of two
domains has not been largely affected by the ligand binding and the hinge region of KIR2DSs
were involved in the HLA class | binding. Comparing the hinge angle of the free KIR2DS2
with that of the complexed KIR2DS2, there is only a small expansion of the hinge angle
induced by the binding from 71.2° to 72.4° [25].

A

KIR2DL1 KIR2DL2 KIR2DS2

HLA-C*04:01 HLA-C*03:04 HLA-A*11:01
(PDB ID: 11M9) (PDB ID: 1EFX) (PDB ID: 4N8V)

Figure 4: Comparison of the three-dimensional structure of KIR2Ds. (A) The
crystal structures of KIR2DS4 (yellow, PDB ID:3H8N), KIR2DL1 (light blue, PDB
ID:1IM9), KIR2DL2 (blue, PDB ID: 1EFX) and KIR2DS2 (warmpink, PDB ID:1M4K)
are shown in ribbon diagram by PyMOL software. (B) Crystal structures of
KIR2D/HLA complex.



The total buried surface area of KIR2DS2 (complex with HLA-A*11:01) between the D1
and D2 domains is 1,020 A2, which is similar to the reported values for inhibitory KIRs of
2DL1 (1,076 A?), 2DL3 (1,050 A?), and 2DL2 (919 A?). In KIR-HLA complexes, the interface
between HLA-A*11:01 and KIR2DS2 is 1,180 A?, KIR2DL1-HLA-C*04:01 (1,485A2),
KIR2DL2-HLA-C*03:04 (1,562 A?), and KIR3DL1-B*57:01 (1,740 A?) [25]. These complex
structures revealed that KIR2Ds bind to their HLA ligands, by hydrogen bond and charge
complementarity. The mutational studies showed the ligand specificity was strictly determined
by the limited different amino acid residues located at the binding region, residue 80 (N or K)
of HLA-C and residue 44 (K) of KIR2D [2, 25].

6. KIR and human diseases

The presence/absence of KIR gene polymorphisms have been associated with wide range
of diseases. To date, KIR genes have been showed the statistically significant association with
the susceptibility or resistance to viral infections, autoimmune, reproductive, and malignant
disorders [1]. HLA genes located on chromosome 6 are unlinked to the KIR genes located on
chromosome 19. Thus, the inheritance and the expression of HLAs and KIRs are physically
independent. However, it has become increasingly clear that the strength of HLA-KIR

interactions has functional significance and can influence disease susceptibility [36].

Generally, the combination of HLA-KIR genotypes that theoretically lead to lower
inhibition and higher activation have been implicated to be beneficial in viral infections such
as human immunodeficiency virus (HIV) and hepatitis C virus (HCV), whereas activating
genotypes constitute a risk for susceptibility to autoimmunity and perhaps cancers [36].
KIR3DS1-positive NK cell clones were preferentially activated by HIV-1 infected target cells
expressing HLA-B Bw4-180, resulting in lysis of these cells [37]. NK cells from
KIR2DL3/HLA-C1 individuals secreted more IFN-y at earlier time points after infection and
displayed greater degranulation than NK cells from KIR2DL1/HLA-C2 individuals [38, 39].
The different level of inhibition associated with the presence of the KIR2DL3/HLA-C1
genotype as compared to KIR2DL1/HLA-C2 underscore the functional significance of such a
difference in response to viral infection [36]. The strong interaction between inhibitory
KIR2DL1 and HLA-C2 cripples NK cell activity and prevents the protective NK cell responses
against cytomegaloviruses (CMV) [40]. The activating KIR2DS2 might associate the vascular

damage/inflammation [41]. CD4*CD28™" T cells, which are expanded in rheumatoid arthritis
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(RA) and cause endothelial damage, were found to express KIR2DS2 in the absence of
inhibitory KIR2DL2 in this condition [41]. Higher levels of inhibitory KIR-mediated
suppression of NK cell activation may also facilitate tumor escape. For example, the
KIR2DL2/2DL3/HLA-C1 genotypes showed significant positive association with melanoma
[42] and KIR3DL1/Bw4 180 were marginally higher frequencies in the patients with metastatic
melanoma [43]. Inhibitory KIR2DL1/2DL2/2DL3 were also present at significantly higher
frequencies in the patients with leukemia [44]. The activating receptors KIR3DS1 and

KIR2DS1 were associated with protection in the familial study of Hodgkin’s lymphoma [45].

7. Anti-KIR monoclonal antibodies (mAbs)

Recently, KIR family has been targeted as immune checkpoint molecules for clinical
application. Lirilumab (IPH2102/BMS-986015, Bristol-Myers Squibb) [46, 47], a first-in-class
humanized 1gG4 mAb against a common epitope shared by KIR2D, was developed to disrupt
mainly the inhibitory KIR (KIR2DL1, KIR2DL2 and KIR2DL3) binding to their ligand, HLA-
C molecules. By blocking the inhibitory signals in NK cells, effective killing of tumor target
cells had been expected. This antibody has been used for NK cell stimulation in a phase I trial
in association with Lenalidomide (a medication used to treat multiple myeloma (MM) and
myelodysplastic syndromes (MDS)) to treat MM and acute myeloid leukemia (AML) [47].
However, Lirilumab has failed at a phase 2 clinical trial for AML in 2017. The reason why it
failed might be hypothesized that Lirilumab could block the inhibitory KIR2Ds
(2DL1/2DL2/2DL3) at the beginning, but also bound with activating KIR2Ds (2DS1/2DS2)
possessing the highly conserved amino acid sequence with KIR2DLs. Another humanized
antibody, 1IPH4102 [48], selectively recognizes inhibitory KIR3DL2 which was shown to be
highly expressed on cutaneous T cell lymphomas, including mycosis fungoides and Sézary
syndrome [49]. In phase 1, IPH4102 has showed encouraging clinical activity in patients with
relapsed or refractory cutaneous T-cell lymphoma, particularly those with Sézary syndrome. A
multi-cohort, phase 2 trial (TELLOMAK) is ongoing to confirm the activity in patients with
Sézary syndrome and explore the role of IPH4102 in other subtypes of T-cell lymphomas that
express KIR3DL2 [50].

On the other hand, in the basic research, some KIR molecule-specific monoclonal
antibodies are available to use for flow cytometry, immunohistochemistry and western blotting.

However, we found a KIR2DS1-specific mAb in commercial showed the cross-binding activity
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to other KIR2Ds by surface plasmon resonance (SPR) analysis (unpublished data). Even
though there are more mAbs recognizing KIR molecules, such as 143211 (1gG1) specific for
KIR2DL1/S5, clone EB6B (IgG1) for KIR2DL1/S1, KIR2DL3*005 and 11PB6 (IgG1l) for
KIR2DL1/S1, KIR2DL3*005 [6].

8. Novel rat anti-KIR2DS1 specific mAbs

In our laboratory, three novel rat anti-KIR2DS1 specific mAbs (named 1C7, 3E11 and
5B12) have been successfully generated by rat iliac lymph node method. The rats were
immunized with the purified KIR2DS1 protein. The enzyme-linked immunosorbent assay
(ELISA) clearly showed the specificity of three mAbs (Figure 5). Most of the clones
established in this study showed non-specific KIR2D binding like clone 3B4D (Figure 5).

