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Antibody-mediated cell killing has significantly facilitated the elimination of undesired cells in therapeutic applications. Besides
the well-known Fc-dependent mechanisms, pathways of antibody-induced apoptosis were also extensively studied. However, with
fewer studies reporting the ability of antibodies to evoke an alternative form of programmed cell death, oncosis, the molecular
mechanism of antibody-mediated oncosis remains underinvestigated. In this study, a monoclonal antibody (mAb), TAG-A1 (A1),
was generated to selectively kill residual undifferentiated human embryonic stem cells (hESC) so as to prevent teratoma formation
upon transplantation of hESC-derived products. We revealed that A1 induces hESC death via oncosis. Aided with high-resolution
scanning electron microscopy (SEM), we uncovered nanoscale morphological changes in A1-induced hESC oncosis, as well as A1
distribution on hESC surface. A1 induces hESC oncosis via binding-initiated signaling cascade, most likely by ligating receptors
on surface microvilli. The ability to evoke excess reactive oxygen species (ROS) production via the Nox2 isoform of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase is critical in the cell death pathway. Excess ROS production occurs downstream
of microvilli degradation and homotypic adhesion, but upstream of actin reorganization, plasma membrane damage and
mitochondrial membrane permeabilization. To our knowledge, this is the first mechanistic model of mAb-induced oncosis on hESC
revealing a previously unrecognized role for NAPDH oxidase-derived ROS in mediating oncotic hESC death. These findings in the
cell death pathway may potentially be exploited to improve the efficiency of A1 in eliminating undifferentiated hESC and to provide
insights into the study of other mAb-induced cell death.
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Monoclonal antibodies (mAbs) have been widely used to
eliminate undesired cells via various mechanisms, including
antibody-dependent cell-mediated cytotoxicity (ADCC),
complement-dependent cytotoxicity (CDC) and programmed
cell death (PCD). Unlike the Fc-dependent mechanism of
ADCC and CDC, certain antibody–antigen interaction can
evoke direct PCD via apoptosis or oncosis. Antibodies can
induce apoptosis via three major pathways, namely, antag-
onizing ligand–receptor signaling,1–3 crosslinking antigen4,5

and binding to surface receptors that transduce proapoptotic
signals.6–8 Unlike apoptosis that has been extensively studied,
the mechanism of oncosis remains unclear. Nevertheless,
features of oncosis include rapid cell death, plasma mem-
brane damage and cell swelling.9–11

Previously, our group reported the specific killing of
undifferentiated human embryonic stem cells (hESC) by
mAb84 via oncosis, thus preventing teratoma formation in
hESC-based therapy.12,13 The authors postulated that the
perturbation of actin-associated proteins facilitated the forma-
tion of plasma membrane pores via pentameric (IgM) mAb84-
mediated oligomerization of surface antigens.13 However, its
mechanism of action remained unclear. More recently, our
group generated another mAb, TAG-A1 (A1), which also kills

hESC via oncosis. However, as A1 is an IgG, it is unlikely to
oligomerize antigens despite forming membrane pores.
Hence, the central challenge is to identify the mechanism in
the cell death pathway that elicit these features and potentially
use it to augment the cytotoxic effect of mAbs.
In this study, we demonstrated that A1 specifically kills

hESC via oncosis. Importantly, excess reactive oxygen
species (ROS) production was deemed critical in A1
binding-initiated death signaling pathway. ROSwas generated
from nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, and independent of mitochondrial impairment. It
occurs downstream of microvilli degradation and homotypic
adhesion, upstream of actin reorganization and plasma
membrane damage. Based on the findings, we proposed a
mechanistic model for A1-induced hESC oncosis.

Results

In vitro characterization of A1 on human pluripotent stem
cells. From a panel of mAbs generated against hESC, A1
was shortlisted based on its ability to bind (Figure 1a) and kill
(Figure 1b) undifferentiated hESC and hiPSC. The specificity
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of A1 was assessed on hESC-derived embryoid bodies (EBs)
at different stages of spontaneous differentiation. A1 binding
to cells was downregulated along with the loss of pluripotency
marker (Tra-1-60) expression (Figure 1c). Concomitantly, a
complete loss of A1 killing on differentiating cells was
observed after 5 days (Figure 1d). Hence, the selective
cytotoxicity of A1 on human pluripotent stem cell (hPSC) is
beneficial for the removal of residual undifferentiated hPSC
from differentiated cell products before transplantation.
A1 kills undifferentiated hESC within 1 min of incubation

(Figure 1e) and in a dosage-dependent manner (Figure 1f),
comparable to previously reported mAb84.12 Interestingly,
both Fab_A1 and F(ab)2_A1 bind to hESC (Figure 1g) but only

F(ab)2_A1 retained hESC killing (Figure 1h). Hence, bivalency,
but not Fc-domain, is essential for A1 killing on hESC.

A1 recognizes an O-linked glycan epitope containing
glycan motif (Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1) on hESC
antigens. After immunoprecipitation (IP) and immunoblotting
with A1, an antigen smear from 35 to 200 kDa was revealed
(Figure 2a), suggesting that A1 may be recognizing glycans
on multiple antigens. This was confirmed by using sodium
periodate to open sugar rings14 on immunoprecipitated
antigens. Compared with the non-treated control, A1 binding
to the entire smear was abolished after periodate treatment
(Figure 2a).

