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General introduction

Monoclonal antibody therapeutics

Monoclonal antibody therapy is one of the most successful and important strategies for
treating patients with many types of diseases. Currently, more than 40 therapeutic
antibodies are on the market to treat cancers as well as immunological and other diseases,
such as Adalimumab (anti-tumor necrosis factor [TNF]-a antibody), Rituximab (anti-
CD20 antibody), Bevacizumab (anti-vascular endothelial growth factor [VEGF]
antibody), Trastuzumab (anti-HER2 antibody), Palivizumab (anti-respiratory syncytial
virus [RSV] antibody), Omalizumab (anti-immunoglobulin E [IgE] antibody) and (anti-
epidermal growth factor receptor [EGFR] antibody)*?.

Antibodies, which are also called immunoglobulins, are large proteins used by the
immune system to identify and neutralize foreign objects such as bacteria and viruses.
Immunoglobulins are composed of two identical heavy chains and two identical light
chains, linked by disulfide bonds. Light chains fold into a variable domain (VL) and a
constant domain (CL), whereas heavy chains are composed of one variable domain (VH)
and three constant domains (CH1-3). The antigen-binding sites at the tip of the Fab
regions are formed from the variable domains of both the heavy and light chains. The Fc
region mediates interaction with effector molecules, such as complement and Fc receptors.
There are five types of immunoglobulins or antibodies in the blood: IgG, IgA, IgM, IgD
and IgE. 1gG is present in the largest amount, followed by IgM and IgA. IgD is much
lower, and IgE is present in only minute amounts®. All of the approved therapeutic
antibodies are 1gGs.

Current modern era of therapeutic antibodies originated with the invention of
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hybridoma technology to generate mouse monoclonal antibodies in 1975, Then,
immunogenicity: major limitations of mouse antibodies as therapeutic agents, lack of
effector functions and short serum half-life, were subsequently identified and largely
overcome by the advent of antibody chimerization and, later, humanization technologies
in the 1980s'*. Furthermore, fully human sequence antibodies isolated from either phage
display or transgenic mouse platforms have been approved for therapeutic use2.

Monoclonal antibody drugs that bind directly to target cells can mediate their
therapeutic effects through various mechanisms. Monoclonal antibodies can promote
antibody-dependent cellular cytotoxicity (ADCC) and tumor cell destruction by immune
effector cells, such as natural killer cells, monocytes, macrophages, neutrophils,
eosinophils and dendritic cells through binding to the Fc gamma receptors (FcyRs)
expressed on these cells!®. Complement-dependent cytotoxicity (CDC) can directly result
in target cell death through the development of a membrane attack complex®.
Monoclonal antibodies can also have direct effects on target cells by inhibiting or
activating receptor signal pathway. Blocking an activation signal by monoclonal
antibodies is induced by binding to the ligand and preventing interaction with receptor,
binding the ligand-binding site of the receptor and preventing interaction with ligand, and
preventing dimerization domain or sterically blocking the interaction'®'’. Whereas,
activating receptor signal or inducing an apoptotic signal is induced by crosslinking a
receptor'®1®, Such crosslinking of the receptor can be enhanced when a monoclonal
antibody is bound to Fc receptor-expressing cells.

Global sales revenue for all monoclonal antibody products such as described above
was nearly $75 billion in 2013, representing approximately half of the total sales of all

biopharmaceutical products®. However, despite the clinical success of these antibodies,



many clinical trials, especially in the field of oncology, have failed to show a benefit in
patients owing to lack of efficacy. To improve the efficacy of antibody therapeutics,
various new technologies have been subject to considerable research. For example, Fc
engineering such as POTELLIGENT® developed by Kyowa Hako Kirin is one of the
emerging technologies which can enhance binding affinity to FcyR, leading to improved

ADCC?02L,

Survey of this thesis
This thesis consists of the following three chapters on evaluation technologies or
characters which have possibilities of improving the potency and efficacy of antibody

therapeutics.

Antibody-drug conjugate. Antibody-drug conjugate (ADC) is another technology which
can enhance activity of antibodies. ADCs are monoclonal antibodies attached to
biologically active drugs by chemical linkers and have a mechanism for selective delivery
of the cytotoxic agent to cancer cells via the specific binding of the antibody to cancer-
selective cell surface molecules®?. The first two approved ADCs and many other ADC
candidates which are under clinical investigation are heterogeneous products from the
aspect of drug loading. This heterogeneity might be lead to affect the pharmacokinetics,
efficacy, and therapeutic index of the resulting ADC?. The first chapter describes a novel
and facile preparation method of ADC to prepare a homogeneous product by using an

antibody variant which genetically introduces unpaired cysteine residues.

Soluble antigen uncompetitive antibody. Carcinoembryonic antigen (CEA) is highly



expressed and released by most tumors of gastrointestinal origin. Therefore, soluble CEA
released by tumors is present in the circulation of patients with cancer, where it is used as
a marker for cancer progression?. However its use as a target for tumor therapy by
antibodies might be impeded by the high levels of soluble CEA that are found circulating
in the blood of cancer patients because of competition between membrane-bound and
soluble form of CEA. The second chapter shows about a novel anti-CEA antibody which
exhibit strong binding to membrane-bound form and poor affinity for soluble form to

overcome the competition.

Direct agonistic antibody. Anti-TNF-related apoptosis-inducing ligand receptor 2
(TRAIL-R2) antibody exhibits agonist activity, and is able to induce apoptosis of TRAIL-
R2 expressing tumor cells?®. Common bivalent 1gG antibodies can induce the efficient
apoptosis by mimicking the natural ligands but only after these antibodies are further
oligomerized by crosslinking by Fc receptor-expressing cells?®. However, the effector
function of such endogenous cross-linkers might be variable in individual patients due to
immunosuppressive therapies and polymorphism of Fc receptor?’-2°, KMTR?2 is a “direct
agonist antibody” against TRAIL-R2 that is capable of inducing apoptosis without cross-
linking and elucidated its mode of action and efficacy®’. The last chapter describes how
this antibody oligomerizes and induces apoptosis to the cancer cells by using X-ray crystal

structure analysis of KMTR2.
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Chapter 1

One-step conjugation method for site-specific antibody-drug

conjugates through reactive cysteine engineered antibodies

Abstract

Engineered cysteine residues are particularly convenient method for the site-specific
conjugation of antibody drug conjugates (ADC), because no cell engineering and
additives required. In general, cysteine residues of the cysteine engineered antibody
usually form mixed disulfides with glutathione or other cysteine during production
of therapeutic proteins from Chinese hamster ovary (CHO) cells, therefore,
additional reduction and reoxidization steps are required prior to conjugation. In
this study, we prepared light chain (Lc)-Q124C variants of IgG and examined
conjugation efficiency. Intriguingly, Lc-Q124C exhibited high thiol reactivity and
generated site-specific ADC without any pretreatment (named active thiol antibody:
Actibody). Most of the cysteine-maleimide conjugates including Lc-Q124C showed
retro-Michael reaction with cysteine 34 in plasma albumin and were decomposed
over time. In order to acquire resistance to such a maleimide exchange reaction, the
facile procedure for succinimide hydrolysis on anion exchange resin was generated.
Hydrolyzed Lc-Q124C conjugate prepared with anion exchange procedure retained
high stability in plasma. Recently, various stable linkage schemes for cysteine
conjugation have been reported. Combination with Actibody technology and stable

linker technology could enable to generate stable site-specific ADCs by simple



method. Actibody technology open the new way of cysteine-based conjugation, and

contribute to drop entry barriers to preparation and evaluation of ADCs.
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Introduction
Antibody-drug conjugates (ADCs) are new class of highly potent drug modalities that
equip antibodies with potent cytotoxic payloads and attract much interest in cancer
therapy in the last few years. Targeted delivery of a cytotoxic drug to the target cells by
antibody decreases the minimum effective dose and at the same time elevates the
maximum tolerated dose. ADCs have shown significant progress in oncology field
through the two FDA approved-drugs, ado-trastuzumab emtansine (KADCYLA®) and
brentuximab vedotin (ADCETRIS®). Furthermore, many ADCs prepared with various
combinations of antibodies and linker-drugs have currently undergone clinical studies?.
Conjugation of the drug payload to the antibody needs a controlled chemical
reaction with specific amino acid residues exposed on the surface of the antibody. Most
of the current ADC products generally apply a chemical reaction of lysine e-amino groups
or cysteine sulfhydryl groups activated by reducing the inter-chain disulfide bonds of
antibody?. These conjugation chemistries produce heterogeneous products at the
molecular level, lead to affect the different pharmacokinetics, efficacy, and therapeutic
index. Especially, the ADCs with an average of two to four drug-to-antibody ratios
(DARs) have been shown to be suitable for exerting maximal in vivo efficacy?®.
Site-specific conjugation is one of the most effectual techniques to reduce
heterogeneity of current ADC* In recent years, the site specific modification of
antibodies has been achieved by protein engineering strategies such as introducing
cysteine residues in the antibody sequence®?®, incorporating sugars'®, unnatural amino
acid with bio-orthogonal reactivity'>!3, or genetic encoding of peptide tags for further
enzymatic modification!*®. The engineered antibodies with additional cysteine residues

such as THIOMAB technology offer a particularly convenient method, in that no cell-
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engineering and additional reagents are required. However, the introduced cysteine
residues in 1gG generally formed mixed disulfides with cysteine or glutathione, possibly
during the fermentation process in Chinese hamster ovary (CHO) cells. Therefore,
complicated reduction and reoxidation steps are required in order to produce unpaired,
reactive sulfhydryl groups prior to drug conjugation (Scheme 1A)%16,

We previously reported that several engineered cysteine residues at less exposed
positions of Fab fragment showed high conjugation efficiency with various-sized
molecules. Among them, Fab-Lc-Q124C, which was introduced engineered cysteine
residues at the position with the lowest Accessible Surface Area (ASA)!’, exhibited the
highest thiol reactivity. In order to confirm the versatility and potency of Lc-Q124C, 1gG-
Lc-Q124C was produced through fermentation in CHO cells and compared with other
variant such as 1gG-Hc-A118C and IgG-Lc-V205C with THIOMAB technology*®. Here,
we disclosed that 19G-Lc-Q124C (named active thiol antibody: Actibody) retained high
thiol reactivity itself and made it possible to perform one-step conjugation without any
pretreatment (Scheme 1B). Furthermore, we examined possibility of application to site-

specific ADC.
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Scheme 1. General strategy for synthesis of site-specific antibody-drug conjugates with common
cysteine-engineered antibody technology (A). Simple strategy for synthesis of site-specific antibody-

drug conjugates with Actibody technology (B)
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Results

Comparison of thiol reactivity of cysteine positional variants. Trastuzumab (Tra) was
used as a model antibody in this study. Yields of all of Tra-1gG cysteine positional variants
were similar to that of Tra-WT and existed mainly as monomer (Figure 1). We examined
thiol reactivity and drug-antibody ratio (DAR) of four selected clones (Tra-1gG-WT, -Lc-
Q124C, -Lc-V205C, and -Hc-A118C) without any reduction procedure using 4-PDS
assay and Alexa 488 conjugates (Table 1). Tra-IgG-Lc-V205C and -Hc-A118C using
THIOMAB technology were well-known for production of site-specific antibody-drug
conjugates®®, As in the previous case of Tra-Fab'’, selected cysteine positional variants
existed as monomer and possessed similar binding affinity to that of Tra-1IgG-WT (data
not shown). Tra-IgG-WT showed less thiol reactivity evaluated by 4-PDS assay and
Alexa 488-antibody ratio (0.074 and 0.17). Tra-19gG-Lc-V205C and -Hc-A118C exhibited
a little thiol reactivity (0.48 and 0.36), which was far from theoretical value: 2.0. In
addition, Alexa 488-antibody ratios were also low (0.44 and 0.37), which was consistent
with low thiol reactivity. On the other hand, Tra-lIgG-Lc-Q124C retained much higher
thiol reactivity and Alexa 488-antibody ratio, which were similar to theoretical value. In
order to examine the differences in thiol reactivity and Alexa 488-antibody ratios, we
determined molecular weight of selected clones by LC-MS analysis (Figure 2). Tra-1gG-
Lc-V205C and -Hc-A118C showed broaden peaks which were located at higher
molecular weight than those of estimated values as previously reported®. To the contrary,
Tra-1gG-Lc-Q124C showed single peak corresponding to the estimated value as in the

case of Tra-1gG-WT.
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Figure 1. Size-exclusion chromatograms of Tra-IgG-WT (A), Tra-IgG-Hc-A118C (B), Tra-IgG-Lc-

Q124C (C), and Tra-1gG-Lc-V205C (D).

Table 1. Thiol reactivity and Alexa 488-antibody ratios of selected clones.

Variant Thiol Reactivity? Alexa488?
Tra-1gG-WT 0.074 £ 0.0022 0.17 £ 0.0087

Tra-1gG-Lc-Q124C 2.0+£0.016 2.0+£0.013
Tra-IgG-Hc-A118 0.36 + 0.0025 0.37 £ 0.060
Tra-1gG-Lc-V205C 0.48 £ 0.0040 0.44 +0.0057

aThiol reactivity and Alexa 488-antibody ratios were determined by three independent assays. Each

value was shown as mean value + standard deviation (SD).
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Figure 2. Deconvoluted mass spectra of naked Tra-IlgG-WT (A), Tra-1gG-Lc-Q124C (B), Tra-1gG-
Hc-A118C (C), and Tra-lgG-Lc-V205C (D). The most intense peak in each mass spectrum

corresponds to the molecular weight of the antibody.

Preparation and evaluation of Tra-lgG- vceMMAE conjugates. Three-quarters of the
ADC:s in the current clinical trials utilize either auristatin or maytansine derivatives,
which are developed by Seattle Genetics and ImmunoGen®8. Auristatin derivative:
VCMMAE has been designed to link to antibody via maleimide-thiol chemistry. In
consideration to high thiol reactivity and DAR of Alexa 488 conjugate, Tra-lgG-Lc-
Q124C was directly conjugated with veMMAE for producing site-specific ADC (Scheme
1B). Tra-1gG-Lc-V205C-vcMMAE and —Hc-A118C-vcMMAE were prepared as control

through reduction/reoxidization procedure shown in previous report (Scheme 1A)%°. As

16



shown in Figure 3, all of the Tra-1IgG-vcMMAE conjugates existed mainly as population
with DAR: 2.0. We confirmed that Tra-1gG-Lc-Q124C-vcMMAE existed mainly as
monomers by size exclusion chromatography (SEC) analysis (Figure 4). Hence, we
confirmed that Tra-lgG-Lc-Q124C could produce site-specific conjugate by one-step

procedure as shown in Scheme 1B.
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Figure 3. Deconvoluted mass spectra of Tra-lgG-Lc-Q124C-vcMMAE (A), Tra-lgG-Hc-A118C-
VCMMAE (B), and Tra-1gG-Lc-V205-vceMMAE (C). Tra-19gG-Lc-Q124C-veMMAE was produced by
direct approach (Scheme 1B), on the other hand, Tra-lgG-Hc-A118C-vcMMAE and -Lc-V205C-

VCMMAE were prepared by common route (Scheme 1A).
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Figure 4. Size-exclusion chromatograms of Tra-IgG-WT (A), Tra-lgG-Lc-Q124C (B) and Tra-1gG-

Lc-Q124C-veMMAE (C).