0.8 - 0.8 -
Clone : 1C7
06 { Clone: 3B4D 06 4
To} wnY.
30'4 | 0.4 |
0.2 1 0.2 -
0 0.
N NS DD OO0
S AV LOVAY A Q NN YD OO
r§>(§>r§>r§>r§> < §%§»§%§V&»eq
0.8 - 0.8 - .
Clone : 5B12 Clone : 3E11
0w 0.6 o 06 -
304 1 304 -
0.2 - 0.2 -
0 - 0 -
AN G P O © P 0@"/0\, P L
DR DD o

Figure 5: The results of ELSA analysis of rat anti-KIR2DS1 antibodies.
NC: negative control (GIT culture medium). PC: positive control (rat plasma).

By comparing the paired KIR2D, activating KIR2DS1 and inhibitory KIR2DL1, only six
amino acid residues are different in the ectodomain as shown in Figure 6. The position of these
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six different amino acid residues are shown on the KIR2DL1 crystal structure because the
structure of KIR2DS1 has not been elucidated (Figure 7). The surface plasmon resonance (SPR)
analysis using KIR2DS1 and KIR2DL1 mutants at these six residues showed that all three
mADbs can recognize KIR2DS1 through N163 and only 1C7 clone additionally uses T154 for
specific binding (unpublished data). This observation seems to be consistent with the
competitive assay of KIR2DS1 binding to HLA-C*0401 molecule and each mAbs. These three
mADbs showed partial, not complete, inhibition of HLA-C*0401 binding to KIR2DS1
(unpublished data) probably due to steric hindrance or some overlap of the binding region with
mAbs on KIR2DS1 molecule.

The CDR sequences of three clones have been determined (Table 3) (unpublished data).
Interestingly, the CDR of light chain was completely identical among them and those of heavy

chain also showed high similarity, but there were some differences mainly in the CDR3.

1 50

2Ds1 HEGVHRKPSLLAHPVKSEETVI LOCWSDVMFEHFLLHREGMENDTLR
ODLY - =« = e c e m e e Ple o v e e e e e

51 100
LIGEHHDGVSKANFESI SRM@QDLAGTYRCYGSVTHSPYQ@SAPSDPLDIV

101 150
ITGLYEKPSLSAQPGPTVLAGENVTLSCSSRSSYDMYHLSREGEAHERRL

151 200

Figure 6: Alignment of amino acid sequences of KIR2DS1 and 2DL1. KIR2DS1
is used as the reference sequence, and dots indicate identity to the reference.
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Figure 7. The different amino acid residues between KIR2DS1 and KIR2DL1.
The resifues in blue of KIR2DL1 complexed with HLA-C*04:01 (PDB ID: 1IM9) are
different in KIR2DS1. The residues of KIR2DS1 are shown in red.

Table 3. CDR sequence comparison of three antibodies.

CDR1 CDR2 CDR3
VL 1C7 | KASQNVGSNVD KASNRYT MQSNTNPLT
BB12 | s v v v s eeens | oanaaae | eseeneaan
G =k N O T T T P
1C7 | GFSLSTYSMGVS | SIWWNGNTYNNPSLKS | TE--IIRGRNYYVMDA
5B12 [ +«v---- L e LITIAAISH: - - --
VH
3E11 | + ¢+ oo Ge o | oo eeeneetannennn *LITITPF-—"**+++-

CDR: complementarity-determining region, VH: variable heavy chain; VVL: variable light chain
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Objectives

These specific mAbs against KIR2DS1 are expected to be used for the basic research to
clarify the expression properties of KIR2DS1 in the NK cell-related immune disorders, and to
be developed as candidates for therapeutic antibody drugs as well. To understand the molecular
recognition of KIR2DS1 by novel specific antibodies, | clarified the crystal structure of
KIR2DS1 antigen and compare with those of other KIR2Ds. Next, | determined the binding
properties of novel antibodies to KIR2DS1, and finally revealed the crystal structure of the Fab

fragment of KIR2DS1-specific antibody.
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Materials and methods
1. Preparation of recombinant KIR2DS1 protein

The gene encoding human KIR2DS1 (residues 1-200) was cloned into the plasmid vector
pGMT7 for the expression in E.coli. The recombinant protein of KIR2DS1 was prepared as
previously described for LILRB1 and LILRB2 [51]. KIR2DS1 was expressed as inclusion
bodies in BL21(DE3)pLysS (Novagen, now Merck, Darmstadt, Germany). Briefly, the
BL21(DE3)pLysS competent cells stored in the -80°C was thawed on ice and was transformed
by the plasmid of KIR2DS1-pGMT?7 with heat-shocked at 42°C for 40 seconds. After 2 minutes
incubation on ice, these cells were recovered in 2xYT culture medium at 37°C for 1 hour and
were plated on the LB agar plate with 100 pg/mL ampicillin and incubated overnight at 37°C.
On the second day, some colonies were picked from the plate and precultured in the 5 ml 2xYT
culture medium with 100 pg/mL ampicillin by shaking at 150 rpm at 37°C for 5 hours. Then
the 5 ml culture was transferred to 1 L of sterilized culture medium with 100 pg/mL ampicillin
was inoculated by the grown cultured medium for large scale culture, and was shaking at 150
rpm at 37°C. Then the expression of KIR2DS1 was induced by adding 1 mM isopropyl -D-
1-thiogalactoppyranoside (IPTG) when the ODeoo has reached 0.4-0.6. After 4 hours shaking
at 37°C, the E.coli cells were harvested by centrifugation at 5000 rpm at 4°C for 10 minutes.
To prepare the inclusion bodies of KIR2DS1, the cell pellet was resuspended with 40 mL
resuspension buffer (50 mM Tris-HCI, pH 8.0 and 150 mM NacCl), and sonicated by SONIFIER
250 Advanced (BRANSON, Connecticut, US). After the disintegration of the cells, the
inclusion bodies were harvested and washed 3 times each by Triton wash buffer (suspension
buffer containing 0.5% Triton X-100) and resuspension buffer. The inclusion bodies were
solubilized in 6 M guanidine hydrochloride (Gu-HCI) buffer (6 M Gu-HCI, 50 mM Tris-HClI,
pH 8.0 and 10 mM EDTA).

