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1 | INTRODUCTION

Abstract

This study describes the use of a previously reported chimerised monoclonal antibody
(mAb), ch2448, to kill human embryonic stem cells (hESCs) in vivo and prevent or delay
the formation of teratomas. ch2448 was raised against hESCs and was previously
shown to effectively kill ovarian and breast cancer cells in vitro and in vivo. The antigen
target was subsequently found to be Annexin A2, an oncofetal antigen expressed on
both embryonic cells and cancer cells. Against cancer cells, ch2448 binds and kills via
antibody-dependent cell-mediated cytotoxicity (ADCC) and/or antibody-drug conju-
gate (ADC) routes. Here, we investigate if the use of ch2448 can be extended to hESC.
ch2448 was found to bind specifically to undifferentiated hESC but not differentiated
progenitors. Similar to previous study using cancer cells, ch2448 kills hESC in vivo
either indirectly by eliciting ADCC or directly as an ADC. The treatment with ch2448
post-transplantation eliminated the in vivo circulating undifferentiated cells and
prevented or delayed the formation of teratomas. This surveillance role of ch2448 adds
an additional layer of safeguard to enhance the safety and efficacious use of pluripotent
stem cell-derived products in regenerative medicine. Thereby, translating the use of
ch2448 in the treatment of cancers to a proof of concept study in hESC (or pluripotent
stem cell [PSC]), we show that mAbs can also be used to eliminate teratoma forming
cells in vivo during PSC-derived cell therapies. We propose to use this strategy to
complement existing methods to eliminate teratoma-forming cells in vitro. Residual
undifferentiated cells may escape in vitro removal methods and be introduced into
patients together with the differentiated cells.
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dual properties of proliferating indefinitely and differentiating into cell

types representing the three germ layers (Bongso & Richards, 2004;

Pluripotent stem cells (PSCs), which includes human embryonic stem Gerecht-Nir & Itskovitz-Eldor, 2004; Takahashi et al., 2007). Studies
cells (hESCs) and induced pluripotent stem cells (iPSCs), possess the have shown that PSCs can be differentiated in vitro to lineage-specific
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cell types, such as neural-like cells, insulin-producing cells and
cardiomyocytes with the goal of using these in regenerative medicine.
Hence PSCs are a valuable source in transplantation to replace cells
that have been damaged in the course of infections, diseases such as
chronic heart disease, diabetes, and Parkinson’s disease or due to
congenital abnormalities (Angelos & Kaufman, 2015; Assady et al.,
2001; Bongso & Richards, 2004; D’Amour et al., 2006; Efrat, 2002;
Gerecht-Nir & Itskovitz-Eldor, 2004; He, 2003; Narazaki et al., 2008;
Pankratz et al., 2007; Reubinoff et al., 2001; Schulz et al., 2003; Snir
et al., 2003; Stewart, Stojkovic, & Lako, 2006; Thomson et al., 1998).

However, one of the safety concerns associated with the use of
PSCs in cell-based therapies is the presence of residual undiffer-
entiated PSCs in the differentiated cell product, which potentially can
form teratomas in patients (Choo et al., 2008; Schriebl et al., 2012;
Tan, Fong, Lee, Yap, & Choo, 2009). Hentze et al. (2007) demon-
strated that 245 undifferentiated hESCs were sufficient to form
teratomas in severe combined immunodeficient (SCID) mice. Fujika-
wa et al. (2005) also showed that ES cell-derived insulin expressing
cells, post-transplantation into SCID mice, formed teratomas in vivo
resulting in the failure of treatment for Type | diabetes. In a
prominent case study, a group of Israeli researchers reported that a
boy who was suffering from ataxia telangiectasia, had received fetal
neural stem cell transplants and developed tumors in his brain and
spinal cord 4 years after treatment (Alper, 2009; Amariglio et al.,
2009). This case study highlights the risk of teratoma or tumor
formation not just from pluripotent stem cells but also from other
sources of stem cells (including fetal neural stem cells) and will be a
major stumbling block for cell-based therapies.