In order to compare the ADC derived from Tra-1gG-Lc-Q124C with those derived
from Tra-1gG-Lc-V205C and -Hc-A118C, we assessed cytotoxicity against Her2
expressing SK-BR-3, BT-474 and NCI-N87 cells using CellTiter-Glo assay*’. Tra-IgG-
Lc-Q124C-vcMMAE exerted similar cytotoxicity to those of Tra-lgG-Hc-A118C-
VCMMAE and -Lc-V205C-vcMMAE against SK-BR-3 cells in vitro (Figure 5A). Similar
results were observed in BT-474 and NCI-N87 cells (Figure 5B, C). ICso values of Tra-
IlgG-vceMMAE conjugates were shown in Table 2. We confirmed that control-1gG-Lc-
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Q124C-vcMMAE had no cytotoxicity between 0.32 and 1000 ng/mL (Figure 6).
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Figure 5. In vitro cytotoxicity of Tra-19gG-Lc-Q124C-vcMMAE, Tra-lgG-Hc-Al118-vcMMAE, Tra-

1gG-Lc-V205-vceMMAE, and control-1gG1-Lc-Q124C-vcMMAE on Her2-positive breast cancer cell

lines, SK-BR-3 (A), BT-474 (B), and NCI-N87 (C).
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Table 2. Cytotoxic activity (ICso values) of Q124C, A118C and VV205C conjugates.

Cytotoxicity in tumor cell lines ICso (ng/mL)

Cys variant

SK-BR-3 BT-474 NCI-N87
Tra-1gG-Lc-Q124C-vcMMAE 5.62+0.58 24115 414+12
Tra-1gG-Hc-A118C-vcMMAE 5.28+0.24 21714 38.0 £0.96
Tra-1gG-Lc-V205C-veMMAE 6.57 £ 0.63 29.9+0.31 47.0x£25

ICso values were determined by three independent assays and calculated using XLfit software. Each

value was shown as mean value + standard deviation (SD).
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Figure 6. In vitro cytotoxicity of Tra-lgG-Lc-Q124C-vcMMAE and control-IgG-Lc-Q124C-

VCMMAE on HER2-positive breast cancer cell lines, SK-BR-3.
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Analysis of drug-linker stability in vitro. To confirm the stability depending on the
conjugation site, Tra-1gG-Lc-Q124C-Alexa 488, -Lc-V205C-Alexa 488 and -Hc-A118C-
Alexa 488 were incubated in human plasma for 96 hours followed by size-exclusion
chromatographic analysis by detecting Alexa 488 fluorescence. As reported by Shen’s
group'®, the fluorescent peak of Tra-lgG-Lc-V205C-Alexa 488 was almost retained
throughout 24 hours incubation period, whereas that of Tra-lgG-Hc-A118C-Alexa 488
modestly decreased and new peak appeared at lower molecular weight at 24 hours, which
corresponded to albumin-Alexa 488 conjugate (Figure 7A and B). On the contrary, the
fluorescent intensity of Tra-lgG-Lc-Q124C-Alexa 488 was dramatically moved to the
lower molecular weight peak at 24 hours (Figure 7C). The time course of the ratio of Tra-
IgG-Alexa 488 conjugate was plotted (Figure 8), which also exhibited dramatic reduction

caused by retro-Michael Reaction in Tra-1gG-Lc-Q124C-Alexa 488 conjugate.
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Figure 7. Fluorescence-detection size-exclusion chromatograms of Tra-lgG-Lc-V205C-Alexa 488
(A), Tra-lgG-Hc-A118C- Alexa 488 (B), and Tra-1gG-Lc-Q124C- Alexa 488 (C) after 24 hours

incubation in human plasma.
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Figure 8. Stability of Tra-1gG-Lc-Q124C-Alexa 488, Tra-lgG-Hc-A118-Alexa 488, and Tra-1gG-Lc-
V205-Alexa 488 in human plasma. Measurement of Tra-lgG-Alexa 488 conjugate concentration was

conducted by Fluorescence-detection size-exclusion chromatography.

Linker stabilization on anion exchange resin and evaluation of stabilized ADC. Recent
studies demonstrated that retro-Michael type mediated transfer of linker-payload portion
was induced by exposure of high concentration of free thiols such as cysteine, glutathione,
and serum albumin?. Hydrolysis of succinimide ring in alkaline medium allowed
prevention of retro and reversible maleimide transfer?:23, In this study, we applied anion
exchange chromatography techniques to induce succinimide ring-opening under an
alkaline condition in solid phase system (Scheme 2). Succinimide hydrolysis of Tra-1gG-
Tra-1gG-Lc-Q124C-vcMMAE (hy-Tra-1gG-Lc-Q124C-vcMMAE) was confirmed by
using LC-MS analysis (Figure 9). The binding and cytotoxic activities of hy-Tra-1gG-Lc-
Q124C-vcMMAE were maintained (Table 3, Figure 10). The hy-Tra-1gG-Lc-Q124C-
Alexa488 which was produced by the same procedure retained the linker-drug portion in
human plasma during the 96 hours incubation period (Figure. 11).
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Scheme 2. Mechanism of drug transfer from an antibody to albumin through the maleimide exchange

reaction and prevention of drug transfer by succinimide hydrolysis with anion exchange

chromatography techniques.
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Figure 9. Deconvoluted mass spectra of hy-Tra-1gG-Lc-Q124C- veMMAE.
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Table 3. Binding kinetics of succinimide-hydrolyzed Trastuzumab-Lc-Q124C conjugates

compared with nontreated conjugate and naked antibody.

ADC or antibody KD (nM)
Tra-1lgG-WT 2.77 £0.042
Tra-1gG-Lc-Q124C-Alexa488 2.75+0.071
hy-Tra-1gG-Lc-Q124C-Alexa488 3.68 £ 0.069
Tra-1gG-Lc-Q124C-vcMMAE 2.60 £ 0.042
hy-Tra-1gG-Lc-Q124C-vcMMAE 3.62 £ 0.080
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100 A
80 A

%Viability
)
o O

N
o
1

0.1 1 10 100 1000

Concentration (ng/mL)

\ Tra-lgG-Lc-Q124C-vcMMAE  ~®-hy-Tra-IgG-Lc-Q124C-vcMMAE |

Figure 10. In vitro cytotoxicity of Tra-1gG-Lc-Q124C-vcMMAE and hy-Tra-1gG-Lc-Q124C-

VCMMAE on HER2-positive breast cancer cell lines, SK-BR-3.
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Figure 11. Evaluation of succinimide hydrolyzed Tra-1gG-Lc-Q124C-Alexa 488. Stability of hy-Tra-
IgG-Lc-Q124C conjugate, nontreated Tra-lgG-Lc-Q124C conjugate and Tra-lgG-Lc-V205C

conjugate in human plasma

Antitumor activity of Tra-1gG-Lc-Q124C-vcMMAE. In Drake’s and Jackson’s
reports*?*, NCI-N87 tumor xenograft model was used for evaluation of efficacy of Tra-
based ADC. To evaluate whether differences in linker stability in vitro correlate with
differences in antitumor activity, Tra-1gG-Lc-Q124C-vcMMAE, hy-Tra-1gG-Lc-Q124C-
VCMMAE and Tra-1gG-Lc-V205C-vcMMAE were intravenously administered once into
tumor bearing mice at doses of 0.3 and 1 mg/kg (Figure 12). All Tra-lgG-vcMMAE
conjugates showed partial inhibition in tumor growth at 0.3 mg/kg. The tumor growth
rates of both hy-Tra-1gG-Lc-Q124C-vceMMAE and Tra-1gG-Lc-V205C-veMMAE
treated mice were slower than that of Tra-1gG-Lc-Q124C-vcMMAE. At a dosing of 1
mg/kg, there were no differences in efficacy between these three treatment groups until
day 63. However, tumor volume in mice treated with Tra-1gG-Lc-Q124C-vcMMAE
stared to regrow, which was about three-fold larger than those of hy-Tra-1gG-Lc-Q124C-

26



VCMMAE and Tra-1gG-Lc-V205C-vcMMAE treated mice at day 83.
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Figure 12. In vivo efficacy of Tra-1gG-Lc-Q124C-vcMMAE, hy-Tra-1gG-Lc-Q124C-vcMMAE and
Tra-1gG-Lc-V205-vcMMAE in a xenograft model. Male SCID mice were injected subcutaneously
with NCI-N87 cells. Tra-1gG-Lc-Q124C-vcMMAE, hy-Tra-1gG-Lc-Q124C-vcMMAE and Tra-1gG-

Lc-V205-veMMAE were dosed intravenously at 0.3 and 1 mg/kg on day 0.
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Discussion

Various types of site-specific conjugation technology have been reported, which mainly
consist of recombinant*®1%-1° and nonrecombinant methods?>?%. Engineered cysteine
technology is convenient way in that cell engineering or special additives are not required.
On the other hand, a reduction and reoxidation process are necessary for producing free
and reactive cysteines. Alternative nonrecombinant methods have developed for
construction of homogeneous ADC, in which bi-functional linkers such as bis-sulfone
linker and bifunctional dibromomaleimide are used for reaction with two adjacent
cysteine thiol groups on antibody?>?6. However, these methods also need full reduction
process prior to conjugation that can potentially lead to misfolding events and yield
several conjugate isoforms. From the point of view of no pretreatment, utilization of
unnatural amino acid is superior to other methods*2*®, however, it needs cell engineering
and expensive unnatural amino acid additives. Considering these characteristics,
engineered cysteine technology without oxidization would provide an ideal way of site-
specific conjugation.

Hc-A118C and Lc-V205C variants showed high thiol reactivity when they were
produced in E. coli’, while their thiol reactivity was almost lost when they were produced
in mammalian cells®. Based on the observation that Tra-IgG-Hc-A118C IgG and -Lc-
V205C exhibited broad peaks in LC-MS analysis, free cysteine and glutathione might be
conjugated with introduced cysteines during incubation, resulting in the thiol capping of
engineered cysteine®. Surprisingly, the result presented here demonstrated that the
engineered cysteine residues in Tra-lgG-Lc-Q124C exist as reduced form and exhibit
higher thiol reactivity, which defies the common recognition that cysteine mutants are

easily capped. Serum albumin is one of the most well-known native proteins with a single
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unpaired cysteine residue as Lc-Q124C?’. Cys34 of human serum albumin (HSA) in
blood is mainly present in reduced form (75%) under aerobic conditions?®. Intriguingly,
ASA value of Cys34 is very low (0.7%), which is similar to Lc-Q124C (1.1%)Y. The
crystal structure of HSA? suggest that the sulfur atom of Cys34 is protected by the side
chains of surrounding amino acids. On the other hand, ASA values of A118C (39.9%)
and V205C (30.6%), which are calculated by the previous procedure!’, are much higher
than that of Lc-Q124C. Based on these facts, location at a buried position or orientation
of side-chain would contribute to protecting the engineered cysteine from oxidization. In
order to understand the detail mechanism of Lc-Q124C, further study such as structural
analysis could be needed.

Site-specific Lc-Q124C-1gG conjugates (MMAE and Alexa 488) were able to be
produced by direct conjugation without any pretreatment. Tra-1gG-Lc-Q124C-vcMMAE
exhibited in vitro cytotoxicy similar to that of Tra-1gG-Lc-V205C-vcMMAE conjugate
through reduction-reoxidization process, suggesting that IgG-Lc-Q124C could be applied
to site-specific ADC. In addition, 1gG-Lc-Q124C variant showed high thiol reactivity in
the case of transient and stable expression in CHO cells. Furthermore we confirmed high
thiol reactivity also in the case of preliminary fed-batch fermentation procedure (approx.
1 g/L). From our previous report'’, Fab-Lc-Q124C showed the highest thiol reactivity
among selected engineered cysteine mutants, and could produce 1:1 conjugates with
various sized functional molecules such as MMAE and branched PEG (20 kDa x 2). In
this regard, both Fab and 1gG of Lc-Q124C can provide site-specific conjugates with
something desired by simple one-step procedure.

Thiosuccinimide linkage, which was formed by the reaction of maleimide

electrophiles with thiol of engineered cysteine residues, could cause the maleimide
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exchange reaction with Cys34 in serum albumin, leading to the linker instability in blood
and consequent low efficacy in vivo. Recent study revealed that the basic environment
surrounding conjugation site such as Lc-V205C undergoes spontaneous succinimide
hydrolysis, resulting in the resistance to maleimide exchange reaction®®. In fact, Tra-1gG-
Lc-V205C-Alexa 488 was stable in human plasma, while Tra-1gG-Lc-Q124C-Alexa 488
and -Hc-A118C-Alexa 488 were decomposed over time. Tumey et al. demonstrated that
the reaction at pH 9.2 at 37°C intentionally proceed succinimide hydrolysis??, however,
this aqueous method yielded only about 50% of hydrolyzed product in the case of
maleimidocaproyl linker. In order to enhance the stability of Lc-Q124C-conjugates, we
created a simple and efficient method based on this approach, in which reaction is
performed on anion exchange resin at pH 9.5. As a result, hydrolyzed Lc-Q124C (hy-Lc-
Q124C) conjugate was produced after short time exposure (6 hours), and buffer exchange
was easily completed as elution procedure.

We found that hy-Tra-1gG-Lc-Q124C-Alexa 488 enhanced higher stability than
original Tra-1gG-Lc-Q124C-Alexa 488, and no differences in stability was detected
between hy-Tra-1gG-Lc-Q124C-Alexa 488 and Tra-1gG-Lc-V205C-Alexa 488.
Additionally, hy-Tra-1gG-Lc-Q124C-vcMMAE exhibited similar efficacy than that of
Tra-19gG-Lc-V205C-vcMMAE. Altogether, these results suggest that the instability of
maleimide-thiol linker of Lc-Q124C-conjugate could be overcome by alkaline hydrolysis
or substitution of more stable linkers. Bromoacetamidecaproyl®® and
methylsuifonylbenzothiazole**®! linkers were developed as alternative reagent for stable
thioether conjugation. In addition, it was demonstrated that the thiosuccinimide linkage
was automatically hydrolyzed even under a neutral condition by the incorporation of a

basic functional group adjacent to the maleimide?-?®. Recently, the newly palladium
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reagents were developed for thiol specific conjugation of biomolecules®?. Combination
with Lc-Q124C variants and these linker technologies could provide stable antibody-drug
conjugate.