Before the refolding of KIR2DS1 recombinant proteins, the solubilized proteins were
reduced by incubation with 2 mM DTT at room temperature for 1 hour. The denatured
KIR2DS1 protein was refolded by the gradual dilution method using the refolding buffer (1 M
L-Arginine hydrochloride, 100 mM Tris-HCI pH 8.0, 2 mM EDTA, 3.73 mM cystamine
dihydrochloride and 6.34 mM cysteamine hydrochloride). The solution of KIR2DS1 protein
(468 uM) was diluted to reach the final protein concentration of 1-2 uM. The 1 L of the
refolding buffer containing KIR2DS1 was constantly stirred at 4°C for 3 days. The refolded
protein solution was concentrated to about 20 mL by using an ultrafiltration system, Vivaflow
50 (MWCO 10,000 Da) (Sartorius, Goettingen, Germany).
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The concentrated protein solution was filtered with a membrane filter (0.22 pm pore size)
and was applied to HiLoad 26/60 Superdex75 pg column (GE Healthcare, Buckinghamshire,
UK) for size exchange chromatography (SEC) using AKTA Purifier system (GE Healthcare).
The target fractions eluted at the estimated position were collected and checked by the sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie brilliant blue
(CBB) staining to be eluted as the refolded proteins. The peak fractions containing refolded
KIR2DS1peoteins were buffer-exchanged to 20 mM Tris-HCI, pH 8.0 (A buffer of AEC) and
applied to RESOURCE Q 1mL column (GE Healthcare) for anion exchange chromatography
(AEC). The KIR2DS1 proteins were eluted with 40 column volume (CV) linear gradient of 0-
0.5 M NaCl in A buffer using AKTA Purifier system (GE Healthcare).

The proteins in the eluted fractions were separated by SDS-PAGE. The proteins mixed
with sample buffer (125 mM Tris-HCI pH 6.5, 25% glycerol, 5% SDS, 0.25% bromophenol
blue with [reducing condition]/without [non-reducing condition] 5% 2-mercaptoethanol) were
applied to 15% acrylamide gels. In the case of reducing condition, the samples were boiled at
95°C for 5-10 min. The loaded proteins were separated in the gel with running buffer (25 mM
Tris, 190 mM glycine and 0.1% SDS) by electrophoresis (30 mA 60-70 min), and then proteins

were visualized by CBB or silver staining to analyze the final purity.

The KIR2DS1 with the C-terminal biotin ligase (BirA) recognition sequence
(GSLHHILDAQKMVWNHR) were prepared same as KIR2DS1 protein. After purification,
KIR2DS1 was enzymatically biotinylated with BirA in 50 mM D-biotin pH 8.3, 10 mM ATP,
10 mM magnesium acetate. After biotinylation, KIR2DS1s were separated from the reaction
mixture by gel filtration (Column: Superdex 75 10/300 (GE Healthcare)). The biotinylated
KIR2DS1s were used for the immobilization on the CAPture chip for SPR analysis.

2. Purification of monoclonal antibodies and their Fab fragments

Three hybridoma cell lines for anti-KIR2DS1 specific monoclonal antibodies (1C7, 5B12,
and 3E11) were cultured in RPMI 1640 complete medium with 10% fetal bovine serum (FBS)
for 3-4 days at 37°C with 5% CO». When the culture dishes reach ~80% confluent, the cells
were centrifuged at 300xg for 5 minutes. The cell pellets were resuspended by RMPI 1640
complete medium with 2% FBS and were cultured for about 2 weeks for antibody production
at 37°C with 5% CO». The 2% FBS was determined by the experiment that comparing the yield
that culture with 0-3% FBS. The 2% FBS had the highest yield of producing antibodies.
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Then the medium was transferred to the 50 ml Falcon tubes. After taking the balance, the
tubes were centrifuged at 9000xg for 5 minutes by Kubota High Speed Refrigerated Centrifuge
Model 6000. Then the supernatant was filtered with the membrane filter (pore size 0.22 um) to
remove the cellular debris and applied to Protein G Sepharose 4 Fast Flow (GE Healthcare) for
affinity chromatography purification. 0.5 ml protein G resin was added into 50 mL culture
supernatant and rotated by laboratory sample rotator at 4°C for 2 hours, and then purified using
Econo-Pac® Chromatography Column (BioRad). The resin was washed by 20 mM Na-Pi pH
7.0 and eluted by 0.1 M glycine-HCI (pH 3.0, pH 2.5 and pH 2.0). Every 1 mL eluted fractions
were neutralized by 1 M Tris-HCI1 pH 9.0 (20 uL to pH 3.0, 70 uL to pH 2.5 and 110 pL to pH
2.0, respectively). The purity of the eluted mAb fractions was analyzed by SDS-PAGE (15%
acryl amide gel) and CBB staining. All the elution samples were collected and apply to the
next step.

For the papain digestion of mAbs, the eluted mAb proteins were buffer exchanged to the
sample buffer: 20 mM sodium phosphate, 10 mM EDTA; pH 7.0 by dialysis using Spectra/Por
7 Pretreated Regenerated Cellulose (Spectrum Laboratories) at 4°C overnight. The mAbs
proteins in the sample buffer were digested by immobilized papain (Thermo Scientific™). 0.5
mL of the purified mAb protein solution was mixed with 0.5 mL of digestion buffer (sample
buffer with 20 mM cysteine-HCl), and applied to 0.5 mL immobilized papain resuspended by
0.5 ml digestion buffer in the 1.5 mL tube. The sample was incubated with shaking at 150 rpm
at 37°C overnight. After adding 1 mL of 10 mM Tris-HCI, pH 7.5, the immobilized papain was
separated by centrifugation. The supernatant which contains the digested Fab and Fc fragments
were collected and buffer-exchanged to 5 mM Tris-HCI, pH 8.0, 35 mM NacCl by dialysis at
4°C overnight. The samples were purified by anion exchange chromatography (AEC) with Hi-
trap Q HP 1mL column (GE Healthcare) using 5 mM Tris-HCI, pH 8.0 as the binding buffer
and 5 mM Tris-HCI, pH 8.0, 1 M NaCl as the elution buffer. The Fab fragments were eluted
with 35 CV linear gradient of 0-0.4 M NaCl using AKTA Purifier system (GE Healthcare).
The final purity was analyzed by SDS-PAGE and CBB staining.

3. Surface plasmon resonance (SPR) analyses

SPR analyses were performed using BlIAcore3000 (GE Healthcare). The C-tereminal
biotinylated KIR2DS1 protein, were immobilized on a Sensor chip CAP of Biotin CAPture Kit
(GE Healthcare) through the captured streptavidin proteins (SA) (about 1000 response unit
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(RU) for Kkinetic analysis and about 1000 RU for Equilibrium (Eq)-binding analysis) (Figure

8). The SA-captured flow cell with no ligand was used as a negative control flow cell.

For kinetic analysis using the mAbs, the purified antibody protein in the HBS-EP (0.01 M
HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20) buffer (GE
Healthcare) was independently injected over each flow path at 25 pL/min. The specific binding
responses were calculated by subtracting a response derived from the SA-immobilized control
flow path. For the mADb, the kinetic parameters were calculated using a local fitting by bivalent
binding model (A+ B & AB, AB+B & AB)) using BlAevaluation Software 4.1.1(GE
Healthcare). To calculate the apparent dissociation constants (Kg), the local fitting was

performed by 1:1 Langmuir binding model (A+ B < AB).