Figure 1 In vitro characterization of A1 on hESC. (a) A1 binds to and (b) kills both hESC (HES-3) and hiPSC (ESIMR90). A total of 2 ×105 cells (100 μl) were incubated with
5 μg of A1 for 45 min at 4 °C. (c) Loss of A1 binding is correlated with loss of pluripotency marker (Tra-1-60) expression on spontaneously differentiated EBs. Cells were dual
stained with A1 and anti-Tra-1-60 antibody. (d) A1 killing on undifferentiated hESC and spontaneously differentiated EBs at different stages. (e) A1 kills hESC within 1 min of
incubation. A total of 2 × 105 cells (100 μl) were treated with 5 μg of A1 over different time periods at 4 °C. (f) A1 kills hESC in a dosage-dependent manner. A total of 2 × 105 cells
(100 μl) were incubated with different amounts of A1 for 45 min at 4 °C. (g) Binding and (h) killing on hESC were compared between A1, F(ab)2_A1 and Fab_A1. Antibody binding
to hESC was detected with FITC-conjugated κ light-chain-specific antibody. Open histogram represents no treatment control and shaded histogram represents antibody-treated
cells. Cell viability was assessed via PI uptake by flow cytometry analysis, unless otherwise stated. Data are represented as mean±S.E.M.
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Subsequently, tunicamycin15 and benzyl-α-GalNac
(B-GalNac)16 were used to inhibit N-glycosylation and
O-glycosylation, respectively, in hESC culture, which was
confirmed by the lost of concanavalin A and anti-Tra-1-60
binding to inhibitor-treated hESC (Supplementary Figures
S1A and B). When A1 was tested on both cell populations, A1
binding to hESC was only downregulated in B-GalNac-treated
cells (Figure 2b). Pluripotency of inhibitor-treated hESC
was not affected by B-GalNac as determined by the RNA
expression levels of various markers (Supplementary
Figure S2B). Concomitantly, cell viability after A1 treatment
was significantly higher with B-GalNac treatment compared
with the control groups (Figure 2c), indicating that binding to
O-linked glycans is essential for A1 killing on hESC.
To determine the glycan epitope that A1 recognizes on

hESC, A1 binding and killing on hESC was examined after
preincubation with nine sugars of the non-sialylated blood
group antigens. A significant decrease in A1 binding to hESC
was observed upon preincubation with type-1 H (H1), lacto-N-
fucopentaose I (LNFP1) and LewisB (Figure 2d), indicating
competitive binding for the epitope on hESC. Among the
nine sugars, H1, LNFP1 and LewisB share a common glycan
motif Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1 (Supplementary
Figure S1C). Moreover, upon preincubation with any of these
three sugars, A1 killing on hESC was abolished (Figure 2e).
Taken together, A1 binds to an O-linked glycan epitope

containing Fucα1-2Galβ1-3GlcNAcβ1-3Galβ1 to elicit cyto-
toxicity on hESC.

A1 induces hESC death via oncosis. To further investigate
the lethal effect of A1 on hESC, changes to hESC
morphology was examined under scanning electron micro-
scopy (SEM). In general, non-treated hESC had uniform
shape, rich microvilli and intact plasma membrane
(Figure 3a). Upon A1 treatment, a five-staged change in
hESC morphology was summarized (Figures 3b–f). However,
because of the rapid killing of hESC by A1, more than one
stage was observed simultaneously. At stage 1, A1-treated
hESC typically displayed partially degraded or shortened
microvilli with enlarged cell volume, whereas the membrane
integrity remained intact (Figure 3b). Some fused microvilli
suggested the transition from stage 1 to stage 2. At stage 2,
varied size membrane pores were formed (Figure 3c).
Another feature was the appearance of one or more
circular-shaped areas of ~ 2 μm that were surrounded by
fused microvilli. Within this area, microvilli were absent with
the presence of cytoskeleton-like structures. At stage 3,
microvilli further shortened or even completely disappeared
(Figure 3d). Unlike stage 2, in the circular area, both the
surrounding fused microvilli and the centered cytoskeleton-
like structures disappeared. Moreover, larger membrane
pores were formed. At stage 4, membrane damage was
more pronounced and likely originated from the damaged

Figure 2 Antigen targets of A1 on hESC surface. (a) A1 binds to glycans on multiple target antigens on hESC. A1 binding (b) and killing (c) on hESC were partially blocked
upon B-GalNac treatment (4 mM, 24 h), but not tunicamycin treatment (5 μg/ml, 24 h). A1 binding (d) and killing (e) on hESC were blocked by LNFP1, H1 and LewisB. Five
micrograms of A1 was preincubated with the nine different sugars (2 mM) before treatment with 2 × 105 cells (100 μl) for 45 min at 4 °C. Open histogram represents no treatment
control and shaded histogram represents antibody-treated cells. Data are represented as mean± S.E.M. See also Supplementary Figures S1 and S2
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Figure 3 A1 induces hESC death via oncosis. (a–f) Observation of hESC structure and cell surface morphology under S.E.M. Left: Overview of a single hESC; right:
highlighted area in higher magnification. (a) hESC without A1 treatment. Arrows indicates microvilli. (b–f) Five-staged morphological changes of A1-treated hESC within 30 min.
Arrows indicate pore formation. Fused microvilli at stage 1, circular area at stages 2 and 3, cytoskeleton-covered nucleus at stage 4 and exposed nucleus at stage 5 are
highlighted in boxes. (g) The extent of DNA fragmentation measured by TUNEL assay. Increase in dUTP fluorescence intensity was correlated to increased DNA fragmentation.
(h) Scatter plot of caspases activity and cell death. The activity of caspases (caspases 3, 7 and 9) was compared between non-treated hESC, UV-treated hESC and A1-treated
hESC. Fluorescence-labeled inhibitor of caspase reagents were used to specifically detect activated caspase. To correlate cell death with caspase activity, cells were costained
with a cell-impermeable dye, 7-AAD (7-aminoactinomycin D), to identify dead cells. Fluorescence intensity of caspase reagents and 7-AAD were analyzed by flow cytometry.
Lower left (LL) quadrant corresponds to viable cells without activated caspase activity, right quadrants (upper and lower) to activated caspase activity and upper quadrants (right
and left) to dead cells. Data are represented as mean±S.E.M.
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circular area of stage 3 revealing the cytoskeleton structure
and nucleus (Figure 3e). Last, at stage 5, severely damaged
membrane peeled off exposing the nucleus. The progressive
morphological changes suggested that A1-induced hESC
death is likely associated with altered stability of microvilli and
cytoskeleton structures.
Observed features of A1-induced hESC death, including

rapid cell death, cell swelling and plasma membrane damage,
suggest that it is unlikely a consequence of apoptosis, which is
a slow process (12–24 h) featured with cellular shrinkage,
condensation of nucleus, formation of apoptotic bodies,
increased caspase activity and DNA fragmentation.17 On the
contrary, these features resembled the hallmarks of
oncosis.11,13 This observation was reiterated by TUNEL
(terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling) and caspase assays. A1-treated hESC did not
exhibit significant increase in DNA fragmentation (Figure 3g).
Caspase activity (caspases 3, 7 and 9) measured for both A1-
treated and non-treated hESC were also comparable and at
minimal basal levels (right quadrants) while there was
increased activated caspases for ultraviolet (UV)-treated
hESC, especially in the upper right quadrant, which corre-
sponds to apoptotic cells (Figure 3h). In contrast, for
A1-treated hESC, there was an increase in the dead cell
population within the upper left quadrant compared with the
non-treated hESC. Taken together, we concluded that A1 kills
hESC via oncosis.