Hentze, Graichen, and Colman (2007) summarized various
methods to eliminate unwanted cells and enrich for the desired cell
types in PSC-cell therapies. These methods ranged from using
genetically engineered PSCs, introducing miRNA switches, and
purification based on physical methods to mitotically inactivate the
cell therapy products. Many studies were also carried out to ensure
the safety of PSC-derived cell therapy. Pretreatment of teratoma-
forming cells with ceramide analogues, nanoparticles (mica fine
particles), small molecule inhibitors and cardiac glycosides had been
shown to prevent the formation of teratomas in vivo (Bieberich, Silva,
Wang, Krishnamurthy, & Condie, 2004; Jeong, Cho, Lee, & Cha, 2017;
Lee et al., 2013; Lin et al., 2017; Mohseni, Hamidieh, Verdi, & Shoae-
Hassani, 2014; Parr et al., 2016).

Antibodies specific to hESCs have been used to remove residual
hESCs from mixed cell populations (Schriebl et al., 2012). Our group
has also reported two cytotoxic monoclonal antibodies (mAbs) that
kill PSCs via oncosis (Choo et al., 2008; Tan et al., 2009; Zheng, Tan,
Matsudaira, & Choo, 2017). Recently, Sougawa et al. (2018)
demonstrated that the antibody-drug conjugate (ADC), Brentuximab
vedotin, was able to kill PSCs. All these methods reported, involves
the pretreatment of the teratoma-forming cells in vitro before
implantation.

In this paper, we utilized a previously reported mAb, ch2448, and
showed that the mAb is able to kill PSCs. The mAb was raised against
hESCs (HES-3) in Balb/C mice and was chimerised with a human 1gG;
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backbone (Cua et al., 2018). Adsorption parameters for the antibody
were previously determined by Schriebl et al. (2012). There, they
observed that the maximum binding capacity (q,,) of mAb 2448 to
hESC is 138 + 4.7 x 108 mol/hESC, which corresponds to 8.3 x 107
molecules/hESC. Cua et al. (2018) had previously carried out a
detailed characterization of this chimerised antibody. Besides binding
to hESCs, ch2448 was found to bind to various cancer cells and the
antigen target was identified as Annexin A2. ch2448 was also able to
elicit antibody-dependent cell-mediated cytotoxicity (ADCC) and
prevent cancer-tumor formation in xenograft mouse models. Here,
we demonstrate that ch2448 is able to elicit 2 types of mechanisms
of action (MOA:s) to kill hESCs. As a naked antibody, ch2448 is able
to elicit ADCC. Additionally, its ability to be internalized into hESCs
after binding creates an opportunity for ADC development. In both
cases, we show that ch2448 is able to kill hESCs in vivo and prevent

or delay the formation of teratomas.

2 | MATERIALS AND METHODS

2.1 | hESC culture

Human embryonic stem cell line, HES-3 (46 X, X) was obtained from
ES Cell International (ESI, Singapore). The cells were cultured at 37°C
in a humidified atmosphere with 5% CO,, on matrigel-coated culture
dishes (Falcon) with daily replacement of mTeSR™1 media (Stemcell
Technologies). Cells were passaged by mechanically cutting with cell
cutters (Invitrogen) into small square cell sheets, scraping from the
culture dish using cell scrapers and transferring to freshly Matrigel-
coated culture dishes. Culture dishes were preincubated with

matrigel (Corning) at 4°C overnight.

2.2 | EBs formation

To induce differentiation in vitro, hESC were mechanically cut and
harvested as clumps and cultured as embryoid bodies (EBs) for 7
days in EB media (80% KO-DMEM, 20% fetal bovine serum [FBS],
25U/ml penicillin, 25pg/ml streptomycin, 2mM L-glutamine,
0.1 mM non-essential amino acid (NEAA), and 0.1 mM 2-mercap-
toethanol) on a nonadherent six-well plate (Nunc). Subsequently,
the EBs were dissociated with trypsin (Invitrogen), plated on a
gelatinized six-well plate and passaged every 7 days for a fortnight.
EB media was replaced once every 2 days.