In conclusion, Lc-Q124C (Actibody) is prepared as reduced form in the case of Fab
in E. coli and IgG in mammalian cell line, which was contrary to the fact that engineered
cysteine is easily oxidized. Actibody is easily prepared by just substituion with cystein at
GIn124 (Kabat numbering) in light chain of aimed antibody and incubation, and has high
capacity for payload size. These findings together suggest that Actibody, based on our
new concept for introducing cysteine residues with low ASA values, provides easy way
for preparing and analyzing site-specific conjugate, and shed light on the progress on

analysis of functional molecules as in the form of antibody-conjugated.
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Experimental Procedures

Materials. 4,4'-Dithiodipyridine (4-PDS) was obtained from Nacalai Tesque (Kyoto,
Japan). Maleimidocaproyl-valine-citrulline-p-aminobenzoyloxycarbonyl-monomethyl
auristatin E (vceMMAE) was obtained from MedChem Express (Princeton, NJ). Alexa
Fluor 488 C5 Maleimide was purchased from Thermo Fisher Scientific (Waltham, MA).
Chinese hamster ovary (CHO)-K1 cell line was obtained from European Collection of
Cell Cultures and cultured at 37°C with 5% CO2 in EXCELL325PF (SAFC Biosciences,
Lenexa, KS) supplemented with 4 mM L-glutamine, 50 pg/mL gentamicin. Reaction
buffer was composed of 20 mM citrate (pH 6.0) and 150 mM NaCl. The composition of
conjugation buffer was 50 mM Tris-HCI (pH 7.5) and 5 mM EDTA. All cancer cell lines
were obtained from American Type Culture Collection (Manassas, VA). SK-BR-3 was
cultured at 37°C with 5% CO2 in McCoy's 5A supplemented with 10% fetal bovine serum
(FBS). BT-474 was cultured at 37°C with 5% CO2 in RPMI1640 supplemented with 10%
FBS and 10 pg/ml bovine insulin. NCI-N87 was cultured at 37°C with 5% CO2 in

RPMI1640 supplemented with 10% FBS.

Animals. C.B17/lcr-scid Jcl (SCID) mice were purchased from Clea (Tokyo, Japan). All
animal studies were performed in accordance with Standards for Proper Conduct of
Animal Experiments at Kyowa Hakko Kirin Co., Ltd. under the approval of the
company’s Institutional Animal Care and Use Committee (protocol number APS15J0135
and APS15J0233). Fuji Research Park and Tokyo Research Park of Kyowa Hakko Kirin
co., Ltd. are fully accredited by the Association for the Assessment and Accreditation of

Laboratory Animal Care, International.
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Expression and purification of cysteine engineered Tra-1gG. The light or heavy chain
genes of Tra-1IgG which contained cysteine mutations were cloned into mammalian
expression vector. Cysteine positions in Ck light chain (Lc) and CH1 heavy chain (Hc)
constant regions were defined by Kabat number and EU number, respectively. Each
cysteine engineered Tra-1gG (Tra-1gG-Lc-Q124C, —Lc-V205C, and -Hc-A118C) was
stably expressed in CHO-K1 and these transfectants were incubated for about one week.
The culture supernatant was applied onto 1 mL Mab Select SuRe Protein A resin (GE
Healthcare, Piscataway, NJ). The resin was washed with 20 mL of D-PBS. The bound
antibody was eluted with 5 mL of 100 mM glycine-HCI (pH 3.5) and neutralized using 1
M Tris-HCI (pH 8.0). The buffer exchange into reaction buffer was accomplished using

Amicon Ultra 4 device (Merck Millipore, Billerica, MA).

Thiol Reactivity Analysis by 4-PDS. 4-PDS reacts with the thiol groups under weak
acidic conditions to form 4-mercaptopyridine with an absorbance at 324 nm®, Purified
Tra-1gG were mixed with the reaction buffer, containing 4-PDS, such that the final
solution contained 50 uM 1gG and 500 uM of 4-PDS. A standard curve was derived from
the titration of N-acetyl-L-cysteine with 4-PDS. The reaction for 30 min at room
temperature was followed by monitoring the absorption at 324 nm. Thiol reactivity was
calculated as the ratio of measured value and theoretical value at 50 uM of N-acetyl-L-
cysteine, obtained from the standard curve. Theoretically, thiol reactivity of a molecule

with one free thiol is 2.0.

Size Exclusion Chromatography (SEC). SEC was performed using Prominence

(SHIMADZU, Kyoto, Japan). Approximately 200-pmol samples were injected into the
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TSKgel G3000SWXL columns (TOSOH, Tokyo, Japan). The mobile phase was the
reaction buffer. The flow rate was 1 mL/min for 30 min. Detection was conducted by

recording absorbance at 280 nm.

Binding Analysis by Biacore. Binding affinity and kinetics analyses were conducted
using the Biacore T100 (GE Healthcare). To circumvent errors from different sample
concentrations, each Tra-1gG conjugate was immobilized on a CM5 sensor chip by using
Human Antibody Capture Kit (GE Healthcare), then a range of concentrations of Her2-
flag were passed as following procedures. 1 mg/mL of Tra-lIgG or each Tra IgG-Lc-
Q124C conjugate in HBS-EP+ running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3
mM EDTA, 0.005% surfactant P20) was captured for 40 sec at a flow rate of 10 pL/min.
A range of concentrations of Her2-flag in HBS-EP+ running buffer were passed over the
immobilized Tra-1gG or each Tra IgG-Lc-Q124C conjugate for 180 sec at a flow rate of
30 pL/min during the association phase. At the dissociation phases, HBS-EP+ running
buffer was exposed for 600 sec at a flow rate of 30 puL/min. Chip regeneration was
accomplished by exposure to 3 M magnesium chloride for 30 sec at a flow rate of 20
pL/min. All kinetic measurements were conducted at 25°C. Binding kinetic parameters,

including the ka, kd, and KD values, were calculated using Biacore evaluation software.

Preparation of Tra-1gG-Alexa 488 and vceMMAE conjugates. Tra-1gG-Lc-Q124C, -Lc-
V205C, and -Hc-A118C were adjusted to 50 uM with reaction buffer and conjugated with
10-fold molar excess of Alexa Fluor 488 C5 maleimide at 4°C for overnight. The excess
Alexa Fluor 488 C5 maleimide was purified and buffer-exchanged with reaction buffer

using Amicon Ultra 4 device. The concentrations antibody Alexa 488 conjugates were
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calculated according to the manufacturer's instructions. Tra-1gG-Lc-Q124C was adjusted
to 30 uM with reaction buffer and conjugated with 10-fold molar excess of veMMAE in
the presence of 20 % v/v of acetonitrile at 4°C for overnight. The excess veMMAE was
purified and buffer-exchanged with D-PBS using Amicon Ultra 4 device. Tra-1gG Lc-
V205C and —Hc-A118C were required to reduce their introduced cysteine residues before
conjugation. Tra-lgG-Lc-V205C and -Hc-A118C were adjusted to 5 mg/mL with
conjugation buffer and reacted with 40-fold molar excess of dithiothreitol (DTT) to
reduce the cysteine residues at room temperature for 16 hours. The excess DTT was
removed and buffer-exchanged with reaction buffer using Amicon Ultra 4 device. To
reoxidation of interchain disulfide bonds, reduced antibodies were adjusted to 50 UM and
reacted with 15-fold molar excess of (L)-Dehydroascorbic acid (DHAA) at room
temperature for 3 hours. Reoxidized antibodies were conjugated with 2.5-fold molar
excess of vCMMAE in the presence of 20% v/v of acetonitrile at room temperature for 1
hour. The excess veMMAE was purified and buffer-exchanged as described above.
Formation of MMAE conjugate was confirmed by LC-MS analysis. The concentrations
and the averages drug to antibody ratio (DAR) was accomplished by UV-VIS analysis

and equations which was described by Hamblett et al®.

Mass spectrometric analysis. All of the Tra-lgG-vcMMAE conjugates were treated with
5 units of PNGase F (Roche Diagnostics, Germany) at 4°C for overnight. Samples were
separated by isocratic high performance liquid chromatography (HPLC) on ACQUITY
UPLC BEH200 SEC column (Waters Corporation, Milford, MA) and identified by
positive time-of-flight synapt high-definition mass spectrometry (Waters Corporation).

Data collection and processing were controlled by MassLynx 4.1 software.
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In vitro cytotoxicity. SK-BR-3 (3,000 cells/well), BT-474 and NCI-N87 (10,000
cells/well) were seeded in clear bottom, white wall 96 well plates (Greiner Bio-One,
Kremsmunster, Austria). After 24 hours, serial dilution of trastuzumab vcMMAE
conjugates were added to cells and incubated at 37°C for 120 hours. Cell viability was
then determined using the Cell Titer-Glo luminescent assay (Promega Corp, Madison,

WI1) following the manufacturer's instructions.

In vitro plasma stability. Before sample preparation, human plasma was centrifuged at
20,400 g for 10 min followed by filtering through a 0.22 pum filter unit (Merck Millipore).
Tra-1gG-Alexa 488 conjugates and -vcMMAE conjugates were diluted at 100 pg/mL with
human plasma and incubated at 37°C for 0 hour, 24 hours, 48 hours, 72 hours and 96
hours. After incubation, each sample was kept frozen until analysis. The 0 hour samples
were immediately frozen after the conjugate dilution. Tra-1gG-Alexa 488 conjugates were
detected by Fluorescence-detection size exclusion chromatography using Prominence
HPLC system (SHIMADZU, Kyoto, Japan). Approximately 90 pmol were injected into
the TSKgel G3000SWXL columns (TOSOH, Tokyo, Japan). The mobile phase was the
reaction buffer. The flow rate was 1 mL/min for 20 min. The % mean stability was
calculated by dividing the peak area of Tra-1gG-Alexa 488 conjugate by total fluorescence

area.

Stabilization of Tra-1gG-Lc-Q124C conjugate. Stabilization of Tra-IgG-Lc-Q124C
conjugates was conducted on anion exchange resin. Tra-1gG-Lc-Q124C conjugates were

diluted 5 times with 20 mM Bis-tris propane (pH 9.5). Each diluted sample was injected
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onto 1 mL HiTrap Q column (GE Healthcare) equilibrated in 20 mM Bis-tris propane (pH
9.5). Columns were left at room temperature for 6 hours. Stabilized Tra-1gG-Lc-Q124C
conjugates were then eluted with 20 mM Bis-tris propane (pH 9.5) and, 1 M NacCl and

then buffer-exchanged with D-PBS using Amicon Ultra 4 device (Merck Millipore).

In vivo efficacy. In vivo efficacy of Tra-IgG-vcMMAE conjugates was evaluated in NCI-
N87 human gastric carcinoma xenograft model. NCI-N87 cells were subcutaneously
inoculated into right flank of SCID mice at 5 x 10° cells per mice. Seven or 8 days after
implantation, mice bearing palpable tumor were assigned into groups so that average
tumor volume/group would be equivalent. Vehicle and Tra-IlgG-vceMMAE conjugates
were intraveneously administered into mice on day 0 at dosages of 0.3, 1, and 3 mg/kg.
Tumor mass were measured by calipers twice weekly, and tumor volume was calculated

as: tumor volume (mm?®) = (length x width x width) /2.
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Chapter 2

Novel anticarcinoembryonic antigen antibody-drug conjugate

has antitumor activity in the existence of soluble antigen

Abstruct

Carcinoembryonic antigen (CEA or CEACAMDS) is a classic tumor specific antigen
and that is overexpressed in the several cancers such as gastric cancer. Although
some anti-CEA antibodies have been be tested in a clinical trial, there is no clinically
approved anti-CEA antibody therapeutics until now. Among this circumstance, we
have created the novel anti- CEA antibody, 15-1-32, which is able to bind strongly to
membrane-bound CEA on the cancer cells compared with existing anti-CEA
antibodies. 15-1-32 also shows poor affinity for soluble CEA, thus the binding
activity of 15-1-32 to the membrane-bound CEA is not influenced by soluble CEA.
Furthermore, we constructed 15-1-32- monomethyl auristatin E conjugate (15-1-32-
VCMMAE) to improve therapeutic efficacy of 15-1-32. 15-1-32-vcMMAE showed
enhanced anti-tumor activity against gastric cancer cell line. Additionally, unlike the
existing anti-CEA antibody, anti-tumor activity of 15-1-32-vcMMAE was retained

even in the existence of high concentration soluble CEA.

43



Introduction

Carcinoembryonic antigen (CEA or CEACAMS) is a 180 kDa glycosylated protein that
is expressed on the cell surface membrane in many types of cancers, and widely used as
a clinical diagnosis maker for various tumors, such as colorectal, gastric, liver and other
cancer'3, Thus, CEA is considered as an attractive target for the cancer therapy, especially
for the antibody therapy. Currently, several anti-CEA antibodies are under clinical trial,
however no CEA targeted antibody is not marketed so far*’. There are two major
problems for the cancer immunotherapy of CEA targeted antibodies. First, the functional
significance of CEA in tumorigenesis is thought to be limited because CEA is
glycophosphatidylinositol (GPI) anchor protein and has no intracellular domain that is
required for signal transduction. Many anti-CEA antibodies have been reported, however
there are few reports about anti-CEA antibodies which possess inhibition activity of tumor
function. Second, CEA is highly cleaved from the cell surface as a soluble form8. This
property of CEA is useful as a clinical maker®°, however, this does not fit for the target
of therapeutic antibody. Because highly secreted soluble CEA around tumor and in serum
may disturb the therapeutic antibody binding to the membrane form CEA, therefore
accumulation of therapeutic anti-CEA antibody in tumor is limited for the enough clinical
efficacy.