A1 binds uniformly on hESC and elicits homotypic
adhesion and actin reorganization. To better understand
how A1 binding to hESC leads to cell death, we examined the
distribution pattern of A1 on hESC surface under SEM aided
with gold-conjugated secondary antibodies. No nonspecific
binding of secondary antibodies was observed in non-treated
control (Figure 4a). In A1-treated hESC, A1 particles were
uniformly distributed across the cell surface (Figure 4b).
Previously, in mAb84-induced hESC death, gold-labeled
antibody aggregates were interpreted as antibodies cluster-
ing the surface antigens to form pores throughout the plasma
membrane.13 However, in our study, there was no colocaliza-
tion observed between the A1 binding pattern and distribution
of membrane pores. Instead, clusters of gold particle were
more likely a result of microvilli fusion (Figure 4c). These
observations suggest that formation of membrane pores was
not a result of external mechanical force from A1 binding, but
rather a binding-initiated signaling cascade. The minimally
required bivalency of A1 (Figure 1h) might contribute to the
signaling pathway by ligating receptors on hESC. Surpris-
ingly, we also observed that the majority of A1 binding was on
surface microvilli (Figure 4d), suggesting that A1-induced
death signaling might be initiated through receptors on
microvilli.
Upon A1 binding, formation of hESC aggregates/homotypic

adhesion was observed (Figure 5a), which was also reported
in other mAb-induced oncosis.18,19 Intriguingly, the difference
in the ability of F(ab)2_A1 and Fab_A1 to induce homotypic
adhesion corresponded with the difference in their cytotoxicity
on hESC (Figure 1h), indicating homotypic adhesion and cell
death is functionally related.

Homotypic adhesion, microvilli degradation and plasma
membrane damage all implied the involvement of actin
cytoskeleton in A1-induced hESC death. Similar to mAb84-
induced hESC oncosis,13 significant reduction of four actin-
associated proteins (α-actinin, paxillin, talin and vinculin) in
A1-treated hESC was observed (Figure 5b). Next, the effect of
actin polymerization inhibitors (cytochalasin B, cytochalasin D
and latrunculin A) on A1-induced hESC death was investi-
gated. Upon A1 treatment, inhibitor-treated hESC had a
reduction in cell death compared with the non-treated controls
(Figure 5c), suggesting a functional link between actin
polymerization and A1-induced hESC death. Moreover,
immunostaining revealed that A1 treatment evoked the
enrichment of F-actin at cell–cell adhesion sites and the
relocalization of G-actin from the nucleus to the cytoplasm
(Figure 5d). Taken together, these results demonstrated a
close association between actin reorganization and A1-
induced hESC death.

A1-induced hESC death is mediated by excess ROS
production from NADPH oxidase. Previously, excess ROS
production has been reported in several mAb-induced cell
death.20–22 Studies involving an anti-CD20 mAb, GA101,
targeting human B-lymphoma cells, demonstrated that
depleting ROS with scavengers partially inhibited GA101-
induced cell death.23 Interestingly, GA101 also kills human
B-lymphoma cells via a non-apoptotic pathway featuring
homotypic adhesion and plasma membrane damage.18,24

Therefore, we hypothesized that ROS might also have an
essential role in A1-induced hESC death.
Excess ROS production was detected via dihydroethidium

(HE) staining upon A1 treatment (Figures 6a and b). This was
also confirmed by carboxy-H2DCFDA staining (Supplem-
entary Figure S3A). By dual-staining hESC with Sytox green
(dead cells) and HE (ROS production), the direct correlation
between excess ROS production and cell death was demon-
strated (Figure 6c). Next, using ROS scavengers: Tiron
(4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt
monohydrate) and Tempol (4-hydroxy-2,2,6,6-tetramethylpi-
peridine 1-oxyl), which are well-characterized superoxide
dismutase mimetics,25 the extent of cell killing by A1 was
compared. Pre-treatment of hESC with both Tiron and Tempol
significantly inhibited A1-induced hESC death (Figure 6d),
indicating that excess ROS production is required for A1 killing
on hESC. The depletion of ROS by Tiron was found to
correlate with the decrease in A1-induced cell death
(Figure 6e), confirming the essential role of ROS in
A1-induced hESC death. For both Tiron and Tempol, the
mechanism of action is to convert superoxide (O2−) to
hydrogen peroxide,26 suggesting that superoxide is the form
of ROS responsible for A1-induced hESC death.
Next, the upstream source of A1-induced superoxide

production in hESC was explored. In living cells, the major
sources of superoxide production are mitochondria and
NADPH oxidases.27 First, the activity of NADPH oxidase
was estimated by measuring NADP/NADPH ratio. Upon
activation of NADPH oxidase, NADPH is oxidized to NADP+

with the production of superoxide. A1-treated hESC has
significantly higher NADP/NADPH ratio than non-treated
hESC (Figure 7a). To confirm that NADPH oxidase is
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responsible for superoxide production, three inhibitors of
NADPH oxidase, diphenyleneiodonium chloride (DPI), myco-
phenolic acid (MPA) and apocynin (APO), were used. Pre-
treatment with these inhibitors significantly attenuated A1
killing on hESC (Figure 7b). Moreover, decrease in cell death
directly corresponded to the inhibition of ROS production
(Supplementary Figure S3B).
Among the seven isoforms of NADPH oxidase, only the

activation of Nox1, Nox2 and Nox3 requires the assembly of
cytosolic and membrane-bound subunits as well as Rac
activation, which should be the only targets of MPA and APO.
The role of Nox2 in A1-induced ROS production was first

investigated. Two different small interfering RNAs (siRNAs)
(siNox2_s3787 and siNox2_s3788) were used to downregu-
late Nox2 expression in hESC. Transfection efficiency was
verified using qRT-PCR (Supplementary Figure S3C) and
western blotting (Figure 7c). Expression of pluripotency
marker Tra-1-60 on hESC after transfection was confirmed
(Supplementary Figure S3D).With partial knockdown of Nox2,
A1 binding was not affected (Supplementary Figure S3E),
indicating that Nox2 is not an antigen target of A1. However,
A1-induced hESC death was significantly attenuated
(Figure 7d). Subsequently, the expression of Nox1 and Nox3
in hESC was assessed. Nox1 was not detected, whereas