2.3 | Flow cytometry analysis

Cells were dissociated with trypsin and collected via low-speed
centrifugation. Each sample containing approximately 1 x 10° single
cells were resuspended in 1% bovine serum albumin/phosphate
buffer saline (BSA/PBS) and incubated with 5 pg of ch2448, ch2448F
(ab’),, TRA-160 (Millipore), or mAb 84 for 45 min on ice. Samples
were washed with 1% BSA/PBS before incubating with fluorescein
isothiocyanate (FITC)-labelled goat anti-human kappa light chain
mAbs Aldrich) or FITC-labelled goat

(Sigma anti-mouse
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immunoglobulin (Ig) polyclonal (Dako) for 15 min at room tempera-

ture. Samples were then washed twice with 1% BSA/PBS before
reading on a FACScan (Becton Dickson FACSCalibur).

24 | ADCC

ADCC activity of ch2448 was measured using the Promega ADCC
Reporter Bioassay (Promega). Briefly, hESCs were harvested using
dispase (Stem Cell Technologies) and washed in PBS. Cells were
added to a 96-well black culture plate (Corning) at 30,000 cells per
well in mTeSR medium (Stem Cell Technologies). Dilutions of
ch2448 were added at 25 ul per well. Engineered effector Jurkat
cells, expressing the human FcyllIA receptor coupled to a down-
stream gene reporter readout of the nuclear factor of the
activated T-cells (NFAT) ADCC signalling pathway, were thawed
and added at approximately 75,000 cells per well. Post 6 hr of
incubation, the culture plate was removed and luciferin solution
added. Luminescence readout was done using a plate reader
(TECAN M2000).

2.5 | F(ab’)2 generation

The full-length ch2448 was treated with IdeS protease (Genovis;
FabRICATOR) at 1U per 1ug of antibody at 37°C for 1hr. The
histadine-tagged IdES was removed with a Ni-NTA spin column
(Qiagen).

2.6 | Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gel

The samples were boiled at 95°C after adding 5% sample loading
dye and subjected to SDS-PAGE using 4-12% gradient NuPAGE
Bis-Tris gel (#NP0335 Box) with 1x 3-(N-morpholino)propanesul-
fonic acid buffer (#NP001; Life Technologies). The proteins were
separated at 110V for 1hr and subsequently stained with
coomassie blue.

2.7 | Biotinylation of mAbs

The mAb was biotinylated using the EZ-Link Sulfo-NHS-Biotin kit
(Thermo Fisher Scientific). Briefly, 50 ul of Biotin Reagent was added
to 1ml of ch2448 (2mg/ml in PBS) and incubated at room
temperature for 30 min. Nonreacted biotin was removed by dialysis.

2.8 | Internalization studies

Biotinylated ch2448 were incubated with equimolar of pHRodo Red
Avidin (Thermo Fisher Scientific, #735362) in the dark and on ice for
5 min. The conjugated mAb (20 ug) was added to the hESC culture
and real-time visualization of the internalization was carried out by
video capture on a DeltaVision (GE Healthcare Life Sciences). For the
counter-staining with Phallodin, after the internalization of ch2448

conjugated to pHRodo, the hESC culture was washed twice with cold

PBS and subsequently fixed with 4% paraformaldehyde/PBS for
15 min. The cells were washed twice with cold PBS and permeabi-
lized with 0.5% Triton-X/PBS for 10 min. The washing was repeated
and cells were blocked with 10% FBS/PBS for 10 min. The cells were
washed twice with PBS and incubated with Phallodin conjugated to
AlexaFluor 488 for 30 min in the dark. Excess dyes were washed off
with PBS and 500 ul 1% BSA/PBS was added to each well before
imaging.

2.9 | Treatment of hESC with mAb and ADC

hESCs were seeded in a 24-well plate, at a density of approximately
1x 10° cells/well. Antibody and ADCs were spiked into the hESC
cultures post 24 hr seeding. The ADC cocktails were prepared by
incubating ch2448F(ab’), with various secondary drugs, DM1
(Moradec), monomethyl auristatin E (MMAE; Moradec) at a 1:1
molar ratio for 15 min.