To consider the avidity effects of the mAbs binding to KIR2DS1, binding analysis using
the monovalent Fab fragments were performed by using the Equilibrium (Eq)-binding analysis.
The Fab fragment solutions were injected over the sensor chip at 5 uL/min and the specific
binding response units were calculated by subtracting the response unit of the SA-immobilized
control flow path. The monovalent binding fitting model was applied to calculate the
dissociation constant (Kq) using BlAevaluation Software 4.1.1 (GE Healthcare). The definition

of parameters used in this study are described in Table 4.

Thermodynamic analysis was performed by Eqg-binding SPR analyses using Fab fragments
at six different temperature points (10°C, 12°C, 15°C, 20°C, 25°C and 30°C). Using the
dissociation constant (Kq) obtained at each temperature, the standard state Gibbs energy change

upon binding was obtained from equation (a):
AG=RTInKq¢ (a)

where R is the gas constant (R = 8.314 J / mol-K). AG of each data set were plotted against the
temperatures, and the fitted with the non-linear van’t Hoff equation using Origin software 2017

version (LightStone) (equation (b)):
AG = AH — TAS + ACy(T-298.15) — AC,T In(T/298.15) (b)

where AH and AS are the binding enthalpy and entropy at 298.15 K, respectively, and ACy is
the heat capacity, which is assumed to be temperature independent.
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Figure 8: SPR analyses used in this study. (A) Model of kinetic analysis of
mAbs—KIR2DS1 binding by SPR. The C-terminal biotinylated KIR2DS1 was
immobilized on the sensor chip, and each mAb was injected over the KIR2DS1.

When the mAbs get associated with KIR2DS1, the response signal will increase,

and if the mAbs dissociate from KIR2DS1, the response will decrease. (B) Model

of equilibrium-binding analysis of Fabs—KIR2DS1 by SPR. Each Fab fragment was

injected over the immobilized KIR2DS1. Fab has one ligand-binding region, thus

the monovalent binding sensorgram is expected like this with a faster dissociation

rate than the bivalent mAb binding.
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Table 4. Definition of parameters in SPR analysis.

Parameter Description

1:1 Langmuir Kon Association rate constant for A+B => AB (1/Ms)

binding model Koff Dissociation rate constant for AB => A+B (1/5)
Ka Equilibrium association constant. Kon / Koff (1/M)
Kb Equilibrium dissociation constant. Kefi/ kon (M)

Bivalent Kon® Association rate constant for A+B => AB (1/Ms)

binding model Koff* Dissociation rate constant for AB => A+B (1/s)

Kon® Association rate constant for AB+B => AB; (1/RUs)

Kotf? Dissociation rate constant for AB> => AB+B (1/s).

Both models Rmax Maximum analyte binding capacity

Chi2 Standard statistical measure of the closeness of fit

4. Crystallization and structure determination of KIR2DS1

The purified KIR2DS1 proteins in Tris-HCI buffer pH 8.0 with NaCl by AEC were
concentrated to 7.8 mg/mL by using Amicon Ultra filter (MWCO; 10K) (Millipore). Initial
crystallization screening was performed with commercially available kits, Classic Il suit kit
(Qiagen) by the sitting-drop vapor-diffusion method. Briefly, 200 nL of the protein solution
was mixed with an equal volume of reservoir solution by using mosquito crystal Nanolitre
Protein Crystallization robot. Crystals of KIR2DS1 were obtained with a reservoir solution
containing 0.2 M ammonium sulfate, 0.1 M HEPES pH 7.5, 25% (w/v) PEG 3350 at 20°C. For
data collection, the crystals of KIR2DS1 were soaked into a cryoprotectant solution (the
reservoir solution containing 25% (v/v) ethylene glycol) and then flash-cooled in a stream of
nitrogen at 100 K. X-ray diffraction data for KIR2DS1 were collected on the beamline
X06SA(PXI) of Swiss Light Source (Switzerland).

The structure was determined by the molecular replacement method with the program
Molrep in the CCP4 suite, using the structure of KIR2DL1 (PDB ID: 11M9) as a search model.
Rotation and translation functions were calculated using data from 44.4 to 3.9 A resolution.
The structures were modified manually with Coot and refined with Refmac5 and phenix.refine.

Structures were displayed using PyMOL (PyMOL Molecular Graphics System).
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5. Crystallization and structure determination of 1C7 Fab

The purified 1C7 Fab proteins in Tris-HCI buffer, pH 8.0 were concentrated to 7.5 mg/mL,
using an Amicon Ultra filter (MWCO; 30K) (Milipore), and subsequently used for the initial
screening of crystallization using PEGs Suit and PEGs Il Suit Kkits (Qiagen) by the sitting-drop
vapor-diffusion method using a mosquito robot. Briefly, 200 nL of the protein solution was
mixed with an equal volume of reservoir solution. Crystals of KIR2DS1 were obtained in the
reservoir solution containing 0.1M Tris pH 8.5 30% (w/v) PEG1000 and incubated at 20°C.
For data collection, the crystals of 1C7 Fab were soaked into a cryoprotectant solution
containing 20% (v/v) glycerol and then flash-cooled in a stream of nitrogen at 100 K. X-ray
diffraction data for 1C7 Fab were collected on the beamline BL17A of the Photon Factory
(Tsukuba, Japan).

The data set for 1C7 Fab was processed using the HKL-2000 program suite. The structure
was determined by the molecular replacement method with the program Molrep in the CCP4
suite, using the structure of heavy chain: Cationic Cyclization Antibody 4C6 (PDB ID: INCW)
and light chain: murine 1IgG2a A27D7 (PDB ID: 4M1G) as search models. Rotation and
translation functions were calculated using data from 46.5 to 2.0 A resolution. The structures
were modified manually with Coot and refined with Refmac5 and phenix.refine. Structures

were displayed using PyMOL (PyMOL Molecular Graphics System).
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Results

1. Structural analysis of KIR2DS1
1-1. Preparation of KIR2DS1 recombinant protein

The recombinant KIR2DS1 protein was produced in E.coli as inclusion bodies and was
refolded by the dilution method as described in Materials and methods. The refolded protein
was purified from the unfolded aggregates by size exclusion chromatography (SEC) and the
collected fractions were analyzed by SDS-PAGE to confirm the purity. The refolded KIR2DS1
was eluted as a major peak by SEC, and the fractions shown by the black arrow were collected
as properly refolded KIR2DS1 (Figure 9A). The SDS-PAGE analysis under reduced condition
revealed a single major band for KIR2DS1 (theoretical molecular weight = 23.5 kDa (Figure
9B).