Figure 4 A1 distribution on hESC surface under immune-S.E.M. (a) No nonspecific binding of secondary antibodies on hESC. (b and c) Observation of A1 binding and hESC
morphology. Cell morphology was detected under secondary electron mode (upper left), whereas gold particle-labeled A1 were detected under backscattering mode (upper
right). Overlay between cell morphology and A1 binding was viewed under combined mode (bottom). Arrows in (b) indicate membrane pores, which were not correlated with A1
binding pattern. Arrows in (c) indicate the correlation between A1 (gold particles) aggregates and fused microvilli or plasma membrane. (d) A1 mostly binds to surface microvilli,
either elongated (upper panel) or shortened (lower panel)
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Nox3 was detected around the predicted molecular weight of
51 kDa (Supplementary Figure S4A) and distributed in both
the cytoplasm and plasma membrane (Supplementary
Figure S4B). Subsequently, Nox3 expression was transiently
downregulated with siRNA. Transfection efficiency
(Supplementary Figure S4C) and pluripotency of hESC after
transfection (Supplementary Figure S4D) was confirmed.
However, downregulation of Nox3 did not affect A1 killing on
hESC (Figure 7e), suggesting that Nox3 is not a mediator of
A1-induced hESC death.
As neither Nox2 knockdown nor inhibition of A1-induced

hESC death was complete, it remained unclear whether Nox2
was the only mediator of A1-induced hESC death. Besides
NADPH oxidase, excess superoxide production upon mito-
chondrial impairment has been reported in apoptosis.28 Upon
A1 treatment, an increase in mitochondrial depolarization was
detected by the potentiometric dye JC-1 (Supplementary
Figure S4E), indicating that A1 treatment can induce hESC
mitochondrial impairment. However, by downregulating Nox2
expression in hESC, JC-1 measured mitochondrial depolar-
ization was reduced correlating to the attenuation in cell death

(Figure 7f), suggesting mitochondrial depolarization is a
consequence of A1-induced Nox2 activation, and unlikely an
alternative source of superoxide production. In summary,
Nox2-NADPH oxidase is the source of A1-induced ROS
production and it is essential for A1 to elicit cytotoxicity
on hESC.

ROS production occurs downstream of microvilli degra-
dation and homotypic adhesion, upstream of actin
reorganization. So far, several events have been observed
during A1-induced hESC death including microvilli degrada-
tion, homotypic adhesion, actin reorganization, plasma
membrane damage and ROS production. Given the func-
tional significance of ROS production in A1-induced hESC
death, we next investigated where along the pathway is ROS
production effecting. Therefore, the effect of ROS depletion
on these observed events was assessed. Tiron treatment did
not inhibit homotypic adhesion induced by A1 (Figure 8a),
suggesting ROS production occurs downstream of homotypic
adhesion. Under SEM, Tiron-treated hESC also resulted in
microvilli degradation upon A1 treatment (Figure 8b).

Figure 5 A1 binding on hESC elicits homotypic adhesion and actin reorganization. (a) Bivalent A1 and F(ab)2_A1 can induce hESC homotypic adhesion, but not monovalent
Fab_A1. (b) Degradation of actin-associated proteins, namely, talin, vinculin, α-actinin and paxillin, upon A1 treatment. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH )
was used as an endogenous control. (c) A1 cytotoxicity on hESC was partially inhibited upon actin inhibitors treatment. hESC (2 × 105 cells in 100 μl) were preincubated with the
actin inhibitors: latrunculin A (4 μg), cytochalasin B (4 μg) and cytochalasin D (4 μg) for 5 min before A1 treatment. Data are represented as mean± S.E.M. *Po0.05, **Po0.01
and ***Po0.001. (d) A1 treatment leads to enrichment of F-actin at cell–cell adhesion cites and G-actin translocation from the nucleus to the cytoplasm. Representative images
are shown. Nucleus was stained with Hoechst blue, F-actin was labeled with Alexa Fluor 488 phalloidin and G-actin was labeled with deoxyribonuclease I, Alexa Fluor 594
conjugate
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Figure 6 A1-induced hESC death is mediated by excess ROS production. (a) ROS production was measured via HE staining (25 μM), which emits red fluorescence when
oxidized by ROS. (b) A1 treatment led to excess ROS production (measured by HE staining) in hESC. (c) A1-induced hESC death was directly correlated with excess ROS
production. (d) ROS scavengers can partially block A1-induced hESC death. Before A1 treatment, cells were treated with phosphate-buffered saline (PBS) or with ROS
scavengers (Tiron 50 mM or Tempol 120 mM) for 1 h. (e) Depletion of ROS production were correlated with the decrease in A1-induced hESC death. Data are represented as
mean±S.E.M. *Po0.05, **Po0.01 and ***Po0.001. See also Supplementary Figure S3