2.10 | CellTiter-Glo (CTG) luminescent assay

Metabolically active cells were measured based on the presence of
ATP, using the CellTiter-Glo Luminescent Cell Viability Assay Kit
(Promega). An equal volume of CTG substrate (to media volume) was
added to each 24-well containing hESCs treated with the mAb and
incubated for 15 min in the dark at RT on a shaker. Two hundred
microliters of the lysed cells/substrate mix was pipetted to 96-well
plates (black, clear flat bottom). Luminescence was measured using a
TECAN M2000. Experiments were carried out twice (two biological

repeats).

2.11 | Animal model

To carry out the teratoma formation of hESCs in vivo, cells were
harvested with PBS and treated accordingly. hESCs were incu-
bated with the ch2448, ch2448F(ab’),, or ch2448F(ab’),-MMAE
on ice for 45 min. The single-cell suspension of hESCs (4 x 10° cells
per animal in a 30 ul PBS+ 15 ul Matrigel mixture) was injected
directly into the quadriceps of the right hind leg of a male SCID
mouse. For the IP administration of the ADC, 35 pg of ch2448F(ab
).-MMAE was injected intraperitoneally on the day of hESC
injection and the following dose, 24 hr later. Female NOD SCID
mice (4-6-week old) were purchased from InVivos. Animal
experiments were performed in accordance with NIH and NACLAR
guidelines (National University of Singapore IRB protocol 05-020,
Biopolis IACUC approval 151006). Tumor formation was mon-
itored visually using a simple grading system that was confirmed
by caliper measurements: Grade O, no visible teratoma (6.32-mm
average maximal hind leg diameter); Grade 1, teratoma just
detectable (10.55-mm average); Grade 2, teratoma obvious
(13.2-mm average); and Grade 3, teratoma impedes locomotion

(14.52-mm average).
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2.12 | Statistical analysis embryoid bodies (EBs; left panel). The differentiated status of the

. . . . EBs were also confirmed by the absence of pluripotent markers,

Analysis of variance was carried out using PRISM software. . i .
TRA-1-60 and podocalyxin compared with hESC (center and right
panel). When ch2448 was spiked into hESC culture and incubated for

3 | RESULTS 3 days, the cells continued to proliferate, similar to the buffer control
(Figure 1b). Hence, as a naked mAb, ch2448 does not affect the

3.1 | ch2448 binds specifically to hESC and exhibits proliferation of hESCs in vitro.

ADCC in vitro Cua et al. (2018) demonstrated that ch2448 was able to engage
effector cells and elicit ADCC activity on target cancer cells. We
proceeded to determine if ch2448 was able to elicit ADCC on hESCs.
Increasing concentrations of ch2448 were incubated with hESCs in

ch2488 was previously shown to bind to cancer and not to normal
cells Cua et al. (2018). The binding of ch2448 to the immunogen
hESC (HES-3) was assessed via flow cytometry. Figure 1a shows that

. . . . vitro, and the ADCC activity was measured via a gene reporter assay
the mAb binds specifically to HES-3 but not to differentiated