Antibody-drug conjugate (ADC) is currently established antibody therapeutics
format that covalently link cytotoxic agent to antibodies that recognize tumor antigens to
enhance the anti-tumor potency of antibody therapeutics**2. Antibodies conjugated with
the cytotoxic agent bind to the tumor tissue depending on the expression of tumor antigen,
internalize to intracellular space, then release the payload to inside the cell. Two ADCs

are already on the market, including CD30-targeted brentuximab vedotin (ADCETRIS®)
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for relapsed Hodgkin lymphoma and anaplastic large cell lymphoma!2, and Her2-targeted
ado-trastuzumab emtansine (KADCYLA®) for refractory Her2-expressing breast
cancers'4. More than 40 ADCs are under clinical trial including anti-CEA ADC, IMMU-
130 (labetuzumab-SN-38), which are now in phase Il clinical trials for the colorectal
cancers®,

15-1-32 is fully human antibody that strongly recognizes membrane-bound CEA.
15-1-32 shows high binding affinity for membrane-bound CEA compared with other CEA
antibodies and is little influenced by soluble form CEA. Although another group also
reported that anti-CEA antibody, PR1A3, binds only membrane-bound CEA™8 our
antibody recognizes different epitope and shows much higher binding activity to the
membrane-bound CEA. Despite the unique binding property, 15-1-32 retained same
reactivity for the tumor tissue compared with existing CEA antibodies. In this study, we
constructed 15-1-32-drug conjugate (15-1-32-vcMMAE) to improve therapeutic efficacy

of 15-1-32 and investigated the antitumor effects.
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Results

Isolation of an anti-CEA antibody, 15-1-32. We firstly aimed to identify the anti-CEA
antibodies with high affinity only for the membrane-bound CEA. To isolate anti-CEA
antibodies, KM mouse were immunized with CEA-expressing L929 trasnfectant®.
Hybridoma cells produced from spleen cells were selected through flow cytometry. One
of these anti-CEA antibodies which we obtained was 15-1-32, fully human anti-CEA
antibody. 15-1-32 bound to CEA expressing MKN-45 and KATO-I1II cells in the same
manner as labetuzumab and mouse anti-human CEA antibody, 12-140-1, which is
commercially available, whereas did not bind to CEA negative Raji cells (Figure 1A).
These results indicated that 15-1-32 displayed strong and specific binding to membrane-
bound CEA. Another group has reported that anti-CEA antibody, PR1A3, binds only
membrane-bound CEA. PR1A3 recognized the B3 domain that located C-terminal of
CEAS. For exploration of a 15-1-32 binding epitope, we conducted competition
experiments against existing anti-CEA antibody, such as PR1A3, labetuzumab and other
anti-CEA antibodies by flow cytometry analysis (Figure 1B). PR1A3 did not inhibit 15-
1-32 binding, but 12-140-1 that recognized N domain of CEA inhibited 15-1-32 binding®.
These results suggested 15-1-32 targeted N-terminal domain of CEA and recognition

epitope is different from that of PR1A3.
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Figure 1. (A) Histograms of antibody binding to carcinoembryonic antigen (CEA) expressing MKN-
45 and KATO-III, CEA negative Raji cells by flow cytometry (red histograms). The secondary
antibody only served as controls (gray-filled histograms). (B) Competitive flow cytometric analysis
with Alexa 488-labeled 15-1-32 against CEA-expressing MKN-45 cells. 12-140-1 (open rhombus),

labetuzumab (open square), and PR1A3 (open triangle) were used as competitors.
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Binding property of 15-1-32. Next, we validated the binding activity to membrane-bound
CEA of 15-1-32 compared with PR1A3 and labetuzumab which is parental antibody of
labetuzumab-SN-38 with or without soluble CEA by flow cytometry analysis. As shown
Figure 2, 15-1-32 showed much higher binding activity to membrane-bound CEA
expressed on MKN-45 than other two anti-CEA antibodies. In the presence of soluble
CEA, labetuzumab reduced binding activity to cell surface CEA. However, there was
slightly reduction in reactivity of PR1A3 and 15-1-32 with MKN-45 even in the presence
of 10 pg/mL soluble CEA. The reactivity of 15-1-32 with MKN-45 is almost ten times
higher than PR1A3 in this condition.

The binding kinetics of the 15-1-32, PR1A3 and labetuzumab to soluble CEA were
analyzed on a Biacore biosensor in order to clarify the mechanism of binding property of
15-1-32. The sensorgrams and kinetic parameters for antibody-soluble CEA interactions
are shown in Figure 3 and Table 1. The correct kinetic parameters of PR1A3 could not be
calculated because of the poor reactivity to soluble CEA. Equilibrium dissociation
constant (KD) of 15-1-32 had only an approximately fourfold difference compared with
labetuzumab; however, binding property of 15-1-32 is significantly difference from
labetuzumab. 15-1-32 had an approximately threefold higher association rate constant
(ka) for soluble CEA than labetuzumab, whereas 15-1-32 had an approximately 12-fold
higher dissocation constant (kd). These results indicated that 15-1-32 showed week

binding property against soluble CEA.
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Figure 2. Binding activity of anti-carcinoembryonic antigen (CEA) antibodies to membrane-bound

CEA on MKN-45 under the presence or absence of soluble CEA.

A 100 4
80
n
£
2 604 —100 nM
2 —33nM
2 40 - —11nM
8 —3.7nM
2 20 —1.2nM
E —0.41nM
0 —0.14nM
-20 : ‘ ‘ ‘ ‘ ‘ . . .
100 0 100 200 300 400 500 600 700 800
Time (0=binding)
B 100 -
80 -
N
£
o 60 —100 nM
2 —33nM
2 40 - —11nM
§ —3.7nM
2 20 4 —1.2nM
§ —0.41nM
o —0.14nM

-100 0 100 200 300 400 500 600 700 800
Time {0=binding)

Figure 3. Typical sensorgrams of (A) 15-1-32 and (B) labetuzumab. Each legend indicated the

concentration of soluble CEA
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Table 1. Binding kinetics of anti-CEA antibody against soluble CEA.

Antibody Ka (x 109 M1 S kg (x 1074) S Kb (ka/ka) nM
15-1-32 15.6 104 66.3
Labetuzumab 5.08 8.38 16.5

Internalization property of 15-1-32. The internalization property of 15-1-32 on each cell
line was evaluated by flow cytometry analysis. The number of internalized 15-1-32 which
bound to membrane-bound CEA in each of the time was calculated and shown in Figure
4. About four hundred thousand antibodies were internalized into MKN-45 cells for 24
hours. Although the number of internalized 15-1-32 in KATO-II1 were less than that in
MKN-45, more than two hundred thousand molecules were internalized into each cell.
These results indicated that 15-1-32 has well internalizing property into CEA expressing

cell.
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Reactivity of 15-1-32 to the tumor tissue. To examine the reactivity of 15-1-32 to human
gastric cancer tissue by immunohistochemistry, we evaluate 10 surgical specimens to
confirm the CEA expression in gastric (Figure 5 upper) and esophageal cancer (Figure 5
lower). Despite the unique binding property of 15-1-32 to soluble CEA, positive staining
was observed in 10/10 gastric cancer tissue samples and 6/10 esophageal cancer tissue
samples stained with both test antibodies (Table 2). The sites of staining were membrane
and/or cytoplasm in tumor cells. Localization of positive staining was apical in
adenocarcinoma and squamous cell carcinoma. The frequency of staining was varied in
gastric cancer tissue (less than 25% to more than 75%), and almost less than 25% in
esophageal cancer tissue. In some esophageal cancer samples, normal esophageal
epithelium (mainly apical) also showed positive staining. There was a similar trend with

respect to the staining site, intensity, and frequency between 15-1-32 and labetuzumab.

Labetuzumab

3 . § 7 BEEART AN A
i il el A m

Stomach

Esophagus |

Figure 5. Immunhistochemical staining of CEA with 15-1-32 and labetuzumab. Sections from tumoral
stomach adenocarcinoma tissues with an antibody against CEA are shown in the upper panels. Lower
panels show esophagus squamous cell carcinoma sections. Anti-DNP was used as negative control.

HE stands for Hematoxylin-eosin.
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The effects of 15-1-32-vcMMAE on CEA-expressing cells in vitro. To enhance the
antitumor potency of 15-1-32, we constructed 15-1-32 based ADC. Currently, there are
two major tubulin inhibitors are developed as ADC payloads, such as auristatins and
maytansine derivatives?'. We selected auristatin derivative, veMMAE to conjugate with
15-1-32. We applied novel site specific conjugation technology, Actibody, to control the
attached number of the drug to cysteine residues in antibody via thiol reactive molecules
such as maleimide??. As a result of conjugation, ADC, termed, 15-1-32-vcMMAE,
contains 2 molecules vceMMAE per antibody (Figure 6A, B). We also constructed a

control ADC, termed labetuzumab-vcMMAE, with Actibody technology (Figure 6C, D).
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Figure 6. Deconvoluted mass spectra of naked 15-1-32 Actibody (A), 15-1-32-vcMMAE (B), naked
labetuzumab Actibody (C), and labetuzumab-vcMMAE (D). The most intense peak in each mass

spectrum corresponds to the molecular weight of the antibody.
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15-1-32-vcMMAE exerted cytotoxic activity against CEA expressing MKN-45
cells, which led to the death of 60% of all target cells at 10 pg/mL (Figure 7A). Cytotoxic
activity of 15-1-32-vcMMAE was almost same as labetuzumab-vcMMAE. To further
confirm the influence of soluble CEA, we evaluated the cytotoxicity of 15-1-32-
VCMMAE and labetuzumab-vcMMAE in the presence of soluble CEA (Figure 7B). The
cytotoxic activity of labetuzumab-veMMAE was almost canceled in the presence of
soluble CEA. On the other hand, 15-1-32-MMAE retained antiproliferative activity on

the MKN-45 cells despite of the existence of soluble CEA.
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Discussion
CEA has been reported to be overexpressed in various solid tumors. Although many anti-
CEA antibodies have been created and developed since this molecule was discovered, to
the best of our knowledge, no anti-CEA antibodies have been approved for clinical use.
The functional correlation between CEA and tumorigenesis is still unclear, thus lack of
the anti-tumor potency of anti-CEA antibodies could be considered one of the possible
problems. Currently, three antibodies are in clinic and all antibodies are enhanced
therapeutic potency by new technologies, such as ADC, bispecific antibody and cytokine
fusion antibody*2. Addition of new technology to improve the antibody efficacy is an
important point for the therapeutic use of anti-CEA antibodies. However, highly secreted
soluble CEA is also thought to be a hindrance for the therapeutic use among the anti-CEA
antibodies. In this study, we successfully created 15-1-32, a fully human anti-CEA
antibody, by immunization of KM mouse?*. 15-1-32 showed the strongest binding activity
to membrane-bound CEA compared with other existing CEA antibodies, while its
reactivity to soluble CEA was weak. Thus, 15-1-32 was retained on the cell surface
depend on the membrane-bound CEA expression level in the presence of the soluble CEA.
To further investigate the mechanism responsible for this unique binding property
of 15-1-32 to soluble CEA, binding kinetics parameters were measured using Biacore
biosensor. The kinetics analysis reveals that ka of 15-1-32 is three times higher than
existing anti-CEA antibody, labetuzumab. In contrast, kd is 12 times higher than
labetuzumab, this suggested that 15-1-32 is highly reactive but easily removal from
soluble CEA. Although we could not investigate the kinetics analysis of 15-1-32 to
membrane-bound CEA because of the technical difficulty, we speculate that 15-1-32

retained high ka even to the CEA expressed on cell surface, and low kd not to easily
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remove from cells. This hypothesis was able to explain 15-1-32 reactivity, such as
strongest binding activity to the cell surface membrane-bound CEA and poor binding to
soluble CEA. In this study, we could not measure the correct kinetics parameters of
PR1A3 because of the lower ka, this suggested both PR1A3 and 15-1-32 are poorly
reactive to soluble CEA, however, their binding mechanisms are completely different. To
further clarify the binding mechanism, detail epitope analysis may be needed.

To confirm the tumor tissue binding of 15-1-32, we conducted the
immunohistochemistry analysis of 15-1-32 and labetuzumab binding in human stomach
and esophagus cancer tissue. As a result, positive staining was observed in all stomach
cancer tissue and in six out of 10 esophagus cancer. Furthermore, there were similar
staining patterns between 15-1-32 and labetuzumab. This suggests that 15-1-32 retains
membrane-bound CEA recognition property expressed on tumor tissue and can be applied
for future clinical use.

In this study, we generated 15-1-32 based ADC, 15-1-32-vcMMAE, by using our
Actibody technology??, and compared its cytotoxicty with labetuzumab-vceMMAE
against CEA expressing MKN-45 cells. The result showed that the cytotoxicity of 15-1-
32-vcMMAE was almost the same as labetuzumab-vcMMAE. CEA has been generally
reported as a noninternalizing antigen depend on antibody binding®-%’, but many reports
also suggested anti-CEA antibodies internalized due to the membrane turnover?®°,
Furthermore, uptake rates of anti-CEA antibodies were generally similar, independent of
affinity, stability against protease digestion and valency®. Thus, CEA antibodies might
be viable for the cargo of cytotoxic molecule to the tumor tissue for the cancer therapy.
In fact, anti-CEA ADC, labetuzumab-SN-38, showed therapeutic effect in preclinical

xenograft model and now in phases 1l clinical trial®.
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Additionaly, we evaluated these ADC activities against tumor cells in the presence
of soluble CEA. The cytotoxicity of labetuzumab-vcMMAE was inhibited by presence of
soluble CEA, suggesting that the strong coupling between soluble CEA and antibody
interfered with binding labetuzumab-vcMMAE membrane-bound CEA. On the other
hand, soluble CEA did not have much influence on the cytotoxicity of 15-1-32- vcMMAE
because of its unique binding property against soluble and membrane-bound CEA. These
results indicate the possibility that 15-1-32 could be suitable for antibody-based drugs
especially antibody-drug conjugate compared with labetuzumab. To further clarify the
potential of 15-1-32 in ADC, in vivo analysis of these antibodies, including
pharmacokinetics and pharmacodynamics study in the existence of soluble CEA, have to
be required.

In conclusion, we have produced and characterized a novel anti CEA antibody, 15-
1-32. Favorable binding properties against membrane-bound CEA, and powerful
antitumor effect of veMMAE conjugate in vitro suggest that 15-1-32 has great potential

in clinical application in the detection or treatment of CEA-positive tumors.
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Experimental Procedures

Materials. Maleimidocaproyl-valine-citrulline-p-aminobenzoyloxycarbonyl-
monomethyl auristatin E (vceMMAE) was obtained from MedChem Express (Princeton,
NJ). Alexa Fluor 488 (Alexa 488) C5 Maleimide was purchased from Thermo Fisher
Scientific (Waltham, MA). Rituximab and anti-2, 4-dinitrophenol (DNP) antibody were
internally produced. Human soluble CEA was purchased from HyTest (Turku, Finland).
L929 mouse fibroblast cell line was obtained from Riken Cell Bank (Tsukuba, Japan) and
cultured at 37°C with 5% CO. in MEM supplemented with 10% fetal bovine serum (FBS).
The Chinese hamster ovary (CHO) DG44 cell was cultured at 37°C with 5% CO: in
IMDM supplemented with 10% FBS, 50 pg/mL gentamicin. Expi293F Expression
System was purchased from Thermo Fisher Scientific (Waltham, MA). MKN-45 human
gastric cancer cell line was obtained from Japanese Collection of Research Bioresources
(Osaka, Japan) and cultured at 37°C with 5% CO. in RPMI11640 supplemented with 10%
FBS. KATO-III human gastric cancer cell line was obtained from Sumitomo Dainippon
Pharma (Osaka, Japan) and cultured at 37°C with 5% CO2 in RPMI1640 supplemented
with 10% FBS. Raji human Burkitt’s lymphoma cell line was obtained from American
Type Culture Collection (Manassas, VA) and cultured at 37°C with 5% CO_ in RPM11640
supplemented with 10% FBS. LS174T human colon cancer cell line was obtained from
American Type Culture Collection (Manassas, VA) and cultured at 37°C with 5% COz in

MEM supplemented with 10% FBS.