Figure 7 A1 induces excess ROS production from NADPH oxidase. (a) Activity of NADPH oxidase as measured via NADP+/NADPH ratio in hESC significantly increase upon
A1 treatment. (b) Inhibitors of NADPH oxidase can partially block A1-induced hESC death. Before A1 treatment, cells were treated with dimethyl sulfoxide (DMSO) or inhibitors of
NADPH oxidase (DPI 240 mM, or APO 40 mM, or MPA 3.12 mM) for 1 h. DPI abstracts an electron from NADPH oxidase which then inhibits electron transfer from NADPH to
oxygen.51 MPA depletes cellular GTP and consequently inhibits Rac activation.52 APO prevents the translocation of cytosolic components to plasma membrane.53 (c) Knockdown
of Nox2 was confirmed by western blotting. (d) Upon A1 treatment, Nox2-knockdown hESC showed higher cell viability. (e) Upon A1 treatment, cell viability of Nox3-knockdown
hESC did not increase. (f) Mitochondrial membrane permeabilization as measured via potentiometric dye JC-1 is a consequence of A1-induced ROS production. Data are
represented as mean±S.E.M. *Po0.05, **Po0.01 and ***Po0.001. See also Supplementary Figures S3 and S4
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However, Tiron-treated hESC retained a uniform cell size and
morphology without plasma membrane damage (Figure 8b),
indicating that ROS production lies downstream of microvilli
degradation, and upstream of plasma membrane damage. In

the presence of Tiron, actin inhibitors treatment did not
significantly inhibit A1 killing (Figure 8c). More importantly,
regardless of Tiron, treatment with actin inhibitors did not
influence A1-induced ROS production (Figure 8d), indicating

Figure 8 Delineated order of events in A1-induced hESC death. (a) ROS depletion by Tiron cannot prevent A1-induced homotypic adhesion. (b) ROS depletion by Tiron
cannot prevent microvilli degradation, but is able to inhibit plasma membrane damage upon A1 treatment. (c) Actin inhibitors treatment did not prevent A1 cytotoxicity on hESC in
addition to Tiron treatment. (d) Actin inhibitors treatment did not prevent A1-induced ROS production regardless of Tiron treatment. Before A1 treatment, cells were treated with
phosphate-buffered saline (PBS) or the ROS scavenger (Tiron 50 mM) for 1 h, followed by incubation with the actin inhibitors: latrunculin A (4 μg), cytochalasin B (4 μg) and
cytochalasin D (4 μg) for 5 min before A1 treatment. (e) Proposed mechanistic model of A1-induced hESC death
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ROS production occurs upstream of actin reorganization. It
was reported previously that NADPH oxidase-derived ROS
can mediate actin reorganization through the regulation of
certain Rho GTPase family members.29 Therefore, it is likely
that the massive actin reorganization was directly caused by
excess ROS production. Consequently, the mechanical force
generated by the massive actin reorganization could lead to
plasma membrane damage.

Discussion

Cytotoxic A1 was shortlisted from a panel of mAbs generated
against hESC with the aim of preventing teratoma formation in
hESC-based therapy. A1 is cytotoxic to hESC but not
differentiated cells and it recognizes an O-linked glycan
epitope expressed on multiple antigens on hESC.
Mechanistically, A1 kills hESC via oncosis, not apoptosis,

featuring rapid killing rate, cell swelling and plasmamembrane
damage. A1-induced oncosis was initiated by bivalent A1
binding to surface microvilli and dimerizing antigen receptors.
Upon activation of death signaling, A1-treated hESC undergo
microvilli degradation and homotypic adhesion at the early
stage. This was followed by excess ROS production, which is
upstream of massive actin reorganization, mitochondrial
impairment and severe plasma membrane damage. Elevated
ROS production is essential for A1-induced hESC death,
which is produced by NADPH oxidase, most likely Nox2
isoform. Taken together, we proposed a mechanistic model of
A1-induced hESC death (Figure 8e). To our knowledge, this is
the first mechanistic model for antibody-induced oncosis
on hESC.
So far, most of the findings on A1-induced hESC death were

consistent with GA101-induced lymphoma cell death,18,24,23

suggesting that different mAbs can induce oncosis via similar
signaling pathways. Intriguingly, GA101-induced actin reorga-
nization occurs upstream of homotypic adhesion and ROS
production. This divergence might be explained by the
difference in microvilli characteristics between hESC and
lymphoma cells. Lymphoma cells have a median surface
density and microvillar length ranging from 2 to 4 microvilli per
μm2 and 0.3–0.4 μm.30 However, based on the SEM images
(Figure 4a), hESC microvilli are generally two times denser
and longer. Microvilli have been reported to initiate signaling
pathways through surface receptors.31,32 In our study,
predominant A1 binding on microvilli has suggested that A1-
induced hESC death might be initiated through microvilli.
Similarly, GA101 might induce death signaling through
microvilli on lymphoma cells.
In fact, latrunculin treatment on lymphoma cellswas found to

result in shortening or disappearance of microvilli.30 There-
fore, in GA101 studies, prevention of homotypic adhesion,
ROS production and eventual lymphoma cell death by
latrunculin B treatment could be due to the lack of microvilli
to initiate death signaling. However, with denser and longer
microvilli on hESC, actin inhibitors within a non-toxic range
might not be able to affect signaling through microvilli
shortening.
This hypothesis about signaling throughmicrovilli might also

explain the difference in the time required for mAb-induced cell
death by GA101 (4 h) and A1 (5 min) since theoretically

denser and longer microvilli would providemore receptors and
therefore faster signal amplification. Moreover, microvilli are
abundant with cellular adhesion proteins. Microvilli structure
was also shown to be associated with homotypic adhesion of
lymphoma cells.33 Hence, A1-induced restructuring of micro-
villi is likely the cause for the subsequent homotypic adhesion.
The molecular basis underlying the activation of Nox2-

NADPH oxidase upon A1 binding remains to be elucidated. It
was known that different activation pathways of NADPH
oxidase eventually converge at a common passage with the
phosphorylation of p47phox and the activation of Rac.34