(a) ch2448 anti-TRA-160 mAb 84 (b)
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FIGURE 1 The antibody ch2448 binds to undifferentiated hESCs and elicits ADCC. (a) ch2448 binds to undifferentiated hESCs but not to
22-day EBs. Shaded, dashed-line histogram represents negative control. Bolded-line histogram represents primary mAb binding. The
undifferentiated hESC expressed the pluripotent markers, TRA-160, and podocalyxin. The expression of these markers was lost in differentiated
EBs. Detection of TRA-160 and podocalyxin was carried out using commercially anti-TRA-160 and in-house mAb 84 as primary antibodies,
respectively. (b) ch2448 was incubated with hESC (20 ug/ml) over 72 hr. Buffer at an equivalent volume was added into another well of hESCs
as control. In both wells, the proliferation of hESC was not affected. (c) ADCC activity of ch2448 on hESC. Single-cell suspensions of hESCs were
incubated with different concentrations of full-length ch2448 and a reporter effector cell line for ADCC activity. A dose-dependent increase in
ADCC activity was observed. The ADCC assay was carried out by incubating the mAb with 30,000 cells and 10,000 cells (ll and [,
respectively). (d) Induction of ADCC was measured as a fold increase against control wells containing ch2448F(ab’), at the highest
concentration tested of ch2448. Values represent means + standard deviation of biological triplicates. ADCC, antibody-dependent cell-mediated
cytotoxicity; EB, embryoid body; hESC, human embryonic stem cell; mAb, monoclonal antibody
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using engineered Jurkat cells that expressed the human Fc-gamma
I1IA receptor coupled to an ADCC NFAT signalling pathway as the
readout. As a negative control, F(ab’), fragments of ch2448, termed
ch2448F(ab’),, were generated to eliminate the Fc-mediated ADCC
(Cua et al.,, 2018). The successful cleavage and generation of the F(ab
'), fragments were confirmed on a SDS-PAGE gel and binding of the
fragments to hESCs was retained (Figure S1).

From Figure 1c, the negative control, ch2448F(ab’), (at the
highest concentration of ch2448 tested), does not exhibit ADCC. The
ADCC assay result also shows that ch2448 does exhibit ADCC in a
dose-dependent manner with about a maximum of eight-fold
induction when incubated with 30,000 hESCs. The induction of
ADCC was measured as a fold increase against the negative control,
ch2448F(ab’), at the highest concentration tested of ch2448 (Figure
1d). The data thus shows that the full-length ch2448, a human IgG4,
exhibits ADCC on hESCs in vitro and could possibly eliminate
teratoma formation in vivo via Fc-Fc receptor engagement with

effector cells in mice.

32 |
hESCs

ch2448 internalizes into undifferentiated

Besides eliciting ADCC, ch2448 was found to exhibit a second
MOA whereby it is internalized by the hESCs. To demonstrate this,
the mAb was conjugated to pHRodo, a dye which fluoresces
maximally at a low pH environment (e.g. in the endosome after
internalization) and then incubated with live hESCs for 65 hr. The
internalization of the mAb into the cells was captured real-time
and was found to occur as fast as 18 hr (see Supplementary Video;
Figure S3 shows the localization of the mAb in the cells). In
addition, ch2448 binds specifically to and is only internalized by
undifferentiated cells and not differentiated cells. Here, ch2448
conjugated to pH-Rodo, was first allowed to internalize into the
live hESC culture which contained undifferentiated and differ-
entiated regions. The cells were then fixed, permeabilized and
stained with Phalloidin for actin. From Figure 2, regions of
undifferentiated hESCs (characterized by the dense actin network)

were stained positive for internalized ch2448. In contrast, the

Phalloidin

Undifferentiated
Region

Differentiated
Region

FIGURE 2

differentiated areas characterized by the sparse actin network
were negative for internalized ch2448. This is consistent with the
binding data (Figure 1a). Next, we proceeded to investigate if the
antibody can be used as an ADC to kill hESCs.

3.3 | Development of ch2448 as an ADC to
undifferentiated hESCs in vitro

For an antibody to be developed as an ADC, apart from binding and
internalization of the mAb into the target cells, it needs to be able to
deliver a cytotoxic drug intracellularly, which consequently causes
cell death (Modjtahedi, Ali, & Essapen, 2012; Pillay, Gan, & Scott,
2011; Scott, Wolchok, & Old, 2012). We have previously shown that
the intact IgG, ch2448, can elicit ADCC. Hence, we tested if the
ch2448F(ab’), can be used as an ADC in vitro. For the ADC assay,
anti-Fab secondary conjugated to two different cytotoxic agents that
have been approved for clinical use were utilized. The first drug was
emtansine (DM1) and the other was MMAE. Transtuzumab-DM1 and
Brentuximab Vedotin (anti-CD30 conjugated to MMAE) are Food
and Drug Administration (FDA)-approved ADCs to treat breast
cancers and Hodgkin's lymphoma, respectively (Pillay et al., 2011,
Weiner, 2015).