Animals. KM mice were obtained from an in house breeding facility. C.B17/Icr-scid Jcl
(SCID) mice were purchased from Clea (Tokyo, Japan). All animal studies were

performed in accordance with Standards for Proper Conduct of Animal Experiments at
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Kyowa Hakko Kirin Co., Ltd. under the approval of the company’s Institutional Animal
Care and Use Committee. Tokyo Research Park of Kyowa Hakko Kirin co., Ltd. is fully
accredited by the Association for the Assessment and Accreditation of Laboratory Animal

Care, International.

Generation of transfected cells. Human CEA (GenBank accession No. NM_004363.5)
was generated by polymerase chain reaction (PCR), cloned into the INPEP4 (Biogen
IDEC, Inc., Cambridge, MA) vector. Human CA9 (GenBank accession No.
NM_001216.2) cDNA was cloned into the pKANTEX93 vector. Each expression vector

was introduced into L929 cells via electroporation to obtain G418-resistant clones.

Isolation of the anti-CEA mAb. KM mice were i.p. immunized with CEA expressing
929 trasnfectant (1 x 107 cells per head per shot) weekly for 5 weeks. Spleen cells were
fused with SP2/0 cells (American Type Culture Collection). Antibody-secreting
hybridomas were initially screened by flow cytometry as described below with CEA
expressing L929 trasnfectants as positive selection and CEA-null L929 trasnfectants as
negative selection. Hybridomas were further selected by competitive flow cytemetry with
CEA expressing L929 trasnfectants and soluble CEA. We selected clone 15-1-32 based
upon the results of flow cytometry and carried out limiting dilution to isolate a single

clone producing a monoclonal antibody.

Antibody and conjugate generation. The heavy- and light-chain variable region cDNAs
from the hybridoma cells producing 15-1-32 were isolated by PCR and cloned into the

pKANTEX93 vector for production of the recombinant 15-1-32 antibody with
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mammalian cells®?. Existing anti-CEA antibody, PR1A3 and labetuzumab were also
cloned into the mammalian expression vectors. Each anti-CEA antibody (15-1-32, PR1A3
and labetuzumab) was stably expressed in DG44 cells and these transfectants were
incubated for about 1 week. The culture supernatant was applied onto 1 mL Mab Select
SuRe Protein Aresin (GE Healthcare, Piscataway, NJ). The resin was washed with 20 mL
of D-PBS. The bound antibody was eluted with 5 mL of 100 mM glycine-HCI (pH 3.5)
and neutralized using 1 M Tris-HCI (pH 8.0). The buffer exchange into 20 mM Citrate,
150 mM NaCl (pH6.0) was accomplished using Amicon Ultra 4 device (Merck Millipore,
Billerica, MA). Actiobody format of 15-1-32 and labetuzumab were genetically spliced
into N5SKG1-Val Lark vector (Biogen IDEC, Inc., Cambridge, MA) and expressed with
Expi293F Expression System and purified as described above. Antibody-Alexa 488
conjugate and VcMMAE conjugate were prepared as described previously??. Briefly,
antibodies were adjusted to 50 UM with reaction buffer, 20 mM citrate (pH 6.0) and 150
mM NaCl, and conjugated with 10-fold molar excess of Alexa Fluor 488 C5 maleimide
at 4°C for overnight. The excess Alexa Fluor 488 C5 maleimide was purified and buffer-
exchanged with reaction buffer using Amicon Ultra 4 device. On the other hand, antibdies
were adjusted to 30 UM with reaction buffer and conjugated with 10-fold molar excess of
VCMMAE in the presence of 20% v/v of acetonitrile at 4°C for overnight. The excess

VCMMAE was purified and buffer-exchanged with D-PBS using Amicon Ultra 4 device.

Binding analysis by flow cytometry The specificity of 15-1-32 against CEA was
determined by flow cytometry. Adherent MKN-45 and KATO-I1II cells were detached
from the dish with Cell Dissociation Buffer (ThermoFisher), suspended in 96-well round-

bottomed plates at a density of 2 x 10° cells/well, and washed with FACS buffer (1% BSA,
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2 mM EDTA and 0.05% sodium azide in D-PBS). Floating Raji cells were collected in
96-well round-bottomed plates in the same way. 15-1-32, labetuzumab, 12-140-1 (mouse
anti human CEA antibody, LifeSpan BioSciences, Seattle, WA), rituximab and human
IgG1 (Sigma-Aldrich, St. Louis, MO) were added to wells at concentrations of 1 pg/mL,
and then incubated at 4 °C for 1 h. After washing, secondary antibody (Alexa Fluor 488
Goat Anti-Human or Mouse 1gG (H+L) Antibody, Thermo Fisher Scientific, Waltham,
MA) was added to each well (1: 2000 diluted in FACS buffer) and incubated at 4 °C for
1 h. After washing, the cells were analyzed using a FACSVerse System (BD Biosciences
PharMingen). The competitive analysis was conducted as follows. Alexa488 labeled 15-
1-32 was added to MKN-45 cells at concentrations of 800 ng/mL, then incubated with
the same volume of 12-140-1 PR1AS3, labetuzumab, and human IgG1 at concentrations
0f 20, 2, 0.2 or 0.02 pg/mL at 4 °C for 1 h. After washing, the cells were analyzed using
a FACSVerse System

The binding activity of anti-CEA antibody with or without soluble CEA was also
determined by flow cytometry. MKN-45 cells were detached from the dish with Cell
Dissociation Buffer (ThermoFisher), suspended in 96-well round-bottomed plates at a
density of 2 x10°cells/well, and washed with FACS buffer. 15-1-32, PR1A3,
labetuzumab, and human 1gGl as a negative control, were added to wells at
concentrations of 80 ng/mL, then incubated with the same volume of human soluble CEA
at concentrations of 200, 20 or 2 ng/mL at 4 °C for 1 h. After washing, secondary antibody
was added to each well and incubated at 4 °C for 1 h. After washing, the cells were

analyzed using a FACSVerse System.

Internalization analysis of 15-1-32. The internalization of anti-CEA antibody was
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determined by modified method as described previously®3. Firstly, the quantitative
determination of cell surface antigens on MKN-45 and KATO-IIl were conducted. 12-
140-1 was added to the cells which collected in the same way as described above at
concentrations of 100 nM, and then incubated on ice for 1 hour. After washing with PBS
0.1% BSA-Azide (0.1% BSA and 0.1% sodium azide in D-PBS), FITC-labeled anti-
mouse IgG F(ab’)> was added to each well and incubated on ice for 1 hour. Quantification
of cell surface CEA expression was done with QIFIKIT (DAKO A/S, Glostrop, Denmark)
according to the manufacturer’s protocol. Next, internalization of 15-1-32 was evaluated
by a quenching method. Alexa 488-labeled 15-1-32 was added to the cells at
concentrations of 150 nM and incubated at 37°C with 5% CO: for 0.5, 1, 2, 4, 6, and 24
hours. The antibody solution was removed and the cells were washed with ice-cold PBS-
Azide (0.1% sodium azide in D-PBS). Then quenching antibody (Anti- Alexa Flour 488,
Rabbit IgG, Thermo Fisher Scientific) was added to wells and left on ice for 1 hour
(Quenched cells). For unguenched sample, PBS-Azide was added instead of the
guenching antibody solution (Unguenched cells). Cells were incubated for 1 hour on ice
in Alexa Fluor 488- labeled 15-1-32 followed by incubation for 1 hour on ice in PBS-
Azide (initial cells). Cells were incubated for 1 hour on ice in the Alexa Fluor 488-labeled
15-1-32 followed by incubation for 1 hour on ice with the quenching antibody solution
(Quenched initial cells). After removing the quenching antibody solution or PBS-Azide,
the cells were collected and analyzed by the flow cytometer. Nontreated cells were
analyzed as blank cells.

MFI of samples were measured by flow cytometer. Internalized ratio (% initial) of
15-1-32 was calculated by the following equation: Internalized ratio (% initial) = (MFI of

Quenched cells — MFI of Quenched initial cells) x 100 / (MFI of initial cells — MFI
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ofblank cells). Internalized number of antibody was obtained by multiplying internalized

ratio to number of antibodies bound to cell surface.

Kinetic Analysis of the binding property of anti-CEA antibodies by Biacore. Binding
affinity and kinetics analyses were conducted using the Biacore T100 and Human
Antibody Capture Kit (GE Healthcare, Piscataway, NJ). The murine anti-human 1gG
antibody was immaobilized on a CM5 sensor chip according to instruction manual. 1.25
pg/mL 15-1-32 or labetuzumab in HBS-EP+ running buffer (10 mM HEPES, pH 7.4, 150
mM NaCl, 3 mM EDTA, 0.005% surfactant P20) was captured for 40 sec at a flow rate
of 10 uL/min. A range of concentrations of human soluble CEA (0, 0.14, 0.41, 1.2, 3.7,
11, 33, and 100 nM) in HBS-EP+ running buffer were passed over the captured 15-1-32
or labetuzumab for 180 sec at a flow rate of 30 pL/min during the association phase. At
the dissociation phases, HBS-EP+ running buffer was exposed for 600 sec at a flow rate
of 30 pL/min. Chip regeneration was accomplished by exposure to 3 M magnesium
chloride for 30 sec at a flow rate of 30 uL/min. All kinetic measurements were conducted
at 25 °C. Binding kinetic parameters, including the ka, kd, and KD values, were calculated

using Biacore evaluation software.

Immunohistochemistry. Frozen samples of 10 stomach adenocarcinoma and 10
esophagus squamous cell carcionma were used as test tissue. MKN-45 and LS174T
mouse xenograft were used as positive control tissue, while L929-CA9 mouse xenograft
was used as negative control tissue. All tumor samples and xenografts were sectioned at
6 um, allowed to air-dry for 1 hour, fixed for 10 min at room temperature in acetone and

stored at —80°C. Slides were air-dried and treated with sodium azide (1 mM), glucose (10
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mM) glucose oxidase (2 U/ml) for 60 min at 37°C. Following a wash in PBS (pH7.2),
slides were blocked with avidin and biotin solution (DAKO A/S, Glostrop, Denmark) for
20 min each and blocked with 1% BSA for 10 min. Primary antibodies, 15-1-32,
labetuzumab and anti-2,4-dinitrophenol (DNP) antibody (10 pg/ml each), were applied 1
hour at room temperature3. Excess primary antibodies were washed off and sections were
covered with streptavidin-HRP (NICHIREI BIOSCIENCE INC., Tokyo Japan) for 30
min, where after 3,3’-diaminobenzidine (DAB) was applied for 4 min. Slides were
counterstained with hematoxylin, dehydrated and covered slipped for light microscopic
evaluation. Slides were graded according to the following criteria, and site of positive
staining were also recorded. Staining in cells or tissue was judged as specific, when
staining intensity in test antibodies exceed that in the control antibody at the equivalent
concentration.

Staining intensity: —; negative, +; faint/ light, 2+; light-medium, 3+; moderate, 4+; dark.
Site of staining: M; membranous, C; cytoplasmic.

Staining frequency: Negative; no labeled cell, Very rare; <25%, Rare; >=25% and <50%,

Occasional; >=50% and <75%, Frequent; >=75%.

Proliferation assays. MKN-45 and KATO-III were seeded at a density of 3 x
103 cells/well in clear bottom, white wall 96 well plates (Greiner Bio-One, Kremsmiinster,
Austria). After 24 hours, dilution of anti-CEA antibody vceMMAE conjugates were added
to cells at final concentrations of 10000, 3000, 1000, 300, 100, 30, 10 and 3 ng/mL
respectively and incubated at 37°C for 120 hours. Cell viability was then determined
using the Cell Titer-Glo luminescent assay (Promega Corp, Madison, WI) following the

manufacturer's instructions.
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Chapter 3

TRAIL-R2  superoligomerization induced by human

monoclonal agonistic antibody KMTR2

Abstract

The fully human monoclonal antibody KMTR2 acts as a strong direct agonist for
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptor 2
(TRAIL-R2), which is capable of inducing apoptotic cell death without cross-linking.
To investigate the mechanism of direct agonistic activity induced by KMTR2, the
crystal structure of the extracellular region of TRAIL-R2 and a Fab fragment
derived from KMTR2 (KMTR2-Fab) was determined to 2.1 A resolution. Two
KMTR2-Fabs assembled with the complementarity-determining region 2 of the
light chain via two-fold crystallographic symmetry, suggesting that the KMTR2-Fab
assembly tended to enhance TRAIL-R2 oligomerization. A single mutation at Asn53
to Arg located at the two-fold interface in the KMTR2 resulted in a loss of its
apoptotic activity, although it retained its antigen-binding activity. These results
indicate that the strong agonistic activity, such as apoptotic signaling and tumor
regression, induced by KMTR?2 is attributed to TRAIL-R2 superoligomerization

induced by the interdimerization of KMTR2.
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Introduction

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL/Apo2L)!?
induces apoptosis in a wide variety of human cancer cell lines, but not in most normal
human cells®#. TRAIL activates two distinct receptors, TRAIL-R1 (DR4)® and TRAIL-
R2 (DR5)%#, both of which possess a death domain (DD) in their cytoplasmic tail that can
interact with the apoptotic machinery. The assembly and trimerization of TRAIL-R1 and
TRAIL-R2 are prerequisites for transducing an apoptosis signal®*°. The structure of the
extracellular region of TRAIL-R2 (ecTRAIL-R2) in complex with TRAIL has shown that
similar to other members of the TNF and TNF receptor superfamily, a TRAIL trimer binds
to three receptors*13, suggesting that a trimeric ligand—receptor complex is the functional
unit for signaling'*. This trimeric complex has also been determined for ternary (3:3:3)
complex with Fab fragment derived from AMG 655 which increases antitumor activity
in cooperation with TRAIL. In addition, the structures of ecTRAIL-R2 have been
determined for a 2:2 complex with glycoprotein UL141 of human cytomegalovirus®® and
for 1:1 complexes with phage-derived Fabs, YSd1'’, Bdf1%8, and Apomab?*®.

Bivalent 1gG antibodies normally require cross-linking for further oligomerization
to mimic natural ligands. Cross-linking of antibodies with certain reagents, such as
secondary antibodies, has been reported to enhance their antitumor effects. For example,
Griffith et al.?® and Chuntharapai et al.?! reported that the antitumor effects of murine
antibodies to TRAIL-R1 and TRAIL-R2 were strongly enhanced in the presence of goat
anti-mouse 1gG, which aided in antibody cross-linking. We previously reported the
generation of several human monoclonal antibodies specific for TRAIL-R1 or TRAIL-
R2 that were derived from transchromosomal mice (KM mouse)?? expressing human

immunoglobulin repertoires?®. We generated a novel anti-TRAIL-R2 monoclonal
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antibody, KMTR2, which acts as a direct agonist possessing the ability to induce
apoptosis without cross-linking?*.