Therefore, the responsible kinase and guanine nucleotide
exchange factors warrants further investigation. This common
passage might also explain why different antibodies targeting
different cell types can induce ROS production and eventually
lead to oncosis. In addition, based on three well-studied
pathways of Nox2-NADPH oxidase activation, G-protein
coupled receptor (GPCR) or receptor tyrosine kinase (RTK)
are involved in signal transduction across the plasma
membrane.34 Activation of GPCR or RTK requires ligand
binding mediated conformational change or dimerization,
suggesting the importance of A1 bivalency. Previously,
bivalent antibody-induced activation of GPCR35 and RTK
have been reported.36 Moreover, based on our previous study
of engineeredmAb84 fragments, antibody cytotoxicity was not
only dependent on bivalency but also on the conformational
interaction between mAb and antigen. Two bivalent scFv
constructs with different linker length and flexibility were tested
but only one was able to recapitulate the cytotoxicity of mAb84
on hESC.37 The specificity of antibody–antigen interaction
was also observed for different anti-CD20 antibodies despite
having overlapping epitopes, thus resulting in the classifica-
tion of type I and II anti-CD20 mAbs based on the mode of
lymphoma cell death.38 The same study suggested that the
specificity is caused by differences in the orientation of
antibody–antigen binding and the resultant membrane com-
partmentalization of antigen dimers. Therefore, it is imperative
to identify the complete epitope that A1 recognizes and
delineate whether one or multiple receptors are required to
trigger the signaling cascade.
NADPH oxidases are membrane bound and found at two

major subcellular locations: plasma membrane39,40 and
lysosomal membrane.41–43 As targeting to specific subcellular
site is required for localized ROS production, knowing the site
of A1-induced ROS production could provide insight to
understanding the activation pathway of NADPH oxidase.
Plasma membrane-bound NADPH oxidases orientate in the
way that the electron transfers from cytoplasmic NADPH to
oxygen on the extracellular side of the plasma membrane.
Superoxide generated in the extracellular domain would be
diluted by the larger volume and would have to diffuse back
into the intracellular space. Hence, it is unlikely that this route
could induce a rapid and drastic killing. Moreover, superoxide
released into the extracellular domain would result in a
homogeneously oxidized environment for all cells in the assay,
which contradicts the direct correlation between hESC death
and ROS production. Hence, superoxide is more likely
produced in an intracellular compartment. As lysosomal
membrane is formed from endocytosis of the plasma
membrane, NADPH oxidase orientates in the opposite way
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so that superoxide is produced into the lumen of lysosome.
Lysosomal-producedROShas been implicated in different cell
death pathways, including apoptosis, oncosis and autophagic
cell death.44,45 Studies have also reported the link between
superoxide production and lysosome membrane permeabili-
zation (LMP), although it appears that superoxide can be both
a cause and a consequence of LMP.44,46 Therefore, whether
there is LMP in A1-treated hESC and how is LMP linked to A1-
induced ROS production warrants further investigation.
In conclusion, this is the first mechanistic model for mAb-

induced hESC oncosis, which reveals a previously unrecog-
nized role for NADPH oxidase-derived ROS in mediating
oncotic hESC death. Combination of A1 with ROS-generating
reagents could be explored to provide synergistic cell killing in
hESC. Further investigation of A1-induced hESC death
pathway will be helpful in optimizing the efficacy of A1-based
elimination of undifferentiated hESC. Collectively with pre-
viously reported role of NADPH oxidase-derived ROS in
GA101-induced lymphoma death, it might support that
NADPH oxidase-derived ROS has a central role in mediating
mAb-induced oncosis in various cell types.

Materials and Methods
Cell culture. Human embryonic stem cell line, HES-3, was obtained from ES
Cell International (ESI, Singapore; http://escellinternational). The cells were cultured
at 37 °C with 5% CO2 on Matrigel-coated culture dishes supplemented daily with
conditioned media (CM) from immortalized mouse feeders, ΔE-MEF.47 The media
used for culturing hESC was knockout (KO) media, which contained 85% KO-
DMEM (Dulbecco’s modified Eagle’s medium) supplemented with 15% KO serum
replacer, 1 mM L-glutamine, 25 U/ml penicillin, 25 U/ml streptomycin, 1% non-
essential amino acids (NEAA), 0.1 mM 2-mercaptoethanol and 5 ng/ml of
recombinant human fibroblast growth factor-2 (FGF-2) (Invitrogen, Carlsbad, CA,
USA; http://www.invitrogen.com). Human iPSCs, ESIMR90, reprogrammed from
fetal lung fibroblast,48 were cultured as described above for hESC, with the
exception that 100 ng/ml instead of 5 ng/ml of FGF-2 was supplemented to the CM.
To induce hESC differentiation in vitro, hESC were mechanically cut and

harvested as clumps and cultured as EBs for 7 days in EB media (80% KO-DMEM,
20% fetal bovine serum, 25 U/ml penicillin, 25 μg/ml streptomycin, 2 mM L-glutamine,
0.1 mM NEAA and 0.1 mM 2-mercaptoethanol) on non-adherent suspension culture
dishes (Corning, NY, USA). Subsequently, EBs were dissociated with trypsin, plated
on gelatinized culture dishes49 and passaged every 7 days at an 1 : 4 ratio. EB media
was replaced once every 2 days. See Supplementary Experimental Procedures for
full details.

Fragmentation of A1. Papain digestion of IgG produces Fab fragments in the
presence of reducing agent. In the experiments, 50 μl of 2 mg/ml purified IgG A1 in
PBS was incubated with 100 μl of 0.1 mg/ml papain (Sigma Aldrich, St. Louis, MO,
USA) in freshly made digestion buffer (PBS containing 0.02 M EDTA, 0.02 M
cysteine) for 1 h in a 37 °C water bath. After which, the mixture was removed from
the water bath and the digestion reaction was terminated by adding 20 μl of 0.3 M
iodoacetamide in PBS and vortexing. The reaction mixture was then dialyzed using
VIVASPIN 500 (Sartorius Stedim Biotech, Goettingen, Germany) with membrane
pore size of 30 kDa. F(ab)2 fragments of A1 were produced using IdeS Protease
(Promega, Madison, WI, USA). Purified A1 was mixed with IdeS Protease in the
ratio of 1 μg of antibody to 1 U of IdeS Protease in the digestion buffer. Mixture was
incubated at 37 °C for 45 min. The efficiency of enzyme digestion as well as the size
of different fragments was verified on SDS-PAGE with Coomassie blue staining and/
or western blotting.