The collected KIR2DS1 protein solution was dialyzed and buffer-exchanged to the wash
buffer of anion exchange chromatography (AEC) for the second chromatography. KIR2DS1
was eluted as a major peak with a shoulder, thus the main peak without shoulder fraction as
described by a black arrow was collected and used for the crystallization (Figure 9C). The

purity was examined by SDS-PAGE under reducing condition (Figure 9D).
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Figure 9: The purification of KIR2DS1 protein. (A) SEC of KIR2DS1 protein
with Hiload 26/60 Superdex 75 column and 20 mM Tris-HCI pH 8.0; 100 mM
NaCl buffer. Eluted KIR2DS1 protein was indicated by the peaks under the black
arrows. (B) SDS-PAGE of purified KIR2DS1 by SEC. The gel contains 15%
acrylamide and was stained by CBB. The sample was reduced by 5% 2-
mercaptoethanol. (C) AEC of KIR2DS1 protein after SEC (0-50%B/40 column
volume). (D) SDS-PAGE of purified KIR2DS1 by AEC.
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1-2. The crystallization and structural determination of KIR2DS1

To understand the molecular recognition of KIR2DS1 by the novel antibodies, the
crystallization of KIR2DS1 was performed. The purified KIR2DS1 recombinant protein was
concentrated by ultra-filtration to 7.8 mg/mL. Crystals of KIR2DS1 was successfully obtained
in the reservoir buffer: 0.2 M ammonium sulfate, 0.1 M HEPES pH 7.5, 25% (w/v) PEG 3350
at 20°C (Figure 10A), and the X-ray diffraction data set was collected on the beamline
XO06SA(PXI) at the Swiss Light Source.

The crystal structure of KIR2DS1 was determined at the resolution of 3.92 A by the
molecular replacement method using the KIR2DL1 structure (PDB ID: 1IM9) as a search
model (Figure 10B). The data collection and processing statistics are summarized in Table 5.
The model of KIR2DS1 was refined until the final value of Rwork and Rsree factors were
determined as 36.64% and 38.99% converged using refinement programs.

The overall structure of KIR2DS1 looks similar to those of other KIR2Ds consistent with
the highly conserved their amino acid sequences. Especially, the main chain structure of
KIR2DS1 was well superimposed by that of KIR2DL1 which has only six different amino acid
residues from KIR2DS1 (Figure 10C). Unfortunately, the orientation of side chains could not
be clearly located in the low-resolution electron density map (Figure 10B), thus only the main
chain structure of KIR2DS1 will be discussed in this study. The amino acid residues
discriminated by the KIR2DS1-specific mAbs, N163 and T154, may not cause apparent

structural change as shown in Figure 10D.
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Figure 10: Crystallization of KIR2DS1. (A) The picture of KIR2DS1 crystals. The
black bar indicates 100 um. (B) Stereo view of the 2F.—Fc map around the
KIR2DS1 chain A. KIR2DS1 structure was shown in red cartoon. The 2F.—Fc maps
were contoured at 1.0 o. (C) Comparing of the structures of KIR2DS1 and
KIR2DL1 in cartoon model. KIR2DS1 was shown in red, KIR2DL1 was shown in
blue. Root Mean Square Deviation (RMSD) value is 0.469 A. (D) The Zoomed-in
view of the structure around the residues at 163 and 154. The amino acid residues

at 163 and 154 were shown in the dashed green circles.
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Table 5. Data collection and refinement statistics

Data collection KIR2DS1
wavelength (A) 1.00
resolution (&) 3.92
space group 12:3
unit-cell parameters (&) a=b=c=177.771
multiplicity 2.0 (2.0)
completeness (%) 99.82 (100.00)
<l/o(l)> 24.66 (7.89)
Rsym 0.3232 (0.1349)
unique reflections 8551 (852)
Refinement
resolution (A) 3.92
Rwork/Rfree 0.3664/0.3899
Number of atoms 2964
macromolecules 2964
RMSD
Bond length (&) 0.003
Bond angle (°) 0.59
Ramachandran (%)
favored 93.09
allowed 6.65
outliers 0.27
Mean B-factor (A2) 105.24
macromolecules 105.24




2. The binding properties of three clones with KIR2DS1 protein
2-1 The preparation of anti-KIR2DS1 specific mAbs and their Fab fragments

The novel anti-KIR2DS1 specific mAbs were produced by the established hybridoma cells
as described in Materials and Methods. The mAbs were purified by the protein G affinity
chromatography from the culture supernatants. The purity of mAbs were examined by SDS-
PAGE under reducing conditions with CBB staining (Figure 11).

Furthermore, the Fab fragments of three mAbs were prepared for SPR analysis and
structural analysis. The purified mAbs were digested by papain at 37°C overnights. The
digested Fab and Fc fragments were separated by SDS-PAGE (Figure 12A, 13A and 14A). The
Fab fragments were eluted in the 1% peak fraction by AEC (Figure 12B, 13B and 14B). The
SDS-PAGE showed that the 2" and the 3" peaks contains Fc fragments (Figure 12C, 13C and
14C).

1C7 5B12 3E11
(kDa)
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5y — 4 < < Heavy chain
T { Light chain
25 w—
5—=4 4

Figure 11: SDS-PAGE of purified mAbs by protein G purification. The gel
contains 15% acrylamide and was stained by CBB. The sample was reduced

by 5% 2-mercaptoethanol.
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Figure 12: Purification of 1C7 Fab. (A) SDS-PAGE of 1C7 Fc and Fab
fragments after papain digestion. The gel contains 15% acrylamide and was
stained by CBB. The sample was reduced by 5% 2-mercaptoethanol. (B) The
chromatogram of AEC. The eluted proteins were collected independently under
the black arrow number 1, 2 and 3. (C) SDS-PAGE of eluted proteins by AEC.
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Figure 13: Purification of 5B12 Fab. (A) SDS-PAGE of 5B12 Fc and Fab
fragments after papain digestion. The gel contains 15% acrylamide and was

stained by CBB. The sample was reduced by 5% 2-mercaptoethanol. (B) The

chromatogram of AEC. The eluted proteins were collected independently under

the black arrow number 1, 2 and 3. (C) SDS-PAGE of eluted proteins by AEC.
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Figure 14: Purification of 3E11 Fab. (A) SDS-PAGE of 3E11 Fc and Fab
fragments after papain digestion. The gel contains 15% acrylamide and was
stained by CBB. The sample was reduced by 5% 2-mercaptoethanol. (B) The
chromatogram of AEC. The eluted proteins were collected independently under
the black arrow number 1 and 2. (C) SDS-PAGE of eluted proteins by AEC.

2-2. The kinetic analysis of mAbs-KIR2DS1 using SPR

To verify and compare the binding affinity of three mAbs to KIR2DS1 protein, SPR
analysis was performed at 25°C. The KIR2DS1 protein was prepared as a C-terminal
biotinylated protein to maintain the orientation and the molecular shape of immobilized
KIR2DS1 as it was in the cellular membrane. Because all mAbs showed the binding to the
immobilized KIR2DS1 with slow dissociation in the preliminary experiment, kinetic analysis
was performed to calculate their binding affinities. Each mAb (1C7, 3E11 and 5B12) was
injected over the immobilized KIR2DS1, and representative data were shown in Figure 15.
1C7 mAb showed the slowest dissociation rate compared with others (Figure 15). Because
mADbs have two arms for antigen-specific binding, the kinetic analysis of mAbs binding to
KIR2DS1 well fitted with the bivalent analyte model.