KMTR2 can oligomerize soluble TRAIL-R2 (fused with the Fc region of IgG) and
clusters membrane TRAIL-R2 on cell surfaces without cross-linking, inducing the death
of human tumor cells in vitro and established tumors in vivo®*. Furthermore, treating
tumor-bearing nude mice with KMTR2 significantly suppressed the growth of
subcutaneous glioma xenografts and resulted in complete regression®. Therefore,
specifically targeting the death receptor pathway through TRAIL-R2 using direct
agonistic antibodies may provide a novel therapeutic strategy for malignant tumors.

Here we report on the tertiary structure of KMTR2-Fab in complex with ecTRAIL-
R2 and describe the mechanism of how this direct agonistic antibody accelerates TRAIL-
R2 oligomerization. Based on its crystallographic symmetry, the dimeric complex
structure of KMTR2 appeared to be a functional unit for generating a superoligomeric
complex. Interference of this interface with an Asn53 to Arg mutation in the light kappa
chain of KMTR2 resulted in the loss of the direct agonistic activity but not the binding
activity of KMTR2, indicating that interdimerization of KMTR2 is responsible for

TRAIL-R2 superoligomerization, leading to the strong agonistic activity of KMTR2,
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Results
Overall structure of ecTRAIL-R2 in complex with KMTR2. The tertiary structure of
ecTRAIL-R2 in complex with KMTR2-Fab was determined to 2.1 A resolution by X-ray
crystallography (Figure 1A). Although the electron densities of the N-terminal
(Ala54—Arg73) and C-terminal (Argl45—Lys181) regions in ecTRAIL-R2 were unclear,
the final model included two cysteine-rich domains (CRD1: Ser74—Ser96 and CRD2:
Cys97—-GIn138), and some part of CRD3 (Cys139—Phe144) of TRAIL-R2 (Figure 1A)
and the heavy (GInl—Ser226, excluding Argl42—Ser145) and light (Glul—Cys214)
chains of KMTR2-Fab. This model also included one N-linked sugar chain bound at
Asn73 of the KMTR2 heavy chain and five glycerol molecules, one chloride ion, and 276
water molecules. The overall structure of ecTRAIL-R2 in complex with KMTR2-Fab was
similar to that in complex with TRAIL (PDB ID: 1D4V) (11), with an RMSD value of
1.02 A for all main chain atoms (Figure 1A). Of note, the position of Gly91 in the
KMTR2-Fab complex was flipped against that in a TRAIL complex.

The tertiary structure of KMTR2-Fab without ecTRAIL-R2 was also determined to
2.5 A resolution. Although the electron densities of the central part (Ser102—Tyr106) of
complementarity-determining region (CDR) 3 of the heavy chain was unclear, the final
model included the heavy (Gln1—Ser226, excluding Ser102—Tyr106 and Ser145—Glu146)
and light (Glul—Cys214) chains, one N-linked sugar chain at Asn73 of the KMTR2 heavy
chain, two sulfate and three chloride ions, and 42 water molecules. The overall structure
of KMTR2-Fab was conserved regardless of antigen binding, with an RMSD value of

1.17 A for all main chain atoms (Figure 2).
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Figure 1. Crystal structure of the 1:1 complex between ecTRAIL-R2 and KMTR2-Fab. (a) Overall
structure. The TRAIL-R2 molecule and the heavy and light chains of KMTR2 are colored green, cyan,
and orange, respectively. A 50s loop and disulfide bonds in TRAIL-R2 are indicated by magenta and
a stick model, respectively. The TRAIL-R2 structure in complex with TRAIL (PDB ID: 1D4V, dark
green) is superimposed on that of a KMTR2 complex. (b) Close-up view of the interface between
ecTRAIL-R2 and KMTR2-Fab. The orientation of this figure is the same as in (a). Residues related to
antigen—antibody binding are represented by a stick model. Hydrogen bonds are indicted by dashed

lines. Subscripts H, L, and T indicate KMTR2 heavy and light chains and TRAIL-R2, respectively.

Figure 2. Structural comparison of KMTR2-Fab with (heavy: cyan, light: orange) and without (heavy:

purple, light: beige) TRAIL-R2. Two structures were superimposed using all main chain atoms.
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TRAIL-R2/KMTR2-Fab interface. KMTR2-Fab recognized CRD1 and CRD2 of
TRAIL-R2 in the direction perpendicular to TRAIL-R2 (Figure 1A). The area of the
contact region between TRAIL-R2 and KMTR2-Fab was calculated to be 623 A?, with
contributions of 322 A? from the heavy chain and 301 A? from the light chain of KMTR2.
To determine the epitope recognition scheme of KMTR2, residues located within a
distance of 4.0 A between TRAIL-R2 and KMTR2-Fab were determined (summarized in
Table 1). KMTR2-Fab recognized two epitopes (epitope-1 and -2) in ecTRAIL-R2
(Figure 1A). Epitope-1 included 11e87, Glu89, Asp90, and Gly91 in CRD1, which was
mostly recognized by CDR1-3 of the heavy chain (Figure 1B, Table 1). The side chain
Glu89 atoms of TRAIL-R2 interacted with Lys33 in CDR1, Gly103 in CDRS3, and Trp50,
Asn52, Ser57 in CDR2 in the heavy chain of KMTR2 via direct and water-mediated
hydrogen bonds. The aromatic Trp94 ring in CDR3 of the light chain exhibited a stacking
interaction parallel to the peptide surface of Asp90—Gly91 of TRAIL-R2, which was the
greatest positional difference compared with that in a TRAIL complex (Figure 1A). The
side chain (CP atom) of Trp94 in CDR3 of the light chain was also positioned within a
distance of 4.0 A against the side chain atoms of 11e87 in epitope-1.

Epitope-2 comprised Asp102 and some residues in a “50s loop” (Thr105—Argl115)
in CRD2, one of the two natural ligand recognition sites, and interacted with CDR1 and
CDR3 of the light chain and CDR3 of the heavy chain (Figure 1B, Table 1). A hydrogen
bond network was generated between epitope-2 (His106 and Asp109) and the light chain
of KMTR2 (GIn27 in CDR1, Asn93 and Trp94 in CDR3, and Glul). The Arg107 side
chain in CDR3 of the heavy chain intruded into the 50s loop of TRAIL-R2 and
participated in recognizing epitope-2 (Aspl02, Phell2, Cysl113, and Argll5) by

hydrogen bonding and van der Waals interactions. The hydroxyl oxygen atom of the
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Tyr32 side chain in CDR1 of the light chain interacted with the main chain amide and
side chain guanidino group of Arg115 in the 50s loop via water-mediated hydrogen bonds.
The side chains of Leulll and Phell2 were wedged between two tyrosine residues
(Tyr32 in CDR1 of the light chain and Tyr106 in CDR3 of the heavy chain), which
provided van der Waals interactions. The side chain atoms of Leulll were also located
within a distance of 4.0 A against three residues (Asn93, Trp94, and Lue96) in CDR3 of
the light chain.

We compared the structures described above with other TRAIL-R2 structures in
complex with other Fab fragments. In addition to the KMTR2-Fab structure, the crystal
structures of phage-derived Fab fragments, YSd1 (PDB ID: 1ZA3)/, Bdf1 (PDB ID:
2H9G)8, and Apomab (PDB ID: 40D2)*°, were previously determined. Apomab exhibits
some agonistic activity (EC50: approximately 100 ng/ml) without using a cross-linking
reagent'®. Recently, the crystal structure of Fab fragment derived from AMG 655 was
reported (PDB ID: 4N90). AMG 655 has no activity in the absence of cross-linking, but

increases it in cooperation with TRAIL.
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Table 1. Related residues of antigen-antibody binding.

TRAIL-R2 . KMTR2
- - distance - -
epitope residue | atom atom | residue | CDR | chain
ug7 Cy2 3.73 CB Trp94 3 L
0 2.96 h | Nel Trp50 2
Cd 3.89 Ce
Lys33 1
ot 3.07 h | NC 4
¢ 2.72 h| N | Gly103 | 3
Glu89
3.24 h NC Lys33 1 H
1 02 water mediated h | Nel Trp50
¢ water mediated h N Asn52
water mediated h Oy Ser57 2
N water mediated h O Thr58
Asp90 Cp 3.84 Ca Gly59
C 3.91 Ce2
Trp94 3 L
Gly9l Ca 3.61 Cél
2.97 h | Nnl
Aspl02 | 082 : T Arglo7 | 3 H
water mediated h | Nn2
. water mediated h | Ne2 GIn27 1
His106 Ne2 -
water mediated h
- N&2 Asm93
N water mediated h
0 2.85 h N Trp94 3 L
Aspl109 0381 2.65 h | N&2 Asn93
082 water mediated h 0 Trp94
water mediated h N Glul -
N 2.87 h 0 Ser92 3
Cp 3.96 Cel Tyr106 3 H
5 Leulll Cdl 3.82 Cp Trp94
3.67 C Asn93 3 L
Cd2
3.7 Cs1 Leu96
3.71 Csl1 Tyr106
col 3.55 Cp A)r/ 107 3 H
Phel12 ' g
Ce2 3.52 Cel Tyr32 1 L
CC 3.73 Ca Ser92 3
Cys113 0 2.78 h| Nnl | Argl07 3 H
N water mediated h On Tyr32 1 L
Cy 3.27 C¢ | Arglo7 3 H
Argl15 3.24 h 0562 Arg108
Nnl water mediated h On Tyr32 L
water mediated h 0] Argl107 H

h: hydrogen bond (within 3.6 A between donor and acceptor).

78



79



Fugure 3. Comparison of the structural epitopes of TRAIL-R2 for binding to (a) KMTR2, (b) AMG
655, (c) Apomab, (d) Bdfl, and (e) Ysdl. ecTRAIL-R2 is shown as a molecular surface model.
Residues recognized by light, heavy, and both chains of Fab are drawn as a stick model and colored
orange, cyan, and green, respectively. Residues recognized by TRAIL are colored in magenta (by
TRAIL molecule in 1:1 complex), pink (by TRAIL molecule in neighbor complex), and purple (by

both TRAIL molecules) in (b).

KMTR2 recognized the N-terminal region of TRAIL-R2 with a contact area of 623
AZ (Figure 3A) that involved both epitope-1 and -2, which was less than half of the contact
area (1427 A?) of the interface of a 3:3 complex of TRAIL and TRAIL-R2 (Figure3B).
Epitope-2 for KMTR2 involved the 50s loop region, which was a TRAIL recognition site
in CRD2. Apomab interacted with the C-terminal region of ecTRAIL-R2, which was
nearly perpendicular to that recognized by KMTR2 (Figure 3C). Epitope recognition by
Apomab did not have any overlaps in CRD1 and CRD2 with that by KMTR2, but had a
little overlap with the TRAIL recognition site, a 90s loop, in CRD3. AMG 655 interacted
with ecTRAIL-R2 in the same direction of recognition by Apomab (Figure 3B). Epitope
recognition by AMG 655 mostly overlapped in CRD3 with that by Apomab. In contrast,
epitope recognition by Bdfl and Ysdl, which have little or no agonistic activity'®,
predominantly overlapped in CRD1 and CRD2 with that by KMTR2 (Figure 3D and 3E).
The contact area (623 A?) between TRAIL-R2 and KMTR2 was smaller than those with
Ysd1 (715 A?), Bdfl (851 A?), and Apomab (805 A?). Thus, this suggested that antigen
recognition by CRD1 and CRD2 was insufficient to determine the direct agnostic activity

of KMTR2.
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Interaction between two KMTR2-Fab fragments in crystal packing. Next, we focused
on the crystal packing of ecTRAIL-R2/KMTR2-Fab complex because an oligomer
configuration rendered by crystallographic symmetry often corresponds to the following
biological assemblies. For a 1:1 complex structure between ecTRAIL-R2 (PDB ID:
1D4V), a 3:3 configuration via three-fold crystallographic symmetry reflects an activated
TRAIL-R2 state. Based on two-fold crystallographic symmetry, we have also elucidated
a 2:2 structure for the signaling complex between granulocyte colony-stimulating factor
(GCSF) and its receptor (GCSF-R), with reference to several mutational analyses?.

The 2:2 complex structure between ecTRAIL-R2 and KMTR2-Fab rendered by
crystallographic symmetry is shown in Figure 4A (unobserved CRD3 structure in TRAIL-
R2 was constructed by superimposition with another TRAIL-R2 structure). Two
KMTR2-Fab molecules interacted with CDR2 of the light chain via two-fold
crystallographic symmetry, and consequently, two TRAIL-R2 molecules were situated in
parallel within a C-terminal distance of 20 A. It is believed that this adjacent configuration
of extracellular regions results in access to each DD in the intracellular regions of TRAIL-
R2 molecules, leading to activation of a caspase-dependent apoptotic pathway®.

Table 2 lists the contact pairs within 4 A (3.6 A for detecting hydrogen bonds)
between two KMTR2-Fab fragments. The contact region mainly consisted of the region
from Tyr49 to Arg61 located in CDR2 of the light chain, including six direct hydrogen
bonding interactions and four van der Waals interactions, which may have partly
accounted for the strong interaction between two KMTR2-Fab fragments (Figure 4B). In
particular, Arg54 in CDR2 of the light chain primarily contributed to the interaction
between two KMTR2-Fab fragments, with three direct and five water-mediated hydrogen

bonds.
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Figure 4. Dimeric structure of an ecTRAIL-R2/KMTR2-Fab complex rendered by crystallographic
two-fold symmetry. The heavy and light chains of neighboring molecules rendered by crystallographic
symmetry are colored purple and brown, respectively. (a) Overall structure. Dashed lines and ellipse
indicate the two-fold axis. (b) Close-up view of the interface between two KMTR2-Fab molecules.
Residues related to the interaction between two KMTR2-Fab molecules are represented by a stick

model.

Table 2. Residues related to antibody—antibody binding via crystallographic symmetry.

distance Symmetry
chain | CDR | residue | atom atom | residue | CDR | chain
H 1 Gly26 O 3.5 h| Oel Glul - H
Tyr49 On 2.59 h O]
082 | water mediated | h | Nnl
Asp50 Argb4
O water mediated | h | Nn2
2 L
Serb2 Oy water mediated | h 0 Ser52
0581 2.9 h N
Asns3 N&2 | water mediated | h | Nn2 ArgS4
Nnl 3.59 h o) Aspl08
. 3 H
Arg54 water mediated | h 0 Tyrl10
L 2
water mediated | h | Nnl Arg91l 3 L
Thr56 Ca 3.95 Cd2
Ca 3.47 CC
Gly57 N 312 h | on Tyrlll
1le58 0] 2.75 h| On
Pro59 CB 3.52 CC Tyr109
3 H
e -
p : ® | Asp108
Nnl | water mediated | h | 081
Arg6l
water mediated | h | Onl | Tyrl09

h: hydrogen bond (within 3.6 A between donor and acceptor).
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Binding and apoptosis-inducing activities of KMTR2 and its LKN53R mutant. We
assumed that Fab dimerization based on this two-fold symmetry was essential for the
direct agonistic activity of KMTR2. To confirm whether the interaction between two
KMTR2-Fab fragments via crystallographic symmetry was essential for KMTR2
apoptotic activities, we attempted to incorporate a bulky residue into this interface to
disrupt this interaction. We designed a mutant, Asn53 to Arg, in the light kappa chain of
KMTR2 (LkN53R) to prevent dimerization at this site. Because Asn53 in CDR2 of the
light chain was located near the two-fold axis between the two KMTR2-Fab fragments,
the Asn53 to Arg mutation should have resulted in introducing both steric hindrance and
charge repulsion from the associations of four positive charges, two from Arg53 after
mutation and two from Arg54 (Figure 4B).