Immunoprecipitation. Protein lysates in 2% Triton-100/PBS were used for
immunoprecipitation (IP) on the automated MEA system (PhyNexus Inc., San Jose,
CA, USA). Briefly, A1 (~100 μg) was directly captured onto Protein G PhyTip
columns (5 μl resin bed; PhyNexus Inc.). After washing away the unbound proteins
with PBS, clarified cell lysate was passed through the column functionalized with
A1. The column was further washed with PBS, after which bound proteins were

eluted at low pH with the Elution buffer (200 mM NaH2PO4/140 mM NaCl, pH 2.5)
and neutralized immediately with 1 M Tris-Cl (pH 9.0).

SDS-PAGE and western blot. Protein lysates (20 μg per well) were
separated by SDS-PAGE (NuPAGE 4–12% gradient gel; Invitrogen, Carlsbad, CA,
USA) under reducing (15% β-mercaptoethanol) or non-reducing conditions followed
by western blotting. For western blotting, resolved proteins were transferred onto
PVDF membrane (Millipore, Billerica, MA, USA) at 100 V for 90 min and
immunoblotted with appropriately diluted antibodies in PBS containing 2.5% BSA
and 0.05% Tween-20, followed by HRP-conjugated antibodies (1:10 000 dilution;
Dako, Santa Clara, CA, USA) or near-infrared fluorescence antibodies (1:1000
dilution; LI-COR, Lincoln, NE, USA). Protein bands were detected with either
chemiluminescence from chemical reaction with ECL Prime (GE Healthcare Life
Science, Chicago, IL, USA) using Medical X-ray processor 2000 (Kodak, Rochester,
NY, USA) or Odyssey fluorescence scanner (LI-COR), respectively. See
Supplementary Experimental Procedures for full details.

Light and fluorescence microscopy imaging. Detection of ROS
production and homotypic adhesion upon A1 treatment were performed using an
Olympus IX71 inverted microscope (Olympus, Shinjuku, Tokyo, Japan) in 96-well
plates (Greiner CellStar, Kremsmunster, Austria). Fluorescence imaging of F-actin
and G-actin upon A1 treatment was acquired using Spinning Disk Confocal
(Perkin-Elmer, Waltham, MA, USA) in μ-Dish35 mm high (ibidi). F-actin was labeled
with Alexa Fluor 488 Phalloidin (Life Technologies, Waltham, MA, USA), nucleus
was stained by Hoechst blue (Life Technologies) and G-actin was labeled with
deoxyribonuclease I, Alexa Fluor 594 Conjugate (Life Technologies).

Scanning electron microscopy. After A1 treatment, unbound A1 were
washed away and cells were primarily fixed by 4% paraformaldehyde and 2.5%
glutaraldehyde in PBS (pH 7.3) for 15 min at room temperature. Fixed cells were
then washed and resuspended with deionized water and loaded onto poly-L-lysine-
coated coverslips (20 mm in diameter). Cells were allowed to settle down for
10–15 min. Subsequently, cells were fixed with 4% paraformaldehyde and 2.5%
glutaraldehyde (pH 7.3, in PBS) for 3–5 h. Fixed cells were dehydrated in a graded
series of ethanol from 30% to 100%. Subsequently, dehydrated cells were dried by
Critical Point Dryer (Tousimis Autosamdri-815, Rockville, MD, USA) and surface
coated with Platinum (40 s, 40 mA; JEOL JFC-1600 Fine Coater, Akishima, Tokyo,
Japan). Coated samples were examined with a SEM (Helios NanoLab DualBeam,
FEI, Hillsboro, OR, USA) and cell morphology was observed under secondary
electron mode. For ROS depletion experiment, cells were firstly preincubated with
ROS scavenger Tiron before A1 treatment. For immuno-SEM, cells were primarily
fixed with only 4% paraformaldehyde for 15 min. After primary fixation, unreacted
aldehyde was blocked away with 100 mM glycine. After washing three times with
1% BSA/PBS, cells were incubated with 100 μl gold-conjugated secondary antibody
(25 nm, goat anti-human, IgG, EMS, Hatfield, PA, USA) for 1 h. Cells were then
washed and fixed with 4% paraformaldehyde and 2.5% glutaraldehyde in PBS (pH
7.3) for 2 h before loaded to poly-L-lysine-coated coverslips (10 mm in diameter).
After dehydration and critical point drying as describe above, cells on coverslips
were surface coated with carbon. Coated samples were examined with a SEM
(JEOL JSM-6701 F, FEG, Akishima, Tokyo, Japan). Cell morphology was observed
under secondary electron mode, gold particles were detected under backscatter
mode and a combined mode is available to overlay cell morphology with gold
particles.

Induction of apoptosis via UV irradiation. Confluent hESC cultures
were exposed to 200 mJ of UV using a UV crosslinker (UV Stratalinker 1800;
Stratagene, Santa Clara, CA, USA) to induce apoptosis.13 After UV exposure, the
cells were maintained at 37oC/5% CO2 for 20 h before harvesting for apoptotic
assays.13

Caspases assay. Guava Caspase-3/7-FAM Kit and Caspase-9-SR Kit
(Millipore, Billerica, MA, USA) were used to measure caspase-3/7/9 activity.
Membrane integrity and cell viability were simultaneously evaluated using 7-AAD.
Cells (non-treated, UV-treated, A1-treated) were resuspended in 100 μl PBS at a
concentration of 2 × 106 cells per ml and incubated with 10 μl of caspase reagent for
1 h at 37 °C in a CO2 incubator. At the end of incubation, cells were washed two
times with provided washing buffer, resuspended in 200 μl of 7-AAD working
solution and incubated for 10 min at room temperature. After incubation, cells were
washed two times and analyzed by flow cytometer (Guava EasyCyte; Millipore).
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TUNEL assay. TUNEL assay measures the extent of DNA fragmentation upon
cell death.50 APO-DIRECT TUNEL Kit (Millipore) was used. Cells (non-treated,
UV-treated, A1-treated) were fixed in 1% paraformaldehyde in PBS (pH 7.4) at a
concentration of 1–2 × 106 cells per ml and the suspension was placed on ice for
30–60 min. After cells were washed two times with PBS, they were resuspended in
70% ethanol at a concentration of 1–2 × 106 cells per ml and incubated for 1 h on
ice. Subsequently, cells were washed three times and resuspended in 50 μl of
staining solution (10 μl of TdT reaction buffer, 0.75 μl of TdT enzyme, 8 μl of
fluorescein-dUTP and 32.25 μl of distilled H2O). Cells were then incubated for 1 h at
37 °C and resuspended every 15 min. After incubation, cells were washed with
rinsing buffer, resuspended in 0.5 ml of the propidium iodide/RNaseA solution,
incubated in the dark for 30 min at room temperature and analyzed by flow
cytometer (FACScan; Becton Dickinson FACS Calibur, BD Biosciences, Franklin
Lakes, NJ, USA).