To know the apparent binding affinity of mAbs to KIR2DS1, the 1:1 Langmuir binding
model was applied to the mAbs-KIR2DS1 binding sensorgram. The fitting data and the kinetic
parameters calculated by the 1:1 Langmuir binding model revealed the apparent Kp values of
mAb 1C7,5B12, 3E11 calculated by the 1:1 Langmuir binding model were 2.5-3.3 nM, 15-44
nM, and 22-234 nM, respectively. Thus, 1C7 mAb showed the highest apparent affinity to
KIR2DS1.
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Figure 15: Binding properties of mAbs. (A) Kinetic analysis of 1C7 mAb (25
nM, 50 nM and 100 nM) binding to immobilized KIR2DS1. (B) Kinetic analysis of
5B12 mAb (52 nM, 105 nM and 210 nM) binding to immobilized KIR2DS1. (C)
Kinetic analysis of 3E11 mAb (115 nM, 230 nM and 460 nM) binding to
immobilized KIR2DS1.

Response curves (solid line) were fitted locally using a bivalent analyte model
(dashed line).
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Table 6. Calculated parameters of interaction between KIR2DS1 and mAbs (1C7, 5B12
and 3E11) by bivalent model in SPR analysis.

Kon 1 Koff 1 Kon 2 Koff 2 Rmax
Chi2

(UMs)  (1fs) (1/RUs) (1/s) (RU)
1C7 mAb
0.1puM 7.88x10* 1.19x10° 0.0127 0.555 587 5.58
0.05 uM 9.28x10* 0.0786 9.11x10° 3.34x10* 930 5.58
0.025 uM 7.4x10*  0.0118 2.21x10°  3.9x10* 700 5.58
5B12 mAb
0.21 uM 3.61x10* 0.0104 7x10* 0.0537 433 3.47
0.105 uM 5.33x10* 7.75x10° 2.66x10° 3.15x10° 326 3.47
0.0525 uM 8.04x10* 8.83x10° 3.9x10° 2.27x107 249 3.47
3E11 mADb
0.460 uM 1.82x10* 0.0492 3.06x10°  4.26x10°® 324 3.78
0.230 uM 1.78x10* 0.0397 2.55x10°  4.4x1073 257 0.391
0.115 uM 4.47x10* 0.0272 7.84x10°  3.99x10° 65.3 0.159

2-3. The binding of Fabs to KIR2DS1 protein

To examine the monovalent binding characteristics of three mAbs with KIR2DS1 antigen,
the Fabs of mAbs were used for SPR analysis. The Fabs were injected at a flow rate of 5 uL/min
over the flow cells onto which biotinylated KIR2DS1 had been immobilized (around 1000 RU)
at 25°C. Because the binding of the Fabs to KIR2DS1 showed fast dissociation in the
preliminary experiment, the eg-binding analysis was performed. The sensorgrams of Fabs
showed specific binding to immobilized KIR2DS1 concentration-dependently, and the binding
responses were well fitted to the 1:1 langmuir binding model (Figure. 16).

The Kpvalues of Fab 1C7, 5B12, and 3E11 calculated by the 1:1 Langmuir binding model
were 0.61 uM, 13 uM and 19 uM, respectively. Similar with the results of mAbs binding to the
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KIR2DS1, the 1C7 Fab also has the highest affinity to the KIR2DS1. Thus, 1C7 clone was
selected for the structural analysis and functional analysis.
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Figure 16: Equilibrium binding analysis of Fabs. The sensorgrams (upper) and
the equilibrium binding fitting curves and Ko values (lower) of Fab fragments 1C7 (A),
5B12 (B) and 3E11 (C). The Fab fragments were injected at the indicated

concentrations through flow cells with KIR2DS1 (black line) and control SA (gray line).
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2-4. Thermodynamic analysis of three Fabs and KIR2DS1 interaction

To understand the thermodynamic properties of mAbs-KIR2DS1 binding, SPR analysis
was performed. For this analysis, the serially diluted Fab fragments of three mAbs were
injected over the immobilized KIR2DS1 (1000 mAU) at the different temperature (12°C, 15°C,
20°C, 25°C and 30°C), and the Kp values were determined under each temperature by

equilibrium binding analysis. The results of 1C7 Fab-KIR2DS1 binding were shown in Figure
17 and the Kp values of three Fabs were summarized in Table 7.
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Figure 17. Equilibrium binding of 1C7 Fab at different temperatures. The
sensorgrams (upper) and the equilibrium binding fitting curves and Kp values
(lower) of 1C7 Fab-KIR2DS1 binding at 12°C (A), 15°C (B), 20°C (C), 25°C (D)
and 30°C (E). The concentration of 1C7 Fab was as same as Figure 16A.
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Table 7. The Kp values of three Fabs at the different temperatures.

Temperature 1C7 5B12 3El11

10°C - - 47.76 uM
12°C 0.28 M 13.98 uM 41.32 uyM
15°C 0.27 uM 14.76 pM 27.13 uM
20°C 0.38 uM 19.38 uM 23.84 uM
25°C 0.59 uM 29.61 uM 15.36 uM
30°C 1.42 uM 38.72 uM 17.23 pM

The thermodynamic parameters were obtained by van’t Hoff analysis. The standard state
Gibbs energy change (AG) were plotted against temperatures and fitted with non-linear van’t
Hoff equation (b). Binding enthalpy (AH), entropy (AS) and heat capacity (ACp) were obtained
simultaneously from these fitting results. The thermodynamic parameters of three Fabs-
KIR2DS1 are summarized in Table 8 and Figure 18A. These parameters showed all three Fabs
recognize KIR2DS1 spontaneously.

Table 8. Thermodynamic parameters of the interaction between three Fabs and
KIR2DS1 at 25°C.

Immobilized Analyte n? AG AH -T AS ACp

(kcal molt)  (kcal mol?) (kcal molt) (kcal molt K1)

KIR2DS1 1C7P 3 -85+003 -24+038 15+0.8 -1.9+0.2
KIR2DS1 5B12° 3 -6.2+0.05 -18%2.1 12+20 -1.1+£0.2

KIR2DS1 3E11° 3 -66x004 2427 -89+27 -1.1+£0.1

For the data from SPR analysis, AG, AH, -T AS, AC, represent binding changes in standard
state Gibbs energy, enthalpy, entropy and heat capacity, respectively, calculated with non-
linear van’t Hoff equation.

n, numbers of experiments.

The values are means + standard deviation derived from multiple experiments.
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Figure 18. Thermodynamics of three Fabs-KIR2DS1. (A) The representative
plots of three Fabs-KIR2DS1 temperature dependency of binding Gibbs energy
(AG) determined by SPR experiments. Gibbs energies at five temperature points
(12°C, 15°C, 20°C, 25°C and 30°C) were obtained from Kp values from equilibrium

binding analysis. (B) Comparison of thermodynamic properties (at 25°C) of three

Fabs-KIR2DS1 interactions. Error bars represent standard error of the mean.
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The recognition of KIR2DS1 by 1C7 Fab and 5B12 Fab showed similar thermodynamic
characteristics, the enthalpy-driven force with the unfavorable entropy and a large heat capacity
change (Figure 18B). These binding characters suggested the induced-fit binding with
conformational adjustments and with a reduction in flexibility. On the other hand, 3E11 Fab-
KIR2DS1 binding showed the entropy-driven binding with a small enthalpy gain and a heat
capacity change (Figure 18B). Favorable entropic changes suggested a rigid-body interaction
and limited conformational changes accompany the binding. The binding enthalpy of 1C7
Fab/5B12 Fab-KIR2DS1 was similar to the other antigen-antibody interactions, which suggests
a large net increase in the number of favorable noncovalent bonds (e.g., hydrogen bonds and

Van der Waals contacts) following binding.