We first examined the effect of this mutation on the binding activity with TRAIL-
R2. As determined by flow cytometry analysis, both KMTR2 and its LKN53R mutant
specifically bound to endogenous TRAIL-R2 in Colo205 cells (Figure 5A). The
fluorescence signal intensity of KMTR2 was similar to that of the LkN53R mutant at
concentrations of both 100 ng/mL and 1000 ng/mL. The signal intensities of both KMTR2
and the LKN53R mutant increased in a concentration-dependent manner. In addition,
ELISA analysis showed that both KMTR2 and the LkN53R mutant resulted in similar
dose-dependent increases in absorbance after binding to ecTRAIL-R2 fused with Fc and
reached saturation at an antibody concentration of 200 ng/mL (Figure 5B). These results

indicated that the Asn53 to Arg mutation had little effect on binding activity.
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Figure 5. Binding activities of KMTR2 and its mutant (LkN53R) to TRAIL-R2. (a) Flow cytometry
results. Antibody concentrations are 100 ng/mL (left) and 1000 ng/mL (right). X-axis indicates R-
phycoerythrin (RPE) fluorescence signal intensity. Data for KMTR2, LKN53R mutant, and anti-DNP
(negative control) are shown as green, red, and blue lines, respectively. Gray-colored histogram is the
control (2nd-PE). (b) ELISA results. Data for KMTR2 and the LkN53R mutant are shown as solid and

dashed lines, respectively.
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Effect on LKN53R mutation on TRAIL-R2 oligomerization. Next, we examined the
effect of this mutation on TRAIL-R2 oligomerization. Size exclusion chromatography
showed that KMTR2 can oligomerize ecTRAIL-R2:Fc (Figure 6A, upper). The immune
complex (ecTRAIL-R2:Fc/KMTR?2) was eluted in the void volume fraction. In contrast,
the ecTRAIL-R2:Fc/LKN53R complex was eluted within 250 kDa (Figure 6A, lower),
which was estimated by reference to previous SEC-light scattering analysis?*. The
formation of immune complexes on the surface of Colo205 cells was visualized by
confocal microscopy. Consistent with the idea that KMTR2 induces receptor clustering,
Colo205 cells incubated with KMTR2 formed specific patches (Figure 6B, upper). In
contrast, the LKN53R mutant showed dispersed staining on Colo205 cells (Figure 6B,
lower). These results indicated that the LKN53R mutation abolishes the higher

oligomerization of TRAIL-R2.

Apoptosis-inducing activities of KMTR2 and LKN53R. We examined whether the
LkN53R mutant resulted in a loss of apoptosis-inducing activity without cross-linking.
KMTR?2 exhibited concentration-dependent inhibition on the proliferation of Colo205
cells (ECso = 6—7 ng/mL) (Figure 7A) even in the absence of cross-linking reagent. In
contrast, the LkN53R mutant exhibited no inhibitory activity at any concentration.
However, both antibodies induced apoptosis in a concentration-dependent manner and
with similar activities in the presence of a cross-linking regent, although the LkN53R
mutant activity was less than the activity of KMTR2 even if a cross-linking reagent was
used (Figure 7A; KMTR2: ECso = 4—5 ng/mL; LkN53R: ECsp = 10—20 ng/mL). In
addition, 1gG monomer of KMTR2 induced marked caspase-3/7 activation of the same

level as cross-linked KMTR2 at concentration of 100 and 1,000 ng/mL (Figure 7B). In
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contrast, the LKN53R mutant exhibited caspase-3/7 activation only when the cross-
linking reagent was added. These results indicated that the LKN53R mutant did not have
agonistic activity without cross-linking and strongly suggested that the LKN53R mutant
interfered with KMTR2 Fab dimerization, which resulted in a loss of its direct agonistic

activity.
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Figure 6. .Immune complex analysis of TRAIL-R2 and monomer antibody. (a) Size exclusion
chromatogram. KMTR2 (upper) or the LkN53R mutant (lower) was mixed with ecTRAIL-R2:Fc
fusion protein at the molar ratio of 1:1 and then loaded to Superdex 200 10/300 GL gel filtration
column. Monomer antibodies and ecTRAIL-R2:Fc were also loaded independently. (b) Cell surface
TRAIL-R2 immune complexes on Colo205 cells visualized by confocal microscopy (x 40). Cells were
incubated with monomer KMTR2 (upper) and the LKN53R mutant (lower) at 37°C for one hour and

then labeled with Alexa488.
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Figure 7. Apoptosis-inducing activity of KMTR2 and the LkN53R mutant. (a) Dose-dependent
responses of apoptosis-inducing activity by a purified monomer fraction of KMTR2 without (open
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as solid and dashed lines, respectively. (b) Effector caspase activity of Colo205 was assessed 2 hours
after the treatment with a monomer fraction of KMTR2, LKN53R, and anti-DNP (negative control)

without (dark gray) and with (light gray) cross-linking.
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Discussion

Our results suggested that the 2:2 configuration shown in Figure 4A was an essential unit
for sufficient KMTR2 direct agonistic activity. In the KMTR2-Fab structure without
TRAIL-R2, CDR2 of the KMTR?2 light chain was also involved in the interaction with
neighboring molecules via crystallographic symmetry (Figure 8). There were some
interaction residues between each CDR2 of the light chain; however, its binding mode
was quite different from that in complex with TRAIL-R2. In the presence of TRAIL-R2,
the unique sequence at CDR2 of the light chain in KMTR2 was responsible for its
association with KMTR2, which resulted in effective superoligomerization and activation
of potent apoptotic signaling via TRAIL-R2.

Our previous results using SEC-light scattering analysis showed that the molecular
mass of the ecTRAIL-R2:Fc/KMTR2 complex eluted in the void fraction (Figure 6A,
upper) was 5,130 kDa?*. This mass corresponds to approximately twenty 2:2 complexes
between KMTR2 and ecTRAIL-R2 (Fc regions of antibody and antigen were included in
this calculation). We assumed that TRAIL-R2 superoligomerization induced by KMTR2
would appear in its crystallographic packing. Several 2:2 complexes on the same layer in
a crystal lattice were extracted (Figure9A). In the vertical direction, each 2:2 complex
(shown within rounded rectangles) was linked with another unit of the 2:2 complex via
an interface between two TRAIL-R2 molecules (shown within dotted circles).

It is known that many receptors that belong to the TNF receptor superfamily exist
as preassembled oligomers on a cell surface?”?. TRAIL-R2 also generates a ligand-
independent assembly with TRAIL-R4, which acts as a decoy receptor?®. TNF receptor-
1 and -2 form a self-complex of homodimers or homotrimers as preassembled oligomers

on a cell surface?’*°. During the ligand-independent assembly of TNF receptors, each
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receptor associates with others via CRD1%’, and a parallel dimer of TNF receptor-1
through a CRD1-CRDI1 interaction has been confirmed in its crystal structure (Figure
10)*!. A similar CRD1-CRDI interaction was also observed in the crystal packing
between TRAIL-R2 molecules (Figure 9B), in which the CRD1-CRDI1 interface was
constructed via two-fold crystallographic symmetry (shown within dotted circles in
Figure 9A). The side chain of Lys98 interacted with two main chain carbonyl oxygen
atoms in neighboring symmetric molecule by hydrogen bonding. The aromatic ring of
Tyr99 and two sequential prolines (Pro82 and Pro83) in neighboring molecule were
situated in positions which permit van der Waals interaction. In addition, two sequential
threonin residues (Thr130 and Thr131) formed a hydrogen bond network with identical
residues in neighboring molecule via several water molecules. The mutation study for
TNF receptor-1 showed that the serial Lys-Tyr residues (Lys19 and Tyr20) in CRD-1 were
essential for the ligand-independent self-association and signal transduction?’ (however,
in the crystal structure®!, Tyr20 was located far from neighboring molecule as shown in
Figure 10). These information suggests that the symmetric TRAIL-R2 dimer may be
ligand-independent homo dimer.

These findings suggest that KMTR2 acts as a bridge between preassembled TRAIL-
R2 dimers and results in the linear oligomerization observed in its crystal packing, in
which the distance between each TRAIL-R2 dimer is approximately 70 A. This distance
corresponds to that in both dimer and trimer models of TNF receptor-2 proposed as the
signaling oligomers of TNF/TNF receptor-2 complexes®. With respect to the adjacent
relationship between the linear packing of ecTRAIL-R2/KMTR?2, there is no direct
packing interaction between 2:2 complexes (Figure 9A). The distances between the C-

terminals of the KMTR2-Fab heavy chain in this linear packing are, however,
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approximately 45 A apart (Figure 9A). Because the distance between the C terminals of
Fab was 45 A in the crystal structure of IgG, this distance (45 A) enables these two Fab
fragments to exist as two “arms” in one intact IgG molecule.

Based on these considerations, we propose the clustering mechanism of TRAIL-R2
provided by KMTR2 shown as Figure 9C. Although the enhanced clustering (trimer
model) of TRAIL-R2 is proposed from the structure of TRAIL/TRAIL-R2/AMG 655-
Fab ternary complex!®, KMTR2 constructs such clustering without TRAIL, and
consequently, shows a strong direct agonistic activity. The schematic clustering model
drawn in Figure 9C shows that four TRAIL-R2 molecules localize in parallel within 70 A
on cell surface. Such conformation of receptors may allow the adjacent positioning of the
intracellular death domains (DDs) sufficient for activating the caspase-dependent
apoptotic pathway. In crystal structures of the death-inducing signaling complex (DISC)
formed by Fas receptor and Fas-associaetd death domain protein, 42 and 5-7°2 Fas-DDs
composed the DISC, which activates caspases. It is believed that superoligomerization of
receptors with methodological clustering (~70 A and parallel direction) induced by

KMTR2 is essential for transducing an apoptosis signal.
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Figure 8. Close-up view of the interface between two KMTR2-Fab molecules in a structure without

ecTRAIL-R2 rendered by crystallographic symmetry. KMTR2-Fab molecule (heavy: cyan, light:
orange) at right is shown in the same position as that in Figure 4B.
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Figure 9. TRAIL-R2 oligomerization induced by KMTR2. (a) Oligomeric structure of an ecTRAIL-
R2/KMTR2-Fab complex on a layer in a crystal lattice. The 2:2 complexes and TRAIL-R2 dimers
rendered by another two-fold symmetry are enclosed by rounded rectangles and dotted circles,
respectively. (b) Close-up view of a TRAIL-R2 dimer enclosed by a dotted circle in (a). (c) Model for
TRAIL-R2 superoligomerization by KMTR2. The intact model structure of KMTR2 which was
constructed with reference to the crystal structure of an intact IgG2a monoclonal antibody (PDB ID:
1IGT)3
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Figure 10. Cristal structure of TNF receptor-1 dimer. A close-up view of the interface between two

receptor molecules id drawn in the box figure (stereo representation).
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Experimental Procedures

Materials. Anti-human IgG polyclonal antibody was purchased from Sigma-Aldrich
Japan K.K. (Tokyo, Japan) and used as crosslinking reagent for in vitro assay. Human IgG
labeling kit was purchased from Molecular Probes (Eugene, OR) and used for confocal
microscopy analysis. Control human antibody to 2,4-dinitrophenol (DNP) was prepared
in our laboratory from Chinese hamster ovary (CHO) cells transfected with variable
region of the hybridoma-derived antibody and the framework of 1gG1 according to the
method described below. Colo205 human colorectal adenocarcinomawas obtained

from American Type Culture Collection (Rockville, MD). Colo205 cells were maintained

in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and streptomycin.

ecTRAIL-R2 and mutant preparation. The extracellular region (residues Ala54—Lys181)
of human TRAIL-R2 fused with the Fc region of human IgG1 was prepared in our
laboratory from stably transfected CHO cells with a vector that contains cDNA encoding
the extracellular domain of TRAIL-R2 fused to Fc portion of human 1gG1. A FLAG
sequence (DYKDDDDK) was inserted between ecTRAIL-R2 and Fc. The ecTRAIL-
R2:Fc fusion protein was purified using a HiTrap rProtein A FF column (GE Healthcare,
Piscataway, NJ) for affinity chromatography and then digested using a recombinant
enterokinase cleavage kit (Novagen) according to the supplier’s protocol. ecTRAIL-R2
and Fc were purified by cation-exchange chromatography on a TSKgel SP-5PW column
(4.5 x 75 mm, TOSOH, Tokyo, Japan) after removing enterokinase with capture agarose.
ecTRAIL-R2 and Fc were separated using a linear gradient of 0 — 0.5 M NaCl in 20 mM

sodium acetate (pH 5.0).
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KMTR2 and mutant preparation. KMTR2 generation was performed as reported
previously. An anti-TRAIL-R2 fully human monoclonal antibody KMTR2 was expressed
in CHO cells and purified with protein A (Amersham Biosciences Corp., Piscataway, NJ)
by standard methods from culture supernatant of CHO cells.

Single amino acid substitution (Asn53 — Arg) in the light kappa chain of KMTR2
was introduced using the primers 5° -GAT GCA TCC AGA AGG GCC ACT GG-3’
and5° -CCA GTG GCC CTT CTG GAT GCA TC-3' . Site-directed mutagenesis was
conducted using a NSKG4-KMTR?2 vector and a QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA) according to the supplier’ s protocol. After site-directed
mutagenesis, the NSKG4-KMTR2 vector with substituted Asn53 to Arg in the light kappa
chain (LkN53R) was transformed in Escherichia coli DH5a cells, and the LKN53R mutant
was expressed and purified using the same procedures as used for KMTR2.

KMTR2 Fab fragment was prepared by papain (Boehringer Ingelheim, Germany)
digestion at the hinge region of KMTR2 to remove the Fc region. Antibodies were
incubated for 1 hour under both non-reducing and reducing (10 mM cysteine) conditions,
after which they were incubated with activated papain for 24 hours. Fab and Fc fragments
were separated by cation-exchange chromatography on a TSKgel SP-5PW column using

a linear gradient of 0—0.5 M NaCl in 20 mM sodium acetate (pH 5.0).

eCTRAIL-R2/KMTR2-Fab complex preparation. ecTRAIL-R2 was mixed with an
excess amount of KMTR2-Fab and incubated at room temperature (RT) for 1 hour to
form the ecTRAIL-R2/KMTR2-Fab complex. The ecTRAIL-R2/KMTR2-Fab complex
was purified by gel filtration using a Superdex 200 HR 10/30 column (Amersham

Pharmacia Biotech AB, Uppsala, Sweden) equilibrated with 20 mM HEPES buffer (pH
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7.2) with 0.2 M NaCl at a flow rate of 0.3 mL/min. The observed mass of the eluted
complex by multi-angle light scattering using mini-DAWN (Wyatt Technologies, Santa
Barbara, CA) indicated that ecTRAIL-R2 and KMTR2-Fab had formed a 1:1

stoichiometric complex.