ch2448F(ab’), was first incubated with either of the two different
anti-Fab secondary (anti-Fab DM1 and anti-Fab MMAE) at a molar
ratio of 1:1. Subsequently, the ADC complexes, ch2448F(ab’),-DM1
and ch2448F(ab’),-MMAE, were spiked into hESC cultures, seeded
on the previous day. As controls, the cultures were spiked with either
the buffer, ch2448F(ab’),, or the two anti-Fab secondary. The
cultures were allowed to grow for an additional 5 days. After which,
the cultures were visualized by microscopy (Figures 3 and 4) and
total viable cell numbers assessed using the CellTiter-Glo® Lumines-
cent Cell Viability Assay kit (Figure 5). From Figures 3 and 4, the
control cells formed colonies and proliferated to confluency. In
contrast, cells treated with the ADCs, did not proliferate or form any
colonies and cell debris was observed (Figure 4). From Figure 5, in
the controls, the total viable cell numbers were high and comparable
for cells treated with the buffer, ch2448F(ab’), and anti-Fab MMAE.
Slight cytotoxicity was however observed in the anti-Fab DM1

2448-pHRodo

Internalisation of ch2448 occurs specifically in undifferentiated hESCs. ch2448 was incubated with live hESC culture and actin

stained with Phallodin. Internalization of ch2448 (orange) was observed in the undifferentiated regions as characterized by the dense actin
network (green). No internalization of ch2448 was observed in the differentiated regions (sparse actin network). hESC, human embryonic stem

cell [Color figure can be viewed at wileyonlinelibrary.com]
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Anti-Fab MMAE  ch2448F(ab’),-MMAE

ch2448F(ab’),-DM1

FIGURE 3 Effect of ch2448F(ab’), ADCs on hESCs (low dosage). ch2448F(ab’), was complexed with either anti-Fab DM1 or anti-Fab MMAE
at a molar ratio of 1:1. The ch2448F(ab’),-ADCs were spiked into hESC culture, at a concentration of 1.5 ug/ml of ch2448F(ab’),, and incubated
for 5 days. Controls include buffer, ch2448F(ab’),, anti-Fab DM1, and anti-Fab MMAE. ADC, antibody-drug conjugate; DM1, emtansine; hESC,

human embryonic stem cell; MMAE, monomethyl auristatin E

Buffer ch2448F(ab’), Anti-Fab DM1

ch2448F(ab’),-DM1  Anti-Fab MMAE  ch2448F(ab’),-MMAE

FIGURE 4 Effect of ch2448F(ab’), ADCs on hESCs (high dosage). ch2448F(ab’), was complexed with either anti-Fab DM1 or anti-Fab
MMAE at a molar ratio of 1:1. The ch2448F(ab’),-ADCs were spiked into hESC culture, at a concentration of 3.0 ug/ml of ch2448F(ab’),, and
incubated for 5 days. Controls include buffer, ch2448F(ab’),, anti-Fab DM1 and anti-Fab MMAE. ADC, antibody-drug conjugate; hESC, human

embryonic stem cell; MMAE, monomethyl auristatin E

condition. At 1.5 ug/ml, ch2448F(ab’),, ch2448F(ab’),-DM1 showed
no cytotoxicity, whereas treatment with ch2448F(ab’),-MMAE
exhibited more than 90% cell death. Increasing the concentration
of ch2448F(ab’), to 3.0 ug/ml resulted in increased cell cytotoxicity
by ch2448F(ab’),-DM1 to approximately 60% compared with
ch2448F(ab’),-MMAE where cell death was more than 90%. From
these data, we concluded that ch2448F(ab’), conjugated to MMAE is
a more potent ADC to kill undifferentiated hESC in vitro.

3.4 | In vivo models for elimination and
suppression of teratoma formation

To demonstrate the ability of ch2448 to eliminate teratoma
formation through the different MOAs, namely; ADCC and ADC,
several mice models were carried out. Teratoma formation was
evaluated with a grading method as previously described by Choo
et al. (2008) and Tan et al. (2009).