Antibody and inhibitors treatment. For mAb treatment experiments,
single-cell suspension were harvested and resuspended in 1% BSA/PBS. Cells
(2 × 105) were treated with 5 μg of mAb, PBS as buffer control, for 45 min at 4 °C in
the volume of 100 μl and then proceed for flow cytometry analysis.
A1 cytotoxicity on hESC was not affected at room temperature or at 37 °C. This

was consistent with previously reported mAb84.12

In sugar blocking assay, 5 μg of A1 was preincubated with nine different sugars in
the concentration of 2 mM in PBS (H1, H2, LNFP1, type-1 A (bgA), type-1 B (bgB),
LewisA, LewisB, LewisX and LewisY; Dextra Laboratories Ltd, Reading, RG6 6BZ,
UK) separately before the addition to hESC.
For other inhibitor assays, where appropriate, hESC were preincubated with the

actin polymerization inhibitors: latrunculin A (4 μg; Sigma-Aldrich), cytochalasin B
(4 μg; Sigma-Aldrich) and cytochalasin D (4 μg; Sigma-Aldrich) for 5 min before mAb
treatment; or the ROS scavengers: Tiron (50 mM; Sigma-Aldrich) or Tempol
(120 mM; Sigma-Aldrich) for 1 h before mAb treatment; or the NADPH oxidase
inhibitors: DPI (240 μM; Sigma-Aldrich), or APO (Apocynin, 40 mM; Sigma-Aldrich),
or MPA (3.12 mM; Sigma-Aldrich) for 1 h before mAb treatment. For in-culture glycan
inhibitor treatment, tunicamycin (5 μg/ml; Sigma-Aldrich) and benzyl 2-acetamido-2-
deoxy-α-D-galactopyranoside (4 mM; Sigma-Aldrich) were spiked into hESC culture
in 6-well flat-bottom plate (Falcon, Corning, NY, USA) 4 days after passaging. Besides
Tiron and Tempol, all other inhibitors were reconstituted in DMSO. Therefore, for
negative control, hESC were treated with the same volume of DMSO as the inhibitors
treatment.

Detection of ROS. ROS production was detected with HE staining (Sigma-
Aldrich). Cells after preincubation with ROS scavengers and A1 treatment were
resuspended in 200 μl 1% BSA/PBS with 25 μM HE and incubated for 30 min in the
dark at room temperature. After incubation, the intensity of red fluorescence was
directly analyzed on a Guava InCyte Flow Cytometer (Merck Millipore) with
detection emission in the Red-HLog channel. Alternatively, 2 × 105 hESC were
preincubated with 30 μM carboxy-H2DCFDA (Life Technologies) in 100 μl of 1%
BSA/PBS for 10 min at 37 °C, and then transferred into a flat-bottomed 96-well plate
(BD Science). Cells were imaged before and after treatment with 5 μg of A1.

Assessment of homotypic adhesion formation. Human ESCs
(2 × 105) were preincubated with 50 mM Tiron or PBS in 100 μl 1% BSA/PBS in
a flat-bottomed 96-well plastic plate (BD Biosciences, Franklin Lakes, NJ, USA) for
1 h at 4 °C. After preincubation, cells were treated with 5 μg of A1 or F(ab)2_A1 or
Fab_A1 or PBS for 45 min at 4 °C. Subsequently, cells were viewed using light
microscopy.

Measurement of NADPH oxidase activity. Human ESCs with or without
A1 treatment were washed and pelleted with 2 × 106 cells in a microcentrifuge tube
for NADP/NADPH Assay (Abcam, Cambridge, UK). Total NADP/NADPH was
extracted from each sample according to the manufacturer’s protocol. NADPH was
obtained by decomposing the NADP component with heat. To quantify the
concentration of total NADP/NADPH or NADPH, a standard curve was generated
with provided NADPH standards. The average absorbance of the duplicates for
each standard or sample was determined and normalized against the mean
absorbance value of the blank. Based on the trendline equation of the standard
curve, the concentration of total NADP/NADPH or NADPH of the samples was
obtained. The concentration of NADP was obtained by subtracting the concentration
of NADPH from that of total NADP/NADPH.

Knockdown of Nox2/gp91 and Nox3 using siRNA. siRNA reagents
targeting Nox2 (S3787, S3788) or Nox3 (S27017), or scramble control siRNA were
purchased from Life Technologies and delivered into 1 × 106–2 × 106 hESC at a final
concentration of 120 pmol using Lipofectamine RNAimax (Life Technologies)
according to the manufacturer’s instructions. See Supplementary Experimental
Procedures for full details.

Mitochondrial membrane permeability assay. The membrane-
permeable JC-1 dye (Molecular Probes, Eugene, OR, USA) was used to assess
the mitochondrial membrane permeability. JC-1 dye accumulation in the
mitochondria is potential-dependent. JC-1 monomers emit green fluorescence
(~529 nm), whereas JC-1 aggregates emit red fluorescence (~590 nm).
Mitochondrial depolarization is indicated by a decrease in the red/green
fluorescence intensity ratio. After A1 treatment, cells with or without Nox2
knockdown were washed and incubated with JC-1 dye (1 : 100 dilutions) at 37 °C
for 30 min. After incubation, red and green fluorescence changes were monitored
with flow cytometry analysis.

Statistics. Error bars represent the standard error of mean (S.E.M.) of at least
three independent experiments, unless otherwise stated. Significance in difference
between the experimental groups was calculated using unpaired, two-tailed t-test.
The degree of statistical significance was represented by the number of asterisks
displayed on the figures determined by P-values as follows: *o0.05, **o0.01 and
***o0.001.
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