Crystallization. Crystallization was kindly conducted by Dr. Tamada. Purified ecTRAIL-
R2/KMTR2-Fab complexes and KMTR2-Fab fragments were concentrated to 5 mg/mL
in 20 mM HEPES buffer (pH7.2) that contained 0.2 M NaCl. Initial screening of
crystallization conditions was performed using Crystal Screen 1 & 2 and PEG/lon Screen
1 & 2 (Hampton Research, Riverside, CA) by vapor diffusion against the reservoir
solution. Microcrystals of ecTRAIL-R2/KMTR2-Fab were obtained from condition 7 in
PEG/lon Screen 1. Crystallization conditions were finally refined to 75 mM calcium
chloride dihydrate (pH 5.1) containing 7.5% (w/v) PEG3350 to yield prism-shaped
crystals with a dimension of approximately 0.02 x 0.04 x 0.15 mm. Prism-shaped crystals
of KMTR2-Fab with a dimension of approximately 0.05 x 0.05 x 0.2 mm were obtained
from condition 33 [200 mM sodium sulfate decahydrate, pH 6.6, with 20% (w/v)

PEG3350] in PEG/lon Screen 1 after the initial crystallization screening.

Data collection, phasing, and refinement. Data collection, phasing, and refinement was
also kindly conducted by Dr. Tamada. Diffraction data for ecTRAIL-R2/KMTR2-Fab
complexes and KMTR2-Fab fragments were acquired in a cold nitrogen gas stream at
100 K and recorded on an ADSC Quantum 315 at BL41XU at the SPring-8 facility
(Hyogo, Japan), with a total oscillation range of 180°. The oscillation angle and exposure

time per frame were 1.0° and 10 s, respectively. Intensity data for ecTRAIL-R2/KMTR2-
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Fab complexes and KMTR2-Fab fragments were processed with HKL2000%® to 2.1 A and
2.5 A resolution, respectively. The crystals of ecTRAIL-R2/KMTR2-Fab complexes and
KMTR2-Fab fragments belonged to space group 1222 with unit cell dimensions of a =
145, b = 152, and ¢ = 65 A and C222; with unit cell dimensions of a = 153, b = 165, and
c = 66 A, respectively. The Matthews coefficients of ecTRAIL-R2/KMTR2-Fab
complexes and KMTR2-Fab fragments were 2.77 A%/Da and 4.26 A%/Da assuming one
1:1 complex and Fab in the asymmetric unit corresponding to solvent contents of 56%
and 71%, respectively. Initial phase information was obtained by molecular replacement
analysis with PHASER®® using a Fab structure of human IgG1 anti-HIV-1 (PDB ID:
1HZH)*" and a structure of an ecTRAIL-R2 in 1:1 complex structure with TRAIL (PDB
ID: 1D4V) as search models. The atomic model was built and modified with COOT?,
The final models for ecTRAIL-R2/KMTR2-Fab complexes and KMTR2-Fab fragments
were refined to crystallographic R-factors of 18.8% and 18.8% (free R-factors = 22.4%
and 22.4%) to 2.1 A and 2.5 A resolution using TLS and restrained refinement with
REFMAC?, respectively. Statistics for data collection and refinement are summarized in
Table 3. Figures 1, 2, 3, 4, 8 and 10, were prepared using the PyMOL Molecular Graphics

System (DeLano Scientific, San Carlos, CA, USA).

Flow cytometry. The human colorectal adenocarcinoma cell line Colo205 (ATCC No.
CCL-222) was cultured in RPMI 1640 medium supplemented with 10% FBS in 96-well
round-bottomed plates (BD Biosciences PharMingen, San Jose, CA) at a density of 5 x
10° cells/well. KMTR2, LKN53R mutant, and an anti-DNP monoclonal antibody 19gG1
(anti-DNP) as a negative control were added to wells at concentrations of 100 or 1000

ng/mL and then incubated with R-phycoerythrin (RPE)-labeled goat anti-human 1gG
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(Southern biotech) at 4°C for 1 hour. After washing, the cells were analyzed using a

FACSCalibur (BD Biosciences PharMingen).

ELISA. Purified ecTRAIL-R2:Fc fusion proteins were added to a flat-bottomed plate at
25 ng/well and incubated at RT for 1 hour. The wells were then blocked with blocking
buffer (Pierce, Rockford, IL) at RT for 30 min. After three washes with wash buffer (Tris-
buffered saline with 0.1% Tween-20), KMTR2, KMTR2 mutants, and anti-DNP as
negative control were added to the wells at concentrations of 2—1000 ng/mL and
incubated at RT for 1 hour. The plate was washed three times with wash buffer; thereafter,
a horseradish peroxidase-labeled secondary antibody, goat anti-human kappa polyclonal
antibody (dilution 1:2000; Biosource International), was added to each well, followed by
incubation at RT for 1 hour. The plate was washed three times with wash buffer, after
which TMB substrate (DAKO Japan, Kyoto, Japan) was added. The enzymatic reaction
was stopped by adding 0.5 mol/L of sulfonic acid and absorbance was measured at 450

nm (reference wavelength of 570 nm) using a microplate reader.

Size exclusion chromatography. KMTR2 and the LKN53R mutant antibodies were mixed
with ecTRAIL-R2:Fc in D-PBS at the molar ratio of 1:1. The mixture was incubated for
30 min at 37°C and then loaded to Superdex 200 10/300 GL gel filtration column (GE
Healthcare, Piscataway, NJ) equilibrated with D-PBS. The protein complexes of each

fraction were detected by UV absorbance at 280 nm.

Confocal microscopic analysis. Colo205 cells were seeded in collagen | two-well

CultureSlides (BD Biosciences PharMingen, San Jose, CA) at 2 x 10° cells per well and
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cultured overnight at 37°C under 5% CO2. Cells were incubated with gel filtration
fractionated monomeric KMTR2 or the LKN53R mutant at a concentration of 100 ng/mL
for 1.5 hour at 37°C under 5% CO2. After washing by ice-cold 1% FBS-D-PBS, Alexa
488-labeled Fab fragment specifically recognizing human IgG (Zenon Human 1gG
Labeling kits, Molecular Probes) was added for 30 min on ice. Cells were washed and
mounted in Fluoromount-G (Southern-Biotech, Birmingham, AL) and visualized with

confocal microscope (Carl Zeiss, Oberkochen, Germany), x 40 objective lens.

Proliferation assay. Colo205 cells were seeded in a 96-well flat-bottomed plate at a
density of 1 X 10* cells/well and cultured overnight at 37°C under 5% CO2. KMTR2
and LKkN53R mutant antibodies were added to the wells at concentrations of 1-100 ng/mL,
after which the cells were cultured for an additional 2 days. Cross-linked KMTR2 was
prepared by adding goat anti-human 1gG (gamma-chain specific; Sigma-Aldrich) at a
concentration of 10 pg/mL for 0.5—1 hour after adding KMTR2. Cell viability was
determined by an MTS dye reduction assay using a CellTiter 96 aqueous non-radioactive
cell proliferation assay kit (Promega Corp., Madison, W1) and calculated as follows:
Cell viability (%) = 100 x (a — b)/(c — b),

where a = absorbance of a sample well, b = absorbance of a blank well, and ¢ = absorbance
of medium-treated cells. Each measurement was repeated three times with similar results.
The EC50 value for each antibody was defined as the concentration that reduced cell

viability by 50%.

Caspase assay. Colo205 cells were seeded in 96-well flat-bottomed plate (Greiner Bio-

One, Kremsmiinster, Austria) at 1 x 10* cells per well and cultured overnight at 37°C
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under 5% CO2. KMTR2, the LkN53R mutant and anti-DNP (as negative control)
antibodies were added to each well at 1, 10, 100, and 1,000 ng/mL (anti-DNP: 1,000
ng/mL only) and subsequently incubated for 8 hour. Cells were added with or without
goat anti-human IgG at a concentration of 10 pg/mL. Eight hours after the addition of
antibodies, caspase-3/7 activity was measured by Caspase-Glo 3/7 Assay kit (Promega

Corp., Madison, W1).
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Table 3. Data collection and refinement statistics.

eCTRAIL-R2/KMTR2-Fab KMTR2-Fab
Crystal Data
Space group 1222 C222;

Cell constants (A)
Data Collection
Resolution (A)

a=145,b=152,¢c=65.0

46.73-2.10 (2.18-2.10)

a=153,b=165,¢c=65.3

38.25-2.50 (2.59-2.50)

Reflections (total/unique) 195,258/39,887 173,069/27,370
Redundancy 4.9 (2.7) 6.3 (3.9)
Mosaicity 0.54 0.38

I/o(I) 12.1 (1.9) 27.6 (3.8)
Rmerge® 0.080 (0.294) 0.063 (0.396)
Completeness (%) 94.9 (84.2) 95.4 (81.1)

Refinement
Resolution (A)
Used reflections

46.73-2.10 (2.16—2.10)
39,887

38.25-2.51 (2.58-2.51)
27,361

Reryst? 0.188 (0.285) 0.188 (0.321)
Riree® 0.224 (0.323) 0.224 (0.377)
No. of atoms 4,199 3,418
protein 3,878 3,349
sugar chain 14 14
glycerol, ion 31 13
water 276 42
Mean B value (A2 32.8 78.27
ecTRAIL-R2 37.2 -
KMTR2-Fab heavy chain  32.7 74.2
KMTR2-Fab light chain ~ 30.6 82.4
r.m.s. deviation
bond lengths (A) 0.008 0.012
bond angle (°) 1.36 1.70

Values for highest resolution shells are shown in parentheses.

'Rmerge = Z|I(h) — [/ZI(h), where is the mean value of reflection h for all measurements of I(h).
2Reryst = Z||Fobs| — |Fcalc|[/Z|Fobs|, where Fobs and Fcalc are observed and calculated structure
factor amplitudes, respectively.

3Riree is the same as Rcryst, except for a 5% subset of all reflections.
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General conclusion

In these studies, the technologies and characters which have possibilities of improving

the efficacy of monoclonal antibody therapeutics were evaluated.

One-step conjugation method for site-specific antibody-drug conjugates
through reactive cysteine engineered antibodies.

The ADC is a therapeutic modality consisting of a monoclonal antibody attached to a
cytotoxic, small-molecule payload which can enhance the activity of antibodies. This
study examined that the novel cysteine engineered antibody, 1gG-Lc-Q124C (named
active thiol antibody: Actibody), which was introduced engineered cysteine residues at
the position with the lowest Accessible Surface Area (ASA). Actibody was easily
prepared by just substituion with cysteine at GIn124 (Kabat numbering) in light chain of
aimed antibody. Furthermore, Actibody retained high thiol reactivity itself and made it
possible to perform one-step conjugation without any pretreatment. Actibody based ADC
of trastuzumab, Tra-1gG-Lc-Q124C-vcMMAE, exhibited in vitro cytotoxicy similar to
common cysteine engineered antobpdy-drug conjugate, Tra-lIgG-Lc-V205C-vcMMAE,
through reduction-reoxidization process. These results suggested that Actibody could be
applied to site-specific ADC.

In this study, a simple and efficient method was also created to enhance the stability
of Lc-Q124C-conjugates in human plasma, in which reaction is performed on anion
exchange resin at pH 9.5. The result showed that succinimide hydrolyzed Lc-Q124C (hy-
Lc-Q124C) conjugate was produced after short time exposure (6 hours) onto anion

exchange resin and following buffer exchange. Additionally, hy-Tra-1gG-Lc-Q124C-
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VCMMAE exhibited similar efficacy than that of Tra-IgG-Lc-V205C-vcMMAE. These
findings together suggest that Actibody provides easy way for preparing and analyzing
site-specific conjugate, and shed light on the progress on analysis of functional molecules

as in the form of antibody-conjugated.

Novel anticarcinoembryonic antigen antibody-drug conjugate has
antitumor activity in the existence of soluble antigen.

In this study, 15-1-32, a fully human anti- CEA antibody, was successfully created. 15-1-
32 showed the strongest binding activity to membrane-bound CEA compared with other
existing CEA antibodies, while its reactivity to soluble CEA was weak. Thus, 15-1-32
was retained on the cell surface depend on the membrane-bound CEA expression level in
the presence of the soluble CEA. From the results of immunohistochemistry analysis, the
specificity, intensity, and frequency of 15-1-32 against human stomach and esophagus
cancer tissue were similar to those of labetuzumab, which is the parental antibody of
IMMU-130 in phase Il clinical trials for the colorectal cancers. This suggests that 15-1-
32 retains membrane-bound CEA recognition property expressed on tumor tissue and can
be applied for future clinical use.

15-1-32 based ADC, 15-1-32-vcMMAE, by using our Actibody technology was
evaluated. Cytotoxic activity of 15-1-32-vcMMAE was almost same as labetuzumab-
VCMMAE against CEA expressing MKN45 cells. Furthermore, in contrast to
labetuzumab-vcMMAE, soluble CEA did not have much influence on the cytotoxicity of
15-1-32- vc(MMAE because of its unique binding property against soluble and
membrane-bound CEA. These results indicate that favorable binding properties against

membrane-bound CEA, and powerful antitumor effect of veMMAE conjugate in vitro
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suggest that 15-1-32 has great potential in clinical application in the detection or treatment

of CEA-positive tumors.

TRAIL-R2 Superoligomerization Induced by Human Monoclonal
Agonistic Antibody KMTR2.,

The fully human monoclonal antibody KMTR2 acts as a strong direct agonist for TRAIL-
R2, which is capable of inducing apoptotic cell death without cross-linking. In this study,
the mechanism of direct agonistic activity of KMTR2 was evaluated by analyzing the
crystal structure of the complex of extracellular region of TRAIL-R2 and the KMTR2-
Fab fragment. The 2.1 A resolution crystal structure of complex was determined and two
KMTR2-Fabs assembled via the CDR2 of the light chain each other. This association
mode was quite different from that in complex without TRAIL-R2. These results
suggested that the KMTR2-Fab assembly identified in complex with TRAIL-R2 tended
to enhance TRAIL-R2 oligomerization.

To validate that the Fab dimerization based on this two-fold symmetry was essential
for the direct agonistic activity of KMTR2, a single mutation at Asn53 to Arg located in
the light chain CDR2 of KMTR2 (LKkN53R) was evaluated. The results showed that
LkN53R lost its apoptotic activity, although it retained its antigen-binding activity. These
results indicate that the strong agonistic activity, such as apoptotic signaling and tumor
regression, induced by KMTR2 is attributed to TRAIL-R2 superoligomerization induced

by the interdimerization of KMTR2.
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