We first demonstrated the ability of ch2448 to kill hESC via
ADCC in vivo. As previously shown, ch2448 does not kill hESC in
vitro (Figure 1b). A single-cell suspension of hESC was incubated
with ch2448 in vitro and then injected intramuscularly into the
right hind leg of SCID mice, relying on the capacity of ch2448 to
engage mouse effector cells in vivo via Fc receptors (Cua et al.,
2018). As control, hESC was pretreated with buffer only. In the
buffer control (Figure 6a), teratomas started forming as early as
Week 5 postinjection. In the ch2448-treated group (Figure 6b), no
teratoma was observed in two of the three mice. In one of the
mice, teratoma formation started later, at Week 7. This first model
shows that ch2448 is able to eliminate or delay the formation of
teratomas in vivo via ADCC.

Next, to demonstrate the ability of the mAb to kill hESC and
prevent teratoma formation via ADC, a single-cell suspension of
hESCs was pretreated with the ADC, ch2448F(ab’),-MMAE, in vitro
and injected intramuscularly into the right hind leg of SCID mice. The
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FIGURE 5 Total viable cell number post ch2448F(ab’),-ADCs
treatment. ch2448F(ab’), was complexed with either anti-Fab DM1
or anti-Fab MMAE at a molar ratio of 1:1. The ch2448F(ab’), ADCs
were spiked into hESC culture and incubated for 5 days. Controls
include buffer, ch2448F(ab’),, anti-Fab DM1, and anti-Fab MMAE.
Total viable cell number was determined via CellTiter-Glo®
Luminescent Cell Viability Assay kit. Values are an average of six
wells + standard deviation. [l represents the conditions at 1.5 ug/ml
ch2448F(ab’),, [] represents the conditions at 3.0 ug/ml ch2448F(ab
")». ADC, antibody-drug conjugate; DM1, emtansine; MMAE,
monomethyl auristatin E. The cytotoxicities of the ADCs were
significant when compared with the respective controls (Figure S2, '
it TTTp <.01)

controls included pretreatment of hESC with buffer, anti-Fab MMAE
or ch2448F(ab’), fragments (Figure 7). In the buffer and anti-Fab
MMAE control (Figure 7a,b) teratoma formed as early as Week 4 in
all mice. The ch2448F(ab’), did not elicit ADCC and did not prevent
the formation of teratomas (Figure 7c). Interestingly, no teratoma
formed in the ADC treated group even after 7 months (Figure 7d).
In our last animal model, untreated hESC was injected intramus-
cularly into the right hind leg of SCID mice and ch2448F(ab’),-MMAE
was administered intraperitoneally; thus requiring the ADC to home

onto the target cells through the vasculature. The ADC was

administered twice, on the day of hESCs injection and the following
day. In the buffer control, teratomas formed in all three mice as early
as Week 4 (Figure 7e). For the mice that were administered with the
ADC intraperitoneally, teratoma formation was either delayed or
eliminated. Teratoma formation was significantly delayed in two mice
(at Week 10 and Week 27). As for the third mouse in this treatment
group, it was found dead after 18 weeks, however up until then, no
teratoma formation was observed. This model is a proof of concept
study that ADC can be administered as an in vivo surveillance for
hESC to prevent teratoma formation.

4 | DISCUSSION

In this study, we describe the MOAs of a previously reported
antibody that was raised against hESC. There, Cua et al. character-
ized the antibody and found that the antigen target of ch2448 is
Annexin A2. The mAb also elicited 2 MOAs to kill cancer cells,
namely; ADCC and ADC. ch2448 also causes cancer tumour
regression via ADCC in vivo via Fc-Fc receptor engagement with
effector cells in mice (Cua et al., 2018). Here, we show that ch2448 is
also able to eliminate hESC via ADCC and ADC in vitro. Antibodies
that exhibit ADCC and ADC properties are being used clinically to
treat cancer patients (Scott, Allison, & Wolchok, 2012; Scott, Wolchok
et al., 2012; Weiner, 2015). Hence, we translated the use of ch2448
in the treatment of cancers to a proof of concept study in hESC (PSC)
and showed that ch2448 can eliminate PSC and prevent teratoma
forming in vivo.