3. The structural analysis of 1C7 Fab

From the SPR analyses, 1C7 mAb showed the highest affinity to KIR2DS1 with slow
dissociation and its interaction was suggested to be the enthalpy driven. Thus, 1C7 mAb was
expected to be a possible candidate for clinical application. To understand the molecular
recognition mechanism at the atomic level and to perform further optimization of CDR
sequences of 1C7, the X-ray crystallization analysis of 1C7 Fab and 1C7/KIR2DS1 complex
were performed. Unfortunately, crystallographic data of the complex of 1C7Fab with
KIR2DS1 has not been obtained so far. However, the crystals of 1C7 Fab were obtained in the
reservoir buffer; 0.1M Tris pH 8.5, 30% (w/v) PEG1000 (Figure 19A). The X-ray diffraction
data set was collected on the beamline BL17A of the Photon Factory (Tsukuba, Japan). The
1C7 Fab structure was solved by the molecular replacement method at 2.00 A resolution using
the VH and VL regions of a Fab (PDB codes: INCW and 4M1G) as search models for VH and
VL, respectively. The model of 1C7 Fab was refined until the value of Rwork and Ryree factors
converged using refinement programs. The data collection and processing statistics are

summarized in Table 9.

The overall structure of 1C7Fab showed a typical Fab fragment fold (Figure 19B), with
some flexible loops which was not visible in the electron density map and thus disordered. This
is consistent with the typical antigen-antibody binding property, the flexible region of CDRs

contribute to the binding of the antigen.

37



167 VL N -
kasonv @@® vo MQSNTNPLT
FaswrRY®
1C7_VHN | | COR2 ¢
ors1. @BOO vovs TEIIRGRNYYVMDA

SIWWNGNTYNNPSLKS

VH_CDR3
5 Undetermined
flexible regions

map

Figure 19: Crystallization of 1C7 Fab. (A) The picture of the 1C7 Fab protein
crystals. The black bar indicates 100 um. (B) The ribbon diagram of 1C7 Fab. The
H and L chains are colored in light gray and dark gray, respectively. The invisible
CDR region was shown by the dashed line. The VH CDR1, 2, 3 are colored in
magenta, wheat and red, respectively. The VL CDR 1, 2, 3 are colored in blue,
green and cyan, respectively. (C) The left is the electron density map of part of
VH_CDR3. The red arrow pointed the electron density map regions of the
undetermined flexible regions. The right is CDR sequences of 1C7 Fab. The amino

acids in the colored circles are the structurally undetermined flexible regions.
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Table 9. Data collection and refinement statistics

Data collection 1C7 Fab
wavelength (A) 1.00
resolution (&) 2.00
space group Ci21
unit-cell parameters (&) a=161.042
b=41.863
c=60.355
multiplicity 3.4 (3.5)
completeness (%) 99.52 (98.79)
<l/o(l)> 11.85 (1.88)
Rsym 0.07132 (0.6958)

unique reflections

27386 (2686)

Refinement
resolution (A) 46.5-2.0
Rwork/Rfree 0.2761/0.3180
Number of atoms 3054
macromolecules 2954
water 100
RMSD
Bond length (&) 0.0033
Bond angle (°) 0.68
Ramachandran (%)
favored 94.07
allowed 4.85
outliers 1.08
Mean B-factor (A2) 50.23
macromolecules 50.45
solvent 43.65




Discussion

In this study, the crystal structure of KIR2DS1 has been determined at 3.92 A (Figure 10),
and the D1 and D2 domains form a V-shaped orientation, as revealed from the crystal structures
of other KIR2Ds [22, 34, 35]. This means KIR2DS1 binds the cognate ligand, group 2 HLA-
C, using the same hinge region as shown in the KIR2DL1/HLA-Cw4, KIR2DL2/HLA-Cw3
and KIR2DS2/HLA-A11 complex (Figure 4B). This highly conserved structure of KIR2Ds
would be essential to recognize both HLA-C heavy chain and the C-terminal region of a peptide.
Regarding the especially for the difference of N80 and K80 which determine the group of HLA-
C, the superimpose of KIR2DL1/HLA-Cw4 to KIR2DL2/HLA-Cwa3 structure showed that
many of the residues conserved in these KIR2DLs and HLA-Cs mediate different interactions
in the KIR2DL1-HLA-Cw4 and KIR2DL2-HLA-Cw3 complexes [34]. The resolution of the
KIR2DS1 crystal structure in the present study was not enough to discuss on the orientation of
the side chain. Therefore, higher resolution structure of KIR2DS1 and/or complex structures
of KIR2DS1/HLA-C will be necessary to reveal how the limited differences of amino acid
sequences between activating KIR2DS1 and KIR2DS2 cause the ligand specificity. On the
other hand, the paired inhibitory receptors generally showed higher affinity to their self-ligands
than the paired activating receptors to suppress the unnecessary immune response against the
normal cells. For example, the Kp value of KIR2DL1/HLA-Cw4 is 7.2 uM, of KIR2DS1/HLA-
Cw4 is 30 uM [21]. The complex structure of KIR2DS1/HLA-Cw4 will be able to explain the
difference of their binding affinity to HLA-C ligands in future.

In regards of the recognition of KIR2DS1 by three novel specific antibodies, the region
around the possible epitopes, N163 and T154, also had no apparent structural changes
compared with the KIR2DL 1structure (Figure 10). It is suggested that the specific recognition
of three anti-KIR2DS1 antibodies might not be related to the structural change between
KIR2DS1 and KIR2DL1 but be directly dependent on N163 and T154 residues. It is consistent
with the previous result of western blotting analysis of five KIR2D proteins which showed the
specificity of all three mAbs to KIR2DS1. Thus, our novel three specific mAbs for KIR2DS1
could be used for detection of both denatured and folded KIR2DSL1 in the basic research
experiment. Importantly, all reported KIR2DS1 polymorphic alleles possess these two amino
acid residues contributed to the specificity of mAbs. Therefore, these mAbs could be also used
for the detection of serum or cell surface expression levels of all KIR2DS1 allele products and