ch2448 by itself, does not kill hESC in vitro. However, as a
chimerised mAb with a human IgG1 backbone, ch2448 is able to
engage the Fc receptors on mice effector cells to elicit cell death.
Here, we show that ch2448 is able to eliminate or delay teratoma
formation via ADCC in vivo. The use of ch2448 to eliminate teratoma
forming cells by ADCC can be further optimized by increasing the
dose regime as shown by Cua et al. (2018) and by engineering a
afucosylatyed ch2448, which can enhance ADCC by 20-25 folds.

Tumour Grading

FIGURE 6

Weeks

In vivo elimination and suppression of teratoma formation via ADCC. Single-cell suspension of hESCs was pretreated with

ch2448 in vitro and injected into the right hind leg muscles of SCID mice (n = 3). Killing via ADCC relied on the capacity of ch2448 to interact
with the Fc receptors on the mouse effector cells in vivo. (a) Buffer control (b) hESC pretreated with ch2448. ADCC, antibody-dependent cell-
mediated cytotoxicity; hESC, human embryonic stem cell; SCID, male severe combined immunodeficient
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FIGURE 7 Elimination and suppression of teratoma formation via ADC. Single-cell suspension of hESCs was pretreated with (a) buffer, (b)
anti-Fab MMAE, (c) ch2448F(ab’), and (d) ch2448F(ab’),-MMAE in vitro and injected intramuscularly into the right hind leg of SCID mice (n = 3).
In another model, a single-cell suspension of hESCs was first injected intramuscularly into the right hind leg of SCID mice (n = 3). (e) Buffer and
(f) ch2448F(ab’),-MMAE administered intraperitoneally twice; on the day of cell injection and the following day. ADC, antibody-drug conjugate;
hESC, human embryonic stem cell; MMAE, monomethyl auristatin E; SCID, severe combined immunodeficient

The use of an ADC to eliminate stem cells has been previously
reported (Sougawa et al, 2018). Sougawa et al. utilized the FDA
approved ADC, Brentuximab vedontin, to eliminate undifferentiated
CD30-positive human iPSCs during cardiomyocyte differentiation and
prevented teratoma formation. However, in their study, the elimination
of undifferentiated cells was carried out in vitro before transplanting
the treated cells into mice. Here, we demonstrated that pretreatment
of undifferentiated hESC with ch2448F(ab’),-MMAE in vitro, is able to
prevent the formation of teratomas in vivo. In addition, we showed that
the ADC when administered at a site away from the cell transplant, is
still able to home towards the hESCs and prevent or delay teratoma
formation. Although one of the mice died midway through the
experiment, the cause of death could not be determined. However,
we do not attribute the cause of death to ch2448 as no adverse effect
was observed in the mice by Cua et al. (2018). However, further
optimization of the ADC is required to increase the efficacy of this mAb
as an ADC drug. Direct conjugation of MMAE to ch2448, instead of
using a secondary linked drug, will further enhance the stability of the
ADC. Also, the drug dosage and regime can be increased.

In conclusion, ch2448 binds to undifferentiated hESCs and is able
to elicit cell death via 2 MOAs in vivo and prevent or delay the

formation of teratomas. However, the use of ch2448 must be further

optimized and evaluated for specificity. Nonetheless, to our knowl-
edge, this is the first report demonstrating the use of a mAb for in
vivo surveillance and in vivo elimination of teratoma formation. We
propose that this method can be used complementarily with existing
methods to eliminate teratoma forming cells in vitro. Undifferen-
tiated cells may escape the in vitro removal methods and be
introduced into patients together with the differentiated cells post-
transplantation. mAbs that elicits ADCC and ADC serves as an
additional safeguard to eliminate these “escaped” undifferentiated
cells that are circulating in the body, thus enhancing the safety of

PSCs-derived cell therapies.
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