applied for clinical use as therapeutic reagents targeting KIR2DS1 in human individuals.
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1C7 mADb showed the highest affinity to KIR2DS1 in SPR analyses (Figure 15) and was
suggested to use wider epitopes including both N163 and T154 than the others (N163 only) in
the previous study. In the CDR region, 1C7 has unique amino acid sequences especially in
CDR3 of heavy chain (Table 3). From the observation of comprehensive protein-protein
interactions of dimeric proteins, some preference of amino acids for protein-protein interaction
at the interfaces were summarized [52]. For example, some polar residues, asparagine (N) and
arginine (R), have a particular affinity for the interface, and nonpolar methionine (M) and
proline (P) were slightly preferred in interfaces. Tyrosine (Y) was favored in interfaces, while
phenylalanine (F) and tryptophan (W) were not [52]. 1C7 VH_CDR3 has more favored
residues, asparagine (N) and arginine (R), than the other two clones, 5B12 and 3E11 (Table 3).
They might play important roles for KIR2DS1 binding with higher affinity. Since the 1C7 Fab-
KIR2DS1 is enthalpy-driven binding with the unfavorable binding entropy (Figure 18B), it
might create a large net increase in the number of favorable noncovalent bonds (e.g., hydrogen
bonds, van der Waals contacts and salt bridge) following the antigen binding [53]. Most
antibody/protein interactions reported so far have much more unfavorable binding entropies
and more favorable binding enthalpies than other general protein-protein interactions such as
receptor-ligand interactions [54]. Therefore, the clone 1C7-KIR2DS1 binding is one of the

typical antigen-antibody interactions with the highest affinity and enthalpically-driven force.

In the comparison between 3E11 and 5B12 mAbs, only five different amino acid residues
in the VH_CDR3 were observed. However, these two mAbs showed opposite thermodynamics
for KIR2DS1 binding; 5B12 showed the enthalpy-driven recognition but 3E11 showed the
entropy-driven binding with the fastest dissociation rate (Figure 15, 18). In the VH_CDR3 of
3E11, the proline (P) of might have less flexibility and the phenylalanine (F) is not favored on
the interface due to its hydrophobic side chain. On the opposite, the histidine (H) in the
VH_CDR3 of 5B12 is one of the most favored on the interface [54]. A slight concave surface
might be built on the VH_CDR3 loop of 3E11, however, 5B12 might have softer and more
flexible loop (Figure 20). The entropy driven binding of 3E11 to KIR2DS1 also suggested a
rigid-body interaction and limited conformational changes accompany the binding. The high
similarity of CDR sequences of three mAbs would be essential for KIR2DS1-specific binding
because other non-specific anti-KIR2DS1 mAbs (bind to all KIR2Ds) showed quite variable
length and sequences in all CDRs (data not shown). However, the few different residues of
VH_CDR3 could affect the binding property of mAbs. Therefore, 3E11 clone might not be
suitable to be improved for clinical application.

41



KIR2DS1 5 MISH, v,
N : N
«\g\/—'\f% ,@’\/\/_\%4
- 2% 5
//"""'" *TPF
{/ VH_CDR3 5B12 3E11
/
Fab

Figure 20: The schematic diagram of 5B12 and 3E11 VH_CDR3s.

From the results of SPR analyses, | considered that 1C7 mAb might be preferable for future
clinical application. The crystal structure of 1C7 Fab fragment clearly showed the existence of
the flexible region of CDRs. Such a flexibility of CDRs always play an important role on the
specific binding. In the crystal structure of 1C7 fab, the VL_CDR2 and VH_CDR3 showed
flexible regions (Figure 19) and can contribute to the “induced-fit” binding with conformational
changes [55, 56]. The thermodynamic and affinity analyses revealed that the VH_CDR3
already be pointed a meaningful role for the specificity binding. The CDR3 region of heavy
chains was reported to be important for the specific recognition but not sufficient for the whole
specific binding and it needs to cooperate with other CDRs of light chains [57]. | considered
that the VH_CDR3 conformational change of 1C7 is accompanied by conformational changes
in the VL_CDRZ2, which have a less intimate involvement in the Fab-KIR2DS1 interface.

As described above, 1C7 might recognize KIR2DS1 using the different surface area of
KIR2DS1. The flexible loops in the VH_CDR3 and VL_CDR?2 regions of 1C7 Fab, which
contain the flexible region for the specific binding with a conformational change (Figure 21),
would be directly used for the N163 and T154 recognition, respectively (Figure 21). In the
1C7-KIR2DS1 binding, the same CDR2 of the light chains among three mAbs might have a
role on binding to KIR2DS1 N163 and the variable CDR3 of the heavy chain might have an
important role on the binding to KIR2DS1 T154.
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The non-specific KIR2DS1 antibodies (e.g., Lirilumab) might target the common region
of KIR2Ds, therefore they could not recognize the different ligand specifically. That might be
the reason why Lirilumab failed at phase 2. Our mAbs can specifically recognize the KIR2DS1
molecules, they might get over that problem and become promising KIR2DS1-targed drug
candidates. | am also interested in whether the binding of three monoclonal antibodies would
be competitive with HLA class | molecules to KIR2DS1 or not. The possible binding epitopes,
including N163 and T154, are located in the domain 2 of KIR2DS1 and seemed to be different
region from the HLA class | binding area, the KIR2D hinge region between D1 and D2. In the
preliminary competitive binding SPR analysis, all three mAbs partially inhibited the binding
of HLA-C to KIR2DS1 probably due to the steric hindrance by mAbs. Further investigation
will be required to clarify the inhibition mechanism of the mAbs, especially 1C7 mADb, and the
function of three antibodies at the cellular level and in vivo. Moreover, further optimal
modification of 1C7 CDRs to acquire the higher affinity to KIR2DS1 keeping its specificity
by introducing mutations that stabilize the binding configuration with reducing the entropic
penalty of binding and increasing the affinity [53, 58] will be expected for the basic and the
clinical application.

The genes encoding inhibitory KIRs are nearly always present in populations at
frequencies greater than 90% to avoid the immune activation against self-healthy cells
expressing HLA class |. However, activating KIR show much greater variation in their
presence/absence in different populations. For example, KIR2DS1 has four populations with

greater than 80% frequency (Australia Aborigines, Brazil Amazon, Brazil Rodonia Province
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Karitiana and Papua New Guinea Nasioi) but three African populations with < 10%; Central
Africa Republic Bagandu Biaka, Ghana and Nigeria Enugu Ibo [59]. In Japan, 14 of 50 (28%)
healthy controls and 43 of 96 (45%) psoriasis vulgaris (PV) patients are KIR2DS1-positive [60].
Interestingly, KIR2DS1 also showed the most significant increase in psoriatic arthritis among
KIR families [61]. KIR2DS1 has been genetically reported to be associated with many other
diseases, for example, endometriosis, Vogt-Koyanagi-Harada disease, diabetes mellitus type 1
and lupus erythematosus systemic by genetic analyses. However, the expression level of
KIR2DS1 has not been clearly determined because any anti-KIR2DS1 specific antibody has
not been available. Our novel anti-KIR2DS1 specific antibodies are expected to be used to
survey the KIR2DS1 expression level in the disease patients and the relationship with the
disease progression. The novel therapy that modifies the immune functions through KIR2DS1
might be important for broad diseases. Therefore, the optimized anti-KIR2DS1 specific
antibodies will be expected to be applied to KIR2DS1-positive patients of broad immune-

disordered diseases as clinical applications and /or reagents for companion diagnostics.
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